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ABSTRACT

Introduction High tibial osteotomy (HTO) is a treatment

of choice for active adult with knee osteoarthritis. With
advancement in CT imaging with three-dimensional (3D) model
reconstruction, virtual planning and 3D printing, patient-specific
instrumentation (PS) in form of cutting jigs is employed to
improve surgical accuracy and outcome of HTO. The aim of
this randomised controlled trial (RCT) is to explore the surgical
outcomes of HTO for the treatment of medial compartment
knee osteoarthritis with or without a 3D printed patient-specific
jig.

Methods and analysis A double-blind RCT will be conducted
with patients and outcome assessors blinded to treatment
allocation. This meant that neither the patients nor the
outcome assessors would know the actual treatment allocated
during the trial. Thirty-six patients with symptomatic medial
compartment knee osteoarthritis fulfilling our inclusion criteria
will be invited to participate the study. Participants will be
randomly allocated to one of two groups (1:1 ratio): operation
with 3D printed patient-specific jig or operation without jig.
Measurements will be taken before surgery (baseline) and at
postoperatively (6, 12 and 24 months). The primary outcome
includes radiological accuracy of osteotomy. Secondary
outcomes include a change in knee function from baseline to
postoperatively as measured by three questionnaires: Knee
Society Scores (Knee Scores and Functional Scores), Oxford
Knee Scores and pain visual analogue scale (VAS) score.
Ethics and dissemination Ethical approval has been
obtained from the Joint Chinese University of Hong Kong
— New Territories East Cluster Clinical Research Ethics
Committee (CREC no. 2019.050), in accordance with the
Declaration of Helsinki. The results will be presented at
international scientific meetings and through publications
in peer-reviewed journals.

Trial registration number NCT04000672; Pre-results.

Strengths and limitations of this study

» The first randomised controlled trial designed to
study the accuracy and clinical outcome on using
three-dimensional (3D) patient-specific instrumen-
tation (PSI) on patients with knee osteoarthritis re-
quiring high tibial osteotomy.

» Data will be collected longitudinally at baseline and
during follow-up at 3, 6, 12 and 24 months.

» Valuable evidence will be provided to surgeons and
decision makers by highlighting the efficacy and
benefits of using PSI instrumentation on osteotomy.

» The results are expected to have an immediate sub-
stantial impact on clinical practice on the potential
of 3D PSI on improving the surgical outcome for pa-
tients with knee osteoarthritis.

» A limitation of the study is conducted in a single-
centre design.

cartilage degeneration, creating knee pain
and impairing movement. It is the single
most common cause of disability in older
adults according to the WHO. In recent
Lancet review, OA is expected to be the fourth
leading cause of disability globally by 2020,
with knee OA accounts for approximately
85% of the burden of OA worldwide." The
medical cost of OA has been estimated to
be around 1%-2.5% of the gross domestic
product in various high-income countries,
with joint replacements representing the
major proportion of the cost.'

Total knee arthroplasty (TKA) is a common
and highly effective orthopaedic proce-

end of article. INTRODUCTION dure for treating end-stage knee OA with
Correspondence to Background B ' good long-te:rm results when conservative
Professor Patrick Shu Hang Knee osteoarthritis (OA) is a long- treatment fails. Although TKR has been a
Yung; patrickyung@cuhk.eduhk term chronic disease characterised by  successful surgery, up to 20% of patients were
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unsatisfied with the result.” Some of the causes of dissat-
isfaction have been attributed to the failure of artificial
implant to reproduce a normal native knee feeling and
also high functional demand activities after replacement
surgery.” This has fuelled increasing popularity of joint-
preserving surgery like high tibial osteotomy (HTO) to
preserve the native knee joint and allow better function.
Moreover, TKA performed at middle age fails to outlast
the patient and is commonly associated with significant
bone loss at revision surgery. The functional outcome of
revision TKA is worse than TKA after HTO, which has
been reported to have excellent long-term survivorship
and clinical outcome.”

HTO can relieve the symptoms and slow down struc-
tural damage by unloading the medial knee compart-
ment. It redistributes mechanical load in the knee, hence
extending the longevity of native knee joint in this group
of moderate OA patients with high daily activity demand.
It is also a well-established surgical procedure for medial
compartment knee OA with the probability of survival
between 85.4% and 91.6% at 10 years.* In Asia, HTO is
increasingly popular as treatment for knee OA with rising
number of HTO performed in conjunction with the fell
in number of TKA performed. For example, the annual
number of HTO in Korea increased from 2649 cases in
2009 to 8207 cases in 2013, and the annual number of
HTO in Japan increased from 261 cases in 2007 to 2152
cases in 2014.°° Recently, with the advancement of tech-
nology, we started employing patientspecific instrumen-
tation (PSI) on HTO. PSl s a surgical advancement made
possible by the advancement in CT imaging with three-
dimensional (3D) model reconstruction, virtual planning
and 3D printing. By virtue of close approximation of PSI
onto patient’s bony surface, PSI HTO cutting jigs are
designed to improve surgical accuracy and outcome of
HTO. Several groups have reported their results of using
PSI jigs on HTO in small case series without a control
group. However, without a well-designed randomised trial
type of study design, whether there exists scientific signifi-
cant difference in accuracy and clinical outcome by using
PSI on HTO is not known.

Objectives

This trial will explore the surgical outcomes of HTO for
the treatment of medial compartment knee OA with or
without the 3D printed patient-specific jig (PSI jig). The
primary outcomes will be the radiological differences
reflecting difference in surgical accuracy with or without
PSI jig, and the secondary outcomes will be the postoper-
ative change in knee function from baseline using four
questionnaires: Knee Society Scores (KSS) (Knee Scores
and Functional Scores), Oxford Knee Scores (OKS),
Lysholm Knee Scoring Scale and pain visual analogue
scale (VAS) score.”1°

Trial design
The study is a randomised, double-blind controlled study
to compare the surgical outcomes for the treatment

of medial compartment knee OA with or without the
3D printed patient-specific jig, in terms of radiological
outcomes, knee scores, range of motion and pain score
with a 24-month follow-up.

METHODS AND ANALYSIS

This clinical trial protocol follows the Standard Protocol
Items: Recommendations for Interventional Trials
(SPIRIT) guidelines (see SPIRIT checklist in online
supplemental file). The wunderlying protocol also
follows the Consolidated Standards of Reporting Trials
(CONSORT) guidelines (see CONSORT checklist in
online supplemental files. The trial was registered on clin-
icaltrials.gov.).

Participants, interventions and outcomes

Participants and setting

Participants will be primarily recruited from the outpa-
tient clinic of the Department of Orthopaedics and Trau-
matology at the Alice Ho Miu Ling Nethersole Hospital.
Additionally, the Prince of Wales Hospital (affiliated with
the Chinese University of Hong Kong) in the same New
Territories East Cluster, will also help to refer suitable
patients for the trial. Figure 1 shows the overall flow chart
of the study.

Eligibility criteria
To be enrolled in this trial, the following eligibility criteria,
assessed at screening, will be met:

Inclusion criteria

The inclusion criteria are as follows:

1. Aged 218 years and <70 years.

2. Symptomatic patient with medial compartment knee
OA.

3. Clinical diagnosis of knee OA (American College of
Rheumatology criteria) with radiographic changes
(Kellgren-Lawrence grades 2 or 3).

4. Body mass index (BMI) <35kg/m”.

5. Informed consent obtained.

Exclusion criteria

The exclusion criteria are as follows:

1. Lateral compartment OA.

2. Symptomatic patellofemoral compartment OA.

3. Inflammatory arthritis.

4. Significant loss of knee joint range in flexion (less than
100°) or in extension (less than — 10°).

. Ligamentous instability.

. Obesity with BMI >35kg/m”.

. Significant psychological disorder.

. Inability to communicate in Chinese or English
language.

L J O Ot

Recruitment

Eligible patients will be recruited from the outpatient
clinic with written consent in the Prince of Wales Hospital
& Alice Ho Miu Ling Nethersole Hospital based on the
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Figure 1

The study flow diagram, including participants' recruitment, eligibility, screening, randomisation, allocation

concealment and outcome assessments. MOWHTO, medial open-wedge high tibial osteotomy; PSI, patient specific

instrumentation.

inclusion and exclusion criteria. Basic patient demo-
graphics, including age, gender, ethnicity, occupation,
BMI, and smoking and drinking habits, will be recorded.
Medical history will also be confirmed and recorded from
the Clinical Management System, Hospital Authority,
which is the central electronic database for public hospi-
tals in Hong Kong. Before signing the consent form, each
patient will be explained the objectives, benefits and risks
of the study and their rights and responsibilities, as well as

privacy and confidentiality information. An information
sheet will be distributed, and all patients are asked for
their understanding of the trial and encouraged to ask
questions at any time.

Sample size calculation

Radiological assessment of accuracy will serve as the study
primary outcome. Specifically the average osteotomy cut
from joint line will be used as a determinant outcome
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of this study. As no previous reports guide the expected
results, our preliminary pilot data have guided our calcu-
lations. Based on our previous cases of HTO, we noted
the average osteotomy plane entry point deviation from
planning with PSI jig is 0 cm+0.3 cm and without PSI jig is
0.76 cm+1.2 cm. Therefore, a sample size of 15 per group
canachieve an 95% power to detect the difference between
the two groups, with an alpha level of 0.05 and effect size
of 0.95 using a two-sided two sample t-test. To account
for attrition, we have increased our sample by 20%. Our
sample size of 18 participants per treatment arm (total
n=36) will be sufficient to address our primary objective.
Our secondary objectives will be considered hypothesis-
generating information to guide future work. The sample
size was calculated using G*Power 3.0 software.

Randomisation and allocation concealment

Randomisation will be accomplished by computer-
generated randomisation sequence using serially
numbered opaque, sealed envelopes with patients
assigned either to intervention or control groups. All
investigators, research staff and patients will be blinded
to the group assignment of the subjects, nor will they be
aware of the allocation during the study and evaluation
periods. However, blinding the surgeon performing the
HTO is not feasible because they shall perform surgery
either with or without using the jig, but the subsequent
assessment and analysis shall be done by blinded research
staff and investigators. A randomisation code will be allo-
cated to each included subject to maintain blindness.
Randomisation code will be broken only after the database
had been locked. Patient rehabilitation, postoperative
assessment and data analysis are conducted by personnel
blinded to the patients’ randomisation assignment.

Study interventions

Current standard practice (routine HTO surgery)

The controlled arm would be standard medial open-
wedge HTO using current standard practice. In brief,
an incision is made in the midway between posterome-
dial border of the tibia and medial aspect of the tibial
tuberosity. Sartorius fascia is cut and retracted medially
to expose the medial collateral ligament (MCL). Two to
three 2.5 mm K-wires are placed 4cm below the medial
joint line towards the proximal tibiofibular joint (PTF])
over lateral tibial cortex under fluoroscopy, and oste-
otomy is done below and parallel to the k-wires using
an oscillating saw (blade thickness 0.9mm) leaving the
lateral 5mm intact. Thin osteotomes are used to gradually
open the osteotomy, and finally, the desired correction is
achieved with the use of computer navigation (Orthomap
ASM, Stryker, Michigan, USA) checking overall lower
limb alignment.

Intervention group

Three-dimensional printed patient-specific jigs (PSI
jig) (figure 2) are created based on the preoperative
CT image. Before operation, lower limb from hip to

Figure 2

Image of PSI jig. PSI, patient-specific
instrumentation.

ankle centre were scanned by CT with slice thickness
<Imm covering the proximal tibia and knee joint. CT
image data were made available in Digital Imaging and
Communications in Medicine format and transferred to
a standard desktop computer and loaded to Mimics soft-
ware (Materialise, Louvain, Belgium) for segmentation.
Virtual planning of osteotomy plane and the associated
jig was performed on Materialise 3-matic 13.0 (Mate-
rialise) according to TomoFix plate (Synthes Medical,
Oberdorf, Switzerland) surgical technique manual. PSI
jigs were printed in stainless steel by 3D metal printing
machine (LUMEX Avance-25, Matsuura, Japan). Stan-
dard medial open wedge osteotomy similar as described
previously is performed with modification. Incision is
made in the midway between posteromedial border
of the tibia and medial aspect of the tibial tuberosity.
Sartorius fascia is cut and retracted medially to expose
the MCL. Then the PSI jig is positioned onto the tibia.
Due to the patient-specific design (individually based on
each patient’s CT image), it can fit closely to the prox-
imal tibia. The slot opening on the PSI jig corresponds
to 4cm below the medial joint line, and the slot design
allows the sawblade (blade thickness 0.9 mm) to cut direc-
tion towards PTF] over lateral tibial cortex under fluoros-
copy. The PSI jig is removed after the bone cut completed
and would not retain in patient’s body. Thin osteotomes
are used to gradually open the osteotomy. A 3D printed
wedge that corresponds to opening gap size of osteotomy
is used to achieve the desired correction and supersede
the computer navigation (set-up also as part of blinding)
values for alignment in case of discrepancy. The reha-
bilitation and follow-up of the intervention group is the
same as the routine patients (control group) undergoing
medial open-wedge HTO for knee OA.

Outcomes and outcome assessments
Outcome assessments of the patients will be performed
at baseline (Omonth), immediately before discharge, at 3

4
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Table 1 Study timeline of assessment

Enrolment Assessment period
Immediate
before
Preop discharge 3 months 6 months 12 months 24 months
Enrolment
Informed consent v
Assessment of eligibility v
Randomisation v
Assessments
Anatomical
CT scan v v 4
Scanogram v v
Knee radiographs v v v v v 4
Functional
Knee Society Knee Score v v v v
Knee Society Function v/ v v v
Score
Oxford Knee Score v v v v
Lysholm Knee Scoring v v v v
Scale
ROM 4 v v v v v
VAS score v v v v v v
Others
Additional use of analgesics v
Postoperative complications v v v v v

and adverse events

ROM, range of motion; VAS, visual analogue scale.

months, 6 months, 12 months and 24 months timepoints.
Table 1 shows the overall assessments needed for each
timepoint.

Primary outcome

Radiographic assessment on surgical outcome

The primary outcome is obtained by postoperative radio-
logical assessment of radiographs and CT images to
compare the accuracy of PSIjig with freehand bone cutin
achieving preoperative planned bone cut. The planned
bone cut is from 4 cm below the medial joint line towards
PTEJ near the lateral tibial cortex. Accuracy is measured
by comparing the planned versus final position of: the
blade entrance point (proximal/distal translation on CT
images), osteotomy plane (towards PTF]) angulation and
osteotomy gap opening angle (two-dimensional angles in
coronal and sagittal plane on CT images). It also includes
comparison with navigation on overall alignment correc-
tion. Anteroposterior full-length lower limb radiographs
are taken with patients in the standing position to assess
postoperative lower limb alignment correction, which
is compared with the preoperative planning based on

Miniaci method calculation to achieve target alignment
passing through the Fujisawa point.'' '

Secondary outcome

Knee function and pain score

Secondary outcomes include the clinical outcome on knee
score and knee function. The quality of knee function
and pain will be assessed by the previously reported and
validated Knee Society Knee Score and Function Score.
The KSS was designed to provide a simple and objective
scoring system to rate the knee and patient’s functional
abilities before and after TKA and also employed to assess
HTO as well."””'* The KSS has a Knee Score section and a
Functional Score section, covering on pain, symptom and
activities of daily living. Both sections are scored from 0
to 100 with lower scores being indicative of worse knee
conditions and higher scores being indicative of better
knee conditions.

Whereas, the OKSis a 12-item patient-reported outcome
measures (PROMs) originally designed and developed to
measure subjective outcome after TKA but later have also
been used to assess outcome of HTO.*'°'® Each question
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is scored from 0 to 4 (0 being the worst outcome and 4
being the best). The overall score is the sum of all items
and can range from 0 to 48, with higher scores corre-
sponding to better outcomes. The Lysholm Knee Scoring
Scale is a patientreported instrument that consists of
subscales for pain, instability, locking, swelling, limp, stair
climbing, squatting and the need for support. Scores
range from 0 (worse disability) to 100 (less disability).10

The pain VAS is an unidimensional measure of pain
intensity, which has been widely used in diverse adult
populations, including those with degenerative knee
diseases.

Adverse events, safety and compliance assessment

Any postoperative pain, complications and other
complaints from the participants will be monitored and
taken care of by medical officers. Any adverse event or
problems arise during the study will be reported directly
to the ethnic committee in the institution. In addition,
participants are allowed to quit the study at any time for
any reason; if so, they will be asked whether they wish to
be followed up according to the trial schedule.

Data management and confidentiality

A research assistant will be trained to ensure accuracy
of outcome assessments and data collection. The ethics
committee will oversee any issues disturbing quality of
research, and corresponding measures will be taken if
necessary. Patients are free to withdraw from the study at
any time without giving any reasons, and their medical care
or legal rights will not be affected. The study will comply
with the good clinical practice guideline according to the
International Council for Harmonisation. Each patient
will be assigned an identification code. The patient iden-
tification code list and database will be safeguarded.

Data statement

Data and resources will be shared with other eligible
investigators through academically established means.
The protocol and datasets used and/or analysed in this
study will be available from the corresponding author on
reasonable request.

Statistical analysis

Data in this study will be analysed according to the
intention-to-treat principle. Only full analysis set and
per-protocol set will be used for primary analysis. Any
missing data will not be input for calculation. Quantita-
tive variables will be expressed as mean+SD. Normality
tests will be performed to determine whether the data
are normally distributed. Analysis of variance tests with
Bonferroni correction are used for multiple testing of
continuous variables. Whereas, %* test will be used to
compare proportions of categorical variables and to
calculate the differences in the count data. Mixed effects
models will be used to analyse the trend of changes in
the scores with two factors of groups and time. In addi-
tion, a survival analysis on the surgical approach will be
shown as a Kaplan-Meier curve. The statistical analysis

will be performed using a commercialised statistical soft-
ware (SPSS, V.25). All statistical significance is defined as
p<0.05.

Patient and public involvement

This research was done without patient involvement.
Patients were not invited to comment on the study
design and were not consulted to develop patient rele-
vant outcomes or interpret the results. Patients were not
invited to contribute to the writing or editing of this docu-
ment for readability or accuracy.

Ethics and dissemination

Ethics approval and consent to participate have been
obtained from the Joint Chinese University of Hong Kong
— New Territories East Cluster Clinical Research Ethics
Committee (CREC no. 2019.050), in accordance with the
declaration of Helsinki. The results will be presented at
international scientific meetings and through publica-
tions in peer-reviewed journals.

Protocol version

This study protocol was approved on 13 March 2019 as

detailed in this manuscript.

Study participant consent (see online supplemental file)

1. Surgeon consent: the principal investigator(PI) and
coinvestigators met with potential surgeons (with
=byear of experience in performing HTO) individu-
ally or as part of faculty meetings to discuss the study
and to answer any questions. The surgeons were given
a copy of the proposal detailing the assessments to re-
view. Surgeons provided verbal and email consent to
the PI to indicate their willingness to participate.

2. Patient consent: informed written consents for par-
ticipation into this PROTECTED HTO trial will be
obtained from every patient before their operation.
Detailed risks and benefits will be explained when ob-
taining the consent from the patients.

DISCUSSION

As previously shown, HTO is a proven effective method
to treat relative young and active adults with knee OA."
In conventional method, HTO is performed using intra-
operative fluoroscopy to judge the site and direction of
osteotomy, degree of alignment correction and change
of posterior slope. However, surgical accuracy with the
conventional method is reported to be limited and hence
computer navigation has been introduced to improve
accuracy in performing HTO. In a recent publication
on comparing between computer navigated HTO and
conventional HTO, it reported that the risk of outlier in
alignment was lower in computer navigated HTO than
conventional method.'® In addition, the tibial slope main-
tenance was comparable, if not better, in navigated HTO
than conventional HTO.'® Moreover, navigated HTO did
not show a discrepancy with conventional HTO on the
functional scores."
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PSlis a development in orthopaedic field made possible
by the advancement in in CT imaging with 3D model
reconstruction, virtual planning and 3D printing tech-
nology, in which an instrument that can couple closely to
the targeting bony surface is virtually planned and later
produced by 3D printing. The putative benefits of these
PSI include increased surgical accuracy, decreased oper-
ation time and elimination of the need for extra devices
or reference trackers.' *” The application of PSI on HTO
as a cutting jig is reported achieving precise osteotomy
and accurate realignment of lower limb in case series."
However, evidence in form of randomised controlled
trial evaluating outcome of HTO performed with PSI
is lacking. The current study described in this protocol
can fill this gap in knowledge regarding the advantages
of PSI use on HTO. A head-to-head comparison with
computer navigated HTO was designed in this protocol
given previously reported superiority of computer navi-
gated HTO over conventional HTO." Radiological
outcome, in terms of discrepancy to planned osteotomy
and realignment, and clinical outcome, in terms of func-
tioning score assessment, were reported. Various PROMs
or clinical scoring system have been used to gauge the
surgical outcome of HTO,?" and in this study, KSS (Knee
Score and Function Score) and OKS will be used. These
are also the most common PROMs and clinical scoring
system for unicompartmental knee arthroplasty and TKA,
with the former being a common alternative treatment
for isolated medial compartment OA and the latter being
the choice of conversion when HTO fails. Moreover, by
using the same sets of PROMs and clinical scoring system
as in other reports, this would allow seamless and mean-
ingful comparison between different treatment modali-
ties for the same clinical problem.'

Enrolment of this trial have commenced on late 2019,
and completion is expected to take 36 months. The results
from this trial may help to change the current clinical
practice, as this will be the first randomised study to eval-
uate whether patient specific jigs can improve the surgical
accuracy and clinical outcome for those requiring HTO.
Importantly, we speculate that positive results would
allow the incorporation of PSI into multiple orthopaedics
surgeries to help to improve healthcare for our patients
in the future.
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