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a b s t r a c t

Background: We evaluated the effect of cutting surface on the anteroposterior (AP) axis of the proximal
tibia using a 3-dimensional (3D) bone model to ensure proper tibial rotational alignment in total knee
arthroplasty.
Methods: 3D bone models were reconstructed from the preoperative computed tomography data of 93
Japanese osteoarthritis knees with varus deformity. The AP axis was defined as the perpendicular
bisector of the medial and lateral condylar centers in a 3D coordinate system. Bone cutting of the
proximal tibia was performed with various tibial posterior slopes (0�, 3�, 7�) to the mechanical axis, and
we compared the AP axes before and after bone cutting.
Results: The AP axis before bone cutting crossed a point at about 16% (one-sixth) of the distance from the
medial edge of the patellar tendon at its tibial attachment. The AP axis after bone cutting was signifi-
cantly internally rotated at all posterior slopes: 4.1� at slope 0�, 3.0� at slope 3�, and 2.1� at slope 7�. The
percentages of cases with differences of more than 3� or 5� were 66.7% and 34.4% at slope 0�, 53.8% and
24.7% at slope 3�, and 38.3% and 11.8% at slope 7�, respectively.
Conclusion: The AP axis of the proximal tibia may be rotated internally after resection of the proximal
tibia in total knee arthroplasty. Hence, surgeons should recognize the effect of changes in the cutting
surface on rotational alignment of the proximal tibia.

© 2016 Elsevier Inc. All rights reserved.
Total knee arthroplasty (TKA) has become one of the most
successful orthopedic procedures for providing pain relief and
improving knee function, with reported survival rates of greater
than 90% after 15 years [1,2]. Proper positioning of TKA components
is important for good clinical outcomes because component mal-
positioning can lead to TKA failure due to aseptic loosening [3],
instability [4], polyethylene wear [5], and patellar dislocation [6].
Malrotation of the tibial component has been found to affect
patient-perceived outcomes; in particular, internal rotational errors
can lead to patellofemoral problems [6], anterior knee pain [7], and
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knee stiffness [8]. However, several previous studies reported that
accurate tibial rotational alignment is challenging and concluded
that the percentage of cases with acceptable postoperative align-
ment ranged from 38% to 46% [9,10].

There is less consensus concerning which preoperative plans
and surgical techniques will achieve proper tibial rotational align-
ment. Some reasons for this disagreement concerns methods of
evaluation and measurement. First, many anatomic landmarks for
rotational reference exist but none has been universally accepted.
For example, Akagi's anteroposterior (AP) axis [11], one of the most
famous references, is the line connecting the middle of the poste-
rior cruciate ligament to the medial border of the patellar tendon
attachment; however, this axis is based on normal knees, and
posterior cruciate ligament attachment is sometimes unclear
intraoperatively. Other recommended AP axes also show discrep-
ancy between their theoretical underpinnings in published studies
and practice in actual surgery [12,13]. Second, many evaluations
have reduced accuracy due to the 2-dimensional (2D) analysis of
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Table 1
Preoperative Demographic Data.

Average ± Standard Deviation (Range)

Age (y) 76.2 ± 6.2 (55-89)
Femorotibial angle (�) 183.6 ± 4.2 (176-196.7)
Height (cm) 151.6 ± 9.7 (136-178)
Weight (kg) 62.4 ± 12.1 (41.3-90.2)
Body mass index (kg/m2) 26.9 ± 4.2 (18.9-36.9)
Knee extension (�) �6.9 ± 5.7 (�20 to 0)
Knee flexion (�) 124.4 ± 12.4 (80-150)

Fig. 1. Definition of knee center. MC, medial condylar center; LC, lateral condylar
center; KC, knee center, defined as the midpoint between MC and LC.
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computed tomography (CT) slices. CT slices are affected by the
orientation of the patient's legs during the scan, and thewidth of CT
slices affects the determination of anatomic landmarks [14,15]. In
addition, Hirschman et al [14] concluded that rotational measure-
ments on 2D CT showed wide variability and were significantly less
reliable than 3-dimensional (3D) CT. Due to these problems, 3D
evaluation appears to be the most optimal approach for acquiring
proper tibial rotational alignment.

As for surgical techniques, there are several pitfalls concern-
ing accurate implantation of the tibial component. Intra-
operatively, insufficient posterolateral view, impingement of the
popliteus tendon, and cement fixation can affect the position of
the tibial component [7,9]. Of these factors, the shape of the
cutting surface of the proximal tibia can have the most signifi-
cant impact on the position of the component because surgeons
tend to subjectively determine the position based on the
appearance of the shape. In addition, it is difficult to use the
same AP axis before and after cutting the tibial bone because of
changes in the surface. Thus, it is important to understand the
bone morphology of the tibia to align the component via accu-
rate preoperative planning. Recently, several studies used com-
puter simulations to assess the relationship between the bone
morphology of the proximal tibia and rotational alignment
[16,17]. However, most studies enrolled subjects with normal
knees [16] rather than those with osteoarthritis (OA) and did not
take tibial posterior slope into account [16,17]. Surgeons would
likely benefit from evaluating the effect of the cutting surface
using a 3D computer simulation, which reproduces intra-
operative factors encountered in actual TKA surgery, such as
degenerative changes and tibial posterior slope.

We previously performed a 3D computer simulation to evaluate
problems with surgical techniques [18-20] and accuracy of preop-
erative planning [15]. The purpose of the present study was to
evaluate the effect of the cutting surface on the AP axis of the
proximal tibia using a 3D bone model. Virtual surgeries were per-
formed with various tibial posterior slopes on OA knees to measure
the difference between before and after bone cutting. We hypoth-
esized that the AP axis of the proximal tibia would change after
resection in OA knees, especially under different tibial posterior
slopes.
Patients and Methods

Patients

Ninety-three Japanese OA knees with varus deformity were
investigated in 89 patients before primary TKA. The study group
consisted of 20 men and 69 women. Individuals with rheuma-
toid arthritis, a history of knee injuries or infections, or severe
bone defects in the proximal tibia were excluded. Preoperative
demographic data are presented in Table 1. The preoperative
femorotibial angle and progression of OA (determined using the
Kellgren-Lawrence [K-L] OA scale [21]) were measured on full-
length, weight-bearing AP radiographs using the digital mea-
surement software 2D template (Japan Medical Materials Corp.,
Osaka, Japan). In this study, most knees were classified as grade
4 on the K-L OA scale (83 knees), whereas the others were grade
3. This study was approved by the Institutional Review Board of
Kyushu University (ID number of the approval: 25-74). Informed
consent was obtained from all patients before their
participation.

Three-Dimensional Bone Model and the Coordinate System

Preoperative CT scans of the unilateral lower extremity were
obtained from all patients within 3 months before the scheduled
surgery. CT slices were obtained with a 2-mm thickness. 3D bone
models were reconstructed from preoperative CT data using
MIMICS (Materialise, Leuven, Belgium). The bony geometry was
imported into a computer-assisted design software program
(Rhinoceros; Robert McNeel and Associates, Seattle, WA)
in stereolithography format as our previous papers re-
ported [19,20]. The coordinate system was adopted based on the
study of Cobb et al [22]. Medial and lateral articular surface
centers of the proximal tibia were determined by drawing the
best-fit circle around the edge of the cortex of each plateau
(Fig. 1). The knee center was defined as the origin of the co-
ordinates for the midpoint of the line connecting the medial and
lateral condylar centers (Figs. 1 and 2). The Z-axis of the tibia
(proximal-distal) was defined as the tibial mechanical axis that
connected the knee center and the ankle center. The ankle center
was defined as the geometric center of talar dome (center of the
trochlea of the talus) [10,23]. The plane normal to the Z-axis at
the center of the knee was defined as the XY plane. The X-axis
(anterior-posterior) was defined as the perpendicular bisector of
the medial and lateral condylar centers projected onto the XY
plane; this bisector was named the precut anatomic tibial axis
(precut ATA; Fig. 2). The Y-axis (medial-lateral) was defined as
the extension of the line connecting the medial and lateral
condylar centers projected onto the XY plane.

Virtual Surgery: Cutting the Proximal Tibial Bone

Bone cutting was performed on the tibial bone model using the
3D coordinates. The tibial bone model had no cartilage from CT
data; however, previous articles reported that a lateral cartilage



Fig. 2. Definition of the 3-dimensional coordinate system. The origin of the coordinate system: knee center. Z axis (proximal-distal), mechanical axis defined as the line between the
knee center and ankle center. X axis (anterior-posterior), the perpendicular bisector of the medial and lateral condylar centers projected onto the normal plane of the Z axis; precut
ATA, precut anatomic tibial axis.
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thickness is approximately 2 mm [24,25]. The resection level of the
tibia was 8 mm below the deepest point of lateral articular surface
to ensure 10 mm thickness of bone cutting accurately. We cut the
proximal tibial bone along the precut ATA in the XY plane. Three
Fig. 3. Cutting the proximal tibial bone with 3 different posterior tibial slopes. The cutting d
tibial slopes (0� , 3� , and 7� relative to the tibial mechanical axis). After bone resection, the
different tibial posterior slopes were simulated at 0�, 3�, and 7�

relative to the tibial mechanical axis. After the bone resection,
medial and lateral cutting surface centers of the proximal tibiawere
determined by drawing the best-fit circle around the edge of the
irection of the tibia was along the precut ATA in the XY plane with 3 different posterior
new AP axis (postcut ATA) was marked on the cutting surface. AP, anteroposterior.



Fig. 4. Evaluation of the precut ATA. (A) the angle between the precut ATA and Akagi's AP axis, (B) medial percentage width was defined as M/L � 100 at the patellar tendon
attachment level (medial edge: 0%, lateral edge: 100%). M, width from the medial edge to the crossing point. L, width of the patellar tendon.
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cortex of each plateau using the same technique as described above.
Then, the new AP axis (postcut ATA) was defined as the perpen-
dicular bisector of themedial and lateral condylar centers projected
onto the XY plane (Fig. 3).

Evaluation of Precut and Postcut ATA

First, we measured the angle between the precut ATA and
Akagi's AP axis [11] to evaluate the precut ATA (Fig. 4A). In
addition, the point where the precut ATA crossed the patellar
tendon at its attachment was investigated (Fig. 4B). The patellar
tendon width (L) and the width medial to the crossing point (M)
were measured, and the medial percentage width (M/L � 100)
was calculated [11,26]. Second, we measured the rotational angle
between precut and postcut ATA to evaluate the postcut ATA at
each posterior slopes. The rotational angle was defined as posi-
tive if the postcut ATA was externally rotated relative to the
precut ATA. We also evaluated whether the femorotibial angle
and K-L OA scale were associated with the rotational angle of the
postcut ATA.
Fig. 5. Distribution of cases stratified by the rotational angle of postcut AT
Statistical Analysis

To investigate the reliability and reproducibility of this coordinate
system, intraobserver and interobserver reliabilities were assessed
by intraclass correlation coefficients [ICC (1,1) and ICC (2,1), respec-
tively] [27]. All measurements were obtained by 2 orthopedic sur-
geons (TU, YM) at an interval of more than 1 week. The data were
blindedand includednopatient information.Apaired t-testwasused
to compare the rotational anglesbetween theprecut andpostcutATA
at each posterior slopes. Pearson's correlation coefficientwas used to
investigate the correlation between the rotational angle and femo-
rotibial angle, and Spearman's correlation was used to evaluate the
correlation between the rotational angle and K-L OA scale. Data
analysis was performed using JMP Pro software version 11 (SAS
Institute, Cary, NC). Statistical significance was set at a P value <.05.

Results

The ICC (1,1) and ICC (2,1) of this coordinate system were 0.95
and 0.94, respectively, suggesting excellent agreement for both.
A compared with precut ATA for each of the 3 tibial posterior slopes.



Fig. 6. Above (sagittal view): comparison of the morphology of the lateral and medial plateaus between 0� and 7� posterior slopes; dotted line shows the cutting line at 0� of
posterior slope and solid line showed the cutting line at 7� of posterior slope. Below (axial view): white circles show the condylar centers at 0� of posterior slope and black triangles
show the condylar centers at 7� of posterior slope.
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The average precut ATA was rotated externally compared with
the Akagi's AP axis (4.9� ± 5.1�; range, �11.6� to 15.8�). The medial
percentage width (M/L � 100) was 16.3% ± 17.4% (range, �40.0% to
59.0%) at the point where the precut ATA crossed. On average, the
postcut ATA was significantly internally rotated relative to the
precut ATA at all posterior slopes: �4.1� ± 3.2� (�13.7� to 2.8�) at
slope 0�, �3.0� ± 2.9� (�12.6� to 4.6�) at slope 3�, and �2.1� ± 2.9�

(�11.7� to 5.3�) at slope 7� (P < .001). There was a significant dif-
ference among 3 tibial posterior slopes (P < .001). Figure 5 shows
the distribution of cases stratified by the rotational angle of postcut
ATA compared with precut ATA for each of the 3 tibial posterior
slopes (Fig. 5). The postcut ATA was internally rotated compared to
that of the precut ATA in 94.6% (88 cases) at slope 0�, 87.0% (81
cases) at slope 3�, and 81.7% (76 cases) at slope 7�. In addition, the
percentages of cases with differences of more than 3� or 5� were
66.7% and 34.4% at slope 0�, 53.8% and 24.7% at slope 3�, and 38.3%
and 11.8% at slope 7�, respectively.

Only a slight correlation was detected between the rotational
angle of the postcut ATA and FTA (slope 0�: r ¼ �0.241, P ¼ .0272;
slope 3�: r¼�0.233, P¼ .0344; slope 7�: r¼�0.221, P¼ .0431). There
was no significant correlation between the rotational angle of the
postcut ATA and K-L OA scale for any of the 3 slopes (P ¼ .778-.93).

Discussion

Themost important finding of the present study was that the AP
axis of the proximal tibia may be significantly internally rotated
after proximal tibial resection during TKA surgery. Internal
malrotation of the tibial component should be avoided to decrease
the chance of patellofemoral problems, anterior knee pain, and
knee stiffness [7,8]. In terms of clinical relevance, our results indi-
cated that unexpected internal malrotation of the tibial component
can occur relative to the planned and precut conditions if the sur-
geon subjectively bases the final position of the tibial component
on the shape of the tibial cutting surface. Forster-Horvath et al [16]
reported a similar trend in which internal rotation error was
induced at a mean of 4.0� after proximal tibial resection. Their
study evaluated normal knees with no tibial posterior slope and
was not based on actual TKA surgery. Our study demonstrated the
effect of the shape of the cutting surface on tibial component
malpositioning by evaluating actual OA knees and taking tibial
posterior slope into account.

In more than 80% of the cases in this study, the postcut ATA was
internally rotated relative to the precut ATA at all tibial posterior
slopes. Although the average rotational angle was small, the per-
centages of cases with differences of more than 5� were 36% at
slope 0�, 22% at slope 3�, and 12% at slope 7�, respectively; these
rates cannot be ignored considering that the definition of mala-
lignment was reported as beyond 3�-5� from the target alignment
[9,10,13,23,28]. Some previous studies concluded that the post-
operative alignment of the tibial component tends to be internally
rotated relative to the ideal position [9,10,29]. In addition, the
accuracy of rotational tibial component angles within ±3� of the
ideal in conventional TKA was only 38%-46% [9,10]. Computer-
assisted systems have been developed to improve the accuracy of
conventional methods; however, most image-free navigation
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systems cannot improve tibial rotational alignment relative to
conventional TKA [23,30]. Even in a previous study using a CT-
based navigation system, 21.4% of cases were outside the ideal
range in terms of tibial rotational alignment [10]. Several pitfalls are
known to exist regarding accurate implantation of the tibial
component; however, our results suggest that surgeons should
objectively evaluate the cutting surface and understand the precut
and postcut morphological changes that occur in TKA.

References for aligning the AP axis of the proximal tibia have
varied widely among studies, and there has been some controversy
regarding which AP axis should be used to acquire the ideal rota-
tional alignment [11,13,26,31]. One reason is the technical difficulty
of using the same AP axis both before and after cutting due to the
change in the shape of the articular surface. It would be ideal to
identify the features of the cutting surface so surgeons could avoid
changing the AP axis after cutting the bone. In this study, the precut
ATA was rotated externally by an average of 5� compared with
Akagi's AP axis, and it crossed a point at about 16% (one-sixth) of
the distance from the medial edge of the patellar tendon at its tibial
attachment. Regarding the AP axis after cutting the bone, Kawahara
et al [26] recommended that in order to avoid rotational mismatch
with the femoral side in OA knees, the modified AP axis should
connect the geometric center of the cutting surface and the medial
one-sixth of the border of the patellar tendon at the tibial attach-
ment. Based on their results and our present results concerning the
precut ATA, we consider that the medial one-sixth of the border of
the patellar tendon at the tibial attachment may be a reliable
landmark to permit the same AP axis to be used both before and
after cutting of the proximal tibia.

The definition of the tibial AP axis should be as accurate as
possible to avoid measuring errors. Measurement of AP axes with
CT slices (2D measurement) were affected by the orientation of the
patient's legs during the scan and the width of the CT slices [14,15].
Cobb's method, used in this study, was reported as themost reliable
approach to determining the rotational alignment of the proximal
tibia based on the centers of the unresected medial and lateral
plateaus [22,32]. The ICC of the coordinate system reported by Cobb
and that of our own system were 0.94-0.95, suggesting good
agreement [22]. In addition, we previously performed a 3D com-
puter simulation to evaluate problems with surgical techniques
[18-20] and accuracy of preoperative planning [15]. Our 3D evalu-
ation in this study should be more reliable than that of previous
studies using 2D measurements and as such should be clinically
helpful for surgeons.

Tibial posterior slope affected the postcut ATA; specifically, the
difference compared to the precut ATA decreasedwith greater tibial
slopes. In this simulation, we performed the bone cutting based on
the knee center and the precut ATA. Posterior slopes caused the
anterior margin of the medial plateau to move anteriorly, and the
anterior margin of the lateral plateau to move posteriorly, due to
the morphology of the proximal tibia (Fig. 6). The medial condylar
center moved anteriorly and the lateral condylar center moved
posteriorly with Cobb's method, resulting in a smaller amount of
internal rotation (Fig. 6).

The present study has several limitations. First, no valgus OA
knees were included in this study. The cutting level should be
different in valgus knees if the cut is performed perpendicular to
the mechanical axis, indicating that the shape of the cutting surface
is different. Our results may have been different if valgus knees
were included, but it was important to standardize the sample
using individuals with similar deformities, and most knees in our
hospital had varus deformities. Second, the knee center defined in
this study might differ from those in actual clinical situations.
However, it would be difficult to use the same knee center in actual
surgery. We believe that accurate evaluation was performed with
our coordinate system, which was validated as a reliable tool by
several previous studies [22,32]. Third, no clinical knee conditions
have been included in the present study. It is difficult to conclude
whether the small change in the rotational angle is clinically sig-
nificant, particularly with less constrained femoral-tibial articula-
tions. In addition, we did not evaluate inaccuracy of cutting
direction and bone thickness which can happen in actual TKA
surgery. Fourth, this study did not evaluate the effect of the shape of
the tibial baseplate. More research will be necessary once addi-
tional computer-aided design models become available in the
future. Despite these limitations, our 3D computer simulation
provided valuable data inwhich the AP axis derived from the shape
of the proximal tibia was rotated internally.

In conclusion, the AP axis of the proximal tibia can be signifi-
cantly internally rotated after resection of the proximal tibia during
surgery in TKA. The postcut ATAwas internally rotated compared to
the precut ATA in 94.6% (88 knees) of cases at slope 0�, and the
percentage of cases with a rotational angle of more than 5� was
66.7% at slope 0�. Hence, to avoid malrotational alignment, sur-
geons should recognize that the shape of the cutting surface has an
effect on the AP axis.
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