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Aims 
Coronal Plane Alignment of the Knee (CPAK) phenotyping is gaining momentum in research 
and clinical practice to understand individualized knee alignments and predict knee balance in 
total knee arthroplasty (TKA). The nine CPAK classes are based on joint line obliquity (JLO) and 
arithmetic hip-knee-ankle angle (aHKA), which are calculated using the medial proximal tibial 
angle (MPTA) and lateral distal femoral angle (LDFA). This study aims to assess CPAK classifcation 
reproducibility, and analyze what level of angular error is associated with CPAK misclassifcation. 

Methods 
Two readers labelled 75 long-leg radiographs (LLRs) from the Osteoarthritis Initiative database 
for analyses of CPAK inter-reader reproducibility. A single reader then labelled and classifed 
phenotypes for an aggregate total of 1,128 LLRs. Finally, Monte Carlo simulations were run 
based on 1,128-patient phenotype distribution and the inter-reader reproducibility statistics to 
understand how CPAK agreement rates were afected by the reproducibility of MPTA and LDFA 
measurements. 

Results 
There was excellent reproducibility in MPTA and LDFA measurements (mean absolute error: 
0.41°/0.71°; and intraclass correlation coefcient: 0.96°/0.91°, respectively). These small angular 
deviations led to one-in-fve disagreement in CPAK classifcation (20.0%; 95% CI 10.9% to 29.1%). 
An aHKA mean absolute error of < 0.1°, which is potentially unattainable, would be required to 
reduce inter-reader CPAK disagreement to below 95%. 

Conclusion 
CPAK phenotyping from long-leg radiographs may result in clinically signifcant rates of 
misclassifcation. CT imaging may improve reliability, particularly in cases where aHKA and JLO 
are near to discriminatory values. 

Take home message • Caution should be exercised when using 
CPAK phenotype measured from long-leg 
radiographs in either surgical planning or 
clinical studies. 

• Despite excellent inter-reader reliability in 
medial proximal tibial angle and lateral 
distal femoral angle, there was a 20% inter-
reader disagreement in Coronal Plane 
Alighment of the Knee (CPAK) classifcation. 

Interobserver reliability of Coronal Plane Alignment of the Knee (CPAK) phenotype classifcation 1425 
W. Wynell-Mayow, T. A. G. Hall, A. Singh, R. J. van Arkel, G. G. Jones 

mailto: william.wynell-mayow@nhs.net
mailto: william.wynell-mayow@nhs.net
mailto: william.wynell-mayow@nhs.net


  

Fig. 1 
Schematic of the Coronal Plane Alignment of the Knee (CPAK) classifcation developed by MacDessi et al.7 LDFA, lateral distal femoral angle; MPTA, 
medial proximal tibial angle. 

Introduction 
In knee joint arthroplasty, recognition of the natural varia
tions in pre-morbid coronal alignment has led to surgeons 
attempting to recreate patients’ constitutional ‘kinematic
alignment’ (KA) during surgery.1-7 In 2021, MacDessi et al7 

proposed the Coronal Plane Alignment of the Knee (CPAK) 
as a ‘pragmatic and comprehensive’ pre- and post-arthritic 
phenotypic classifcation. CPAK combined their method for 
assessing pre-morbid arithmetic hip-knee-ankle alignment 
(aHKA) with joint line obliquity (JLO).7-9 Categorizing knees 
as neutral, valgus, or varus by aHKA and neutral, apex distal, 
or apex proximal by JLO results in nine CPAK phenotypes 
(Figure 1), and MacDessi et al7  demonstrated that CPAK classes 
I, II, and IV were signifcantly more likely to be successfully 
soft-tissue balanced with restricted KA than conventional 
mechanical alignment (MA). 

-

 

CPAK is typically calculated using standard long-leg 
radiographs (LLRs), in which alignment measurements are 
known to be afected by limb rotation and fxed  fex
ion deformities.10-13 We hypothesized that these errors, 
together with challenges in labelling the distal femoral and 
proximal tibial joint lines would introduce CPAK phenotype 

-

variation between readers. Therefore, this study aimed to 
externally validate CPAK reproducibility on standard LLRs 
using the prescribed methodology. While previous studies 
have assessed reproducibility of medial proximal tibial angle 
(MPTA), lateral distal femoral angle (LDFA), JLO, and aHKA, 
none have assessed the combined impact of these constitu
tive measurements on CPAK classifcation error.8,14 

-

Methods 
Study design and source data 
This is a cross-sectional study of data sourced from the 
Osteoarthritis Initiative (OAI), a multicentre, longitudinal, 
prospective, ten-year observational study focused on knee 
osteoarthritis, with full enrolment criteria in its permanent 
archive.15 Broadly, the OAI contains data on patients of both 
sexes aged 45 to 79 years either with, or at risk of, developing 
symptomatic knee osteoarthritis. Central image assessments 
performed under supervision of OAI include standardized HKA 
values measured from full-limb radiographs.16 
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Fig. 2 
Labelling of eight anatomical points using RectLabel software20 and measurement of medial proximal tibial angle (MPTA) and lateral distal femoral 
angle (LDFA). 

Exclusion criteria 
Major exclusion criteria in the original study were infam
matory arthritis, contraindication to 3 T MRI, and bilateral 
end-stage osteoarthritis. The following additional exclusion 
criteria were applied for this study: poor image quality (low 
resolution, inaccurate stitching, incomplete review), malro
tation (eccentric patella),17 and evidence of prior surgery 
(metalwork) or trauma (deformity). 

-

-

Images meeting exclusion criteria were highlighted by 
the primary readers and independently reviewed by the senior 
author (GGJ). 

Ethics statement 
All patient data in this study were given by informed con
sent to the OAI.15 The original OAI study was overseen by an 
independent Observational Study Monitoring Board (OSMB) 
appointed by the National Institute of Arthritis and Musculos
keletal and Skin Diseases (NIAMS) at the National Institutes of 
Health (NIH).15 No specifc ethical approval was required for 
this study. 

-

-

Alignment measurement and classifcation 
Two senior orthopaedic trainees (WWM, AS) were the primary 
readers, having been trained by the senior author, a fel
lowship-trained consultant knee surgeon. OS1 performed 
measurements from the left legs of all eligible patients 
and OS2 independently performed measurements for the 
frst 75 patients which was sufcient for convergence of 
mean absolute errors (MAE) for constituent angles (Supple
mentary Material). The pre-hoc sample size calculation to 
assess reliability between OS1/OS2 was based on a method 
for hypothesis testing and stated that 55 radiographs would 
be sufcient.18 The parameters were two raters, 0.8 expected 
intraclass correlation (conservative estimate), 0.05 signifcance 
level (α), 80% power (1-β), and 10% dropout rate. 

-

-

The eight landmarks required for calculating CPAK were 
labelled using RectLabel, an open-source image annotation 
software widely used in the feld of deep learning.19,20 

Landmarks included: 1 – hip centre; 2 – apex of femoral 
intercondylar notch; 3 – midpoint of the tibial spines; 4 – 
midpoint of the tibial plafond; 5 – medial femoral joint surface; 
6 – lateral femoral joint surface; 7 – medial tibial joint surface; 
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8 – lateral tibial joint surface (Figure 2).7,17 Landmarks were 
identifed according to methods described by Paley.17  The 
femoral joint surfaces were the most distal points on the 
convexity of the medial and lateral distal femur. The tibial joint 
surfaces were the central points of the subchondral line on the 
medial and lateral tibial plateau. 

Fig. 3 
Flowchart to demonstrate study methodology. CPAK, Coronal Plane Alignment of the Knee; OAI, Osteoarthritis Initiative. 

Table I. Inter-reader reliability for mechanical hip-knee-ankle angle 
between two orthopaedic registrars (OS1/OS2) and the original 
Osteoarthritis Initiative (OAI) dataset. 

Statistic OS1 vs OS2 OS1 vs OAI OS2 vs OAI 

Mean absolute error 0.23° 0.45° 0.56° 

Intraclass correlation 
coefcient 1.00 0.99 0.99 

Mean diference −0.09° 0.36° 0.49° 

95% Limits of 
agreement (−0.37° to 0.18°) 

(−0.08° to 
0.80°) 

(0.02° to 
0.96°) 

The following lines and angles were extracted from 
the anatomical landmarks (Figure 2): femoral mechanical axis 
(FMA), tibial mechanical axis (TMA), joint line of the distal 
femur (JLDF), joint line of the proximal tibia (JLPT), mechanical 
hip-knee-ankle angle (mHKA), LDFA, MPTA, aHKA defned as 

MPTA − LDFA; and JLO defned as MPTA + LDFA. All landmarks 
and angles are available in the Supplementary Material. 

As described by MacDessi et al,7,8 knees with less than 
−2° aHKA were labelled ‘varus’, more than +2° ‘valgus’, and 
the remaining knees ‘neutral’. Knees with less than 177° JLO 
were labelled ‘apex distal’, more than 183° ‘apex proximal’, 
and the remainder ‘neutral’. Classifcation into the nine CPAK 
phenotypes followed the original methodology: I – varus, apex 
distal; II – neutral, apex distal; III – valgus, apex distal; IV – 
varus, neutral; V – neutral, neutral; VI – valgus, neutral; VII – 
varus, apex proximal; VIII – neutral, apex proximal; IX – valgus, 
apex proximal. 

Statistical analysis 
Inter-reader reproducibility for the 75-patient cohort with 
measurements from OS1 and OS2 for mHKA, MPTA, LDFA, 
aHKA, and JLO was assessed using MAE, intraclass correlation 
coefcient (ICC), mean diference (MD), and 95% limits of 
agreement (95%LoA). The same statistics were calculated for 
mHKA versus the original OAI measurements. 

CPAK phenotype distribution among the full cohort 
was compared to healthy and arthritic populations from the 
original CPAK study using Jensen-Shannon divergence (JSD). 
This method compares statistical similarity for two datasets, 
where 0 means the datasets are identical and 1 means they are 
completely diferent.8 
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Fig. 4 
Inter-reader reliability for mechanical hip-knee-ankle (mHKA) angle between two orthopaedic registrars (top row), the frst registrar and the original 
Osteoarthritis Initiative (OAI) dataset (middle), and the second registrar and the OAI dataset (bottom), shown as Bland-Altman (left column) and 
scatter plots (right). 
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Fig. 5 
Inter-reader reliability between two orthopaedic registrars for angles used in Coronal Plane Alignment of the Knee phenotyping, shown as Bland
Altman plots. aHKA, arithmetic hip-knee-ankle alignment; JLO, joint line obliquity; LDFA, lateral distal femoral angle; MPTA, medial proximal tibial 
angle. 

-

Monte Carlo simulations were used to analyze how 
agreement rates were afected by the reproducibility of the 
angular measurements. Monte Carlo simulation is a computa
tional technique that uses random sampling to model the 
probability of diferent outcomes based on known uncertain
ties. In this case, CPAK measurement uncertainty between OS1 
and OS2 was learned from the frst 75 patients. A total of 1,000 
synthetic second-reader datasets were then randomly
generated from the 1,128 measurements from OS1 based on 
the learned error matrix, which was scaled from 5% to 200%. 
The reproducibility analysis was conducted using built-in 
functions in Microsoft Excel Version 2506 (Microsoft, USA). The 
Monte Carlo simulations used to analyse the relationship 

-

-

 

between angular error and classifcation were computed using 
Matlab Version 9.7 (Matlab, USA). 

Results 
A total of 1,480 LLRs were extracted from the baseline OAI visit 
with corresponding measures of mHKA. After applying the 
exclusion criteria, 1,128 radiographs were included for analysis 
(Figure 3). 

Reproducibility 
OS1 and OS2 were in near-perfect agreement for mHKA on 
the 75-patient cohort (Figure 4; Table I), both with each other 
(MAE: 0.23°; ICC: 1.00) and the original OAI measurements 
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(MAE: 0.45° and 0.56°; ICC: 0.99 and 0.99, respectively), albeit 
with a small systematic ofset to the latter. 

Fig. 6 
Correlation between measurements from two orthopaedic registrars for angles used in Coronal Plane Alignment of the Knee phenotyping. aHKA, 
arithmetic hip-knee-ankle alignment; JLO, joint line obliquity; LDFA, lateral distal femoral angle; MPTA, medial proximal tibial angle. 

The  constituent  angles  for  CPAK  (LDFA  and  MPTA) 
were  less  reproducible  (Figure  5)  but  still  strongly  correlated 
(Table  II).  LDFA  (MAE:  0.41°;  ICC:  0.96)  was  almost  twice  as 
reproducible  as  MPTA  (MAE:  0.71°;  ICC:  0.91),  corresponding 
to  variation  in  labelling  of  the  distal  femoral  and  proximal 
tibial  joint  line.  Mean  absolute  errors  were  also  higher  in 
aHKA  (MAE:  0.79°;  ICC:  0.92)  and  JLO  (MAE:  0.91°;  ICC:  0.92), 
the  two  measurements  used  to  calculate  CPAK  phenotype 
(Figure  6). 

Discrepancies in aHKA and JLO led to a one in fve 
(20.0%; 95% CI 10.9% to 29.1%) disagreement in CPAK
phenotype (Figure 7). CPAK phenotype distribution was highly 

 

comparable to both the healthy (JSD: 0.03) and arthritic 
populations (JSD: 0.04) in the original CPAK study (Table III).7 

Relationship between angular error and classifcation 
Monte Carlo simulations on the 1,128-patient cohort (Figure 8) 
indicated that an aHKA mean absolute error of < 0.3° would be 
required to achieve a CPAK disagreement of less than one in 
ten (10%). Measurement error of < 0.1° would be required for a 
CPAK disagreement less than one in 20 (5%). 

Discussion 
This is the frst study to examine CPAK reproducibility on 
LLRs from an external dataset. CPAK inter-reader disagreement 
between two trained clinicians was nearly one in fve (20%). 

Interobserver reliability of Coronal Plane Alignment of the Knee (CPAK) phenotype classifcation 1431 
W. Wynell-Mayow, T. A. G. Hall, A. Singh, R. J. van Arkel, G. G. Jones 



  

Reducing CPAK disagreement to below one in 20 (5%) would 
require an eight-fold improvement in aHKA reproducibility 
to < 0.1°, which may be unachievable using LLRs. 

Fig. 7 
Arithmetic hip-knee-ankle angle (aHKA) versus joint line obliquity (JLO) from two orthopaedic speciality registrars (OS1/ OS2; top row), with average 
measurements (bottom left) and measurement diferences (bottom right). Red lines indicate Coronal Plane Alignment of the Knee boundaries. 

CPAK phenotype distribution was comparable (JSD < 
0.04) between the OAI and the original Australian datasets.7 

Similarly, mHKA measurements were in near-perfect agree
ment between OS1, OS2, and the original OAI measure
ments (Table I; ICCs > 0.99). Yet, aHKA measurement was 
four-fold less reproducible than mHKA (MAE: 0.79° vs 0.23°; 
ICC: 1.00 vs 0.92). This demonstrates the signifcant reprodu
cibility challenges in a calculated rather than direct method 
of measuring coronal plane alignment, relying on accurate 
measurement of MPTA and LDFA. Our ICC for aHKA is similar, 

-
-

-

albeit slightly less, than that reported by Macdessi et al8  of 
0.97/0.95. When comparing the constituent angle measure
ments, interobserver reliability was almost two-fold worse for 
MPTA (MAE: 0.71°; ICC: 0.91) than LDFA (MAE: 0.41°; ICC: 0.96). 
These MPTA and LDFA values for ICC are near-identical to 
those reported in a recent multicentre study by Wilhelm et 
al14 of 0.97 for LDFA and 0.92 for MPTA. 

-

The observed error in measurement is not surpris
ing, given that avoiding subtle rotational positioning errors 
when obtaining LLRs is challenging for radiographers. Indeed, 
previous models have shown that 15° fxed  fexion and 10° 
external rotation together result in 3° LDFA error,21-26  with 
similar efects on MPTA.10,22 The importance of leg positioning 

-
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for LLRs in reinforced by Odenbring et al’s27  fnding of 2° scan
rescan variation in mHKA measurements across eight patients, 
and Hall et al’s28  fnding of ± 2° for femorotibial angle (FTA) in 
2,586 patients with repeated radiographs. CPAK reproducibil
ity error may therefore be signifcantly higher than acceptable 
clinical thresholds when considering the potential combined 
interobserver and scan-rescan errors, although we are not 
aware of any studies comparing scan-rescan reproducibility of 
MPTA, LDFA, aHKA, or JLO. 

Fig. 8 
Arithmetic hip-knee-ankle angle (aHKA) versus joint line obliquity (JLO) for a population of 1,128 patients measured by a single reader (WWM) (left). 
Coronal Plane Alignment of the Knee (CPAK) disagreement rates for 1,000 Monte Carlo simulations with a synthetic second reader and varying error 
magnitudes (right). The observed error level is shown as a dashed red line. 

Table II.  Inter-reader reliability for Coronal Plane Alignment of the 
Knee constituent angles between two orthopaedic registrars. 

Statistic LDFA MPTA aHKA JLO 

Mean absolute 
error 0.41° 0.71° 0.79° 0.91° 

Intraclass 
correlation 
coefcient 0.96 0.91 0.92 0.92 

Mean diference 0.01° 0.33° 0.32° 0.34° 

95% Limits of 
agreement 

(−0.53° to 
0.55°) 

(−0.69° to 
1.36°) 

(−0.83° to 
1.47°) 

(−0.82° to 
1.51°) 

aHKA, arithmetic hip-knee-ankle alignment; JLO, joint line obliquity; 
LDFA, lateral distal femoral angle; MPTA, medial proximal tibial angle. 

Table III. Distribution of Coronal Plane Alignment of the Knee (CPAK) 
phenotypes in this study versus healthy and arthritic populations 
from the original CPAK paper.7 

CPAK phenotype This study Healthy Arthritic 

I – varus, apex distal 20.7% 26.4% 19.4% 

II – neutral, apex distal 42.5% 39.2% 32.2% 

III – valgus, apex distal 21.2% 9.8% 15.4% 

IV – varus, neutral 2.8% 5.4% 9.8% 

V – neutral 7.7% 15.4% 14.6% 

VI – valgus, neutral 4.8% 3.4% 7.4% 

VII – varus, apex proximal 0.3% 0.2% 0.6% 

VIII – neutral, apex proximal 0.0% 0.0% 1.6% 

VII – valgus, apex proximal 0.1% 0.2% 0.4% 

-

-

Our fndings highlight the challenges in accurately 
labelling joint lines when measuring MPTA and LDFA. This 
makes conceptual sense, as is it difcult to identify tangen
tial maxima and minima on convex and concave surfaces. 
In contrast, the centre of the femoral head was more relia
bly labelled using Mose circles and the midpoints of the 

-

-

ankle, intercondylar notch, and tibial spines with bisectors.17 

Additionally, the proximity of joint-line landmarks, particularly 
with loss of joint space in osteoarthritis, means angular 
measurements are more sensitive to disagreement. Osteoar
thritis also makes identifcation of the ‘tibial plateau subchon
dral line’ more challenging due to subchondral sclerosis and 
potential fxed  fexion.17,29 

-
-

Cross-sectional CT is a potential solution to the issues 
presented in this study, given that rotational and sagittal 
plane errors can be minimized using 3D frames of refer
ence. Additionally, because aHKA calculations are based on 
within-bone angular measurements, the lack of weightbearing 
during CT scanning is not an issue. Furthermore, in institutions 

-
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using restricted KA strategies or robotics, hip-knee-ankle CT 
may already be routine during preoperative planning and 
not represent a deviation from standard practice.13 CT and 
LLR have been compared in terms of CPAK phenotyping 
by Tarassoli et al,30 who demonstrated LLRs to signifcantly 
underestimate proximal tibial varus and JLO compared to 
CT. However, this study did not compare the interobserver 
reliability of these methods. Gieroba et al13 also investiga
ted the reliability of CT for CPAK phenotyping reporting 
almost two-fold improvements in interobserver coefcient of 
reliability (COR) of CT scans compared with LLRs for measure
ment of aHKA, 3.56° versus 2.0°. However, it is important to 
note that this study used indirect measurements from CT by 
varying TKA implant positioning on Mako software (Stryker, 
USA) in 0.5° increments, and reported COR (defned as two 
standard deviations of the mean) rather than mean abso
lute error. Of note, a similar two-fold improvement in mean 
absolute error from 0.79° to 0.40° would be expected to reduce 
CPAK disagreement to below 10% based on our Monte Carlo 
simulation. 

-

-

-

Compared to CT scans, LLRs are more widely availa
ble, cost less, and expose patients to lower radiation doses.31 

Hence, while the authors accept that LLRs will likely remain 
an accepted standard for assessing CPAK, it is important 
the implications of a potential 20% misclassifcation rate 
are considered when planning and interpreting studies. This 
particularly applies to studies seeking to correlate CPAK and 
implant alignment strategies with patient-reported outcome 
measures (PROMs), where misclassifcation may mask small 
diferences between groups.32-34 The fndings of this study 
may also be relevant to alternative coronal knee phenotype 
classifcations that incorporate measures of JLO, such as the 
functional knee phenotypes proposed by Hirschmann et al.35 

However, mHKA, a measure of coronal alignment typically 
used in surgical planning, was demonstrated to be four-fold 
more reliable than arithmetic HKA. 

-

Limitations include the lack of comparative data from 
CT scans, which is an avenue for further study. Inter-reader 
reliability could have been performed with more readers 
and utilizing more comparative images, but the a priori 
power analysis and post-hoc convergence analysis (Supple
mentary Material) both determined that the sample sizes were 
sufcient. 

-

In conclusion, despite excellent inter-reader reliability 
in MPTA and LDFA, there was a 20% inter-reader disagreement 
in CPAK classifcation. Monte Carlo simulation indicated that 
a mean absolute error for aHKA would need to be < 0.1° to 
achieve a CPAK disagreement of less than 5%. This degree of 
accuracy is unlikely to be achievable using LLRs, and there
fore caution should be exercised when using LLRs for CPAK 
phenotyping, surgical planning, or interpreting clinical studies. 

-

Social media 
Follow W. Wynell-Mayow on LinkedIn. 

Supplementary material 
Convergence analysis included which demonstrates 75 patients to 
be sufcient to achieve convergence of mean absolute errors for 
constituent angles. 
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