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ARTICLE INFO ABSTRACT

Keywords: Background: High tibial osteotomy (HTO) is crucial for managing medial compartmental knee osteoarthritis.

Afcur?jlc}’ Precision in achieving the medial proximal tibial angle (MPTA) correction and maintenance of posterior tibial

E}gh tibial osteotomy slope (PTS) is essential for clinical success. This study aims to compare the use of 3D-printed patient-specific
ee

instruments (PSI) to conventional HTO to achieve precise MPTA correction and maintenance of PTS, aiming
to enhance surgical outcomes in HTO patients.

Methods: Among 104 patients who underwent HTO between September 2018 and July 2021, 60 met the inclusion
criteria and were categorized into a PSI group (30 cases) and conventional method group (30 cases). Radiological
outcomes included estimated and postoperative MPTA values, along with preoperative and postoperative PTS
measurements.

Results: Within the conventional HTO group, significant differences were noted between the estimated and
postoperative MPTA values (94.3° + 2.4° vs. 93.5° £ 2.5°, P = 0.023), as well as between the preoperative and
postoperative PTS values (8.8° + 3.2° vs. 7.9° & 3.5°, P = 0.033). Conversely, the PSI group did not exhibit any
significant differences in these values.

Conclusion: This study indicated that the use of PSI-guided HTO could provide enhanced accuracy in achieving
the target MPTA and improve the prevention of PTS changes.

patient-specific Instrument
tibial slope

instability and increased stress on the cruciate ligaments.'%!!

The demand for accuracy in the planning and execution of HTO may

1. Introduction

High tibial osteotomy (HTO) aims to redistribute the load-bearing
axis to relieve pain and improve clinical outcomes in medial compart-
ment osteoarthritis.' ™ Accurate correction is critical, as both under-
correction and overcorrection are major causes of clinical failure.”” The
medial proximal tibial angle (MPTA), with a normal value of approxi-
mately 87°, is commonly used to assess correction accuracy.g’9 Posterior
tibial slope (PTS) is also a key factor, as unintended changes during
medial open-wedge HTO—such as from incomplete posterior cortico-
tomy or anterior fixation plate positioning—may result in knee

be addressed by the emergence of a novel ancillary technology known as
3D-printed patient-specific instrumentation (PSD).'%!3 Recent system-
atic reviews have evaluated the utility of PSI in medial opening-wedge
HTO. Dasari et al.'* concluded that PSI achieves high accuracy in cor-
onal, sagittal, and mechanical axis corrections, with a low risk of major
complications. Conversely, Pang et al.'® reported that although PSI is
accurate, it may not be essential for typical HTO cases. These findings
underscore ongoing debate regarding the clinical necessity of PSI,
warranting further investigation into its practical benefits and
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limitations.

The purpose of this study was to analyze and compare the effec-
tiveness of 3D-printed PSI and conventional HTO in achieving the target
angle during surgical correction. This was accomplished by evaluating
changes in MPTA and PTS resulting from each technique. By comparing
these outcomes, we aimed to assess the accuracy and precision of PSI-
guided HTO in comparison with the conventional approach. The find-
ings of this study would provide valuable insights into the advantages
and limitations of the PSI technology in improving surgical outcomes in
patients undergoing HTO.

2. Materials and methods
2.1. Patients

A retrospective review of 107 patients who underwent HTO at a
single tertiary center between September 2018 and July 2021 was
conducted. All experimental protocols in this study were approved by
the institutional review board of the participating institution to ensure
compliance with ethical and research standards (IRB 3-2023-0270).
Informed consent was obtained from all subjects participating in the
study, and in cases involving minors or individuals lacking capacity,
informed consent was also acquired from their legal guardian(s) in
accordance with established ethical guidelines.

The inclusion criteria for HTO were individuals aged under 60 years
with varus alignment who were diagnosed with symptomatic medial
compartment osteoarthritis. Additionally, eligible patients were
required to have a range of motion with flexion >120° and extension
loss <10°. Only those who had not responded to conservative treat-
ments—including oral medications and intra-articular injections—for
more than 3 months were considered for HTO as a treatment option. The
exclusion criteria included notable patellofemoral symptoms, lateral
tibiofemoral joint arthritis, and a history of prior knee surgery with
existing hardware. In addition, individuals without appropriate preop-
erative and postoperative radiographic images were excluded from the
study.

A total of 104 patients were included in the study, with 51 and 53
patients in the PSI and conventional HTO groups, respectively. The
allocation of patients to either group was not randomized but was
determined chronologically based on the surgical period. Conventional
HTO was performed during the earlier phase of the study, while PSIHTO
was conducted later, following the implementation of patient-specific
instrumentation at our institution. To minimize potential confounding
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and improve comparability between groups, propensity score matching
was conducted based on age, sex, body mass index (BMI), correction
angle, preoperative hip-knee-ankle angle (HKA), and International
Cartilage Repair Society (ICRS) grade. Following propensity score
matching, a final cohort of 60 patients was included in the analysis, with
30 patients in each group. A flow diagram of this study is presented in
Fig. 1.

2.2. Preoperative planning

A comprehensive range of imaging techniques was utilized for pre-
operative planning, encompassing standard weight-bearing knee ra-
diographs, standing long leg radiographs, and computed tomography
(CT) scans of the lower extremities (SOMATOM Force, Siemens
Healthineers, Erlangen, Germany). CT imaging was selected because of
its high-resolution capabilities, allowing precise segmentation of the
bones and facilitating detailed preoperative planning for PSI.

Bone models were extracted semi-automatically from the CT scans
using the segmentation functionality of Mimics software (Materialize,
Loewen, Belgium). This process involved the generation of 3D triangular
surface models of the relevant anatomical structures, as described in a
previous study.'® A computerized osteotomy simulation software was
used to create virtual 3D models of the bone anatomy of the lower limb.

Once the optimal sagittal and coronal correction angles and osteot-
omy position were determined, a PSI cutting guide model (Skyve R&D
LAB, Seoul, Republic of Korea) was built using additive layer
manufacturing (3D printing) to ensure a precise osteotomy. The pre-
pared PSI was stored in an ethylene oxide gas-sterilized condition prior
to surgery.

Preoperative planning in the conventional group was performed
using the Miniaci method on full-length weight-bearing radiographs to
determine the correction angle and opening gap required for proper
realignment.

2.3. Surgical procedures

Under general anesthesia, the patients were placed in a supine po-
sition on the operating table. A pneumatic tourniquet was applied to the
right upper thigh and set at 320 mm Hg. Following the usual sterile
orthopedic protocol for skin preparation and draping, the pneumatic
tourniquet was inflated. Initially, intra-articular procedures were con-
ducted, including arthroscopy to investigate concurrent conditions, as
well as for articular debridement, removal of loose bodies, and

Patients underwent HTO
September 2018 ~ July 2021
(n=107)

A 4

_____________________ -

Excluded (n=3)
Absence of appropriate pre-
and post-operative images

Complete cohort

(n=104)
PSl group Conventional group Propensity score matching
(n=51) (n=53) based on:
- Age
Propensity score - Sex
I matching """ [~TTTTTTT I TV
Y Y - Correction angle
PSl group Conventional group - Preoperative HKA angle
(n=30) (n=30) - ICRS grade

Fig. 1. Flow diagram illustrating the patient selection and matching process. HTO, high tibial osteotomy; K-L, Kellgren-Lawrence; OA, osteoarthritis; ROM, range of
motion; PSI, patient specific instrument; BMI, body mass index; HKA, hip-knee-ankle; ICRS, International Cartilage Repair Society.
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meniscectomy. Subsequently, an oblique skin incision approximately 7
cm in length was made, starting from the upper aspect of the insertion
site of the pes anserinus. Dissection was performed to expose the medial
collateral ligament, and the distal attachments were released.

Using a C-arm image intensifier (Arcadis Varic, Siemens Healthi-
neers, Erlangen, Germany) for anteroposterior view confirmation, a
guide pin was inserted into the medial cortex of the tibia and directed
towards the fibular head. Another guide pin was inserted in the same
manner, anteriorly and parallel to the first pin. After partially cutting the
tibia at the distal margin of the guide pins, osteotomy was performed
using an electric saw parallel to the guide pins. Open-wedge osteotomy
was then performed by sequentially inserting a wide osteotome blade
into the osteotomy site. The 3D PSI used in the surgery played the role of
a spacer. After the osteotomy, the PSI was inserted into the corre-
sponding site, aligning the tibial cortex with the margin of the PSI,
ensuring that the gap at the osteotomy site was maintained according to
the pre-designed angles (Fig. 2). Subsequently, fixation was performed
using a TomoFix plate (DePuy Synthes, Oberdorf, Switzerland) and
locking screws. Afterward, the PSI was removed, and allogeneic
cancellous bone chips were grafted into the open-wedge space in cases
requiring a correction angle of 10 degrees or more.

In the conventional HTO group, the osteotomy sites were visually
determined with the assistance of intraoperative C-arm fluoroscopy.
Two-plane osteotomy was then performed accordingly. Correction
angle, hardware positioning, and accuracy were repeatedly assessed
using a C-arm fluoroscope. Subsequently, plate fixation and allogeneic
bone grafting were performed in the same manner.

One Hemovac drain was inserted intraarticularly, and another drain
was inserted at the osteotomy site. The wound was sutured in layers, and
after applying an aseptic dressing, anti-embolic stockings were applied.
Subsequently, the patient was transferred to the recovery room.

>~' .’ \
N

Fig. 2. (A, B) Anterior and lateral views of the 3D bone model with the
attached patient-specific instrument (PSI). (C) Open-wedge osteotomy per-
formed following the initial osteotomy using an electric saw. (D) Sequential
insertion of a wide osteotome blade into the osteotomy site, guided by the
predesigned 3D patient-specific instrument.
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2.4. Radiological outcomes

Two-dimensional (2D) images were obtained using the Picture
Archiving and Communication System (GE Healthcare, Chicago, IL,
USA). MPTA was measured on standing lower-extremity radiographs
and was determined as the angle formed by the mechanical axis of the
tibia and tangent line of the tibial plateau. PTS was measured on full-
length tibial lateral-view radiographs and was assessed as the angle
between a line perpendicular to the mechanical axis of the tibia and an
average line connecting the medial and lateral tibial plateaus.'’

For MPTA, the estimated and postoperative values were measured.
Estimated MPTA was defined as the MPTA obtained by drawing a virtual
osteotomy line on preoperative standing lower-extremity radiographs
and rotating the distal part of the image by the correction angle used in
the HTO. Postoperative MPTA measurements were obtained 3 months
after surgery. For PTS, preoperative and postoperative values were
measured. PTS measurements were obtained using radiographic imag-
ing 6 weeks postoperatively (Fig. 3).

The accuracy of 2D measurements was assessed using two variables.
AMPTA represented the difference between the postoperative and esti-
mated MPTA. A positive value indicated overcorrection, whereas a
negative value indicated undercorrection. Similarly, APTS was calcu-
lated by subtracting preoperative PTS from postoperative PTS. A posi-
tive value indicated a steeper slope than the preoperative slope. These
values were analyzed to quantitatively compare the magnitudes and
trends of the errors associated with each method. The measurements
were repeated at 2-week intervals by two different orthopedic surgeons,
who were blinded to whether the surgery was conventional HTO or PSI-
guided, to ensure reliability.

2.5. Statistical analysis

Statistical analyses were conducted using appropriate methods in
this study. For categorical data, the chi-square test was used to assess the
significance of differences between the groups. Continuous data were
analyzed using the t-test to evaluate statistically significant variations. A
P-value less than 0.05 was considered indicative of statistical signifi-
cance. Intraclass correlation coefficients (ICC) were calculated to eval-
uate interrater reliability. ICC values were used to assess the consistency
and agreement between the raters. All statistical analyses were per-
formed using the R software (version 4.2.1; R Foundation, Vienna,
Austria), and data visualization was performed using the ggplot2
package (v3.4.2; Wickham, 2016).

3. Results

Baseline characteristics of the two groups are summarized in Table 1.
After propensity score matching, no significant differences were
observed between the PSI and conventional HTO groups in age, sex
distribution, BMI, preoperative HKA angle, or ICRS grade of the medial
femoral condyle. No significant differences were found in the preoper-
ative MPTA or PTS between the two groups (P = 0.876 and P = 0.777,
respectively; Table 2).

In the conventional group, the estimated MPTA was 94.3° + 2.4°,
whereas the postoperative MPTA was 93.5° + 2.5°. The postoperative
MPTA was significantly lower than the estimated MPTA (P = 0.023). In
the PSI group, the estimated MPTA was 94.1° + 2.6° and the post-
operative MPTA was 94.4° + 2.3°, with no significant difference
observed between the two values (P = 0.468). No significant differences
in the estimated or postoperative MPTA values were observed between
the two groups (P = 0.695 and P = 0.144, respectively; Fig. 4).

In the conventional HTO group, the preoperative PTS was 8.8° +
3.2°, whereas the postoperative PTS was 7.9° &+ 3.5°. The postoperative
PTS was significantly lower than the preoperative PTS (P = 0.033). In
the PSI group, the preoperative PTS was 9.0° + 3.0° and the post-
operative PTS was 8.5° + 2.5°, with no significant difference between
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Fig. 3. MPTA (A and B) is determined by measuring the angle formed between the mechanical axis of the tibia and tangent line of the tibial plateau. To estimate the
preoperative MPTA (A), a virtual osteotomy line is drawn on the preoperative radiographs, and the distal part of the image is rotated by the correction angle used in
the high tibial osteotomy. Postoperative MPTA (B) measurements have been taken 3 months after the surgery. PTS (C and D) is assessed as the angle between a
perpendicular line to the mechanical axis of the tibia and an average line connecting the medial and lateral tibial plateaus. Preoperative PTS (C) measurements have
been obtained before the surgery, whereas postoperative PTS (D) measurements have been taken 6 weeks after the surgery. MPTA, medial proximal tibial angle; PTS,
posterior tibial slope.

Table 1 Table 2
Summary of the demographic characteristics of the patients in the PCI and Estimated and postoperative MPTA, preoperative and postoperative PTS, and
conventional groups. calculated AMPTA and APTS values in the PSI and conventional groups.
Variables PSI group (n = Conventional group (n =  P-value Variables Conventional group (mean PSI group (mean P-
30) 30) + SD) + SD) value
+ SD + SD
(mean <+ 5D) (mean + SD) Preoperative 84.6° + 2.2° 84.5° + 2.5° 0.876
Age,y 57.5+ 5.6 57.6 +£ 8.7 0.958 MPTA
Sex, n (%) >0.999 Estimated MPTA 94.3° + 2.4° 94.1° + 2.6° 0.695
Male 7 (23.33 %) 7 (23.33 %) Postoperative 93.5° + 2.5° 94.4° + 2.3° 0.144
Female 23 (76.67 %) 23 (76.67 %) MPTA
BMI, kg/m2 259+ 2.5 26.2 + 4.2 0.847 P-value 0.023* 0.468
P tive HKA 6.73 + 2.54 6.95 £+ 2.67 0.7824
reoperative Preoperative PTS ~ 8.8° 4 3.2° 9.0° 4 3.0° 0.777
ICRS grade (MFC), n 0.781 . . R . .
(%) Postoperative PTS 7.9° £3.5 8.5° £ 2.5 0.430
3 9 (30.00 %) 10 (33.33 %) P-value 0.033% 0-299
4 21 (70.00 %) 20 (66.67 %) AMPTA —0.9° £ 2.0° 0.3° £ 2.2° 0.034*

. i s .. . APTS —0.9° £+ 2.3° —0.5° £ 2.7° 0.537
PSI, patient-specific instrument; SD, standard deviation; BMI, body mass index,

HKA, hip-knee-ankle, ICRS, International Cartilage Repair Society; MFC, medial MPTA, medial proximal tibial angle; PTS, posterior tibial slope; SD, standard

femoral condyle. deviation, *: <0.05.

the two values (P = 0.299). No significant differences in the preopera- measurements were excellent, with ICCs of 0.96 and 0.93, respectively.
tive and postoperative PTS values were observed between the two For PTS measurements, intra-observer ICC was 0.94 and the inter-
groups (P = 0.777 and P = 0.430, respectively; Fig. 5). observer ICC was 0.91.

In the conventional HTO group, the AMPTA was —0.9° + 2.0°, During the follow-up period, no complications such as surgical site
whereas in the PSI group, it was 0.3° + 2.2° A significant difference was infection, neurovascular injury, delayed bone healing, or implant-
observed in the AMPTA values between the conventional HTO and PSI related issues were observed in either the conventional or PSI HTO
groups (P = 0.034). The APTS was —0.9° + 2.3° in the conventional groups. Consequently, there were no differences in complication rates

HTO group and —0.5° + 2.7° in the PSI group, with no significant dif- between the two groups.
ference between the groups (P = 0.537, Fig. 6, Table 2).
Intra-observer and inter-observer reliabilities for MPTA
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Fig. 4. Box plot of estimated and postoperative MPTA for each group. The postoperative MPTA is significantly smaller than the estimated MPTA (P = 0.023) in the
conventional HTO group. No significant difference is observed between the two values (P = 0.4679) in the PSI group. No significant differences in the estimated and
postoperative MPTA values are noted between the two groups (P = 0.6945, P = 0.1438). MPTA, medial proximal tibial angle; PSI, patient-specific instrument; *: P

< 0.05.
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Fig. 5. Box plot of preoperative and postoperative PTS for each group. The postoperative PTS is significantly smaller than the preoperative PTS (P = 0.0325) in the
conventional HTO group. No significant difference is observed between the two values (P = 0.2999) in the PSI group. No significant differences in the estimated and
postoperative PTS values are noted between the two groups (P = 0.777, P = 0.4302). PTS, posterior tibial slope; PSI, patient-specific instrument; *: P < 0.05.

4. Discussion

The key finding of this study is that PSI-guided HTO demonstrated
significantly greater accuracy in achieving the planned correction angle
than conventional HTO. Specifically, the postoperative MPTA in the
conventional group was significantly smaller than the estimated MPTA

32

(P = 0.023), whereas no significant difference was observed in the PSI
group (P = 0.468). Moreover, the AMPTA was significantly lower in the
PSI group (P = 0.034), indicating a reduced tendency for under-
correction. Given that inaccurate correction is a well-established risk
factor for clinical failure in HTO," the improved precision observed with
PSI suggests that its use may enhance surgical outcomes by optimizing
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Fig. 6. Box plot of AMPTA and APTS for each group. A significant difference is observed in the AMPTA values between the conventional HTO and PSI groups (P =
0.0344). No significant differences in the APTS values are noted between the conventional HTO and PSI groups (P = 0.5371). MPTA, medial proximal tibial angle;

PTS, posterior tibial slope; PSI, patient-specific instrument; *: P < 0.05.

alignment correction.

In terms of PTS, in the conventional HTO group, the postoperative
PTS was significantly smaller than the preoperative value (P = 0.033),
whereas no significant difference was observed between the preopera-
tive and postoperative values in the PSI group (P = 0.299). Although no
statistically significant difference in APTS was observed between the
two groups (P = 0.537), the conventional HTO group exhibited a notable
trend of decreasing PTS. The disparity is possibly attributable to the
surgical technique used by the surgeon to prevent an increase in PTS.
Various methods have been proposed, such as maintaining an anterior
gap and posterior gap ratio of approximately 67-70 % during osteotomy
in the surgical process of medial open-wedge HTO, to preserve PTS.'®

Generally, it is known that PTS can increase in medial open-wedge
HTO due to factors such as incomplete posterior corticotomy, anterior
positioning of the fixation plate, intraoperative technique, and plate
design.’® ! Among these, the intraoperative technique is considered
one of the most technically demanding aspects, particularly for less
experienced surgeons. The use of PSI addresses these technique-related
challenges by guiding accurate osteotomy and plate positioning, thereby
helping maintain the intended PTS. Thus, PSI serves as a valuable tool
for preserving PTS and improving surgical consistency, especially for
novice surgeons.

Several studies have evaluated the accuracy of PSI. In our study, the
error in MPTA was determined to be 0.3° £ 2.2°, which is consistent
with the errors of 0.5°~0.8° reported in other studies.?>** Similarly, the
error in the PTS group was observed to be 0.5° + 2.7°, showing a
comparable level of error to the values of approximately 0.4°-1.7° re-
ported in previous studies.’? > However, although the absolute angle
differences in the conventional group in our study were not significantly
large, their potential clinical impact should not be overlooked. To
minimize measurement bias, the measurements were repeated with in-
tervals by two different orthopedic surgeons who were blinded to
whether the surgery was conventional HTO or PSI-guided to ensure
reliability, although the influence of this process cannot be entirely
excluded. Ultimately, considering the role of HTO in delaying the need
for additional surgeries, such as arthroplasty, a patient’s clinical
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symptoms appear to be the most crucial factor when determining
treatment. Therefore, further studies on long-term clinical outcomes are
needed to determine the true clinical significance.

Previous studies have explored the clinical utility of PSI in HTO with
varying conclusions. For instance, Tardy et al.>° found no significant
superiority of PSI over conventional or navigated techniques,
concluding that all three methods were comparably reliable and precise
in achieving planned corrections. In contrast, a systematic review by
Dasari et al.'* reported that PSI yields high accuracy across coronal,
sagittal, and mechanical axes, with a low risk of major complications.
Similarly, Pang et al.'® confirmed the accuracy of PSI in their
meta-analysis but questioned its necessity in typical HTO cases. These
differing results may be attributed to variations in surgical protocols,
imaging modalities, and PSI design across studies. In our study, PSI was
designed using standard CT imaging and applied with meticulous
intraoperative referencing, which may have contributed to the favorable
accuracy outcomes observed.

This study demonstrated that PSI had promising outcomes in terms
of achieving an accurate target MPTA and maintaining PTS. The ad-
vantages of using PSI-guided HTO include shorter operating times, a
shorter learning curve, reduced fluoroscopy time, the ability to perform
concomitant procedures, and enhanced recovery after surgery.?>%°
However, it should be noted that the PSI used in this study is not yet a
commercially available product. Therefore, when it becomes more
widely accessible, additional considerations should be given to the po-
tential financial burden on patients and the efforts involved in the
manufacturing process. Nevertheless, considering the aforementioned
advantages, there is a strong rationale for further promoting the utili-
zation of PSI-guided HTO.

This study had several limitations. First, the study had a retrospec-
tive design. Second, the sample size was relatively small, which may
have limited the generalizability of the study’s findings. Third, patients
were not randomized to the conventional or PSI group; instead, alloca-
tion was determined chronologically based on the timing of surgery,
with conventional HTO performed during the earlier phase and PSI HTO
during the later phase following the implementation of 3D printing at
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our institution. Although efforts were made to minimize selection bias
through propensity score matching, residual confounding related to the
non-randomized, time-based group allocation may still exist. Addition-
ally, PSI was developed using 3D CT images; however, this study relied
on 2D radiographic images for analysis. Therefore, the potential benefits
and accuracy of PSI may not have been fully captured in this study.
Moreover, conducting further analysis based on postoperative CT im-
ages would provide a more comprehensive evaluation of the operative
outcomes. Lastly, patient-reported outcome scores were not included
due to inconsistent documentation over the long-term follow-up, and
data on fluoroscopy time and surgery duration were not collected. These
factors are important for assessing the efficiency and safety of PSI-
guided HTO, and future studies should incorporate them. These limi-
tations underscore the need for larger, prospective studies with
advanced imaging, standardized clinical assessments, and a focus on
time-related outcomes to validate our findings.

In conclusion, the findings of this study indicated that the use of PSI-
guided HTO could provide enhanced accuracy in achieving the target
MPTA and preventing PTS changes. These results highlighted the po-
tential benefits of incorporating the PSI technology into HTO proced-
ures, contributing to improved surgical precision and patient outcomes.
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