
Citation: Onishi, S.; Kim, Y.;

Nakayama, H.; Mansour, A.A., III;

Lowe, W.R.; Ollivier, M. Infratubercle

Anterior Closing Wedge Osteotomy

Corrects Sagittal Alignment without

Affecting Coronal Alignment or

Patellar Height. J. Clin. Med. 2024, 13,

4715. https://doi.org/10.3390/

jcm13164715

Academic Editor: Giulio

Maria Marcheggiani Muccioli

Received: 15 July 2024

Revised: 28 July 2024

Accepted: 8 August 2024

Published: 11 August 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Journal of

Clinical Medicine

Article

Infratubercle Anterior Closing Wedge Osteotomy Corrects
Sagittal Alignment without Affecting Coronal Alignment or
Patellar Height
Shintaro Onishi 1,2 , Youngji Kim 1,3, Hiroshi Nakayama 2, Alfred A. Mansour III 4, Walter R. Lowe 4

and Matthieu Ollivier 1,*

1 Institute for Locomotion, Aix-Marseille University, Assistance Publiqu-Hôpitaux de Marseille,
Centre National de la Recherche Scientifique, Institut des Sciences du Mouvement, Sainte-Marguerite
Hospital, 13009 Marseille, France; 0024shintaro@gmail.com (S.O.); yonji@juntendo.ac.jp (Y.K.)

2 Department of Orthopedic Surgery, Hyogo Medical University, Nishinomiya 6638501, Japan;
hiroshi0273@mac.com

3 Department of Orthopaedics, Juntendo University, Tokyo 1130034, Japan
4 Department of Orthopedic Surgery, University of Texas Health Science Center at Houston,

Houston, TX 77401, USA; alfred.a.mansour@uth.tmc.edu (A.A.M.III); walter.r.lowe@uth.tmc.edu (W.R.L.)
* Correspondence: ollivier.matthieu@yahoo.fr

Abstract: Background: Excessive posterior tibial slope (PTS) has been associated with a higher risk of
graft failure after anterior cruciate ligament reconstruction (ACLR). Although anterior closing wedge
osteotomy (ACWO) can reduce the PTS, it may also change the coronal alignment and patellar height.
Purpose: To elucidate the radiological outcomes after infratubercle ACWO, specifically to evaluate its
influence on perioperative changes in patellar height. Methods: Patients who underwent infratubercle
ACWO with combined ACLR with a minimum follow-up of 3 months were included. Surgery was
indicated when the PTS was greater than 12◦. Radiological evaluation included measurements of
the hip–knee–ankle angle (HKA), PTS, femoral patellar height index (FPHI), and Caton–Deschamps
index (CDI) preoperatively and 3 months postoperatively. Patellar height was classified as patella
baja, normal, or alta based on CDI values. Knee recurvatum was measured preoperatively and at
final follow-up. Results: A total of 21 patients with a mean age of 21.6 ± 3.0 years were included.
Although HKA did not significantly change, significant corrections were achieved in the PTS from
14.5◦ ± 1.6◦ to 5.7◦ ± 1.0◦ (p < 0.001). No significant change in FPHI was found (preoperative:
1.33 ± 0.11 vs postoperative: 1.30 ± 0.09). Patellar height categories showed no significant differences
pre- and postoperatively, while three patients (14.3%) changed their patellar height category (all
moved up one category). Knee recurvatum increased significantly from 4.9◦ ± 2.9◦ preoperatively to
7.8◦ ± 3.1◦ at the final follow-up (p < 0.001). Conclusions: Precise sagittal correction was achieved
after infratubercle ACWO without altering the coronal alignment and patella height. Level of
Evidence: IV, Case series.

Keywords: infratubercle; anterior closing wedge osteotomy; slope reducing osteotomy; anterior
cruciate ligament; posterior tibial slope; patellar height

1. Introduction

Anterior cruciate ligament (ACL) injuries are common in the young athletic population
due to intrinsic or extrinsic factors. Numerous studies have investigated clinical outcomes
after anatomic ACL reconstruction (ACLR); however, a higher incidence of graft failure or
graft rupture has still been reported [1–8]. Intrinsic risk factors for ACL injuries include
age, gender, genetic, family history, and anatomical pathologies such as bone morphology
and joint laxity [1,5–8]. Among those factors, the posterior tibial slope (PTS) is known to be
an anatomical risk factor for the failure of ACLR [5,9,10]. To date, PTS values greater than
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12◦ have been associated with a higher risk of graft rupture after ACLR [9,11]. Previous
biomechanical studies have demonstrated the influence of an excessive PTS on anterior
tibial translation (ATT) under axial load [12], and slope-reducing osteotomy can reduce
either ACL or ACL-graft force [13,14]. Consequently, slope-reducing anterior closing wedge
osteotomy (ACWO) has been employed for ACL-injured patients with a higher PTS to
reduce the excessive PTS and prevent further graft failure: graft failure is a great matter of
interest, and research is trying to reduce the incidence with biomaterials [15–18].

ACWO corrects sagittal alignment, but recent studies indicate it can significantly
decrease the medial proximal tibial angle (MPTA) in the coronal plane, potentially causing
postoperative tibial varus [19,20]. Reducing MPTA should be avoided despite ACWO’s
sagittal correction capability.

Postoperative anterior knee pain, instability, and stiffness related to patellar height
changes can lead to patellofemoral osteoarthritis [21–26]. ACWO may change patellar
height due to sagittal plane correction. Various ACWO techniques, including supratu-
bercle, transtuberosity, and infratubercle, have been studied for their effects on patellar
height [17,27–34]. However, most research has focused on supratubercle ACWO, and little
information is available about infratubercle ACWO’s impact on patellar height.

This study aims to elucidate radiological outcomes after infratubercle ACWO, focusing
on its influence on coronal and sagittal alignment and patellar height.

2. Methods
2.1. Study Population and Design

After institutional review board approval (approval code: PADS24-177_dgr), a retro-
spective analysis of a prospectively maintained database was performed on a consecutive
series of infratubercle ACWO with combined ACLR between 2014 and 2023. Inclusion
criteria included concomitant ACLR with infratubercle ACWO and pre- and 3 months post-
operative radiographs. Exclusion criteria included multi-ligament reconstruction or lack of
concomitant ACLR, concomitant posterior cruciate ligament injury, significant preoperative
knee recurvatum greater than 10◦ and inadequate data or loss to follow-up before 3 months
postoperatively. The patient flowchart is presented in Figure 1.

J. Clin. Med. 2024, 13, 4715 2 of 11 
 

 

is known to be an anatomical risk factor for the failure of ACLR [5,9,10]. To date, PTS 
values greater than 12° have been associated with a higher risk of graft rupture after ACLR 
[9,11]. Previous biomechanical studies have demonstrated the influence of an excessive 
PTS on anterior tibial translation (ATT) under axial load [12], and slope-reducing osteot-
omy can reduce either ACL or ACL-graft force [13,14]. Consequently, slope-reducing an-
terior closing wedge osteotomy (ACWO) has been employed for ACL-injured patients 
with a higher PTS to reduce the excessive PTS and prevent further graft failure: graft fail-
ure is a great matter of interest, and research is trying to reduce the incidence with bio-
materials [15–18]. 

ACWO corrects sagittal alignment, but recent studies indicate it can significantly de-
crease the medial proximal tibial angle (MPTA) in the coronal plane, potentially causing 
postoperative tibial varus [19,20]. Reducing MPTA should be avoided despite ACWO’s 
sagittal correction capability. 

Postoperative anterior knee pain, instability, and stiffness related to patellar height 
changes can lead to patellofemoral osteoarthritis [21–26]. ACWO may change patellar 
height due to sagittal plane correction. Various ACWO techniques, including supratuber-
cle, transtuberosity, and infratubercle, have been studied for their effects on patellar 
height [17,27–34]. However, most research has focused on supratubercle ACWO, and little 
information is available about infratubercle ACWO’s impact on patellar height. 

This study aims to elucidate radiological outcomes after infratubercle ACWO, focus-
ing on its influence on coronal and sagittal alignment and patellar height. 

2. Methods 
2.1. Study Population and Design 

After institutional review board approval (approval code: PADS24-177_dgr), a retro-
spective analysis of a prospectively maintained database was performed on a consecutive 
series of infratubercle ACWO with combined ACLR between 2014 and 2023. Inclusion cri-
teria included concomitant ACLR with infratubercle ACWO and pre- and 3 months post-
operative radiographs. Exclusion criteria included multi-ligament reconstruction or lack 
of concomitant ACLR, concomitant posterior cruciate ligament injury, significant preoper-
ative knee recurvatum greater than 10° and inadequate data or loss to follow-up before 3 
months postoperatively. The patient flowchart is presented in Figure 1. 

 
Figure 1. Flowchart of the patient selection process. ACWO, anterior closing wedge osteotomy; 
ACL, anterior cruciate ligament; PCL, posterior cruciate ligament; PTS, posterior tibial slope. 

2.2. Surgical Options and Procedures 
Surgeries were performed by a single senior surgeon at a tertiary referral center. Sur-

gery was indicated when the PTS was greater than 12° as measured by preoperative whole 

Figure 1. Flowchart of the patient selection process. ACWO, anterior closing wedge osteotomy; ACL,
anterior cruciate ligament; PCL, posterior cruciate ligament; PTS, posterior tibial slope.

2.2. Surgical Options and Procedures

Surgeries were performed by a single senior surgeon at a tertiary referral center.
Surgery was indicated when the PTS was greater than 12◦ as measured by preoperative
whole leg lateral radiographs. Radiological evaluation and surgical planning were con-
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ducted using both whole leg and standard knee radiographs. The intended PTS was set at
4◦ to 6◦. Intended correction angle and gap distance were calculated from preoperative
radiographs in all cases.

Surgeries were performed under general or spinal anesthesia with a pneumatic tourni-
quet. First, if an autograft was chosen, the graft was harvested and prepared for ACLR.
Arthroscopic examination and intra-articular pathology procedures, such as meniscal and
chondral lesions, were performed as needed. The femoral bone tunnel was drilled via the
inside–out technique with diameters corresponding to the graft size. The infratubercle
ACWO procedure was then performed. An anterior approach to the proximal tibia with a
longitudinal skin incision and exposure for ACWO was performed. The superficial medial
collateral ligament was minimally released for medial exposure, and the tibialis anterior
muscle was released for lateral exposure. Two K-wires were inserted from just distal to the
tibial tubercle toward the posterior cortex under fluoroscopic control. Additional K-wires
were inserted distally according to preoperatively measured distances. The osteotomy was
performed using an oscillating saw (Precision®, Stryker, Bruz, France), avoiding breaking
the posterior hinge. The anterior bone wedge was removed, and the osteotomy site was
closed by compressing the proximal tibia. The intended PTS was achieved under fluo-
roscopic control, and the Activmotion® HTO plate (Newclip Technics, Haute Goulaine,
France) was used to maintain the osteotomy site (Figure 2). After the osteotomy, the tibial
bone tunnel for ACLR was created. Finally, ACLR using either autograft or bone–patellar
tendon–bone allograft was performed with lateral extra-articular tenodesis using modified
Lemaire techniques [35]. The graft choice was based on the number of ACLR and the
previous graft source.
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Figure 2. Sequential steps of infratubercle ACWO in a representative case. (A) K-wires are inserted
from distal to the tibial tubercle toward the posterior cortex according to the tibial insertion of the
posterior cruciate ligament under adequate fluoroscopic control. (B,C) After osteotomy, the anterior
bone wedge is removed. (D) Plate fixation is then performed to maintain the corrected PTS. ACWO,
anterior closing wedge osteotomy; PTS, posterior tibial slope.

2.3. Postoperative Rehabilitation

Quadriceps activation including isolated quadriceps contraction, cryotherapy, and
electric muscle stimulation was initiated immediately to prevent arthrogenic muscle inhi-
bition [36,37]. The range of motion was allowed to 90 degrees of flexion for 3 weeks and
then progressed to no restriction. A brace was recommended for approximately 6 weeks
with a −10◦ extension restriction. Weight bearing was restricted for 3 weeks. Partial weight
bearing with crutches then started at 3 weeks, progressed to full weight bearing based
on radiographic healing of the osteotomy site, typically at 6 weeks. Closed kinetic chain
muscle strength exercises were mainly applied for 3 months, while open kinetic chain
muscle strengthening exercises were contraindicated to reduce the risk of tubercle fracture
and dislocation of the anterior osteotomy site until 3 months postoperatively. Jogging and
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recreational non-pivoting sports were allowed at 4 months, and return to pivoting sports
was recommended after adequate muscle strength and solid bony healing at the osteotomy
site, which was typically at least 8 months postoperatively.

2.4. Radiographic Measurements and Clinical Outcomes

Pre- and postoperative radiological and clinical data were retrospectively reviewed
and analyzed. Radiological evaluations included measurements of the hip–knee–ankle
angle (HKA), posterior tibial slope (PTS), femoral patellar height index (FPHI), Caton–
Deschamps index (CDI), and knee recurvatum preoperatively and 3 months postopera-
tively. The HKA and PTS were assessed using whole leg radiographs, while CDI and
FPHI were measured on conventional knee lateral radiographs (Figure 3). Coronal whole
leg radiographs were assessed for HKA. Lateral long-leg radiographs, considered more
accurate for assessing the PTS than short radiographs, were used [38,39]. The PTS was
defined as the angle between the tangent line of the medial tibial plateau and the line
perpendicular to the tibial axis, which was indicated by three circles that best fit within the
anterior and posterior tibial cortices over the full length of the tibia [40]. Patellar height
was measured using the femoral-referenced method of FPHI proposed by Ihle and Schröter
et al. [41] using AP knee radiographs. Radiographs were taken at 5◦ of knee flexion and
considered adequate if the cortical margins of the posterior aspect of the medial and lateral
femoral condyles were superimposed. Finally, the height of the patella was subdivided into
three categories (alta, baja, and normal) based on the tibial-referenced method of CDI [42].
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Figure 3. Measurement of radiographic parameters using plain radiograph. (A) posterior tibial
slope = α. (B) Caton–Deschamps index = β/γ. (C) femoral patellar height index = δ/ε.

Patellar height was classified as patella baja, normal, or alta according to CDI values
both pre- and postoperatively. A CDI of 0.8 to 1.2 indicates normal patellar height, while
a CDI > 1.2 indicates patella alta, and a CDI < 0.8 indicates patella baja [42,43]. Although
FPHI has been validated with good to excellent intra- and inter-rater reliability [28,41,44],
there are no globally accepted criteria for FPHI, so it was not used to categorize patellar
height. Knee recurvatum was measured with a goniometer preoperatively and at a final
follow-up.

2.5. Statistical Analysis

All statistical analyses were performed using SPSS version 18 (SPSS Inc., Chicago, IL,
USA). The normality of data distribution was assessed using the Shapiro–Wilk test. Statisti-
cal comparisons between pre- and postoperative values were made using the paired t-test
for parametric data, the Wilcoxon signed-rank test for non-parametric data, and the Chi-
squared test for categorical outcomes with significance set at or below 0.05. Measurement
accuracy was assessed using the intraclass correlation coefficient for intra- and interob-
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server reliability. Two independent observers reviewed preoperative and postoperative
radiographs twice in a blinded fashion with a 3-week measurement interval; all intraclass
and interclass correlation coefficients were >0.8. To assess the statistical power of this study,
a post hoc power analysis was conducted for comparison of the pre- and postoperative PTS
using a two-sided test. Consequently, it was shown that the required total sample size of 21
in this study could achieve an adequate power 1 − β of 0.991 with an α of 0.05 and effect
size of 6.29, using G-Power (version 3.1.9.2; Franz Faul, Universität Kiel).

3. Results

A total of 21 patients (n = 21 knees) with a mean age of 21.6 ± 3.0 years were included.
Patient demographics are shown in Table 1. Significant pre- to postoperative corrections
were achieved in the PTS from 14.5◦ ± 1.6◦ to 5.7◦ ± 1.0◦ (p < 0.001). Meanwhile, HKA did
not significantly change during the study period (preoperative: 178.3◦ ± 2.6◦ vs. postoper-
ative: 179.2◦ ± 1.1◦, p = 0.147). Regarding patella height, no significant change in FPHI was
found (preoperative: 1.33 ± 0.11 vs postoperative: 1.30 ± 0.09, p = 0.103) (Table 2). Patellar
height categories showed no significant differences pre- and postoperatively (p = 0.627),
while three patients (14.3%) changed their patellar height category according to the CDI
value (all moved up one category) (Figure 4).

Table 1. Clinical characteristics. Values are expressed as mean and standard deviations with ranges
in parentheses. BMI, body mass index; ACL, anterior cruciate ligament.

Overall (n = 21)

Age (years) 21.6 ± 3.0 (16–31)
Male/Female (Female, %) 7/14 (66.7%)

BMI (kg/m2) 22.8 ± 2.5 (19–28)
Side (Right/Left) 11/10

Follow-up period (month) 9.9 ± 3.0 (3–14)
Number of ACL reconstruction (1/2/3, %) 1/13/7 (4.8/61.9/33.3)

Autograft/Allograft (autograft, %) 16/5 (76.2%)

Table 2. Comparison between pre- and postoperative radiological parameters. Values are expressed
as mean and standard deviations.

Overall (n = 21)

HKA (degree) Preoperative 178.3 ± 2.6
Postoperative 179.2 ± 1.1

p value * 0.147
PTS (degree) Preoperative 14.5 ± 1.6

Postoperative 5.7 ± 1.0
p value * <0.001

FPHI Preoperative 1.33 ± 0.11
Postoperative 1.30 ± 0.09

p value * 0.103
* Statistical comparison between the pre- and postoperative parameters. HKA, hip–knee–ankle angle; PTS,
posterior tibial slope; FPHI, femoral patella height index.

Knee recurvatum significantly increased from 4.9◦ ± 2.9◦ preoperatively to 7.8◦ ± 3.1◦

at the final follow-up (p < 0.001) (Table 3).
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Table 3. Pre- and postoperative degree of knee recurvatum. Values are expressed as mean and
standard deviations. * Statistical comparison between the pre- and postoperative parameters.

Overall (n = 21)

Knee recurvatum (degree) Preoperative 4.9 ± 2.9
Postoperative 7.8 ± 3.1

p value * <0.001
Knee recurvatum (degree) Contralateral side 3.6 ± 2.9

4. Discussion

The main finding of this study is that infratubercle ACWO can correct precise sagittal
alignment without altering coronal alignment in patients with recurrent ACL injuries and a
high PTS. No significant changes were observed using the femoral reference method of FPHI
(preoperative: 1.33 ± 0.11 vs. postoperative: 1.30 ± 0.09, p = 0.103). Moreover, there were
no significant changes in patellar height categories before and after infratubercle ACWO.

An excessive PTS can lead to excessive ATT and increased posterior tibiofemoral
contact pressures [12,13,45]. Studies have shown that an increased PTS is associated
with a higher risk of further ACL injuries after ACLR [5,9]. Previous studies have also
demonstrated that ACWO allows significant reductions in ATT and ACL forces [12–14].
In line with previous biomechanical studies, satisfactory clinical outcomes of ACWO
procedures have been reported even in patients with multiple ACLR failures [15,16,18,46].

A recent study demonstrated that ACWO can decrease the medial proximal tibial angle
(MPTA) in the coronal plane, resulting in unintentional postoperative tibial varus [19,20].
Previous cohort studies have shown that patients with multiple ACLR failures are more
likely to suffer from chondral injuries in the medial compartment [47]. Therefore, despite
ACWO’s goal of sagittal alignment correction, unintentional varus alignment should be
avoided. This study showed that accurate sagittal alignment corrections were achieved
without significantly altering the coronal alignment. However, the mean HKA increased by
0.9◦ in this cohort. Although this value is small, the clinical significance of this difference
should be evaluated in further studies.

Changes in patellar height are a major concern after osteotomies around the knee.
Numerous studies have investigated changes in patellar height, particularly after high
tibial osteotomy (HTO) [48–51]. Generally, the patellar height tends to decrease after
the medial opening wedge HTO, whereas it remains unchanged after the lateral closing
wedge HTO. However, there is limited evidence regarding changes in patellar height after
ACWO. Cance et al. reported that CDI increased by a mean of +0.08 after supratuberosity



J. Clin. Med. 2024, 13, 4715 7 of 11

ACWO [52]. Conversely, Guy et al. found no significant difference in patellar height indices,
such as the Insall–Salvati index, CDI, and FPHI, before and after supratubercle ACWO.
Changes in patellar height categories (baja, normal, alta) occurred in both directions in their
study. Despite conflicting findings, several studies have shown a proportional correlation
between a delta PTS and either delta CDI or CDI ratio (preoperative value/postoperative
value) [28,32].

To date, there are no relevant studies on changes in patellar height before and after
infratubercle ACWO. Theoretically, infratubercle ACWO should not change the patellar
height because the patellar tendon insertion and tibial tuberosity are preserved. Patellar
height categories showed no significant differences pre- and postoperatively in the present
study, while three patients (14.3%) moved up their patellar height category according to the
CDI value. A possible explanation is the reduction in anterior tibial translation (ATT) after
ACWO. Luceri et al. reported that abnormal ATT in ACL-deficient knees lowers patellar
height [53]. They demonstrated that the distance between the inferior patellar pole and the
upper tibia shortens with abnormal ATT. In patients with a high PTS requiring ACWO,
ATT relative to the femur is common due to ACL insufficiency and an excessively high
PTS. ACWO reduces ATT by correcting the PTS [17,34], increasing the distance between the
inferior patella and anterior tibia (Figure 5). Since posterior tibial reduction after ACWO
does not affect femoral parameters, the lack of significant change in the FPHI method in this
study is reasonable. This raises concerns about the validity of CDI for evaluating patellar
height in this population. Based on this study, the effect of infratubercle ACWO on patellar
height is limited in clinical settings.
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Figure 5. A representative case of a patient who underwent combined infratubercle ACWO with
revision ACL reconstruction. (A) Preoperative plain lateral knee radiograph showing anterior tibial
translation relative to the femur (*) due to ACL deficiency and an excessively high PTS. (B) Anterior
tibial translation is reduced after surgery. Consequently, distance “a” increases slightly to distance
“b” due to the reduction in anterior tibial translation after surgery. ACWO, anterior closing wedge
osteotomy; ACL, anterior cruciate ligament; PTS, posterior tibial slope.

Iatrogenic postoperative knee recurvatum is another concern after slope-reducing os-
teotomy. Excessive knee recurvatum can lead to knee pain, impairment of the extensor
mechanism, extension gait patterns, and stretching of posterior knee structures [54–56]. High
degrees of knee recurvatum are associated with poor clinical outcomes after ACLR [57,58].
Clinical studies have shown that ACWO can increase knee recurvatum in exchange for the
PTS reduction [16,30,46]. In this study, the mean PTS reduction after infratubercle ACWO
was approximately 8.8◦, while the mean knee recurvatum increased by 2.9◦. Similarly,
Mabrouk et al. reported a mean change in knee recurvatum of 2.6◦ after supratubercle
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ACWO despite a 9.5◦ PTS correction [16]. Rozinthe et al. conducted a long-term follow-up
study (mean follow-up of 9.9 years) and found that one in nine patients experienced 10◦ of
knee recurvatum [46]. Most patients in previous studies were asymptomatic, but care must
be taken to avoid excessive postoperative knee recurvatum.

5. Limitations

Several limitations exist in this study. It is a retrospective case series with short-
term follow-up and a small sample size. Patellar height indices were measured on lateral
radiographs taken at 5◦ of flexion, not at 30◦ as originally described. However, all patients
were assessed using the same protocol during the study period. The study focused on
patellar height without assessing other patellofemoral joint parameters or correlating
radiographic findings with clinical outcomes. Therefore, the clinical significance of changes
in patellar height remains unclear. Additionally, there was no control group. Despite these
limitations, this is the first study to investigate the influence of infratubercle ACWO on
patellar height in ACL-injured patients with a high PTS. Further comparative studies with
longer follow-ups and larger sample sizes are needed to elucidate the influence of various
ACWO procedures on the patellofemoral joint.

6. Conclusions

Precise sagittal correction was achieved after infratubercle ACWO without altering
the coronal alignment and patella height. No significant changes were observed using the
femoral reference method of FPHI. Moreover, there were no significant changes in patellar
height categories before and after infratubercle ACWO. Further comparative studies are
needed to elucidate the influence of various ACWO procedures on the patellofemoral joint.
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