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INTRODUCTION

Total knee arthroplasty (TKA) is the one of the most success-
ful surgical procedures, providing excellent clinical outcomes 
for end-stage osteoarthritis (OA) of the knee. However, about 

20% of patients are not satisfied with the results of TKA.1 The 
rotational alignment of the femoral component is one of the 
most important factors that affect clinical outcomes after 
TKA.2 Malposition of the femoral component is one source of 
early revision TKAs.3 Malrotation of the femoral component 
in the axial plane can cause postoperative pain in the anterior 
knee, patellofemoral mal-tracking, and tibiofemoral instabili-
ty during flexion.2,3

In the measured resection technique, distal femur cuts for 
proper rotational alignment are based on bony anatomical 
landmarks.4,5 The surgical transepicondylar axis (sTEA), which 
is the central axis for the flexion-extension of the knee,6,7 is a 
line that connects the lateral epicondyle and sulcus of the me-
dial epicondyle.8 However, previous studies have suggested 
that it is difficult to localize the sulcus of the medial epicon-
dyle intraoperatively.9-11 Thus, sTEA on preoperative comput-
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ed tomography (CT) slices has been used to obtain helpful in-
formation with which to determine the degree of external 
rotation of the femoral component.6,9,10

Several orthopedic surgeons choose one slice out of several 
CT scans of the region around the actual medial and lateral 
epicondyles to identify the transepicondylar axis (TEA), ow-
ing to their intuitive understanding and convenience of mea-
surement. However, the medial and lateral epicondyles, me-
dial sulcus, and posterior femoral condyles cannot always be 
identified together on a single CT slice. Oshima, et al.12 used 
three serial CT sections instead of a single image to determine 
the sTEA in their study. To date, however, no study has evalu-
ated the idealization of a method for measuring sTEA and the 
clinical transepicondylar axis (cTEA) using two-dimensional 
(2D)-CT. Hirschmann, et al.13 suggested that measurements 
on three-dimensional (3D) were statistically better than those 
obtained from 2D-CT, and Okamoto, et al.14 stated that 3D 
measurements were more reliable and reproducible than 2D 
measurements. We sought to investigate the accuracy of vari-
ous measurement methods using 2D-CT by taking advantage 
of the fact that bony anatomical landmarks can be selected 
accurately on a 3D reconstruction model.

The purposes of this study were as follows: 1) to measure 
posterior condylar angle (PCA) and condylar twist angle (CTA) 
values on a 3D reconstruction model and 2D-CT using three 
different measurement methods, 2) to investigate the degree 
of error in the PCA and CTA values measured using each 2D-CT 
method in comparison to reference values on 3D models, and 
3) to determine the most accurate method of measurement.

MATERIALS AND METHODS

Data collection
This study was approved by the independent Institutional Re-
view Board of Severance Hospital (IRB #4-2020-0115) and was 
waived of the requirement for informed consent. We retro-
spectively analyzed the CT images of 100 knees (50 women), 
composed of 50 normal knees (25 patients) and 50 knees (25 
patients) with a degenerative OA. Angiographic CT images of 
the lower extremities of 25 patients (50 knees) with normal 
knees were obtained. These participants had visited our insti-
tution for the examination of lower extremity vessel status be-
tween November 2011 and March 2016. Patients with a histo-
ry of surgery for the knee joint and apparent knee pathologies 
were excluded. We recruited another 25 patients who were 
scheduled to undergo TKA for both knees by a single ortho-
pedic surgeon between January 2012 and February 2016. Pa-
tients with a history of previous knee surgery, post-traumatic 
arthritis, or rheumatoid arthritis were excluded from this study. 
Preoperative lower extremity CT studies of 25 patients (50 
knees) were also included in this study. We measured the hip-
knee-ankle angle of recruited participants by using standing 

long leg plain radiographs for patients with an OA knee and 
supine CT scanogram for participants with a normal knee.

3D reconstruction of bony models
All patients underwent CT from the 10th thoracic vertebra level 
to both feet in the supine position, with both knees extended 
as much as possible. Patients with normal knees underwent 
CT using the SOMATOM Definition Flash (Siemens, Forch-
heim, Germany) device, with 2.0-mm slices, 100 kVp, and 150 
mAs. Patients with OA of the knee underwent CT using the 
SOMATOM Sensation 64 (Siemens) system with 0.6-mm slices, 
100 kVp, and 150 mAs. The scanned image data of each patient 
were acquired in the Digital Imaging and communications in 
Medicine (DICOM) format (National Electrical Manufacturers 
Association, Rosslyn, Virginia). The acquired DICOM data were 
imported to Mimics software (19.0, Materialise, Leuven, Bel-
gium) and segmented to construct bony 3D reconstruction 
models of the distal femur.

Measurement using the 3D reconstruction model
The coordinate system on the 3D reconstruction models was 
defined as in the previous study.15 We defined the center of 
the hip as the center of the sphere that is best fitted to the femo-
ral head. The cTEA was defined as a line connecting the most 
prominent point of the lateral epicondyle and medial epicon-
dyle. We defined the center of the knee as the midpoint bisect-
ing the cTEA. The Z-axis of the knee was defined as the exten-
sion of the mechanical axis of the femur connecting the centers 
of the hip and knee. We defined the plane perpendicular to the 
Z-axis at the center of the knee as the X-Y plane. The X-axis was 
defined as the extension of the cTEA, which was projected on 
the X-Y plane perpendicular to the Z-axis. The Y-axis was de-
fined as the line normal to the coronal plane (X-Z plane) at 
the center of the knee.

The sTEA, cTEA, and posterior condylar line (PCL) were 
drawn on the 3D reconstruction bony model of each patient. 
sTEA and cTEA were defined as per previous studies.8,16 PCL 
was defined as the line connecting the most protruding points 
of the medial and lateral posterior condyles of the femur on 
the given image. The angle between the sTEA and PCL was 
defined as the PCA, and that between the cTEA and PCL was 
defined as the CTA (Fig. 1). A positive value indicated the di-
rection of external rotation relative to the PCL, while a nega-
tive value indicated the direction of internal rotation (IR).

Measurement using the 2D CT
We selected the following three sections on the CT studies of 
each knee. The “most protruding TEA section” was the one 
where the medial and lateral epicondyles were the most promi-
nent and the medial sulcus could be distinguished clearly from 
the medial epicondyle. Operators commonly use the section 
similar to the “most protruding TEA section” to locate TEA on 
preoperative CT to plan the extent of degrees of external rota-
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tion. The “most protruding PCL section” is the one where the 
medial and lateral posterior condyles of the distal femur ap-
peared the most protruded. Dialing 3° of external rotation is 

widely used according to the PCL to determine the rotation of 
femoral component intraoperatively. We chose another CT 
slice, which was not the same as the “most protruding TEA sec-
tion,” to determine the “most protruding PCL section” (Fig. 2). 
The “distal femoral cut section” is the one that is 9 mm away 
from the joint line level to ensure a depth of 9 mm for the dis-
tal femur cut.

Fig. 1. Measurement of PCA and CTA values. (A) Measurement on the 3D 
reconstruction model. (B) Measurement on 2D-CT. PCA, posterior condy-
lar angle; CTA, condylar twist angle; 3D, three-dimensional; 2D-CT, two-
dimensional computed tomography; sTEA, surgical transepicondylar axis; 
cTEA, clinical transepicondylar axis; PCL, posterior condylar line.

A

B

Fig. 2. Superimposed images of the “most protruding TEA section” and 
“most protruding PCL section.” The yellow line means the “most protrud-
ing TEA section,” and the white line means the “most protruding PCL 
section.” TEA, transepicondylar axis; PCL, posterior condylar line.

Fig. 3. Three different measurement methods of PCA and CTA values on 2D-CT. (A and D) Most protruding TEA section. (B and E) Most protruding PCL 
section. (C and F) Distal femoral cut section. (A, B, and C) Normal right knee. (D, E, and F) Left knee with osteoarthritis. PCA, posterior condylar angle; CTA, 
condylar twist angle; 2D-CT, two-dimensional computed tomography; TEA, transepicondylar axis; PCL, posterior condylar line.
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First, we drew the sTEA and cTEA on the “most protruding 
TEA section” and determined the PCL and CTA from that CT 
slice (Fig. 3A and D). If the medial sulcus not recognizable due 
to flattening or bone formation, it was classified as type III (not 
recognized) as proposed by Akagi, et al.,17 and the sTEA was 
not evaluated in such cases. We obtained the PCA and CTA 
values by measuring the angle between the PCL and the other 
two axes on the “most protruding TEA section.” This method 
was designated as the “1-plane method.” Second, we deter-
mined another PCL from the “most protruding PCL section,” 
which differed from that of the “most protruding TEA section” 
(Fig. 3B and E). The PCA and CTA values were calculated as 
differences between the sTEA and cTEA obtained from the 
“most protruding TEA section” and the PCL from the “most 
protruding PCL section.” We designated this method as the 
“2-plane method,” because we used two CT slices to obtain 
the PCA and CTA values. Third, another PCL was determined 
from the “distal femoral cut section” (Fig. 3C and F). We ob-
tained the PCA and CTA values from the sTEA and cTEA from 
the “most protruding TEA section” and the PCL from the “dis-
tal femoral cut section.” This method was designated as the 
“assumed resection method.”

Errors in measurements and outliers
Errors in the measurement of PCA and CTA were calculated 
as the difference between the values obtained using each mea-
surement method on 2D-CT and the reference value measured 
on the 3D reconstruction models. Errors with positive values 
meant that the value was (incorrectly) measured to be more 
externally rotated than the 3D reference value. The PCA and 
CTA outliers were defined as the range at which the PCA and 
CTA (obtained from 2D-CT) differed from the value obtained 
from the 3D reconstruction model by more than 3°.

Evaluation of intrarater and interrater reliability
All measurements on the 2D-CT scans and 3D reconstruction 
models were performed by two orthopedic surgeons to evalu-
ate interrater reliability. Each rater measured each parameter 
for the second time, 1–2 weeks after the first measurement, to 
evaluate the intrarater reliability. Each rater was blinded to 
others’ measurements during the period of rating. The degree 
of measurement reliability was assessed using intraclass cor-
relation coefficients. The 95% confidence intervals of the intra-
class correlation coefficients for intra- and interrater reliability 
were 0.921–0.959 and 0.879–0.914, respectively.

Statistical analysis
SPSS software, version 21.0 for Windows (IBM Corp., Armonk, 
NY, USA), was used for statistical analysis. All data are present-
ed as means and standard deviations. Independent t-test and 
chi-squared test were used to compare the demographics and 
values of PCA and CTA between OA and non-OA groups. Paired 
t-test was used to compare differences for CTA and PCA val-

ues obtained between the 3D reconstruction model and those 
obtained using each measurement method. Repeated mea-
sures analysis of variance (ANOVA) was performed to com-
pare the errors of each method. P values<0.05 were consid-
ered statistically significant. We used G*Power, version 3.1.9.6 
(Heinrich-Heine-Universität Düsseldorf, Düsseldorf, 14 Ger-
many) for calculating adequate sample size.18 A total of 68 
subjects were required to perform repeated measures ANOVA 
analysis using an alpha error of 0.05, power of 0.95, and effec-
tive size of 0.18, and hence, the sample size of our study cohort 
was acceptable.

RESULTS

The mean age of the participants (100 knees of 50 patients) 
was 58.3±13.4 years (range 40–81). A significant difference was 
observed between the mean age of the normal-knee (46.0±3.1 
years) and OA-knee (70.6±6.6 years) groups. The mean body 
mass index (BMI) of all participants was 25.2±4.5 (range 17.6–
38.6) kg/m2, and the mean BMI of the normal-knee group (22.8± 
2.8) differed significantly from that of the OA-knee group (27.7± 
4.6). The shape of the medial sulcus (of the 100 knees) on the 
“TEA section” was classified as follows: type I (well recogniz-
able), 19 knees; type II (barely recognizable), 49 knees; and type 
III (not recognized), 32 knees (Table 1). Thus, the value of PCA 
and errors in the measurement of PCA were measured for 68 
knees excluding type III.

The mean PCA was 2.8±1.1° (range 0.5–6.8), and the mean 
CTA was 7.0±1.6° (range 0.4–11.7) for the 3D reconstruction 
models (p<0.001). The mean PCA values were 2.1±2.0° (range 
-4.3–5.8) for the 1-plane method, 2.0±1.9° (range -3.3–5.8) for 
the 2-plane method, and 2.0±1.9° (range -4.0–5.3) for the as-
sumed resection method (p=0.566). The mean PCA values for 
each of the 2D-CT methods were significantly smaller than that 
of the 3D reconstruction model (p<0.001) (Table 2). The mean 
CTA was 5.9±2.1° (range -3.1–9.1) for the 1-plane method, 5.9± 
2.0° (range -1.2–9.1) for the 2-plane method, and 6.0±1.8° (range 
-0.3–9.7) for the assumed resection method (p=0.481). The 
mean CTA of the three measurement methods were signifi-
cantly smaller than that of the reference value obtained from 
the 3D reconstruction model (p<0.001) (Table 2).

We evaluated the degree of errors in measurements for 
each method to determine the method with the smallest error, 
compared to the 3D reference value. Mean errors in the mea-
surement of PCA were -0.8±1.8° for the 1-plane method, -0.8± 
1.6° for the 2-plane method, and -0.9±1.6° for the assumed re-
section method. There were no significant differences among 
the mean errors in the PCA measured using the three different 
CT methods. Six outliers (9%) of PCA measurement were ob-
served for each of the 1-plane and 2-plane methods, and five 
outliers (7%) were observed in the assumed resection method. 
The mean error in the measurement of CTA was -1.1±1.7° in the 
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1-plane method, -1.1±1.6° in the 2-plane method, and -1.0± 1.6° 
in the assumed resection method. There was no significant 
difference in the error of CTA measured using the three meth-
ods. There were 14 outliers (14%) in the measurement of CTA 
with the 1-plane method, 11 outliers (11%) in the 2-plane meth-
od, and 12 outliers (12%) in the assumed resection method 
(Table 3).

DISCUSSION

In this study, we compared the PCA and CTA values obtained 
from 2D-CT using three different methods with those mea-
sured on 3D reconstruction models. The PCA and CTA values 
derived from the 2D-CT were similar to each other, with a dif-
ference of 0.1°, which was not significant. However, the PCA 
value obtained from the 2D plane was significantly smaller (by 
0.7 to 0.8°) than the reference value obtained from the 3D re-
construction models, while the CTA values obtained from the 

2D plane was 1.0–1.1° smaller than that obtained from the 3D 
models. Thus, the PCA and CTA values obtained from preop-
erative 2D-CT could include an IR of about 1°, compared to 
3D reference values. An increase in the internal malrotation of 
the femoral components may be involved in postoperative 
knee pain, patellofemoral mal-tracking, or instability of the 
flexion gap.19 Therefore, we suggest that surgeons should be 
aware of the risk of misunderstanding PCA and CTA by con-
sidering only the measured values from 2D-CT.

Placing the femoral component into the proper rotation 
alignment is an important factor affecting the clinical out-
comes of TKA.3 Femoral rotation parallel to the sTEA is ac-
cepted to be biomechanically reasonable because the sTEA is 
considered to be reliable and almost vertical to the mechani-
cal axis.6 However, Poilvache, et al.20 reported that the sulcus 
of the medial epicondyle was difficult to locate during TKA. In 
our study, the sulcus of the medial epicondyle could not be 
identified in 32 knees (32%), and we classified such knees as 
type III. The PCL is easy to recognize intraoperatively and is 

Table 1. Demographics of the Study Cohort

Characteristics Total OA Non-OA p value
No. of knees 100 50 50
Side (knees) Rt: 50; Lt: 50 Rt: 25; Lt 25 Rt: 25; Lt 25
Age (yr) 58.3±13.4 (40–81) 70.6±6.6 (55–81) 46.0±3.1 (40–50) <0.001
Body mass index (kg/m2) 25.2±4.5 (17.6–38.6) 27.7±4.6 (18.7–38.6) 22.8±2.8 (17.6–29.8) <0.001

Hip-Knee-Ankle angle (°)
4.3±5.8 varus

(10.3 valgus–16.5 varus)
4.7±6.6 varus

(10.3 valgus–16.5 varus)
3.9±5.0 varus

(9.0 valgus–15.6 varus)
0.503

Kellgren-Lawrence grading cale (knees) G0: 50; G3: 13; G4: 37 G3: 13; G4: 37 G0: 50 <0.001
No. of types of medial sulcus (knees) I: 19; II: 49; III: 32 I: 6; II: 19; III: 25 I: 13; II: 30; III: 7 <0.001
Data are presented as mean±standard deviation (range).

Table 2. Comparison of PCA and CTA Values from 3D and 2D Measurement

PCA CTA
Total OA Non-OA p value Total OA Non-OA p value

3D model 2.8±1.1* 2.6±0.8 3.0±1.2 0.064 7.0±1.6* 6.6±1.6 7.3±1.7 0.031
1-Plane method 2.1±2.0 1.6±2.1 2.3±1.9 0.189 5.9±2.1 5.4±2.4 6.4±1.7 0.021
2-Plane method 2.0±1.9 1.5±1.9 2.3±1.8 0.099 5.9±2.0 5.4±2.1 6.4±1.7 0.010
Assumed resection method 2.0±1.9 1.4±1.8 2.3±1.9 0.067 6.0±1.8 5.5±1.9 6.4±1.7 0.021
PCA, posterior condylar angle; CTA, condylar twist angle; 3D, three-dimensional; 2D, two-dimensional; CT, computed tomography
All values in the table are in degrees. We obtained the results of PCA in 68 knees (OA: 25, Non-OA: 43 knees) and CTA in 100 knees (OA: 50, Non-OA: 50 knees) 
due to the recognition of the medial sulcus.
*The PCA and CTA values of the 3D reconstruction model were significantly larger with each value obtained from the 2D CT using three methods of measurement.

Table 3. Errors in Measurement of PCA and CTA Values Using Three Different 2D-CT Methods

1-Plane method 2-Plane method Assumed resection method
Errors in measurement of PCA* -0.8±1.8° -0.8±1.6° -0.9±1.6°
Outliers, n (%)† 6 (9) 6 (9) 5 (7)
Errors in measurement of CTA* -1.1±1.7° -1.1±1.6° -1.0±1.6°
Outliers, n (%)† 14 (14) 11 (11) 12 (12)
PCA, posterior condylar angle; CTA, condylar twist angle; 2D, two-dimensional; CT, computed tomography
*Errors in the measurement of PCA were measured for 68 knees and those for CTA were measured for 100 knees, †The outlier was defined as the range in which 
the 2D-CT measured angle differed from the value obtained from the 3D reconstruction model by 3°.
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normally internally rotated by approximately 3° with respect 
to the sTEA.16 We also found that the PCA on our 3D recon-
struction models was 2.8±1.1°, which, although similar to that 
reported by previous studies, ranged from 0.5°–6.8°. Therefore, 
determining the rotational alignment of the femoral compo-
nent based on the individual preoperative CT would provide a 
more accurate PCA value than that obtained by routinely plac-
ing the implant with 3° of external rotation with respect to the 
PCL, as performed in other studies.12 Some studies suggested 
determining the rotational alignment of the femoral compo-
nent for each patient by measuring the PCA and CTA values 
using individual preoperative CT due to variations between 
individuals.21,22

In this study, we analyzed the most accurate 2D-CT mea-
surement method compared to the 3D reconstruction models. 
There was no significant difference among the degree of errors 
in the measurements obtained from the three different meth-
ods. We confirmed the lack of a significant difference in the 
PCA and CTA values measured using only one slice of 2D CT 
and those measured using two slices of CT. However, 2D-CT 
provided PCA and CTA values that were about 1° smaller than 
the 3D models. Considering that 2D-CT imaging is performed 
in a variety of non-uniform postures, we believe that the 3D 
model measuring the PCA and CTA on a plane perpendicular 
to the femoral mechanical axis helps to select the non-distort-
ed PCL or medial epicondyle.

The incidence of error outliers was 7–14% for our methods 
of 2D-CT measurement and approximately 90% of outliers per-
tained to internal malrotation. Thus, cutting the distal femur 
only on the basis of preoperative 2D-CT during TKA could re-
sult in a severe IR error exceeding 3°.

It is difficult to select the epicondyles precisely during sur-
gery, due to soft tissue coverage. Moreover, the sTEA is not a 
consistent anatomical landmark, with variations in inter- and 
intrarater reliability. Also, there may be considerable variations 
in the actual surgical procedure because the PCL is detected 
intraoperatively along the surface of the remaining cartilage of 
the posterior condyles and progression of articular cartilage 
degeneration varies individually. PCL and TEA values cannot 
be used in some cases due to obscuring and distortion of the 
bony landmarks. Previous studies recommended using an ad-
ditional supplemental axis in cases where it is difficult to de-
termine the rotational alignment, such as valgus knee or se-
vere OA.10,11 We also suggest that a combination of TEA and 
PCL obtained from preoperative CT and surrogate axes, in-
cluding other bony landmarks, such as the anterior cortex of 
the distal femur and anterior trochlear line, can contribute to 
the determination of the optimal rotational alignment of the 
femoral component.23,24

Our study has several limitations. First, all participants in-
volved in this study were Korean women. We could not ana-
lyze racial and sexual differences in the study population. 
Second, our results have innate limitations because it used a 

3D reconstruction computer model. A few previous studies 
have reported on the innate inaccuracy of 3D measurements, 
especially due to the modifying process.25 Our 3D reconstruc-
tion model may not have coincided with real anatomical 
structures as we corrected the original 3D reconstruction mod-
el to make it smooth. Third, our results are not applicable to 
all cases of TKA because preoperative CT is not performed rou-
tinely, owing to the risk of radiation exposure and concerns 
about the economic cost. Fourth, we did not conduct CT stud-
ies with the knees in flexion. The 2D-CT slices may not be per-
pendicular to the anatomical axial plane of the distal femur 
because every participant had a different degree of knee flex-
ion. Finally, we measured the PCL value based on CT. Howev-
er, it would have been better to measure the PCL value using 
magnetic resonance imaging, which accounts for the thick-
ness of the residual cartilage in osteoarthritic knees.

We confirmed that using the 2D plane of a CT scan could 
include IR, which was approximately 1° smaller than the 3D 
reference value,. Also, there was no difference among the three 
types of methods measuring PCA and CTA values on 2D-CT. 
Considering the limitation of the reliability for determining 
sTEA intraoperatively, we recommend measuring PCA and CTA 
values, even with one slice of preoperative 2D-CT, to deter-
mine the degree of external rotation of the femoral compo-
nent during TKA.
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