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Background: Internal–external (I–E)malrotation of the tibial component is associatedwith poor function after total
knee arthroplasty (TKA). Kinematically aligned (KA) TKA uses a functionally defined flexion–extension (F–E) tibial
reference line, which is parallel to the F–E plane of the extended knee, to set I–E rotation of the tibial component.
Methods: Sixty-two, three-dimensional bonemodels of normal kneeswere analyzed.We computed thebias (mean),
imprecision (±standard deviation), and limits of agreement (mean± 2 standard deviations) of the angle between
five anatomically defined tibial reference lines used in mechanically aligned (MA) TKA and the F–E tibial reference
line (+external).
Results: The following are the bias, imprecision, and limits of agreement of the angle between the F–E tibial reference
line and 1) the tibial reference lines connecting the medial border (−2° ± 6°, −14° to 10°), medial 1/3 (6° ± 6°,
−6° to 18°), and themost anterior point of the tibial tubercle (9°± 4°,−1° to 17°) with the center of the posterior
cruciate ligament, and2) the tibial reference lines perpendicular to the posterior condylar axis of the tibia (−3°±4°,
−11° to 5°), and a line connecting the centers of the tibial condyles (1° ± 4°,−7° to 9°).
Clinical relevance: Based on these in vitro findings, it might be prudent to reconsider setting the I–E rotation of the
tibial component to tibial reference lines that have bias, imprecision, and limits of agreement that fall outside the
−7° to 10° range associated with high function after KA TKA.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Mechanically aligned total knee arthroplasty (MA TKA) is one of the
most successful operations for restoring patient function, however 15%
to 25% patients report dissatisfaction and 10% require revision surgery
by 10 years [1–4]. One cause is internal and external (I–E) malrotation
of femoral and tibial components, which is associated with poor func-
tion after MA TKA [5,6].

In MA TKA the surgeon uses one of five anatomically defined tibial
reference lines for setting the I–E rotation of the tibial component
which include: 1) the line connecting themedial border of the tibial tu-
bercle with the center of the posterior cruciate ligament (PCL) fossa,
2) the line connecting themedial 1⁄3 of the tibial tuberclewith the cen-
ter of the PCL fossa, 3) the line connecting themost anterior point of the
tibial tubercle with the center of the PCL fossa, 4) the line perpendicular
to the posterior condylar axis of the tibia, and 5) the line perpendicular
to the line connecting the centers of the medial and lateral tibial con-
dyles (Cobb's method) [7,8] (Figure 1).
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An inaccurate selection of the orientation of the tibial reference line
has been proposed as an etiology for patient dissatisfaction and aseptic
failure [9]. The accuracy of the selection of the orientation of a tibial ref-
erence line for setting the I–E rotation of the tibial component can be
quantified by the bias and imprecision. A measurement, such as the
angle between a tibial reference line and a target reference line, is biased
when both themean and the standard deviation (SD) respectively of the
measurements of this angle in a sample of subjects are different from
zero. Hence, an accurate tibial reference line is one that forms an angle
with the target reference line in a sample of subjects with a mean and
a SD that is not different from zero.

Kinematically aligned (KA) TKA is a new method that has gained in-
terest because two studies showed that patients with a reported better
pain relief, better function, better flexion, and a “more normal feeling
knee” thanpatientswith aMATKA [10,11]. In KATKA the target reference
line for setting the I–E rotation of the anterior-posterior (A-P) axis of the
tibial component is the flexion–extension (F–E) tibial reference line. The
F–E tibial reference line is a functionally defined rather than anatomically
defined tibial reference line because it is oriented parallel to the F–E plane
of the extended knee rather than to lines connecting anatomic landmarks
on the tibia. The F–E tibial reference line is aligned perpendicular to the
transverse axis in the femur about which the tibia flexes and extends,
and is drawn perpendicular to lines tangent to the distal and posterior
limits of agreement for finding the flexion–extension plane of the knee
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Figure 1.A composite of three views of a right tibia shows the eight tibial landmarks for constructing thefive tibial reference lines. (A) Themost anterior point, medial border, andmedial 1/3
of the tibial tubercle (green arc), were identified on the projection of the tibia in the coronal plane. (B) The center of the PCL fossa and the center of themedial and lateral tibial condyleswere
identified on the projection of the proximal tibia in the tibial resection plane. (C) Themost posterior points on the medial and lateral condyles were identified on the resected tibia. The F–E
tibial reference line (yellow) on the proximal surface of the tibia is parallel to the F–E plane. (For interpretation of the references to color in thisfigure legend, the reader is referred to theweb
version of this article.)
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joint lines of the femur at 0° and 90° of flexion (Figure 2) [12–17]. One
study reported that setting the angle of I–E rotation of the A–P axis of
the tibial componentwith the F–E plane of the kneewith a limit of agree-
ment of −7° to 10° (i.e. mean ± 2 SDs) is acceptable because these
Figure 2. The composite shows a three-dimensional model of a right femur in an (A) anterior,
transverse axis in the femur aboutwhich the tibiaflexes and extends (brown) and approximate
90° of flexion (green). (For interpretation of the references to color in this figure legend, the re
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patients reported high satisfaction and function as measured by the Ox-
ford Knee Score (mean 42 of 48 (best)) [18].

Because an inaccurate selection of the orientation of the target refer-
ence line has been proposed as an etiology for patient dissatisfaction
(B) distal, (C) medial, and (D) lateral view. The F–E plane (yellow) is perpendicular to the
ly perpendicular to lines tangent to the distal and posterior joint lines of the femur at 0° and
ader is referred to the web version of this article.)
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and aseptic failure, and because the target tibial reference line is con-
structed functionally in KA TKA and anatomically in MA TKA, the
present study analyzed three-dimensional bone models of 62 normal
knees anddetermined thebias, imprecision, and limits of agreement be-
tween the five anatomically defined tibial reference lines used in MA
TKA and the functionally defined F–E tibial reference line used in KA
TKA. If the bias and imprecision are small (i.e. 0), and if the limits of
agreement are within −7° to 10°, then an anatomical tibial reference
linemight be useful for setting the I–E rotation of the A–P axis of the tib-
ial component parallel to the F–E plane in KA TKA.

2. Materials and methods

2.1. Models

We analyzed 62, three-dimensional bone models of normal knees
constructed from thin slice (0.7 mm) 3.0 Tesla magnetic resonance im-
ages (MRI) randomly selected from the Osteoarthritis Initiative database
(www.oai.ucsf.edu). Because these MRIs were deidentified and publicly
available, their usewas not subject to institutional reviewboard approval.
TheMRIswere obtained as described in theOsteoarthritis Initiative proto-
col using the SAG 3D DESSWE series, which uses near anisotropic voxels
(0.7mmslice thickness×0.37mm×0.46mm) tomaximize in-plane sag-
ittal spatial resolution in a reasonable acquisition time (10.5 min) [19].
Figure 3. The composite shows a three-dimensional model of a right knee in extension and th
resection, and orienting the knee in the coronal plane. (A) The bone model was imported in
superimposed, which projected the femur and tibia in the F–E plane (yellow). The tibial resec
tibial condyle and oriented perpendicular to the F–E plane and parallel to the medial articular
to both the F–E plane and the tibial resection plane. (D) The F–E tibial reference line (yellow)
references to color in this figure legend, the reader is referred to the web version of this article
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Before segmentation, each MRI was reviewed to verify that the knee
was normal without meniscal or ligament tears, arthritis, fracture, or in-
ternal fixation hardware. Segmentation was performed with proprietary
software developed to make models for patient-specific instrumentation
(TechMah, LLC, Knoxville, TN, www.techmah.com).

2.2. Orientation of models

The following steps determined the orientation of F–E tibial reference
line with the knee in extension, the level and orientation of the tibial re-
section plane, and the orientation of the coronal plane on each bone
model. The bone model was imported into free, open-source, three-
dimensional visualization software (Version 4.1.0 64-bit, Paraview,
Kitware Inc., www.paraview.org) (Figure 3). Superimposition of the dis-
tal and posterior femoral condyles with the knee in extension orients the
femur and tibia in a sagittal plane that is parallel to the F–E plane of the
knee. The F–E plane is perpendicular to the distal and posterior condylar
axes of the femur (lines tangent to the distal and posterior femoral con-
dyles respectively) [12–17]. The F–E tibial reference line is drawn parallel
to the F–E plane and propagated to the tibia with the knee in full exten-
sion because there is minimal passive I–E rotation of the tibia on
the femur in the extended position [20,21]. The selection of the
proximal–distal level of the tibial resection plane was 10 mm distal
from the deepest portion of the medial tibial condyle to simulate the
e steps for orienting the knee in the F–E plane, selecting the plane and level of the tibial
to software. (B) With the knee extended, the medial and lateral femoral condyles were
tion plane (green) was positioned 10 mm distally from the deepest portion of the medial
surface of the tibial plateau. (C) The coronal plane (purple) was oriented perpendicular
on the proximal surface of the tibia is parallel to the F–E plane. (For interpretation of the
.)

limits of agreement for finding the flexion–extension plane of the knee
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Figure 4. The composite of the axial projection of ten tibias shows the greatest external
(+) and internal (−) malrotation of each tibial reference line (orange line) from the F–
E tibial reference line (yellow line) (each tibia is viewed as right). The angle between
each tibial reference line and the F–E tibial reference line was computed. The medial–
lateral location of the tibial tubercle (green arc) varies widely with respect to the medial
border of the tibia. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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thickness of the resection needed to insert a 10 mm thick tibial liner and
component. The tibial resection plane was oriented perpendicular to the
F–E plane and parallel to themedial articular surface of the tibial plateau.
The coronal plane was oriented perpendicular to both the F–E plane and
the tibial resection plane.

2.3. Identification of tibial reference lines

The following series of steps identified eight anatomical tibial land-
marks from which the five tibial reference lines were constructed
(Figure 1). The most anterior point of the tibial tubercle was identified
on the projection of the tibia in the coronal plane by translating the cor-
onal plane anteriorly until tangent to a single point on the tibial tuber-
cle. The medial border and medial 1/3 of the tibial tubercle were
identified at the proximal–distal level of the most anterior point of the
tibial tubercle. The center of the PCL fossa and the center of the medial
and lateral tibial condyles were identified on the projection of the prox-
imal tibia in the tibial resection plane. The center of each tibial condyle
was the center of a circle that bestfit at least ten points on the periphery
of each condyle as described by Cobb et al. [7]. A virtual resection was
performed parallel to and at the level of the tibial resection plane. The
most posterior points on themedial and lateral condyleswere identified
on the projection of the resected tibia in the coronal plane by translating
the coronal plane posteriorly until tangent to a single point on each con-
dyle [7]. Three tibial reference lines were constructed by drawing a line
connecting themedial border [8], the medial 1/3 [8,22], or themost an-
terior point [8] of the tibial tuberclewith the center of the PCL fossa. Two
tibial reference lines were constructed by drawing a line perpendicular
to either the line connecting themost posterior points on the tibial con-
dyles (reference line perpendicular to posterior condylar axis of tibia) or
the line connecting the centers of the medial and lateral tibial condyles
(Cobb's method) [7]. The angle between each MA TKA tibial reference
line and F–E tibial reference line (reference value) quantified internal
(−) and external (+) malrotation (Figure 4).

2.4. Reproducibility

To quantify reproducibility, the intraclass correlation coefficient
(ICC) was computed from measurements of the angle between each
MA TKA tibial reference line and the F–E tibial reference line made by
three trained observers on ten randomly selected bone models. For
each tibial reference line, a two-factor analysis of variance (ANOVA)
with mixed effects was used to compute the intraclass correlation coef-
ficient. The first factor had three levels (observer 1, observer 2, and ob-
server 3) and was the fixed effect. The second factor had ten levels
(bone models 1 to 10) and was the random effect. An ICC value of
N0.9 indicates excellent agreement and 0.75 to 0.90 indicates good
agreement [23]. The ICCs were 0.87, 0.87, and 0.83 for the tibial refer-
ence lines connecting the medial border, medial 1/3, and most anterior
point of the tibial tubercle with the center of the PCL fossa, respectively.
The ICCwas 1.00 for the tibial reference line perpendicular to the poste-
rior condylar axis of the tibia. The ICC was 0.80 for Cobb's method.

2.5. Statistical analyses

The bias (expressed as themean), the imprecision (expressed as the
SD), the limit of agreement (expressed as the mean ± 2 SDs), the 95%
confidence interval (CI) of the mean, and the range of the angle be-
tween each anatomical tibial reference line and the functional F–E tibial
reference line were computed from measurements made on 62 knee
models by one observer (+external/− internal). A Student's t-test de-
terminedwhether therewas biaswhen themean anglewas significant-
ly different from zero. Significance was p b 0.05. Software performed
the statistical analyses (Version 12.0.1, JMP; SAS Institute Inc., Cary,
NC; www.jmp.com).
Please cite this article as: Brar AS, et al,What are the bias, imprecision, and limits of agreement for finding the flexion–extension plane of the knee
with five tibial ref..., Knee (2016), http://dx.doi.org/10.1016/j.knee.2016.01.005
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3. Results

The following are the bias, imprecision, limits of agreement, and the significance of the
bias of the angle between the F–E tibial reference line and 1) the tibial reference lines
connecting the medial border (−2° ± 6°, −14° to 10°, p b 0.005), medial 1/3 (6° ± 6°,
−6° to 18°, p b 0.001), and the most anterior point of the tibial tubercle (9° ± 4°, −1°
to 17°, p b 0.001)with the center of the PCL, and 2) the tibial reference lines perpendicular
to the posterior condylar axis of the tibia (−3° ± 4°, −11° to 5°, p b 0.001), and a line
connecting the centers of the tibial condyles (1° ± 4°, −7° to 9°, p = 0.173) (Figure 5).
4. Discussion

Because I–E malrotation of the tibial component is associated with
poor function in MA TKA and because the target tibial reference lines
are defined anatomically in MA TKA and functionally in KA TKA, the
present study determined the bias and imprecision between thefive an-
atomically defined tibial reference lines used in MA TKA and the func-
tionally defined F–E tibial reference line used in KA TKA. The key
findings were that four of five anatomically defined tibial reference
lines were biased with an absolute mean malrotation from 2° to 9°
from the F–E tibial reference line, five tibial reference lines were impre-
cise with a SD of themalrotation ranging from 4° to 6° from the F–E tib-
ial reference line, and four of five had a limit of agreement that falls
outside the −7° to 10° range associated with high Oxford Knee scores
after KA TKA [18].

Two limitations thatmight affect the generalization of thefindings of
the present study should be discussed. One limitation is that the use of
knee models in flexion rather than extension might have changed the
position of the F–E tibial reference line because the tibia internally ro-
tates approximately 10° when the knee flexes [24]. A different position
for the F–E tibial reference linemight have changed the bias and impre-
cision of the angle between the five anatomically defined tibial refer-
ence lines. Accordingly, we constructed the F–E tibial reference line on
the extended knee because there is little passive I–E rotation of the
tibia on the femur [20,21]. A second limitation is that the orientations
of each of the anatomically defined tibial reference lines used in me-
chanically aligned TKA were set more reproducibly on the bonemodels
with software than when set intraoperatively where osteophytes, de-
formities, articular wear, and soft-tissues may obfuscate the identifica-
tion of anatomic tibial landmarks. This obfuscation might explain the
large bias and large imprecision of the angle between the tibial refer-
ence line selected by 11 arthroplasty surgeons eachworkingwith 10 ca-
daveric knees from the target tibial reference line, which measured
Figure 5. The graph displays the diamond (green), which illustrates the mean and 95% confid
malrotation of each MA TKA tibial reference line from the F–E tibial reference line. The p-value
MA TKA tibial reference line was significantly biased from the F–E tibial reference line. Only Co
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−27° internal±28° for the line connecting themedial border of the tib-
ial tubercle with the center of the PCL fossa,−15° internal ±27° for the
line connecting the medial 1/3 of the tibial tubercle with the center of
the PCL fossa, 0° ± 11° for the line connecting the most anterior point
of the tibial tubercle with the center of the PCL fossa, and −5° internal
±10° for the line connecting the most medial and most lateral points
of the plateau [8].

Themost important clinical application of thefindings of the present
study for surgeons that perform KA TKA and MA TKA is that the use of
functionally defined or anatomically defined tibial reference lines set
the I–E rotation of the A–P axis of the tibial component quite differently.
The goal of KA TKA is to correct the arthritic deformity of the limb to the
constitutional alignment of the patient with the intent of aligning the
rotational axes of the femoral and tibial components with the goal of re-
storing the natural tibial–femoral articular surfaces, alignment, and lax-
ities of the knee [10,25]. This is accomplished in part by setting the A–P
axis of the tibial component parallel to the F–E tibial reference line
[12–17]. Because of the inherent bias of four of the five anatomically de-
fined tibial reference lines from the F–E plane and imprecision of allfive,
those surgeons performing KA TKAmight consider the use of a different
method for setting I–E rotation of the tibial component.

Because KA TKA is a new technique, we are aware of only one clinical
study that has determined the association between I–Emalrotation of the
A–P axis of the tibial component from the F–E plane of the knee and pa-
tient satisfaction and function. The limit of agreement of the angle be-
tween I–E rotation of the A–P axis of the tibial component and the F–E
plane of the knee of−7° to 10° (i.e. mean ± 2 SDs) was considered ‘ac-
ceptable’ because these patients reported high satisfaction and function
as measured by the Oxford Knee Score (mean 42 of 48 (best)) [18]. In
the present study, the limits of agreement between the F–E tibial refer-
ence line and the tibial reference lines connecting the medial border
(−14° to 10°), medial 1/3 (−6° to 18°), and the most anterior point of
the tibial tubercle (−1° to 17°) with the center of the PCL, and the tibial
reference line perpendicular to the posterior condylar axis of the tibia
(−11° to 5°) fell outside the acceptable limit of agreement of −7° to
10°. Until a clinical study determines whether these broader limits of I–
E malrotation of the A–P axis of the tibial component from the F–E
plane are associated with high patient reported satisfaction and function,
it might be prudent to reexamine the use of these anatomically defined
tibial reference lines used in MA TKA when performing KA TKA.

Accordingly, we have used a method that sets the I–E rotation of the
A–P axis of the tibial component parallel to a tibial reference line that
ence interval, and an outlier quartile box plot (red) which shows the imprecision in I–E
s are the results of a Student's t-test that determined whether the mean I–E rotation of a
bb's method did not have a significant bias from the F–E tibial reference line.

limits of agreement for finding the flexion–extension plane of the knee
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bisects the oval boundary of the lateral tibial condyle with the goal of
being parallel to the F–E tibial reference line [18,26,27]. A study of 71
consecutive KA TKAs treated with this method determined whether
the tibial component was aligned parallel to the F–E tibial reference
line by analyzing the angles between reference lines drawn on synchro-
nized axial preoperativeMRI and post-operative computer tomographic
scans. The intraoperative bias was −1° internal and the imprecision
was ±5° for the angle between the A–P axis of the tibial component
and the F–E tibial reference line. These values are lower than the intra-
operative bias that ranged from 0° to−27° internal and the imprecision
that ranged from ±10° to 28° for the angles between anatomically de-
fined tibial reference lines positioned by 11 arthroplasty surgeons and
the target reference line [8]. Two other studies showed that thismethod
limits the I–E rotational mismatch of the tibial component on the femo-
ral component within 0 ± 10° in 97% percent of patients. This range of
rotational mismatch is relatively narrow because it was shown to be
compatible with high function as determined by self-reported Oxford
Knee Scores and Western Ontario and McMaster Universities Osteoar-
thritis Index (WOMAC) Scores at 6 months [11,18,26].

5. Conclusions

Based on these in vitro findings, surgeons who perform KA TKA
might be prudent to reconsider setting the I–E rotation of the tibial com-
ponent to tibial reference lines that have bias, imprecision, and limits of
agreement that fall outside the −7° to 10° range associated with high
function after KA TKA. When performing KA TKA, we prefer to set the
I–E rotation of the tibial component parallel to a line that bisects the
oval boundary of the lateral tibial condyle. The intraoperative use of
this method sets the tibial component parallel to the F–E plane with
no bias, low imprecision, and an acceptable limit of agreement each of
which are associated with high patient reported satisfaction and func-
tion as measured by the Oxford Knee Score [18,26,27].

Conflict of interest statement

The authors list the following disclosures: S. Howell is a boardmem-
ber of the American Academy of Orthopaedic Surgeons and the
American Journal of SportsMedicine, a paid consultant for THINK Surgi-
cal and Zimmer-Biomet, and received royalties from Zimmer-Biomet.
M. Hull is a board member of the Journal of Biomechanics, received re-
search support from Zimmer-Biomet and THINK Surgical, and received
in-kind support from Zimmer-Biomet.

Acknowledgments

We thank National Science Foundation grant number CBET-
1067527, and Nikolaos Paschos, MD, PhD for editing the manuscript
and providing constructive suggestions.

The OAI is a public–private partnership comprised of five contracts
(N01-AR-2-2258; N01-AR-2-2259; N01-AR-2-2260; N01-AR-2-2261;
N01-AR-2-2262) funded by the National Institutes of Health, a branch of
the Department of Health and Human Services, and conducted by the
OAI Study Investigators. Private funding partners includeMerck Research
Laboratories; Novartis Pharmaceuticals Corporation, GlaxoSmithKline;
and Pfizer, Inc. Private sector funding for the OAI ismanaged by the Foun-
dation for theNational Institutes of Health. Thismanuscriptwas prepared
using an OAI public use data set and does not necessarily reflect the opin-
ions or views of the OAI investigators, the NIH, or the private funding
partners.
Please cite this article as: Brar AS, et al,What are the bias, imprecision, and
with five tibial ref..., Knee (2016), http://dx.doi.org/10.1016/j.knee.2016.0
References

[1] Baker PN, van der Meulen JH, Lewsey J, Gregg PJ, National Joint Registry for E, Wales.
The role of pain and function in determining patient satisfaction after total knee re-
placement. Data from the National Joint Registry for England andWales. J Bone Joint
Surg Br 2007;89:893–900.

[2] Bourne RB, Chesworth BM, Davis AM, Mahomed NN, Charron KDJ. Patient satisfac-
tion after total knee arthroplasty: who is satisfied and who is not? Clin Orthop
Relat Res 2010;468:57–63.

[3] Noble PC, Conditt MA, Cook KF, Mathis KB. The John Insall Award: patient expecta-
tions affect satisfactionwith total knee arthroplasty. Clin Orthop Relat Res 2006;452:
35–43.

[4] Wylde V, Learmonth I, Potter A, Bettinson K, Lingard E. Patient-reported outcomes
after fixed- versus mobile-bearing total knee replacement: a multi-centre
randomised controlled trial using the Kinemax total knee replacement. J Bone
Joint Surg Br 2008;90:1172–9.

[5] Barrack RL, Schrader T, Bertot AJ, Wolfe MW, Myers L. Component rotation and an-
terior knee pain after total knee arthroplasty. Clin Orthop Relat Res 2001;46-55.

[6] Windsor RE, Scuderi GR, Moran MC, Insall JN. Mechanisms of failure of the femoral
and tibial components in total knee arthroplasty. Clin Orthop Relat Res 1989;248:
15–9 [discussion 19-20].

[7] Cobb JP, Dixon H, Dandachli W, Iranpour F. The anatomical tibial axis: reliable rota-
tional orientation in knee replacement. J Bone Joint Surg Br 2008;90:1032–8.

[8] Siston RA, Goodman SB, Patel JJ, Delp SL, Giori NJ. The high variability of tibial rota-
tional alignment in total knee arthroplasty. Clin Orthop Relat Res 2006;452:65–9.

[9] Park A, Nam D, FriedmanMV, Duncan ST, Hillen TJ, Barrack RL. Inter-observer preci-
sion and physiologic variability of MRI landmarks used to determine rotational
alignment in conventional and patient-specific TKA. J Arthroplasty 2015;30(2):
290–5.

[10] Dossett HG, Estrada NA, Swartz GJ, LeFevre GW, Kwasman BG. A randomised con-
trolled trial of kinematically and mechanically aligned total knee replacements:
two-year clinical results. Bone Joint J 2014;96-B:907–13.

[11] Nam D, Nunley RM, Barrack RL. Patient dissatisfaction following total knee replace-
ment: a growing concern? Bone Joint J 2014;96-B:96–100.

[12] Eckhoff DG, Bach JM, Spitzer VM, Reinig KD, Bagur MM, Baldini TH, et al. Three-
dimensional mechanics, kinematics, and morphology of the knee viewed in virtual
reality. J Bone Joint Surg Am 2005;87(Suppl. 2):71–80.

[13] Hollister AM, Jatana S, Singh AK, Sullivan WW, Lupichuk AG. The axes of rotation of
the knee. Clin Orthop Relat Res 1993;259-68.

[14] Iranpour F, Merican AM, Baena FR, Cobb JP, Amis AA. Patellofemoral joint kinemat-
ics: the circular path of the patella around the trochlear axis. J Orthop Res 2010;
28:589–94.

[15] Iwaki H, Pinskerova V, Freeman MA. Tibiofemoral movement 1: the shapes and rel-
ative movements of the femur and tibia in the unloaded cadaver knee. J Bone Joint
Surg Br 2000;82:1189–95.

[16] Pinskerova V, Iwaki H, Freeman MA. The shapes and relative movements of the
femur and tibia at the knee. Orthopade 2000;29(Suppl. 1):S3–5.

[17] Weber WE, Weber EFM. Mechanik der menschlichen Gehwerkzeuge. Göttingen,
Germany: Verlag der Dietrichschen Buchhandlung; 1836.

[18] Nedopil AJ, Howell SM, Hull ML. Does malrotation of the tibial and femoral compo-
nents compromise function in kinematically aligned total knee arthroplasty?
Orthop Clin North Am 2016;47(1):41–50.

[19] Peterfy CG, Schneider E, Nevitt M. The osteoarthritis initiative: report on the design
rationale for themagnetic resonance imaging protocol for the knee. Osteoarthr Cartil
2008;16:1433–41.

[20] Freeman MA, Pinskerova V. The movement of the normal tibio-femoral joint. J
Biomech 2005;38:197–208.

[21] Roth JD, Hull ML, Howell SM. The limits of passive motion are variable between and
unrelated within normal tibiofemoral joints. J Orthop Res 2015;33(11):1594–602.

[22] Hutter EE, Granger JF, BealMD, Siston RA. Is there a gold standard for TKA tibial com-
ponent rotational alignment? Clin Orthop Relat Res 2013;471:1646–53.

[23] Indrayan A. Methods of clinical epidemiology. In: Doi SAR, Williams GMW GM, ed-
itors. Springer series on epidemiology and public health, 24. Berlin Heidelberg:
Springer-Verlag; 2013.

[24] Siston RA, Giori NJ, Goodman SB, Delp SL. Intraoperative passive kinematics of oste-
oarthritic knees before and after total knee arthroplasty. J Orthop Res 2006;24:
1607–14.

[25] Howell SM, Hull ML. Principles of kinematic alignment in total knee arthroplasty
with and without patient specific cutting blocks (OtisKnee). In: Scott S, editor. Insall
and scott surgery of the knee. 5th ed. Philadelphia, PA: Elsevier; 2012. p. 1255–68.

[26] Howell SM, Papadopoulos S, Kuznik KT, Hull ML. Accurate alignment and high func-
tion after kinematically aligned TKA performedwith generic instruments. Knee Surg
Sports Traumatol Arthrosc 2013;21:2271–80.

[27] Nedopil AJ, Howell SM, Rudert M, Roth J, Hull ML. How frequent is rotational mis-
match within 0 ± 10 in kinematically aligned total knee arthroplasty? Orthopedics
2013;36:e1515–20.
limits of agreement for finding the flexion–extension plane of the knee
1.005

http://refhub.elsevier.com/S0968-0160(16)00006-5/rf0005
http://refhub.elsevier.com/S0968-0160(16)00006-5/rf0005
http://refhub.elsevier.com/S0968-0160(16)00006-5/rf0005
http://refhub.elsevier.com/S0968-0160(16)00006-5/rf0005
http://refhub.elsevier.com/S0968-0160(16)00006-5/rf0010
http://refhub.elsevier.com/S0968-0160(16)00006-5/rf0010
http://refhub.elsevier.com/S0968-0160(16)00006-5/rf0010
http://refhub.elsevier.com/S0968-0160(16)00006-5/rf0015
http://refhub.elsevier.com/S0968-0160(16)00006-5/rf0015
http://refhub.elsevier.com/S0968-0160(16)00006-5/rf0015
http://refhub.elsevier.com/S0968-0160(16)00006-5/rf0020
http://refhub.elsevier.com/S0968-0160(16)00006-5/rf0020
http://refhub.elsevier.com/S0968-0160(16)00006-5/rf0020
http://refhub.elsevier.com/S0968-0160(16)00006-5/rf0020
http://refhub.elsevier.com/S0968-0160(16)00006-5/rf0025
http://refhub.elsevier.com/S0968-0160(16)00006-5/rf0025
http://refhub.elsevier.com/S0968-0160(16)00006-5/rf0030
http://refhub.elsevier.com/S0968-0160(16)00006-5/rf0030
http://refhub.elsevier.com/S0968-0160(16)00006-5/rf0030
http://refhub.elsevier.com/S0968-0160(16)00006-5/rf0035
http://refhub.elsevier.com/S0968-0160(16)00006-5/rf0035
http://refhub.elsevier.com/S0968-0160(16)00006-5/rf0040
http://refhub.elsevier.com/S0968-0160(16)00006-5/rf0040
http://refhub.elsevier.com/S0968-0160(16)00006-5/rf0045
http://refhub.elsevier.com/S0968-0160(16)00006-5/rf0045
http://refhub.elsevier.com/S0968-0160(16)00006-5/rf0045
http://refhub.elsevier.com/S0968-0160(16)00006-5/rf0045
http://refhub.elsevier.com/S0968-0160(16)00006-5/rf0050
http://refhub.elsevier.com/S0968-0160(16)00006-5/rf0050
http://refhub.elsevier.com/S0968-0160(16)00006-5/rf0050
http://refhub.elsevier.com/S0968-0160(16)00006-5/rf0055
http://refhub.elsevier.com/S0968-0160(16)00006-5/rf0055
http://refhub.elsevier.com/S0968-0160(16)00006-5/rf0060
http://refhub.elsevier.com/S0968-0160(16)00006-5/rf0060
http://refhub.elsevier.com/S0968-0160(16)00006-5/rf0060
http://refhub.elsevier.com/S0968-0160(16)00006-5/rf0065
http://refhub.elsevier.com/S0968-0160(16)00006-5/rf0065
http://refhub.elsevier.com/S0968-0160(16)00006-5/rf0070
http://refhub.elsevier.com/S0968-0160(16)00006-5/rf0070
http://refhub.elsevier.com/S0968-0160(16)00006-5/rf0070
http://refhub.elsevier.com/S0968-0160(16)00006-5/rf0075
http://refhub.elsevier.com/S0968-0160(16)00006-5/rf0075
http://refhub.elsevier.com/S0968-0160(16)00006-5/rf0075
http://refhub.elsevier.com/S0968-0160(16)00006-5/rf0080
http://refhub.elsevier.com/S0968-0160(16)00006-5/rf0080
http://refhub.elsevier.com/S0968-0160(16)00006-5/rf0085
http://refhub.elsevier.com/S0968-0160(16)00006-5/rf0085
http://refhub.elsevier.com/S0968-0160(16)00006-5/rf0090
http://refhub.elsevier.com/S0968-0160(16)00006-5/rf0090
http://refhub.elsevier.com/S0968-0160(16)00006-5/rf0090
http://refhub.elsevier.com/S0968-0160(16)00006-5/rf0095
http://refhub.elsevier.com/S0968-0160(16)00006-5/rf0095
http://refhub.elsevier.com/S0968-0160(16)00006-5/rf0095
http://refhub.elsevier.com/S0968-0160(16)00006-5/rf0100
http://refhub.elsevier.com/S0968-0160(16)00006-5/rf0100
http://refhub.elsevier.com/S0968-0160(16)00006-5/rf0105
http://refhub.elsevier.com/S0968-0160(16)00006-5/rf0105
http://refhub.elsevier.com/S0968-0160(16)00006-5/rf0110
http://refhub.elsevier.com/S0968-0160(16)00006-5/rf0110
http://refhub.elsevier.com/S0968-0160(16)00006-5/rf0115
http://refhub.elsevier.com/S0968-0160(16)00006-5/rf0115
http://refhub.elsevier.com/S0968-0160(16)00006-5/rf0115
http://refhub.elsevier.com/S0968-0160(16)00006-5/rf0120
http://refhub.elsevier.com/S0968-0160(16)00006-5/rf0120
http://refhub.elsevier.com/S0968-0160(16)00006-5/rf0120
http://refhub.elsevier.com/S0968-0160(16)00006-5/rf0125
http://refhub.elsevier.com/S0968-0160(16)00006-5/rf0125
http://refhub.elsevier.com/S0968-0160(16)00006-5/rf0125
http://refhub.elsevier.com/S0968-0160(16)00006-5/rf0130
http://refhub.elsevier.com/S0968-0160(16)00006-5/rf0130
http://refhub.elsevier.com/S0968-0160(16)00006-5/rf0130
http://refhub.elsevier.com/S0968-0160(16)00006-5/rf0135
http://refhub.elsevier.com/S0968-0160(16)00006-5/rf0135
http://refhub.elsevier.com/S0968-0160(16)00006-5/rf0135
http://dx.doi.org/10.1016/j.knee.2016.01.005

	What are the bias, imprecision, and limits of agreement for finding the flexion–extension plane of the knee with five tibia...
	1. Introduction
	2. Materials and methods
	2.1. Models
	2.2. Orientation of models
	2.3. Identification of tibial reference lines
	2.4. Reproducibility
	2.5. Statistical analyses

	3. Results
	4. Discussion
	5. Conclusions
	Conflict of interest statement
	Acknowledgments
	References


