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ABSTRACT

Background: The purpose of this study was to evaluate the influence of joint line obliquity (JLO) on
survivorship following total knee arthroplasty (TKA) over a mean follow-up of 12.7 years
Methods: We reviewed the records for 800 patients who had undergone TKA for primary knee osteoar-
thritis between January 2004 and December 2010. Based on postoperative alignment, patients were cate-
gorized into two groups: the mechanically aligned group (mechanical axis of 0 + 3°) and the outlier group
(mechanical axis beyond 0 + 3°). In addition, patients were stratified into four groups according to joint line
obliquity (JLO), as measured on full-length standing weight-bearing radiographs using both the original
classification (sum of lateral distal femoral angle and medial proximal tibial angle) and a modified classi-
fication (joint surface angle relative to the hip—knee—ankle axis). Kaplan—Meier survival analysis was used
to estimate implant survival, with aseptic revision for mechanical failure defined as the endpoint.
Results: Mechanical failure occurred in 3.5% of cases (28 of 800) over a mean follow-up of 12.7 years.
Although the original JLO classification was not associated with aseptic revision, the modified classifi-
cation revealed significant differences within the outlier group. Notably, lateral joint line inclination was
associated with the highest failure rate (5.2% [10 of 193]; P = 0.01). Implant survival was significantly
higher in the mechanically aligned group (98.6%) than in the outlier group (92.6%) (P < 0.001, log-rank
test). Within the outlier group, the lowest survival rate (87.7%, P < 0.001) was found in knees with
nonparallel JLO, particularly those with lateral inclination. Multivariate Cox regression analyses identified
postoperative JLO (hazard ratio, 1.58; P = 0.042) as an independent risk factor for mechanical failure.
Conclusion: When applying the modified JLO classification, postoperative JLO was associated with high
survival rates following TKA at a mean follow-up of 12.7 years. Outlier alignment in combination with
nonparallel JLO, particularly lateral inclination, demonstrated the poorest survival rate.
Level of evidence: Retrospective cohort study; Level III.
© 2025 Elsevier Inc. All rights are reserved, including those for text and data mining, Al training, and
similar technologies.

Traditionally, achieving a neutral mechanical axis has been
regarded as a fundamental goal for ensuring reliable and suc-
cessful outcomes in total knee arthroplasty (TKA) [1,2]. Within the
framework of mechanical alignment, orthopaedic surgeons have
aimed to establish neutral lower limb alignment, typically repre-
sented by a hip—knee—ankle (HKA) angle of 0° [2—4]. This
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approach is predicated on the rationale that neutral alignment
minimizes mechanical imbalance between the medial and lateral
compartments of the knee joint, potentially reducing polyethylene
wear and the risk of implant loosening [5].

Despite generally acceptable outcomes following TKA with the
mechanical alignment, approximately 20% of patients report
dissatisfaction postoperatively [6—9]. A pivotal study by Bellemans
et al. [10] initiated substantial discourse within the orthopaedic
community regarding the optimal alignment target. They found
that 34% of men and 20% of women in a healthy population
exhibited native limb alignment that fell outside the O + 3° range
from neutral. As such, imposing a neutral mechanical axis may not

0883-5403/© 2025 Elsevier Inc. All rights are reserved, including those for text and data mining, Al training, and similar technologies.


Delta:1_given-name
Delta:1_surname
Delta:1_given-name
Delta:1_surname
Delta:1_given-name
https://doi.org/10.1016/j.arth.2025.10.114
http://crossmark.crossref.org/dialog/?doi=10.1016/j.arth.2025.10.114&domain=pdf
www.sciencedirect.com/science/journal/08835403
http://www.arthroplastyjournal.org
https://doi.org/10.1016/j.arth.2025.10.114
https://doi.org/10.1016/j.arth.2025.10.114

H.Y. Yang et al. / The Journal of Arthroplasty 41 (2026) 2034—2042 2035

reflect a patient’s natural anatomical alignment, potentially
inducing a soft-tissue imbalance. Ongoing debate persists
regarding the ideal alignment strategy to enhance patient satis-
faction, supported by clinical studies suggesting that postoperative
varus alignment does not necessarily compromise functional
outcomes or implant survival [4,11-16].

Joint line obliquity (JLO), influenced by the positioning of the
tibial and femoral components, also plays a critical role in knee
biomechanics. Malalignment of these components can lead to de-
viations in JLO, resulting in uneven joint surface loading that may
negatively impact patient-reported outcomes and implant
longevity [3,5,17,18]. Ritter et al. [19] emphasized the importance of
achieving neutral alignment in both components to optimize TKA
survivorship. More recently, Bae et al. [20] classified nine post-
operative phenotypes based on alignment and JLO, identifying one
phenotype, characterized by varus alignment and lateral joint line
inclination, as being associated with inferior implant survival.
These findings suggest that both overall alignment and JLO may
critically influence long-term outcomes after TKA. Several clinical
investigations have since proposed modified alignment strategies
as reproducible methods for preserving preoperative knee pheno-
types while accounting for coronal alignment and JLO [17,21—-24].
Nevertheless, there remain a limited number of studies evaluating
the effect of JLO on long-term survivorship following TKA.

The aim of the present study was to evaluate the influence of
JLO on survivorship following TKA for osteoarthritic knees, with a
mean follow-up of 12.7 years. We hypothesized that achieving a
postoperative parallel JLO would be associated with superior sur-
vivorship after TKA compared to medial or lateral JLO.

Materials and Methods
Patients

The arthroplasty database of a tertiary academic referral center
was reviewed after institutional review board approval. A total of
1,003 patients who underwent mechanically aligned TKA for pri-
mary osteoarthritis with a cruciate-retaining prosthesis (NexGen
CR; Zimmer, Warsaw, Indiana) between January 6, 2004, and
December 21, 2010, were identified. Only patients who had com-
plete full-length standing weight-bearing radiographs available for
radiographic analysis were eligible for inclusion. As the primary
objective was to investigate whether postoperative alignment and
JLO were associated with the risk of aseptic revision for mechanical
failures (defined as polyethylene wear, implant loosening, or
instability), patients who underwent revision surgery due to peri-
prosthetic joint infection or periprosthetic fractures were excluded.
Additional exclusion criteria were as follows: (1) prior open knee
procedures; (2) absence of preoperative or postoperative full-
length standing weight-bearing radiographs; (3) inappropriate
measurements, such as rotated radiographs; and (4) inability to
contact the patient or refusal to participate in follow-up. Based on
these criteria, a total of 800 knees were included in the final anal-
ysis, with a mean follow-up duration of 12.7 years (Figure 1).

Surgical Techniques and Postoperative Management

All TKAs were performed by two experienced orthopaedic
surgeons using a conventional mechanical alignment technique
and cruciate-retaining prostheses (NexGen CR; Zimmer, Warsaw,
Indiana). A standard medial parapatellar arthrotomy was per-
formed via a midline skin incision. Tibial resection was performed
using an extramedullary guide system, with the proximal tibia cut
perpendicular to the mechanical axis and a posterior slope of 7°.
Distal femoral resection was performed using an intramedullary

guide, with the valgus angle set at 4 to 6° according to the angle
between the mechanical and anatomical axes of the femur.
Femoral component rotation was determined based on balanced
flexion gap principles. After bony resection, soft-tissue balancing
was carried out as needed to achieve medial and lateral gap
symmetry within +2 mm [25]. Once stability was confirmed in
both full extension and 90° of flexion, all components were fixed
using tobramycin-impregnated cement.

A standardized postoperative rehabilitation protocol was imple-
mented for all patients. Isometric exercises commenced immedi-
ately after surgery, and active and passive range of motion exercises
began on postoperative day one, progressing as tolerated. Full
weight-bearing ambulation, initially with the assistance of a walker,
was also encouraged from the first postoperative day as tolerated.

Radiographic Assessment

Standardized anteroposterior, lateral, and Merchant views of
the knee, as well as full-length standing weight-bearing radio-
graphs, were obtained preoperatively; at one, three, six, and 12
months postoperatively; and annually thereafter. The post-
operative mechanical HKA angle was measured as the angle
formed by the mechanical axes of the femur and tibia, with posi-
tive values indicating varus alignment. Based on this measure-
ment, patients were stratified into two groups: (1) the
mechanically aligned group, defined by a postoperative mechani-
cal axis within + 3° of neutral (0 + 3°), and (2) the outlier group,
comprising patients whose mechanical axis fell outside this range.
The postoperative lateral distal femoral angle (LDFA) and medial
proximal tibial angle (MPTA) were assessed to determine the
femoral and tibial component alignment in the coronal plane.
Lateral distal femoral angle was defined as the lateral angle be-
tween the distal femoral joint line and the femoral mechanical
axis, whereas MPTA was defined as the medial angle between the
proximal tibial joint line and the tibial mechanical axis. These
angular measurements were used to calculate the original JLO,
which reflects the overall slope of the joint surface. Based on the
classification system proposed by MacDessi et al. [24], JLO was
categorized as follows: less than 177° as apex distal, 177 to 183° as
neutral, and greater than 183° as apex proximal.

Although various methods for measuring JLO have been
described in the literature, the most reliable and standardized
approach remains unclear. MacDessi et al. [24] proposed the Cor-
onal Plane Alignment of the Knee classification, which incorporates
the axes of constitutional knee phenotypes and defines JLO as the
sum of the LDFA and MPTA measured during bipedal stance, with
180° indicating a neutral joint line (Figure 2). However, this method
does not quantify the deviation angle of the joint line from the
horizontal plane and therefore may not accurately reflect the actual
degree of JLO relative to the ground. To address these limitations,
Bae et al. [20] proposed a modified JLO measurement, calculated by
subtracting 90° from the angle formed between the mechanical
limb axis (connecting the centers of the hip and ankle) and the
tibial joint surface (Figure 3). This method quantifies the inclination
of the tibial joint surface relative to the mechanical axis of the
lower limb, but does not directly capture the balance between the
femoral and tibial components. Using this approach, modified JLO
was classified as medial joint line inclination (less than —2°), par-
allel (-2 to 2°), or lateral joint line inclination (greater than 2°). As
shown in Figure 4, postoperative phenotypes were then catego-
rized into nine groups based on the combined assessment of HKA
(varus, neutral, or valgus) and the modified JLO (medial joint line
inclination, parallel, or lateral joint line inclination). Radiographic
measurements were independently performed by two orthopaedic
surgeons blinded to the study objectives. Each surgeon repeated all
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All patients who underwent mechanically
aligned TKA for primary osteoarthritis
with a cruciate-retaining prosthesis
(January 2004-December 2010) (n = 1,003)

Excluded (n = 93)
No full-length weight-bearing radiographs (n = 69)
Rotated full-length weight-bearing radiographs (n = 24)

A 4

Included patients meeting the inclusion
criteria (n = 910)

Excluded (n =110)

Prior open knee surgery (n = 23)

Revision for causes other than mechanical failure (n = 11)
Inadequate follow-up (n = 76)

A\ 4

Final cohort included in the analysis
(n =800)

Figure 1. Flow diagram illustrating the patient enrollment process in the study. TKA, total knee arthroplasty.

measurements twice, with a 4-week interval between assessments,
to determine intraobserver and interobserver reliability. Intra-
observer and interobserver reliability were assessed using intra-
class correlation coefficients, all of which indicated good agree-
ment (intra-class correlation coefficient >0.80).

Survival

Survival analysis was performed using the Kaplan—Meier
method, with revision surgery for nontraumatic mechanical fail-
ure (defined as revision due to aseptic loosening, polyethylene
wear, or instability) serving as the endpoint. Revisions attributed
to periprosthetic joint infection or periprosthetic fractures were
excluded. Risk factors that affected survival were as follows: age,
body mass index, gender, American Society of Anesthesiologists
grade, preoperative mechanical HKA angle, preoperative MPTA,
preoperative LDFA, postoperative mechanical HKA angle, change
in mechanical HKA angle (AmHKA), postoperative MPTA, post-
operative LDFA, and postoperative JLO.

Data Analyses

Paired and independent t-tests were applied to assess differ-
ences in continuous variables with normal distribution. For non-
normally distributed variables, the Mann—Whitney U-tests and
Wilcoxon signed-rank tests were used. Differences in categorical
variables were analyzed using the Chi-square tests or Fisher exact

tests, as appropriate. The Kaplan—Meier survivorship analysis was
used to estimate the cumulative implant survival rate over the
study period, with revision for mechanical failure as the endpoint
and a 95% confidence interval (CI). Hazard ratios (HRs) were
calculated using Cox proportional hazards models to evaluate the
association between potential risk factors and survival rates. Sta-
tistical significance was defined as P < 0.05.

Results

Patient demographic characteristics and clinical data are
summarized in Table 1 and Figure 5.

Radiographic Results

With respect to postoperative alignment, 800 knees were
analyzed. Of these, 694 knees demonstrated limb alignment
within the target range of 0 + 3° and were categorized as the
aligned group. The remaining 106 knees exhibited a deviation from
the mechanical axis exceeding 3° and were classified as the outlier
group.

Based on the original JLO classification, 79 knees (9.8%)
exhibited apex distal orientation (less than 177°), 467 knees
(58.4%) displayed a neutral joint line (177 to 183°), and 254 knees
(31.8%) demonstrated apex proximal orientation (greater than
183°). In contrast, using the modified JLO classification, 25 knees
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Figure 2. The CPAK classification showing nine theoretical types of knee based on aHKA and original JLO measurements. Original JLO was calculated as the sum of MPTA and
LDFA. CPAK, Coronal Plane Alignment of the Knee; aHKA, arithmetic hip—knee—ankle angle; JLO, joint line obliquity; MPTA, medial proximal tibial angle; LDFA, lateral distal
femoral angle.

Figure 3. Modified JLO measurement. (A) The hip—knee—ankle axis (represented by the solid red line) was determined by extending the line from the center of the femoral head
to the center of the ankle. (B) Joint line obliquity was calculated by subtracting 90° from the angle between the tibial joint surface (represented by the dashed yellow line) and the
hip—knee—ankle axis. JLO, joint line obliquity.
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Figure 4. Postoperative phenotype configuration based on the HKA angle and modified JLO. Blue indicates mechanically aligned + parallel; yellow, mechanically aligned + non-
parallel; green, outlier + parallel; and red, outlier + non-parallel. HKA, hip—knee—ankle; JLO, joint line obliquity; JL, joint line.

(3.1%) showed medial inclination, 566 knees (70.8%) had parallel
orientation, and 209 knees (26.1%) exhibited lateral inclination.

Effect of JLO on Aseptic Revision

Over the follow-up period, the overall rate of mechanical failure
was 3.5% (28 of 800 cases). Specifically, there were 18 cases of
aseptic loosening (10 femoral only, four tibial only, and four with
loosening of both components), eight cases of polyethylene wear,
and two cases of instability. A total of 13 knees (2.1% of 607 cases)
in the aligned group underwent revision, whereas 15 knees (7.8%
of 193 cases) in the outlier group required revision, with a

Table 1
Demographic® Characteristics.

Variables Value

Age (years)

Women (no. of patients)
Body mass index

ASA grade (no. of patients)

69 (46 to 92)
730 (91.2)
25.7 (169 to 42.0)

I 72 (9.0)

1l 664 (83.0)

il 64 (8.0)
Follow-up period (years) 12.7 + 3.6
Preoperative radiographic parameters (deg)

Mechanical HKA angle® 99+59

LDFA 90.1 + 2.8

MPTA 848 +3.3

ASA, American Society of Anesthesiologists; HKA, hip—knee—ankle; LDFA, lateral
distal femoral angle; MPTA, medial proximal tibial angle.
@ Values are presented as mean (range), mean + SDs or No. (%), as appropriate.
b A positive angle indicates varus alignment; a negative angle indicates valgus
alignment.

statistically significant difference between the groups (P < 0.001).
Using the aligned plus parallel group as the reference, the odds
ratios for revision were 1.00 (95% CI, 0.23 to 3.24) for aligned plus
nonparallel, 1.61 (95% CI, 0.49 to 5.29) for outlier plus parallel, and
7.16 (95% CI, 2.91 to 17.61) for outlier plus nonparallel. The corre-
sponding HRs were 1.00 (95% CI, 0.28 to 3.62), 1.69 (95% (I, 0.52 to
5.50), and 6.73 (95% CI, 2.79 to 16.25), respectively.

As detailed in Tables 2 and 3, the relationship between JLO and
aseptic revision was further examined within each coronal align-
ment phenotype using both the original and modified JLO classi-
fication systems. According to the original JLO classification, no
significant association with aseptic revision was observed in either
the mechanically aligned group (P = 0.450) or the outlier group
(P = 0.700). However, the application of the modified JLO classi-
fication revealed a significant difference in failure rates within the
outlier group (P = 0.010), where knees with lateral joint line
inclination demonstrated the highest failure rate (5.2%) compared
to those with parallel (2.1%) or medial joint line inclination (0.5%).
In contrast, within the aligned group, differences in failure rates by
modified JLO classification were not statistically significant (P =
0.770).

Survival

At a mean follow-up of 12.7 years, the outlier group demon-
strated significantly lower survival rates (92.6% [95% CI, 87.4 to
95.8]) compared to the mechanically aligned group (98.6% [95% CI,
97.1 to 99.3]) (P < 0.001, log-rank test). As shown in Figure 6,
postoperative alignment (mechanically aligned versus outlier)
with modified JLO classification (parallel versus nonparallel, the
latter including both medial and lateral inclinations) indicated that
knees with outlier alignment and nonparallel JLO demonstrated
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the lowest survival rate (87.7%) among all groups (P < 0.001, log- analyses identified postoperative JLO (HR, 1.58; P = 0.042) as an
rank test). This subgroup substantially reduced the overall survi- independent risk factor for mechanical failure. The JLO cutoff value
vorship of the outlier group, underscoring the adverse effect of predictive of aseptic failure was 2.5° (area under the curve [AUC],
nonparallel JLO in malaligned knees. Multivariate Cox regression 0.700), with a sensitivity of 78.0% and specificity of 55.0%.

Table 2
Postoperative Distribution of Survival and Mechanical Failure Rate Based on Alignment and Original JLO* Classification.
Variable Aligned Group (Mechanical Axis, 0 + 3°) Outlier Group (Beyond 0 + 3°)
JLO < 177° 177° < JLO < 183° JLO > 183° Total JLO < 177° 177° < JLO < 183° JLO > 183° Total
Survival 59(9.8) 356 (58.6) 179 (29.5) 594 (97.9) 18 (9.3) 94 (48.7) 66 (34.2) 178 (92.3)
Failure 0 8(1.3) 5(0.8) 13(2.1) 2(1.0) 9(4.7) 4(2.1) 15 (7.7)
Total 59 (9.8) 364 (59.9) 184 (30.3) 607 20 (10.4) 103 (53.3) 70 (36.3) 193

JLO, joint line obliquity.
2 Values are presented as percentages.
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Table 3
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Postoperative Distribution of Survival and Mechanical Failure Rates Based on Alignment and Modified JLO* Classification.

Variable Aligned Group (Mechanical Axis, 0 + 3°) Outlier Group (Beyond 0 + 3°)
JLO < —2° -2° <JLO < JLO > 2° Total JLO < —2° -2° <JLO < JLO >2° Total
2° 2°
Survival 22 (3.6) 442 (72.8) 130 (21.4) 594 (97.9) 2 (1.0) 110 (57.0) 66 (34.2) 178 (92.2)
Failure 0(0) 10 (1.7) 3(0.5) 13 (2.1) 1(0.5) 4(2.1) 10 (5.2) 15(7.8)
Total 22 (3.6) 452 (74.5) 133 (21.9) 607 3(1.5) 114 (59.1) 76 (39.4) 193

JLO, joint line obliquity.
@ Values are presented as percentages.

Discussion

The principal finding of the present study was that outlier
alignment in combination with nonparallel JLO, particularly lateral
inclination, demonstrated the poorest long-term survival rate of
TKA. This subgroup substantially reduced the overall survivorship
of the outlier group, underscoring the detrimental effect of
nonparallel JLO in malaligned knees. When applying the modified
JLO classification, postoperative JLO was associated with survival
rates following TKA at a mean follow-up of 12.7 years. Moreover,
multivariate Cox regression analysis identified postoperative JLO
as an independent risk factor for mechanical failure. Our findings
underscore the clinical importance of considering alignment and
JLO during TKA to optimize long-term outcomes.

Historically, TKA survivorship has been primarily assessed in
relation to coronal limb alignment, with neutral alignment
considered essential for maximizing implant longevity and clinical
outcomes. Numerous prior studies have reported improved long-
term survival in patients who achieved postoperative neutral
mechanical alignment [2,5,19,26—31]. Our findings are consistent
with earlier evidence demonstrating that varus malalignment of
the mechanical HKA angle is associated with an elevated risk of
aseptic revision [1,2,29]. Despite the prevailing view that neutral
alignment is the optimal surgical target, this concept remains
subject to debate. Several clinical studies have indicated that re-
sidual postoperative varus alignment may not compromise the
durability of modern knee prostheses [13,32]. Abdel et al. [16], for
example, found no difference in the 20-year implant survival be-
tween patients who had neutral alignment (0 + 3°) and those who
had malalignment (beyond 0 + 3°), suggesting that neutral me-
chanical axis alignment may not necessarily confer superior

100
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0 T T T T T T T T 1

Duration (years)

Figure 6. Kaplan—Meier survivorship curve comparing four subgroups based on
alignment (mechanically aligned versus outlier) and modified JLO classification
(parallel versus nonparallel, with the latter including both medial and lateral joint line
inclinations). JLO, joint line obliquity.

implant longevity or functional outcomes. Similarly, our findings
showed no association between the change in alignment (AmHKA)
and survival rates. Although conventional TKA approaches have
emphasized the importance of achieving a neutral HKA alignment,
emerging alignment strategies, such as Coronal Plane Alignment of
the Knee phenotype restoration, focus on reproducing the native
JLO. Recent clinical studies have shown that these modified
alignment techniques are reliable and reproducible in restoring
the preoperative knee phenotype, particularly with regard to
coronal alignment and JLO [17,21—24].

The clinical relevance of JLO has been demonstrated in multiple
studies [21,23,33,34]. Matsumoto et al. [21] reported that main-
taining joint line orientation parallel to the floor following TKA
equalizes load distribution across the medial and lateral tibial
compartments, potentially contributing to improved implant
durability. Konishi et al. [33] demonstrated that the apex proximal
JLO negatively affected clinical outcomes after TKA and that it
should be avoided to optimize postoperative outcomes. In a
retrospective analysis of 936 patients, Sappey-Marinier et al. [23]
demonstrated reduced postoperative knee pain in patients who
had restored JLO compared to those without restoration, under-
scoring the clinical relevance of restoring native knee phenotypes.
They further observed that mechanical alignment shifted most
knees to a neutral phenotype, with restoration of the constitu-
tional phenotype achieved in only 18% of the cohort. Consistent
with this finding, the surgical target in the present study was
mechanical alignment in all cases; thus, the outlier group should
be regarded not as an individualized alignment strategy but as
unintended deviations from the intended mechanical alignment.
Several studies have associated femoral or tibial component
malalignment with reduced TKA survival rates [3,5,19,20].
Collectively, these findings suggest that JLO is a key determinant of
knee biomechanics in TKA patients, with marked obliquity asso-
ciated with suboptimal clinical outcomes.

Recently, increasing attention has been directed toward cate-
gorizing preoperative knee phenotypes in patients who have pri-
mary osteoarthritis [24,35—39]. Despite identical overall
alignment, individual variation in JLO may arise due to differences
in femoral and tibial anatomy. MacDessi et al. [24] were the first to
introduce a standardized classification system for constitutional
knee phenotypes. However, their method of calculating JLO as the
sum of the LDFA and MPTA may be unintuitive and prone to
measurement exaggeration. To address these limitations, Bae et al.
[20] proposed a modified postoperative phenotype classification
that enables more intuitive interpretation of TKA configurations by
using direct measurements of HKA and JLO from full-length
standing weight-bearing radiographs. Unlike the original classifi-
cation, the modified JLO system revealed significant differences in
mechanical failure rates, particularly among outlier subgroups.
Although the modified JLO does not directly assess the balance
between femoral and tibial components, our findings indicate that
nonparallel JLO, especially lateral inclination, may be associated
with inadequate soft-tissue balancing during TKA and may disrupt
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load distribution across the knee joint. Additional studies incor-
porating intraoperative balancing assessments are warranted to
validate this relationship and clarify its clinical significance.
Biomechanically, lateral JLO is theorized to increase joint shear
forces during single-leg stance, consistent with findings by Niki
et al. [40], who reported reduced knee adduction moments in the
presence of a horizontally oriented joint line. They proposed that a
horizontal joint line yields a more vertical ground reaction force,
which reduces the lever arm and knee adduction moment. Simi-
larly, Nakayama et al. [41] used a three-dimensional finite element
model to demonstrate that altered JLO markedly increases shear
stress in the medial compartment. To our knowledge, this study
represents one of the largest cohort series to examine the rela-
tionship between alignment, JLO, and implant survivorship ac-
cording to the knee phenotype following TKA. Avoidance of lateral
JLO may be essential in minimizing the mechanical failure risk
after TKA [35,42,43]. Nevertheless, existing literature on the long-
term impact of JLO remains inconclusive, and the debate regarding
optimal leg alignment and orientation techniques in TKA con-
tinues. Further studies are warranted to elucidate the influence of
individualized alignment and JLO strategies on patient satisfaction
and implant longevity following TKA.

This study has several potential limitations. The non-
randomized, retrospective design introduces the potential for se-
lection bias. In addition, the use of two-dimensional radiological
measurements on full-length standing weight-bearing radio-
graphs represents a methodological limitation, as measurement
accuracy may be affected by variations in limb rotation. Validation
using three-dimensional modalities, such as computed tomogra-
phy, is warranted. Also, the study population was predominantly
Asian with varus knee deformities, which may limit the general-
izability of the findings to other demographic groups. Further-
more, the demographic profile of the cohort may have been biased
due to a disproportionate predominance of women, which should
be taken into account when interpreting the results [44,45].
Moreover, multiple postoperative radiographs were obtained
during the first year in accordance with our institutional protocol;
however, no interval differences in alignment or JLO were
observed. In addition, this study focused exclusively on static
coronal plane alignment; other important factors such as sagittal
alignment, anatomical variations, and ligament balancing were
not assessed, despite their known contributions to the success of
TKA [46]. Nevertheless, the present study offers meaningful in-
sights supported by a sufficiently long follow-up period, enabling a
robust investigation of the impact of alignment and JLO on implant
survivorship following TKA.

When applying the modified JLO classification, postoperative
JLO was associated with high survival rates following TKA at a
mean follow-up of 12.7 years. Outlier alignment in combination
with non-parallel JLO, particularly lateral inclination, demon-
strated the poorest survival rate. Future investigations with longer
follow-up are needed to further elucidate the combined effects of
alignment and JLO on patient-reported outcomes and implant
longevity.

CRediT authorship contribution statement

Hong Yeol Yang: Writing — original draft, Investigation, Formal
analysis. Eun Kyoo Song: Validation, Resources, Formal analysis,
Conceptualization. Ji Ho Seo: Visualization, Methodology, Inves-
tigation, Data curation. Sung Ju Kang: Software, Methodology,
Investigation, Data curation. Jong Keun Seon: Writing — review &
editing, Supervision, Resources, Project administration,
Conceptualization.

References

[1] Ritter MA, Faris PM, Keating EM, Meding JB. Postoperative alignment of total
knee replacement. Its effect on survival. Clin Orthop Relat Res 1994;299:
153—-6.

Fang DM, Ritter MA, Davis KE. Coronal alignment in total knee arthroplasty:

just how important is it? ] Arthroplasty 2009;24(6 Suppl):39—43. https://doi.

org/10.1016/j.arth.2009.04.034.

Lee BS, Cho HI, Bin SI, Kim JM, Jo BK. Femoral component varus malposition is

associated with tibial aseptic loosening after tka. Clin Orthop Relat Res

2018;476(c):400—7. https://doi.org/10.1007/s11999.0000000000000012.

Riviere C, Iranpour F, Auvinet E, Howell S, Vendittoli PA, Cobb ], et al.

Alignment options for total knee arthroplasty: a systematic review. Orthop

Traumatol Surg Res 2017;103:1047—56. https://doi.org/10.1016/j.

otsr.2017.07.010.

Berend ME, Ritter MA, Meding JB, Faris PM, Keating EM, Redelman R, et al. Tibial

component failure mechanisms in total knee arthroplasty. Clin Orthop Relat Res

2004;428:26—34. https://doi.org/10.1097/01.blo.0000148578.22729.0e.

Bourne RB, Chesworth BM, Davis AM, Mahomed NN, Charron KD. Patient

satisfaction after total knee arthroplasty: who is satisfied and who is not?

Clin Orthop Relat Res 2010;468:57—63. https://doi.org/10.1007/s11999-009-

1119-9.

Gunaratne R, Pratt DN, Banda ], Fick DP, Khan RJK, Robertson BW. Patient

dissatisfaction following total knee arthroplasty: a systematic review of the

literature. ] Arthroplasty 2017;32:3854—60. https://doi.org/10.1016/j.
arth.2017.07.021.

Nam D, Nunley RM, Barrack RL. Patient dissatisfaction following total knee

replacement: a growing concern? Bone Joint ] 2014;96-b(11 Supple A):

96—100. https://doi.org/10.1302/0301-620x.96b11.34152.

Kim SE, Choi BS, Ro DH, Lee MC, Han HS. Fixed-bearing and higher post-

operative knee flexion angle as predictors of satisfaction in Asian patients

undergoing posterior-stabilized total knee arthroplasty. Clin Orthop Surg
2024;16:733—40. https://doi.org/10.4055/cios23166.

[10] Bellemans ], Colyn W, Vandenneucker H, Victor J. The chitranjan ranawat
award: is neutral mechanical alignment normal for all patients? The concept
of constitutional varus. Clin Orthop Relat Res 2012;470:45—53. https://doi.
org/10.1007/s11999-011-1936-5.

[11] Bonner TJ, Eardley WG, Patterson P, Gregg PJ. The effect of post-operative
mechanical axis alignment on the survival of primary total knee re-
placements after a follow-up of 15 years. ] Bone Joint Surg Br 2011;93:
1217-22. https://doi.org/10.1302/0301-620x.93b9.26573.

[12] Howell SM, Papadopoulos S, Kuznik K, Ghaly LR, Hull ML. Does varus align-
ment adversely affect implant survival and function six years after kine-
matically aligned total knee arthroplasty? Int Orthop 2015;39:2117—24.
https://doi.org/10.1007/s00264-015-2743-5.

[13] Magnussen RA, Weppe F, Demey G, Servien E, Lustig S. Residual varus
alignment does not compromise results of tkas in patients with preoperative
varus. Clin Orthop Relat Res 2011;469:3443—50. https://doi.org/10.1007/
5$11999-011-1988-6.

[14] Parratte S, Pagnano MW, Trousdale RT, Berry DJ. Effect of postoperative
mechanical axis alignment on the fifteen-year survival of modern, cemented
total knee replacements. ] Bone Joint Surg Am 2010;92:2143-9. https://doi.
org/10.2106/jbjs.1.01398.

[15] Vanlommel L, Vanlommel ], Claes S, Bellemans J. Slight undercorrection
following total knee arthroplasty results in superior clinical outcomes in
varus knees. Knee Surg Sports Traumatol Arthrosc 2013;21:2325-30.
https://doi.org/10.1007/s00167-013-2481-4.

[16] Abdel MP, Ollivier M, Parratte S, Trousdale RT, Berry DJ, Pagnano MW. Effect
of postoperative mechanical axis alignment on survival and functional out-
comes of modern total knee arthroplasties with cement: a concise follow-up
at 20 years. ] Bone Joint Surg Am 2018;100:472—8. https://doi.org/10.2106/
jbjs.16.01587.

[17] Clark GW, Steer RA, Khan RN, Collopy DM, Wood D. Maintaining joint line
obliquity optimizes outcomes of functional alignment in total knee arthro-
plasty in patients with constitutionally varus knees. ] Arthroplasty 2023;38(7
Suppl 2):5239—44. https://doi.org/10.1016/j.arth.2023.04.004.

[18] Hutt ], Massé V, Lavigne M, Vendittoli PA. Functional joint line obliquity after
kinematic total knee arthroplasty. Int Orthop 2016;40:29—34. https://doi.
org/10.1007/s00264-015-2733-7.

[19] Ritter MA, Davis KE, Meding ]B, Pierson JL, Berend ME, Malinzak RA. The
effect of alignment and bmi on failure of total knee replacement. ] Bone Joint
Surg Am 2011;93:1588-96. https://doi.org/10.2106/jbjs.].00772.

[20] Bae K, Lee BS, Kim JM, Bin S, Lee ], Kim D, et al. Effect of joint-line obliquity
on long-term survivorship of total knee arthroplasty: a postoperative
phenotype analysis. Knee Surg Sports Traumatol Arthrosc 2024;32:3230—8.
https://doi.org/10.1002/ksa.12311.

[21] Matsumoto T, Takayama K, Ishida K, Hayashi S, Hashimoto S, Kuroda R.
Radiological and clinical comparison of kinematically versus mechanically
aligned total knee arthroplasty. Bone Joint ] 2017;99-b:640—6. https://doi.
org/10.1302/0301-620x.99b5.Bjj-2016-0688.R2.

[22] Zambianchi F, Bazzan G, Marcovigi A, Pavesi M, Illuminati A, Ensini A, et al.
Joint line is restored in robotic-arm-assisted total knee arthroplasty per-
formed with a tibia-based functional alignment. Arch Orthop Trauma Surg
2021;141:2175—84. https://doi.org/10.1007/s00402-021-04039-z.

2

3

[4

[5

(6

[7

(8

[9


http://refhub.elsevier.com/S0883-5403(25)01417-2/sref1
http://refhub.elsevier.com/S0883-5403(25)01417-2/sref1
http://refhub.elsevier.com/S0883-5403(25)01417-2/sref1
https://doi.org/10.1016/j.arth.2009.04.034
https://doi.org/10.1016/j.arth.2009.04.034
https://doi.org/10.1007/s11999.0000000000000012
https://doi.org/10.1016/j.otsr.2017.07.010
https://doi.org/10.1016/j.otsr.2017.07.010
https://doi.org/10.1097/01.blo.0000148578.22729.0e
https://doi.org/10.1007/s11999%2D009%2D1119%2D9
https://doi.org/10.1007/s11999%2D009%2D1119%2D9
https://doi.org/10.1016/j.arth.2017.07.021
https://doi.org/10.1016/j.arth.2017.07.021
https://doi.org/10.1302/0301%2D620x.96b11.34152
https://doi.org/10.4055/cios23166
https://doi.org/10.1007/s11999%2D011%2D1936%2D5
https://doi.org/10.1007/s11999%2D011%2D1936%2D5
https://doi.org/10.1302/0301%2D620x.93b9.26573
https://doi.org/10.1007/s00264%2D015%2D2743%2D5
https://doi.org/10.1007/s11999%2D011%2D1988%2D6
https://doi.org/10.1007/s11999%2D011%2D1988%2D6
https://doi.org/10.2106/jbjs.I.01398
https://doi.org/10.2106/jbjs.I.01398
https://doi.org/10.1007/s00167%2D013%2D2481%2D4
https://doi.org/10.2106/jbjs.16.01587
https://doi.org/10.2106/jbjs.16.01587
https://doi.org/10.1016/j.arth.2023.04.004
https://doi.org/10.1007/s00264%2D015%2D2733%2D7
https://doi.org/10.1007/s00264%2D015%2D2733%2D7
https://doi.org/10.2106/jbjs.J.00772
https://doi.org/10.1002/ksa.12311
https://doi.org/10.1302/0301%2D620x.99b5.Bjj%2D2016%2D0688.R2
https://doi.org/10.1302/0301%2D620x.99b5.Bjj%2D2016%2D0688.R2
https://doi.org/10.1007/s00402%2D021%2D04039%2Dz

2042

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

H.Y. Yang et al. / The Journal of Arthroplasty 41 (2026) 2034—2042

Sappey-Marinier E, Batailler C, Swan ], Schmidt A, Cheze L, MacDessi SJ, et al.
Mechanical alignment for primary tka may change both knee phenotype and
joint line obliquity without influencing clinical outcomes: a study comparing
restored and unrestored joint line obliquity. Knee Surg Sports Traumatol
Arthrosc 2022;30:2806—14. https://doi.org/10.1007/s00167-021-06674-w.
MacDessi S], Griffiths-Jones W, Harris IA, Bellemans J, Chen DB. Coronal plane
alignment of the knee (cpak) classification. Bone Joint ] 2021;103-b:329—-37.
https://doi.org/10.1302/0301-620x.103b2.Bjj-2020-1050.R1.

Winemaker M]J. Perfect balance in total knee arthroplasty: the elusive
compromise. ] Arthroplasty 2002;17:2—10. https://doi.org/10.1054/
arth.2002.29321.

Choong PF, Dowsey MM, Stoney JD. Does accurate anatomical alignment
result in better function and quality of life? Comparing conventional and
computer-assisted total knee arthroplasty. ] Arthroplasty 2009;24:560—9.
https://doi.org/10.1016/j.arth.2008.02.018.

Kim YH, Park JW, Kim ]S, Park SD. The relationship between the survival of
total knee arthroplasty and postoperative coronal, sagittal and rotational
alignment of knee prosthesis. Int Orthop 2014;38:379—85. https://doi.org/
10.1007/s00264-013-2097-9.

Matsuda S, Kawahara S, Okazaki K, Tashiro Y, Iwamoto Y. Postoperative
alignment and rom affect patient satisfaction after tka. Clin Orthop Relat Res
2013;471:127-33. https://doi.org/10.1007/s11999-012-2533-y.

Matsuda S, Miura H, Nagamine R, Urabe K, Harimaya K, Matsunobu T, et al.
Changes in knee alignment after total knee arthroplasty. ] Arthroplasty
1999;14:566—70. https://doi.org/10.1016/s0883-5403(99)90078-5.

Park J, Chang MJ, Kim TW, D'Lima DD, Kim H, Han HS. Serial changes in
patient-reported outcome measures and satisfaction rate during long-term
follow-up after total knee arthroplasty: a systematic review and meta-
analysis. Knee Surg Relat Res 2024;36:43. https://doi.org/10.1186/s43019-
024-00241-6.

Yang HY, Song EK, Park CJ, Bae KH, Seon JK. Robotic-assisted total knee
arthroplasty improves aseptic survivorship compared to conventional total
knee arthroplasty: a minimum 15-year follow-up. Knee Surg Sports Trau-
matol Arthrosc 2025;33:3884—95. https://doi.org/10.1002/ksa.12731.
Matziolis G, Adam ], Perka C. Varus malalignment has no influence on clinical
outcome in midterm follow-up after total knee replacement. Arch Orthop
Trauma Surg 2010;130:1487—-91. https://doi.org/10.1007/s00402-010-1064-
9.

Konishi T, Hamai S, Tsushima H, Kawahara S, Akasaki Y, Yamate S, et al. Pre-
and postoperative coronal plane alignment of the knee classification and its
impact on clinical outcomes in total knee arthroplasty. Bone Joint ]
2024;106-b:1059—66. https://doi.org/10.1302/0301-620x.106b10.Bjj-2023-
1425.R1.

Yang HY, Cheon JH, Hwang JY, Seon JK. Restoration of anatomical knee
phenotype is associated with improved postoperative clinical outcomes after
total knee arthroplasty. Knee 2025;54:291—-300. https://doi.org/10.1016/j.
knee.2025.02.028.

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

Hirschmann MT, Moser LB, Amsler F, Behrend H, Leclercq V, Hess S. Pheno-
typing the knee in young non-osteoarthritic knees shows a wide distribution
of femoral and tibial coronal alignment. Knee Surg Sports Traumatol Arthrosc
2019;27:1385—93. https://doi.org/10.1007/s00167-019-05508-0.

Hsu CE, Chen CP, Wang SP, Huang JT, Tong KM, Huang KC. Validation and
modification of the coronal plane alignment of the knee classification in the
Asian population. Bone Jt Open 2022;3:211—7. https://doi.org/10.1302/2633-
1462.33.Bjo-2022-0001.R1.

Mullaji A, Bhoskar R, Singh A, Haidermota M. Valgus arthritic knees can be
classified into nine phenotypes. Knee Surg Sports Traumatol Arthrosc
2022;30:2895—-904. https://doi.org/10.1007/s00167-021-06796-1.

Mullaji A, Shah R, Bhoskar R, Singh A, Haidermota M, Thakur H. Seven phe-
notypes of varus osteoarthritic knees can be identified in the coronal plane.
Knee Surg Sports Traumatol Arthrosc 2022;30:2793—805. https://doi.org/
10.1007/s00167-021-06676-8.

Yang HY, Yoon TW, Kim ]Y, Seon JK. Radiologic assessment of knee pheno-
types based on the coronal plane alignment of the knee classification in a
Korean population. Clin Orthop Surg 2024;16:422—9. https://doi.org/
10.4055/cios23250.

Niki Y, Nagura T, Nagai K, Kobayashi S, Harato K. Kinematically aligned total
knee arthroplasty reduces knee adduction moment more than mechanically
aligned total knee arthroplasty. Knee Surg Sports Traumatol Arthrosc
2018;26:1629-35. https://doi.org/10.1007/s00167-017-4788-z.

Nakayama H, Schroter S, Yamamoto C, Iseki T, Kanto R, Kurosaka K, et al.
Large correction in opening wedge high tibial osteotomy with resultant
joint-line obliquity induces excessive shear stress on the articular cartilage.
Knee Surg Sports Traumatol Arthrosc 2018;26:1873—8. https://doi.org/
10.1007/s00167-017-4680-x.

Hirschmann MT, Hess S, Behrend H, Amsler F, Leclercq V, Moser LB. Phenotyping
of hip-knee-ankle angle in young non-osteoarthritic knees provides better un-
derstanding of native alignhment variability. Knee Surg Sports Traumatol
Arthrosc 2019;27:1378—84. https://doi.org/10.1007/s00167-019-05507-1.
Hirschmann MT, Moser LB, Amsler F, Behrend H, Leclerq V, Hess S. Functional
knee phenotypes: a novel classification for phenotyping the coronal lower
limb alignment based on the native alignment in young non-osteoarthritic
patients. Knee Surg Sports Traumatol Arthrosc 2019;27:1394—402. https://
doi.org/10.1007/s00167-019-05509-z.

Cho HJ, Chang CB, Kim KW, Park JH, Yoo JH, Koh IJ, et al. Gender and prev-
alence of knee osteoarthritis types in elderly Koreans. ] Arthroplasty
2011;26:994-9. https://doi.org/10.1016/j.arth.2011.01.007.

Koh IJ, Kim TK, Chang CB, Cho HJ, In Y. Trends in use of total knee arthro-
plasty in Korea from 2001 to 2010. Clin Orthop Relat Res 2013;471:1441-50.
https://doi.org/10.1007/s11999-012-2622-y.

Jenny JY, Baldairon F. The coronal alignment technique impacts deviation
from native knee anatomy after total knee arthroplasty. Knee Surg Sports
Traumatol Arthrosc 2023;31:1427—32. https://doi.org/10.1007/s00167-022-
07157-2.


https://doi.org/10.1007/s00167%2D021%2D06674%2Dw
https://doi.org/10.1302/0301%2D620x.103b2.Bjj%2D2020%2D1050.R1
https://doi.org/10.1054/arth.2002.29321
https://doi.org/10.1054/arth.2002.29321
https://doi.org/10.1016/j.arth.2008.02.018
https://doi.org/10.1007/s00264%2D013%2D2097%2D9
https://doi.org/10.1007/s00264%2D013%2D2097%2D9
https://doi.org/10.1007/s11999%2D012%2D2533%2Dy
https://doi.org/10.1016/s0883%2D5403%2899%2990078%2D5
https://doi.org/10.1186/s43019%2D024%2D00241%2D6
https://doi.org/10.1186/s43019%2D024%2D00241%2D6
https://doi.org/10.1002/ksa.12731
https://doi.org/10.1007/s00402%2D010%2D1064%2D9
https://doi.org/10.1007/s00402%2D010%2D1064%2D9
https://doi.org/10.1302/0301%2D620x.106b10.Bjj%2D2023%2D1425.R1
https://doi.org/10.1302/0301%2D620x.106b10.Bjj%2D2023%2D1425.R1
https://doi.org/10.1016/j.knee.2025.02.028
https://doi.org/10.1016/j.knee.2025.02.028
https://doi.org/10.1007/s00167%2D019%2D05508%2D0
https://doi.org/10.1302/2633%2D1462.33.Bjo%2D2022%2D0001.R1
https://doi.org/10.1302/2633%2D1462.33.Bjo%2D2022%2D0001.R1
https://doi.org/10.1007/s00167%2D021%2D06796%2D1
https://doi.org/10.1007/s00167%2D021%2D06676%2D8
https://doi.org/10.1007/s00167%2D021%2D06676%2D8
https://doi.org/10.4055/cios23250
https://doi.org/10.4055/cios23250
https://doi.org/10.1007/s00167%2D017%2D4788%2Dz
https://doi.org/10.1007/s00167%2D017%2D4680%2Dx
https://doi.org/10.1007/s00167%2D017%2D4680%2Dx
https://doi.org/10.1007/s00167%2D019%2D05507%2D1
https://doi.org/10.1007/s00167%2D019%2D05509%2Dz
https://doi.org/10.1007/s00167%2D019%2D05509%2Dz
https://doi.org/10.1016/j.arth.2011.01.007
https://doi.org/10.1007/s11999%2D012%2D2622%2Dy
https://doi.org/10.1007/s00167%2D022%2D07157%2D2
https://doi.org/10.1007/s00167%2D022%2D07157%2D2

	Joint Line Obliquity Affects Survivorship Following Total Knee Arthroplasty: 12.7-Year Follow-Up of 800 Cases
	Materials and Methods
	Patients
	Surgical Techniques and Postoperative Management
	Radiographic Assessment
	Survival
	Data Analyses

	Results
	Radiographic Results
	Effect of JLO on Aseptic Revision
	Survival

	Discussion
	CRediT authorship contribution statement
	References


