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Radiologic Assessment of Knee Phenot?/]pes Based
on the Coronal Plane Alignment of the Knee
Classification in a Korean Population
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Department of Orthopaedic Surgery, Chonnam National University Hwasun Hospital, Chonnam National University Medical School, Hwasun, Korea

Background: The Coronal Plane Alignment of the Knee (CPAK) classification system has been developed as a comprehensive
system that describes 9 coronal plane phenotypes based on constitutional limb alignment and joint line obliquity (JLO). Due to the
characteristics of Asian populations, which show more varus and wider distribution in lower limb alignment than other popula-
tions, modification of the boundaries of the arithmetic hip-knee-ankle angle (aHKA) and JLO should be considered. The purpose of
this study was to determine the knee phenotype in a Korean population based on the original CPAK and modified CPAK classifica-
tion systems.

Methods: We reviewed prospectively collected data of 500 healthy and 500 osteoarthritic knees between 2021 and 2023 using ra-
diographic analysis and divided them based on the modified CPAK classification system by widening the neutral boundaries of the
aHKA to 0° + 3° and using the actual JLO as a new variable. Using long-leg standing weight-bearing radiographs, 6 radiographic
parameters were measured to evaluate the CPAK type: the mechanical HKA angle, medial proximal tibial angle (MPTA), lateral dis-
tal femoral angle (LDFA), aHKA, JLO, and actual JLO.

Results: From 2 cohorts of 1,000 knees, the frequency distribution representing all CPAK types was different between the healthy
and arthritic groups. The most common categories were type Il (38.2%) in the healthy group and type | (53.8%) in the arthritic
group based on the original CPAK classification. The left and upward shift in the distribution of knee phenotypes in the original
classification was corrected evenly after re-establishing the boundaries of a neutral aHKA and the actual JLO. According to the
modified CPAK classification system, the most common categories were type Il (35.2%) in the healthy group and type | (38.0%) in
the arthritic group.

Conclusions: Although the modified CPAK classification corrected the uneven distribution seen when applying the original classi-
fication system in a Korean population, the most common category was type | in Korean patients with osteoarthritic knees in bath
classification systems. Furthermore, there were different frequencies of knee phenotypes among healthy and arthritic knees.
Keywords: Knee phenotypes, Coronal plane alignment of the knee, Constitutional varus, Osteoarthritis, Total knee arthroplasty

Restoration of a neutral mechanical axis has historically
been considered the main aim to establish a successful
total knee arthroplasty (TKA)." Although the outcomes of
TKA with mechanical alignment (MA) are acceptable, pa-
tient dissatisfaction rates of up to 20% after conventional
TKA have been reported in the literature.” Despite the
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remain unanswered.” One such question is whether us-
ing a standardized neutral MA approach provides the best
solution for all patients undergoing TKA, regardless of the
wide individual variation in limb alignment.*”

Due to the desire to overcome the problems of
patient dissatisfaction after TKA, a more individualized
realignment strategy has been introduced as an alternative
approach to MA, which focuses on the pre-arthritic knee
alignment of each patient.”” Recent studies have demon-
strated their alternative alignment options that consider
coronal deformity and joint line obliquity (JLO) to be reli-
able and reproducible techniques that better represent the
preoperative knee phenotype.*”

MacDessi et al."” were the first to propose a stan-
dardized classification system, the Coronal Plane Align-
ment of the Knee (CPAK), to enhance the nomenclature
of coronal deformity of the knee. This is a simple and
comprehensive system for describing knee phenotypes
that integrate the independent variables, constitutional
coronal limb alignment (or arithmetic hip-knee-ankle
angle [aHKA]) and JLO. However, although this system
has been validated in many Australian patients, previous
analyses of this comprehensive classification system have
not considered the patients’ racial backgrounds. Further-
more, racial differences have been shown to impact align-
ment."""

Recently, Hsu et al."” have reported knee pheno-
types classified according to a modified CPAK classifica-
tion system based on a wider range of a neutral aHKA and
actual JLO in the Asian population. To our knowledge,
information about the distribution of CPAK types and
characteristics of coronal alignment in the Korean popula-
tion is lacking. The aims of this study were as follows: to
validate the CPAK classification in a Korean population
and to determine whether the distribution of CPAK types
would be different among countries.

METHODS

This retrospective study received approval from the Chon-
nam National University Hwasun Hospital Institutional
Review Board (IRB No. CNUH-2023-141) and informed
consent was obtained from all patients.

Patients

We performed a cross-sectional radiological analysis of a
healthy and an arthritic cohort of patients who were evalu-
ated at a single institution from 2021 to 2023. The healthy
cohort included 250 young adults (500 non-arthritic
knees) aged between 20 and 30 years. Only participants

without a prior history of orthopedic disease or trauma
were included. The arthritic cohort included 500 consecu-
tive patients who were scheduled to undergo TKA for the
treatment of knee osteoarthritis. Patients were excluded
if they had prior ipsilateral knee surgery, posttraumatic
osteoarthritis, inflammatory arthritis, severe arthritic
bone loss on the preoperative anteroposterior (AP) long-
leg standing weight-bearing radiographs, or flexion con-
tracture greater than 20°, were non-Korean patients, or
had incomplete data. Finally, a total of 1,000 subjects (500
healthy knees and 500 arthritic knees) were included and
used for radiological analysis based on the CPAK classifi-
cation.

Radiologic Evaluation

AP long-leg standing weight-bearing radiographs were
taken following the method described by Paley and
Pfeil.' Radiographic evaluation included assessments
of the coronal alignment of the lower limb (mechanical
HKA [mHKA]), medial proximal tibial angle (MPTA),
and lateral distal femoral angle (LDFA). The mHKA was
measured as the angle between the mechanical axes of the
femur and tibia. The MPTA was measured as the medial
angle between the mechanical axis of the tibia and the
proximal tibial joint line tangent, and the LDFA was de-
fined as the lateral angle between the mechanical axis of
the femur and the distal femoral joint line tangent (Fig.
1). All the radiographic parameters were measured by 2
independent orthopedic surgeons who were blinded to the
purpose of this study (TWY and JYK). Each surgeon re-
peated the measurements twice with an interval of 4 weeks
between the radiographic measurements to determine the
intra- and interobserver reliability.

CPAK Classification and CPAK Classification Matrix
The CPAK classification system was used for the categori-
zation of constitutional knee phenotypes.'”* The consti-
tutional alignment was determined by the aHKA, which
was calculated based on the following algorithm: aHKA =
MPTA - LDFA. A negative aHKA indicates a varus align-
ment of the lower limb. Evaluation of JLO was calculated
based on the following algorithm: JLO = MPTA + LDFA,
and its obliquity was defined relative to the floor with the
patient in double-leg stance.

Previous studies have shown that racial differ-
ences impact alignment, and due to the characterization
of Asian populations, which show more varus and wider
distribution in lower limb alignment, modification of the
boundaries of the aHKA and JLO should be considered, as
previously described by Hsu et al.""* Therefore, varus and
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Fig. 1. Measurement of the medial proximal tibial angle (MPTA) and
lateral distal femoral angle (LDFA) on an anteroposterior long-leg
standing weight-bearing radiograph. The MPTA was defined as the
medial angle between the mechanical axis of the tibia and the joint line
of the proximal tibia (represented by the solid white line). The LDFA was
defined as the lateral angle between the mechanical axis of the femur
and the joint line of the distal femur (represented by the dashed white
line).
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Fig. 2. Coronal Plane Alignment of the Knee classification system with
9 theoretical types of knees based on arithmetic hip-knee-ankle (aHKA)
and joint line obliquity (JLO) measurements. MPTA: medial proximal tibial
angle, LDFA: lateral distal femoral angle.

Table 1. Demographic Characteristics between the Groups

Healthy group Arthritic group

Variable (n = 500) (n = 500) p-value*
Age (yr) 23.8+8.2 75.0+4.0 <0.001
Female sex 84 (16.8) 419 (83.8) < 0.001
Body mass index (kg/m?) 248+89 26.1+4.0 <0.001
mHKA (°)! 1.0+£29 103456 <0.001
MPTA (°) 87.1+£26 84.7+3.0 <0.001
LDFA (°) 879+23 89.3+£3.0 <0.001
aHKA (°) -0.8+3.0 -46+3.8 <0.001
JLO (°) 175.0+ 3.0 174.0+3.5 <0.001

Values are presented as mean + standard deviation or number (%).
mHKA: mechanical hip-knee-ankle angle, MPTA: medial proximal tibial
angle, LDFA: lateral distal femoral angle, aHKA: arithmetic hip-knee-
ankle, JLO: joint line obliquity.

*An independent #-test was used for analysis of differences in age, body
mass index, and radiologic parameters. The chi-square test was used to
analyze differences in sex. Statistically significant (p < 0.05). "A positive
angle represents varus alignment, and a negative angle represents valgus
alignment.

valgus aHKAs were enlarged to less than —3° and greater
than +3°, respectively, in this study series (standard devia-
tion, 3.3°). Furthermore, the “actual JLO” was calculated
according to the following algorithm: JLO = 90° - (MPTA
+ LDFA) / 2, and its obliquity reflected a certain degree of
JLO parallel to the ground. The boundaries for a neutral
actual JLO were 0° + 3°, inclusive. With the 3 subgroups of
the aHKA set against the 3 subgroups of JLO in a matrix,
patients were matched to create 9 possible CPAK pheno-

types (Fig. 2).

Statistical Analysis

Scatterplots were created to describe the proportions of
healthy and arthritic knees classified based on the original
and modified CPAK systems. Continuous variables are
presented as means with standard deviations and were
compared using the independent ¢-tests. The chi-square
test or Fisher’s exact test was used to compare differences
in categorical variables. The threshold for significance was
p <0.05.

RESULTS

The patient demographic characteristics and clinical data
are summarized in Table 1. The geographic variation in
knee phenotypes according to the CPAK classification
system is shown in Table 2. All intra- and interobserver
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Table 2. CPAK Classification Distributions of Previously Published Literature of Other Ethnicities

MacDessi et al."” Toyooka et al."® Hsu et al.” Sappey-Marinier etal.”  Steele etal."”

Variable Healthy knees Arthritic knees Arthritic knees Healthy knees Arthritic knees Arthritic knees

(n =500) (n =500) (n =500) (n=214) (n=1,078) (n = 1,946)
Country Belgium Australia Japan Taiwan France USA
Type | 132 (26.4) 97 (19.4) 269 (53.8) 78 (36.4) 360 (33.4) 193(19.8)
Type I 196 (39.2) 161(32.2) 127 (25.4) 84(39.3) 210(19.5) 335(34.5)
Type IlI 49(9.8) 77 (15.4) 41(8.2) 29(13.6) 115(10.6) 170 (17.5)
Type IV 27 (5.4) 49(9.8) 36(7.2) 12(5.6) 110(10.2) 62 (6.4)
Type V 77 (15.4) 73 (14.6) 22 (4.4) 10 (4.7) 204 (18.9) 122 (12.6)
Type VI 17(3.4) 37(7.4) 5(1.0) 1(0.5) 68(6.3) 80(8.2)
Type VII 1(0.2) 3(0.6) 0 0 4(0.4) 4(0.4)
Type VIII 0 8(1.6) 0 0 6(0.6) 2(0.2)
Type IX 1(0.2) 2(0.4) 0 0 1(0.1) 5(0.5)

Values are presented as number (%).
CPAK: Coronal Plane Alignment of the Knee.

Table 3. Overall Absolute and Relative Preoperative Knee Pheno-

type Distribution of Healthy Knees with the Original CPAK
Classification

MPTA — LDFA (aHKA)

Total
<=2° -2°t02° >2°
MPTA + LDFA (JLO)
<177° 143(28.6) 191(38.2) 82(16.4) 416(83.2)
177° 10 183° 20 (4.0) 38(7.6) 21(4.2) 79(15.8)
>183° 0 2(0.4) 3(0.6) 5(1.0)
Total 163(32.6) 231(46.2) 106(21.2) 500

Table 4. Overall Absolute and Relative Preoperative Knee Pheno-

type Distribution of Arthritic Knees with the Original
CPAK Classification

MPTA — LDFA (aHKA)

Total
<-2° 2°t02° >2°
MPTA + LDFA (JLO)
<177° 269 (53.8) 88(17.6)  8(1.6) 365(73.0)
177° 10 183° 87(17.4) 36(7.2) 3(0.6) 126(25.2)
>183° 8(1.6) 1(0.2) 0 10(2.0)
Total 364(72.8) 125(25.0) 11(2.2) 500

Values are presented as number (%).

CPAK: Coronal Plane Alignment of the Knee, MPTA: medial proximal tibial
angle, LDFA: lateral distal femoral angle, aHKA: arithmetic hip-knee-
ankle, JLO: joint line obliquity.

intraclass correlation coefficients of the radiographic mea-
surements showed good agreement (> 0.75).

Original CPAK Classification

The knee phenotype distribution in both groups accord-
ing to the CPAK classification area is shown in Tables 3
and 4. The frequencies of all CPAK types were different
between the healthy and arthritic groups (Fig. 3). In the
healthy group, the most common distribution was type II
(38.2%, n = 191) with a neutral alignment and apex distal

Values are presented as number (%).

CPAK: Coronal Plane Alignment of the Knee, MPTA: medial proximal tibial
angle, LDFA: lateral distal femoral angle, aHKA: arithmetic hip-knee-
ankle, JLO: joint line obliquity.

JLO orientation, followed by type I (28.6%, n = 143), type
III (16.4%, n = 82), type V (7.6%, n = 38), type VI (4.2%, n
=21), and type IV (4.0%, n = 20). There were few patients
(1.0%, n = 5) with an apex proximal JLO.

In the arthritic group, the most common distribu-
tion was type I (53.8%, n = 269) with a constitutional
varus alignment and apex distal JLO orientation, followed
by type II (17.6%, n = 88), type IV (17.4%, n = 87), type V
(7.2%, n = 36), type I1I (1.6%, n = 8), and type VI (0.6%, n
= 3). There were also a few patients (2.0%, n = 10) with an
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Fig. 3. Scatter plots representing the overall original Coronal Plane Alignment of the Knee classification phenotype distribution in healthy knees (A)
and arthritic knees (B). aHKA: arithmetic hip-knee-ankle angle, MPTA: medial proximal tibial angle, LDFA: lateral distal femoral angle, JLO: joint line

obliquity.

Table 5. Overall Absolute and Relative Preoperative Knee Pheno-

type Distributions of Healthy Knees with the Modified
CPAK Classification System

MPTA — LDFA (aHKA)

Total
<-3° —-3°to 3° >3°
Actual JLO*
>3° 107(21.4) 176(35.2)  57(11.4) 340(68.0)
-3°t03° 30(6.0)  100(20.0)  27(54)  157(31.4)
<=3° 0 1(0.2) 2(0.4) 3(0.6)
Total 137(27.4) 277 (55.4) 86(17.2) 500

Table 6. Overall Absolute and Relative Preoperative Knee Pheno-

type Distributions of Arthritic Knees with the Modified
CPAK Classification System

MPTA — LDFA (aHKA)

Total
<-3° -3°to 3° >3°
Actual JLO*
>3° 190(38.0)  68(13.6) 3(0.6)  261(52.2)
-3°t0 3° 135(27.0)  99(19.8) 4(0.8)  238(47.6)
<=3° 1(0.2) 0 0 1(0.2)
Total 326 (65.2)  167(33.4) 7(1.4) 500

Values are presented as number (%).

CPAK: Coronal Plane Alignment of the Knee, MPTA: medial proximal tibial
angle, LDFA: lateral distal femoral angle, aHKA: arithmetic hip-knee-
ankle, JLO: joint line obliquity.

*The equation for actual JLO is described as 90 — (MPTA + LDFA) / 2.

apex proximal JLO.

Modified CPAK Classification

The knee phenotype distribution in both groups accord-
ing to the modified CPAK classification area is shown in
Tables 5 and 6. The left and upward shift in the distribu-
tion of knee phenotypes based on the original CPAK clas-
sification was corrected evenly after re-establishing the
boundaries of a neutral aHKA and actual JLO (Fig. 4).

In the healthy group, the most common distribution
was type II (35.2%, n = 176) with a neutral alignment and
apex distal JLO orientation, followed by type I (21.4%, n
= 107), type V (20.0%, n = 100), type III (11.4%, n = 57),
type IV (6.0%, n = 30), and type VI (5.4%, n = 27). There
were few patients (0.6%, n = 3) with an apex proximal JLO.

In the arthritic group, the most common distribu-

Values are presented as number (%).

CPAK: Coronal Plane Alignment of the Knee, MPTA: medial proximal tibial
angle, LDFA: lateral distal femoral angle, aHKA: arithmetic hip-knee-
ankle, JLO: joint line obliquity.

*The equation for actual JLO is described as 90 — (MPTA + LDFA) / 2.

tion was type I (38.0%, n = 190) with a constitutional
varus alignment and apex distal JLO orientation, followed
by type IV (27.0%, n = 135), type V (19.8%, n = 99), type
IT (13.6%, n = 68), type VI (0.8%, n = 4), and type III (0.6%,
n = 3). There was also a patient (0.2%, n = 1) with an apex
proximal JLO.

DISCUSSION

The principal findings of this study were as follows: (1)
there were different frequencies of knee phenotypes be-
tween healthy and arthritic knees with the modified CPAK
and original CPAK classification systems, (2) a significant
discrepancy in the CPAK distributions existed between
countries, and (3) although the modified CPAK classifica-
tion corrected the uneven distribution when applying the
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Fig. 4. Scatter plots representing the overall modified Coronal Plane Alignment of the Knee classification phenotype distribution in healthy knees (A)
and arthritic knees (B). aHKA: arithmetic hip-knee-ankle angle, MPTA: medial proximal tibial angle, LDFA: lateral distal femoral angle, JLO: joint line

obliquity.

original classification system in a Korean population, the
most common categories were type I in the Korean pa-
tients with osteoarthritic knees in both classification sys-
tems. Our findings are clinically relevant and can facilitate
the suggestion of more patient-specific recommendations
when considering alignment strategies during the preop-
erative assessment of patients undergoing TKA.

To our knowledge, the present study is the first to
elucidate the knee phenotype of healthy and arthritic Ko-
rean subjects according to the CPAK classification system.
Song et al."” evaluated Korean and Caucasian populations
and showed that the MA was not neutral in the Korean
population and that the majority of the Korean population
had constitutional varus alignment. Furthermore, Asian
populations show more varus and wider distribution in
lower limb alignment.'""*'” Therefore, we have modified
the CPAK classification system by widening the neutral
boundaries of the aHKA and JLO to resolve the left and
upward shift in the distribution in our population. Com-
pared with the original classification system, the modified
classification system led to an increase in the distribution
of knee phenotypes with a neutral aHKA and actual JLO.
Differences in knee phenotypes between populations
are nascent (Table 2);'"*'*'® therefore, a comprehensive
analysis of wide geographic variation in the prevalence of
CPAK types among healthy and arthritic patients is essen-
tial, and different approaches should be used to provide a
more individualized alignment approach for TKA.

Although systematically restoring a neutral MA is a
classic goal for TKA, conflicting opinions have emerged,
questioning the relationship between postoperative coro-
nal misalignment and implant survivorship.”” Since How-
ell et al.”” have introduced the concept of KA, individual-
ized or patient-specific techniques have been receiving
increased interest to restore the pre-arthritic or native limb

and joint line alignment of each patient.”” In this concept,
KA provides a close match with the native patient anatomy
and soft-tissue envelope and may enhance ligament bal-
ancing, reduce bone resection, and minimize soft-tissue
releases.”* In fact, several clinical studies have demon-
strated their modified alignment options and philosophies
to be reliable techniques that better represent the preop-
erative knee phenotype.*””” Hirschmann et al.*” have
demonstrated the most compelling support for the use of a
patient-specific alignment philosophy as an alternative to
the MA using theoretical functional phenotypes of the na-
tive limb and knee joint line.

MacDessi et al.,'” established a standardized clas-
sification system to categorize knee phenotypes. They
have demonstrated similar frequencies of knee pheno-
types among healthy and arthritic populations and this
system can be used in entire populations regardless of the
presence of arthritic deformity. In their study, the most
common categories were type ii (39.2% healthy vs. 32.2%
arthritis) and type I (26.4% healthy vs. 19.4% arthritis).
In contrast, we have demonstrated significant differences
in knee phenotypes between patients with healthy and
arthritic knees, and the majority of the patients (38.0%,
n = 190) in the arthritic group were classified as type I.
Measurements of the aHKA may change over time with
advancing age, and Korean individuals with knee osteo-
arthritis have more varus alignment. Toyooka et al.' as-
sessed the CPAK distribution in 500 arthritic knees in a
Japanese population, and CPAK type I (53.8%) was the
most common phenotype, which is in line with our find-
ings. Hsu et al."” analyzed a healthy cohort including 214
healthy knees using the modified CPAK classification
system, and the most common type was type II (39.3%),
which is similar to our results. Although the CPAK clas-
sification system has pragmatic and universal characteris-
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tics, considerable racial variability is present, and discrep-
ancies between healthy and arthritic knees have also been
reported in Asian populations.''****”

Some authors have demonstrated the importance of
the restoration of JLO."”** Matsumoto et al.* have re-
ported that KA TKA resulted in parallel joint line orienta-
tion to the floor and neutral weight-bearing in the assess-
ment of the true mechanical axis. They have concluded
that these conditions may lead to better clinical outcomes
in KA TKA. Sappey-Marinier et al."”” demonstrated the
clinical relevance of considering JLO to better restore
knee phenotypes to improve the TKA outcomes. They
concluded that the KA technique appears to be a solution
to improve functional outcomes after TKA. However, if
the KA strategy can restore the patient’s knee phenotype
among Korean patients with arthritic knees, the different
frequencies of CPAK types between healthy and arthritic
populations should be considered.

With the advancement of surgical precision through
robotics, navigation, and balancing technologies, we are en-
couraged to assess patients’ knee phenotypes preoperatively
and more closely approximate the native or constitutional
alignment and soft-tissue balance.”” However, further stud-
ies are necessary to determine the effect of individualized
alignment on patient satisfaction and longevity after TKA.
Moreover, racial differences in the characteristics of the
knee should be considered for surgical planning due to their
impact on constitutional alignment traits.

This study has some limitations. First, the demo-
graphic characteristics of the patients in the present study
might have been biased due to the disproportionate female
sex predominance in the arthritic group, which is typical
in Korean patients undergoing TKA. Second, the 2-di-
mensional radiological evaluation using long-leg standing
weight-bearing radiographs is another limitation. Third,

this was a retrospective cohort study based on the database
of a single institute. Fourth, larger-scale multicenter stud-
ies are necessary to validate the distribution percentage
and radiographic parameters; in particular, there were few
patients with an apex proximal JLO in both cohorts. De-
spite these limitations, this study provided valuable infor-
mation regarding the knee phenotype in an Asian popula-
tion by re-establishing the boundaries of the aHKA to 0° +
3° and applying the actual JLO as a new variable to correct
the uneven distribution of the original CPAK classification
system. Our findings may thus facilitate the establishment
of a more individualized alignment approach for patients
undergoing TKA.

Although the modified CPAK classification corrected
the uneven distribution seen when applying the original
classification system in a Korean population, the most com-
mon category was type I in the Korean patients with osteo-
arthritic knees in both classification systems. Furthermore,
there were different frequencies of knee phenotypes among
healthy and arthritic knees. Our findings suggest that a
comprehensive analysis of the knee phenotype would help
to optimize alignment strategies to restore constitutional
alignment and joint line orientation during TKA.
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