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Abstract
Purpose: To evaluate mid‐term outcomes of high tibial osteotomy (HTO) in
patients with medial knee osteoarthritis presenting borderline indication
between osteotomy and unicompartmental knee arthroplasty (UKA) and to
identify clinical and radiographic factors associated with success in pain,
function and sport.
Methods: Retrospective multicentre cohort of consecutive HTOs performed
between 2005 and 2015 with ≥2 years of follow‐up, including patients
classified within the grey zone according to the AKUMA framework. Pre-
operative and postoperative long‐leg radiographs were obtained to measure
hip–knee–ankle (HKA) angle, mechanical lateral distal femoral angle
(LDFA), medial proximal tibial angle (MPTA) and joint line convergence
angle (JLCA). Primary outcomes were Western Ontario and McMaster
Universities Osteoarthritis Index (WOMAC), Tegner and modified Weiss
(mW) scores; secondary outcomes included satisfaction, sports relevance,
symptom‐free return to sport and forgotten‐knee. Success thresholds were
WOMAC ≥ 80, Tegner ≥5 and mW ≥6. Univariate analyses compared suc-
cesses versus non‐successes, and multivariable logistic regression was
performed for WOMAC.
Results: Eighty‐four patients were analysed with a mean follow‐up 8.0 ± 3.2
(2.0–14.3) years. Success rates were 72.0% for WOMAC, 6.8% for Tegner
and 7.5% for mW. Postoperative MPTA was higher in WOMAC successes
than in non‐successes. In multivariable analysis, Ahlbäck Grade 3 lowered
the odds of achieving WOMAC ≥ 80 (odds ratio [OR]: 0.20, 95% confidence
interval [CI]: 0.04–0.94). Tegner success was associated with greater LDFA
and with rating sport as very important. mW success was associated with
lower preoperative MPTA, lower LDFA, higher tibial extra‐articular deformity
(TEAD) and very high sport priority. Higher Ahlbäck and Kellgren–Lawrence
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(KL) grades were linked to worse satisfaction; the forgotten‐knee endpoint
showed no significant associations.
Conclusion: In medial OA knees within the AKUMA grey zone, HTO pro-
vides reliable pain relief and functional improvement, while sport success
remains limited. Osteoarthritis burden reduces the probability of high pain
and function‐related scores, while sport‐oriented outcomes depend more on
coronal alignment features and the patient′s sport priority.

Level of Evidence: Level IV.

KEYWORDS

AKUMA framework, function, high tibial osteotomy, medial compartment osteoarthritis, pain,
return to sports

INTRODUCTION

Young, active patients with medial knee osteo-
arthritis (OA) present a persistent challenge in sur-
gical decision‐making. The choice between high
tibial osteotomy (HTO) and unicompartmental knee
arthroplasty (UKA) goes far beyond age or activity
level, relying on a complex interplay of coronal
alignment, the location and extent of joint damage,
soft‐tissue balance and individual patient priorities
[5, 6, 15, 16, 19, 21].

HTO and UKA are conceptually different proce-
dures for medial compartment OA. HTO corrects ex-
traarticular varus deformity and redistributes load
across the joint, whereas UKA addresses focal in-
traarticular cartilage loss and restores local congru-
ency. In clinical practice, however, a small subset of
patients presents overlapping features of both defor-
mities, in whom either option may be reasonable
depending on individual anatomy and goals. This group
has not been clearly characterized in the literature,
highlighting the need for structured frameworks cap-
able of defining these borderline cases.

The recently introduced AKUMA framework was
developed to bring structure to this complexity as a
conceptual tool to characterize deformity distribution
and OA severity [15].

By integrating overall coronal alignment, the distri-
bution of deformity along the limb and OA severity, it
stratifies patients into three categories: those more
suitable for osteotomy, those more suitable for UKA
and a grey‐zone group with overlapping features in
whom either option may be appropriate.

However, robust evidence focusing specifically on
grey‐zone knees remains scarce. Surgeons continue to
lack outcome‐driven guidance to determine which pa-
tients derive the greatest benefit from HTO and how to
set realistic expectations for pain relief, function and
return to sport [5, 6, 16, 19].

This study aims to evaluate the mid‐term outcomes
of HTO in AKUMA grey‐zone knees and to identify the

clinical and radiographic factors associated with suc-
cess across pain, function and sport domains.

MATERIALS AND METHODS

Study design and patient selection

We conducted a retrospective multicenter cohort study of
consecutive patients who underwent HTO between 2005
and 2015. Inclusion criteria were age between 20 and
60 years at the time of surgery, varus alignment defined
as a mechanical hip–knee–ankle (HKA) angle <180° and
a minimum follow‐up of 2 years. Exclusion criteria
included prior osteotomy or ligament surgery, bilateral
cases, and, according to the AKUMA framework, clas-
sification into the Osteotomy or UKA groups. Conse-
quently, only knees within the AKUMA grey zone were
included to enable a focused evaluation of this subgroup.

Data collection and radiographic
assessment

Demographic data included age, sex, body mass index
(BMI) and operated side. Standardized long‐leg
standing radiographs were reviewed to record [15]:

• Mechanical lateral distal femoral angle (mLDFA):
Angle between the line tangent to distal femoral
condyles and the mechanical axis of the femur.

• Medial proximal tibial angle (MPTA): Angle between
the line tangent to the tibial plateau and the
mechanical axis of the tibia.

• Hip–knee–ankle angle (HKA, global deformity, GD):
Angle between a line from the centre of the femoral
head to the centre of the knee joint and the line from
the centre of the knee to the centre of the ankle joint.

• Joint line congruency angle (JLCA): Angle between a
line tangent to the distal femoral condyles and a line
tangent to the proximal tibial plateau.
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• Femoral and tibial extra‐articular deformity contribu-
tion percentages (FEAD%, TEAD%).

• Intra‐ and extra‐articular deformity contribution per-
centages (IAD%, EAD%).

OA severity was graded using the Ahlbäck and
Kellgren–Lawrence (KL) classifications.

All radiographic measurements were performed at
each centre by a fellowship‐trained knee surgeon. The
derived percentage‐based parameters were subse-
quently calculated by a single surgeon (T. P.) who
performed the overall analysis according to the AKUMA
framework, ensuring consistent application of the grey‐
zone classification.

Sport participation variables

Sport‐related variables included:

• Perceived importance of sport (five‐level scale: not
important to very important).

• Frequency of participation (five‐level scale: never to
>2 times/week).

Outcomes

Primary outcomes were patient‐reported Western
Ontario and McMaster Universities Osteoarthritis
Index (WOMAC), Tegner and modified Weiss (mW)
scores [13, 22]. The WOMAC score was evaluated
on a 0–100 scale, where higher values indicate less
pain and better function. The mW score, adapted
from the Weiss and Noble Total Knee Function
Questionnaire for OA cohorts, summarizes sport‐
related function by combining three components:
activity frequency, patient‐perceived importance and
symptom‐related bother. Higher scores indicate bet-
ter function.

Success thresholds were defined as WOMAC ≥ 80,
Tegner ≥5 and mW ≥6. Secondary outcomes included
patient satisfaction (very satisfied/satisfied/dissatisfied/
disappointed), return to sport without symptoms (yes/
no) and presence of a forgotten knee (yes/no).

Statistical analysis

Continuous variables are reported as mean ± standard
deviation (SD) and categorical variables as counts
(percentages). Normality was tested using the
Shapiro–Wilk test. Depending on distribution, continu-
ous variables were compared using the independent‐
samples t test or Mann–Whitney U test. Categorical
variables were compared using the χ2 test or Fisher's
exact test, as appropriate.

Given the limited number of events, multivariable
modelling was restricted to WOMAC success, analysed
using binary logistic regression. Covariates were
selected a priori based on clinical relevance and
univariate signals. Tegner and mW were analysed
univariately, as <10 successes precluded reliable mul-
tivariable modelling. All analyses were performed using
SPSS Statistics (Version 27.0.1.0; IBM Corp.). Statis-
tical significance was set at p < 0.05.

RESULTS

A total of 84 knees met eligibility criteria, with a mean
follow‐up of 8.1 ± 3.2 years (range, 2.0–14.3). According to
OA grading, most knees were Ahlbäck 2 and KL 3. Gen-
eral data on the study population are shown in Table 1.

Table 2 summarizes the radiological preoperative
deformity analysis and postoperative measurements.

Regarding the primary outcomes, data were avail-
able for WOMAC in 75 knees (89.2%), Tegner in 74
(88%) and mW in 68 (80.9%). The proportions
achieving the prespecified success thresholds were

TABLE 1 Patient characteristics.

Number of knees 84

Age at surgery (years) 52.3 ± 6.2 (29.4–59.9)

BMI (kg/m2) 28.9 ± 4.8 (17.1–42.4)

Sex

Male 58 (69%)

Female 26 (31%)

Affected side

Right 48 (57.1%)

Left 36 (42.9%)

OA grade

Kellgren–Lawrence

I 14 (14.1%)

II 19 (19.2%)

III 50 (50.2%)

IV 12 (12.1%)

Ahlbäck

I 11 (11.1%)

II 52 (53.3%)

III 31 (31.3%)

Follow‐up period (years) 8 ± 3.2 (2−14.3)

Note: All values are presented as arithmetic means ± SD (minimum–maximum)
or n (%).

Abbreviations: BMI, body mass index; OA, osteoarthritis; SD, standard
deviation.
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72.0% for WOMAC, 6.8% for Tegner and 7.5% for mW.
See Figure 1.

For WOMAC success, univariate analysis identified
Ahlbäck Grade 3, KL Grade 4, TEAD% ≥80, high sport
relevance and a higher postoperative MPTA as signif-
icant; postoperative MPTA was greater in successes
(93.3° ± 3.8) than in non‐successes (91.3° ± 3.2), mean
difference +2.07° (95% confidence interval [CI]:
0.11–4.02; p = 0.039). In the multivariable model, only
Ahlbäck Grade 3 independently predicted lower odds of
achieving WOMAC ≥ 80 (odds ratio [OR]: 0.20, 95% CI:
0.04–0.94; p = 0.042).

LDFA was the only radiographic parameter associ-
ated with Tegner success. The success group showed
a greater LDFA (90.3° ± 0.6) than the non‐success
group (88.9° ± 2.1), with a mean difference of 1.35°
(95% CI: 0.27–2.43; p = 0.022). In addition, patients
who rated sport as “very important” were more likely to
achieve Tegner ≥ 5 (p = 0.012).

For mW success, univariate analyses showed that
the successful group had a lower preoperative MPTA

(84.0° vs. 85.5°), a lower LDFA (87.3° vs. 88.9°) and a
higher TEAD% (75% vs. 50%), with corresponding
p values of <0.001, 0.015 and 0.035, respectively.
Furthermore, rating sport as “very important” was
associated with mW ≥6 (p = 0.015). No other demo-
graphic or radiographic measures were associated with
success on any scale.

Finally, higher Ahlbäck (p < 0.001) and KL grades
(p = 0.042) were associated with a less favourable
satisfaction profile. Return to sport without symptoms
was also associated with Ahlbäck grade (p = 0.032).
The forgotten‐knee endpoint showed no significant
associations with any of the variables assessed.

DISCUSSION

The key finding of this study is that AKUMA grey‐zone
knees treated with HTO achieved meaningful improve-
ments in pain and daily function, but achieving higher
sport‐level recovery remains uncommon in this

TABLE 2 Axis deviations over the follow‐up period.

Preoperative Postoperative Difference p value

HKA (°) 172.9 ± 2.7 181.2 ± 3.9 8.2 ± 4.7 <0.001

MPTA (°) 85.1 ± 2.1 92.7 ± 3.6 5.8 ± 3.1 <0.001

mLDFA (°) 88.8 ± 1.6 88.8 ± 1.6 — —

JLCA (°) 3.6 ± 1.1 3.1 ± 2.4 0.8 ± 2.6 0.032

Note: All values are presented as arithmetic means ± SD. Bold values are statistically significant.

Abbreviations: HKA, mechanical tibiofemoral angle; JLCA, joint line convergence angle; mLDFA, mechanical lateral distal femur angle; MPTA, mechanical medial
proximal tibia angle; SD, standard deviation.

F IGURE 1 Boxplots of the primary outcomes at last follow‐up: (a) WOMAC score results, (b) Tegner score results and (c) mW Score results.
The upper and lower whiskers in the representation correspond to the 97.5th and 2.5th percentiles, respectively. Red dashed lines mark the
prespecified success thresholds (WOMAC = 80, Tegner = 5, mW= 6). mW, modified Weiss Score; WOMAC, Western Ontario and McMaster
Universities Osteoarthritis Index.
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population. At a mean follow‐up of 8 years, 72% of pa-
tients reached the predefined WOMAC threshold, yet
only a minority achieved Tegner or mW success. These
findings indicate that HTO can provide satisfactory pain
relief and functional recovery in this challenging sub-
group, although high‐level sport participation should not
be expected. Recognizing this distinction is essential for
surgical decision‐making and for setting realistic post-
operative expectations.

To facilitate the interpretation of clinical outcomes,
predefined success thresholds were established for each
score based on available literature and clinical relevance.
For the WOMAC score (higher = better), previous studies
have shown that total scores above 75–83 are associated
with a satisfactory symptom state after knee arthroplasty
[8, 20]. Therefore, the WOMAC≥ 80 threshold used in this
study aligns with values reported in the literature as rep-
resenting acceptable pain and function levels. Regarding
sports activity, long‐term data indicate that postoperative
Tegner scores of 3–4 are typical after UKA, whereas
higher scores ( ≥ 5) correspond to regular, moderate
sports participation and are considered a favourable but
less frequent outcome [12, 20].

The mW score provides a more detailed assess-
ment of sports‐related function, encompassing three
domains—frequency of participation, perceived impor-
tance of sport and symptom‐related limitations—across
multiple sporting disciplines. However, this score has
been less frequently used in the literature and no vali-
dated cut‐off exists to define good or excellent results
[13, 22]. Consequently, the ≥6 success threshold
adopted in this study should be regarded as an arbi-
trary but pragmatic definition based on the scale's
structure and clinical interpretability.

Our findings suggest that Ahlbäck Grade 3 inde-
pendently reduced the likelihood of WOMAC success,
whereas sport‐oriented outcomes were more closely
associated with coronal alignment features and the
importance patients attributed to sport. The boxplots
illustrate this contrast, showing consistent functional
improvement (WOMAC) but greater variability in sport‐
related outcomes, reflecting the different determinants
of success within this group of patients.

These findings align with contemporary compara-
tive cohorts, suggesting that, with appropriate selec-
tion, opening‐wedge HTO can achieve short‐term
PROMs comparable to UKA in demanding patients
[5, 16]. Our results confirm that HTO provides reliable
pain relief and functional improvement as measured by
the WOMAC score, but also highlight that advanced
medial degeneration limits the magnitude of achievable
benefit. This observation reinforces the importance of
grading disease severity when counselling grey‐zone
candidates. Prior reports have shown encouraging
survivorship and function after HTO even in advanced
OA, while others identified severe chondral wear and
higher radiographic grades as predictors of inferior

outcomes or dissatisfaction [3, 7, 10, 14, 18, 19]. Our
data are consistent with the latter.

The sport‐related results and the observed associ-
ation with anatomical factors may indicate that coronal
alignment and joint‐line orientation play a role in sport
recovery and that tibial‐only correction may not always
optimize joint‐line orientation or load‐sharing for ath-
letic demands [1]. This echoes modern planning prin-
ciples that emphasize preservation of the physiologic
joint line and the distribution of correction between the
femur and tibia [2, 9, 17]. In cases of femoral varus or
when large tibial corrections risk excessive joint‐line
obliquity, distal femoral or double‐level osteotomy may
better maintain coronal mechanics [1, 2, 4, 9, 11, 17].

Limitations

This study has several limitations. Its retrospective multi-
centre design and absence of a comparator cohort limit
causal inference and external benchmarking. However,
focusing exclusively on the AKUMA grey‐zone subgroup
provides valuable information on a population that has
rarely been analysed as an independent entity. Because of
the study′s retrospective and multicentre nature, surgical
technique, correction target and fixation method were not
standardized and were left to the discretion of the oper-
ating surgeon. All procedures were tibial osteotomies, so
results may not generalize to grey‐zone patients requiring
femoral or double‐level corrections. Sport endpoints had
low event counts, precluding robust multivariable model-
ling and raising the risk of type II error. Although pre-
specified, the success thresholds for WOMAC, Tegner and
mWare somewhat arbitrary and may affect absolute rates.

CONCLUSION

In AKUMA grey‐zone knees, HTO provides reliable mid‐
term pain relief and functional gains, but success at
higher levels of sport remains uncommon. The burden of
OA, particularly Ahlbäck Grade 3, reduces the likelihood
of WOMAC success, whereas sport‐related outcomes
depend more on coronal alignment features and patient
priorities. These results support HTO as a valuable
option in the grey zone and emphasize the importance of
planning strategies that preserve a physiologic joint line
for patients aiming to return to sport.
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