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Abstract

Background

The wedge opened during high tibial osteotomy defines the alignment correction in different body
planes and alters soft tissue insertions. Although multiple complications of the surgery can be
correlated to this, there is still a lack of consensus on the occurrence of those complications and
their cause. The current study aims to clarify this problem using a combined medical and
biomechanical perspective.

Methods

We conducted a systematic review of the literature on selective complications of the surgery
correlated with the angles of the opened wedge. Search topics covered tibial slope alteration,
patellar height alteration, medial collateral ligament release, and model-based biomechanical
simulations related to surgical planning or complications.

Findings

The selection process with the defined inclusion/exclusion criteria led to the collection of
qualitative and quantitative data from 38 articles. Medial collateral ligament tightness can be a
valid complication of this surgery; however, further information about its pre-operative condition
seems required for better interpreting the results. The posterior tibial slope significantly increases
and the patellar height (using the Blackburne-Peel ratio) significantly decreases in the majority of
the selected studies. Model-based biomechanical studies targeting surgical planning are mostly
focused on the lower-limb alignment principles and tibiofemoral contact balancing rather than
surgical complications.

Interpretation

Increased posterior tibial slope, patellar height decrease, and medial collateral ligament tightness
can occur due to alterations in different body planes and in soft tissue insertions after wedge
opening. This study clarified that information about pre-operative alignment in all body planes and
soft-tissue conditions should be considered in order to avoid and anticipate these complications
and to improve per surgery wedge adaptation. The findings and perspective of this review can
contribute to improving the design of future clinical and biomechanical studies.

Key-words Open-Wedge High Tibial Osteotomy ¢ Medial Collateral Ligament tightness ¢
Posterior tibial slope ¢ Patellar position « Biomechanical simulation
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1. Introduction

Open-Wedge High Tibial Osteotomy (OWHTO) is a joint preserving treatment for medial knee
osteoarthritis used especially for young and active patients with a varus deformity [1-3]. The
purpose of this surgery is to transfer the excessive axial loads applied on the medial compartment
of the knee to the lateral compartment. This can be achieved by performing a wedge osteotomy on
the medial side of the proximal tibia that results in moving the mechanical axis of the lower limb
to pass through the lateral tibiofemoral compartment rather than the medial compartment [4,5].

The main difficulty of this surgery is to find the correct modification of limb alignment that
significantly reduces the pressure and contact area of the medial compartment without increasing
these values in the lateral compartment or creating laxity in valgus. The amount of the required
correction is traditionally defined based on the frontal projected X-ray. In these cases, the patient’s
X-ray is used to define the weight-bearing axis (WBA) or the standing hip—knee—ankle (HKA)
angle, and the surgeon decides on the correction amount based on a recommended zone that has
been suggested by the literature for either of these parameters [6—8]. However, these protocols do
not seem to be the optimum solution for all the patients because the follow-up studies show a high
rate of under or over-corrected cases [5] with deterioration of the outcomes in longer follow-ups
[9,10]. The unsolved question of re-alignment has resulted in multiple studies taking various
approaches including clinical studies [11,12] and in-vivo or cadaveric biomechanical studies
[13,14]. However, there is still a high lack of consensus on the ideal alignment after HTO and some
study results even seem to be contradictory.

From a biomechanical perspective, the exact size and shape of the wedge opened on the tibia during
the osteotomy process defines the amount of alteration made on the lower limb alignment not only
in the frontal plane but also in the sagittal plane. In addition to that, the angles of the opened wedge
can be directly related to the change of tension inside the soft tissues whose insertion site has been
altered during HTO. D'Entremont et al. performed a study using a Magnetic Resonance Imaging
(MRI) based method on OWHTO and found that this surgery changes both tibiofemoral and
patellofemoral kinematics in a manner that cannot be assessed using conventional radiology [15].
As aresult, it seems necessary to take a different perspective while analyzing the complications of
OWHTO and trace the complications that could have been caused by having a simplistic view of
wedge opening during the planning step.

Non-consideration of changes in the sagittal plane during the planning step can lead to alteration
of the tibial slope [16]. Some observations show that increased posterior tibial slope can induce an
anterior translation of the tibia with respect to the femur which opens a concern about whether it
can increase the strain of the Anterior Cruciate Ligament (ACL) and result in a higher risk of ACL
rupture [17]. On the other hand, change of tension inside the soft tissues whose insertion site has
been altered during OWHTO can be traced to complications such as increased pressure in the
medial tibiofemoral compartment due to Medial Collateral Ligament (MCL) tightness [18]. This
effect of alteration in a soft tissue insertion can also be correlated to the alteration in the position
of the patella as it is attached to the patellar tendon. The exact clinical effect of alteration in patellar
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position is still unclear on patellofemoral pain, but symptoms of association with patellofemoral
pain have been observed with patellar lateral shift [19] and also observation of patellofemoral
arthritis in second-look arthroscopy [20]. While the aforementioned complications can be foreseen
from a biomechanical point of view, their occurrence may be still a place of debate among different
clinical and cadaveric studies with contradictory results.

As a result, the objective of this systematic literature review is to investigate the occurrence of
tibial slope alteration, patellar position modification and excessive pressure due to MCL tightness
after OWHTO and to discuss their sources and correlation with the opened wedge angles. In this
context, the medical literature is considered as a starting point while at the discussion level, a
biomechanical perspective is also added to assist the interpretation of the results. Finally, model-
based biomechanical studies targeting the planning of HTO are also addressed to find out their role
in better distinguishing the parameters involved in the surgery.

2. Methods
2.1. Search strategy

We performed a systematic literature review through PubMed, Science Direct, and Cochrane in
accordance with the PRISMA protocol. The last bibliographic search was done on November 20,
2019. The electronic search strategy developed by the authors was critically reviewed by a health
science librarian, using the guideline statement of Peer Review of Electronic Search Strategies
(PRESS) 2015 [21]. The search concepts included: (1) studies addressing sub-optimal outcomes
and complications of OWHTO, (2) morphological and anatomical changes induced by OWHTO,
(3) biomechanical studies using multibody or Finite Element (FE) modeling techniques in
relevance to assisting HTO. During the search process, standardized medical subject headings
(MeSH terms) including “high tibial osteotomy”, “analysis, finite element”, “medial collateral
ligament, knee”, “articulation, patellofemoral” and Text Words including “tibial slope”,
“pressure”, “patellar height”, “patellar tracking” were used. Meaningful combinations of these
terms and words were used to form possible search strings, for example, (high tibial osteotomy
[MeSH terms]) AND ((pressure [MeSH terms]) OR (medial collateral ligament, knee [MeSH

terms])).

Following the initial search steps, the titles of all the search outcomes were assessed and only peer-
reviewed studies were collected. The two review authors (E.E., G.C.) analyzed independently the
titles and abstracts of the screened articles. At this step, the articles without any abstract were
excluded. A second search for relevant articles was performed within the references cited in the
selected articles. References were imported into bibliographic management software and all
duplicates were removed. Then, the review authors read the full texts of the selected articles
independently.

2.2. Eligibility criteria
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All the articles reporting the biomechanical changes induced by OWHTO were included in the
review. Besides, articles on the biomechanical modeling of OWHTO using multibody dynamics
and FE methods were included. We excluded all articles on lateral closing high tibial osteotomies,
double osteotomies, osteotomies performed to treat knee laxities, computer-assisted surgical
methods, plate design, and positioning, technical notes as well as the articles related to the other
complications of OWHTO that were not in the interest of the current study. A language filter has
also been used to only include articles written in English. The exclusion reasons of the full-text
articles that were assessed at the eligibility step are presented in Figure 1.

2.3. Data extraction and quality assessment

The qualitative and quantitative data of the articles were extracted independently by two review
authors of the study (E.E., G.C.). In case of disagreement, a discussion was made between the two
authors. The data extracted from the articles were the title of the study, the authors, the year of
publication, and the design of the study. Then, each review author compiled in independent tables
the main results concerning tibiofemoral pressures according to the MCL status, changes in tibial
slope, changes in patellar height and/or patellar tracking, and biomechanical simulations. To
evaluate the methodological quality of the studies included in our data analysis, we used the
validated QUACS scale (13 items) for cadaver studies and the STROBE scale (22 items) for clinical
studies.
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Figure 1. PRISMA flow diagram of the search and selection process and the effect of application of inclusion/exclusion criteria.
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3. Results

A total of 38 studies met the inclusion criteria for the systematic review. The PRISMA statement
flowchart depicted in Figure 1, shows the number of search results (a total of 3062 articles) and the
number of articles that were included or excluded [22]. The 38 included articles were then divided
into the defined categories based on their topics and provided results. The defined categories, as
well as the number of articles included in each category, are as follows: MCL release (6 articles),
posterior tibial slope (14 articles), patellar position (12 articles), and biomechanical simulations (6
articles).

3.1. MCL release

Six articles studying the effect of MCL release on tibiofemoral contact and valgus laxity (Table 1)
were included. As presented in Table 1, the alteration in the contact pressure and contact area in
the medial and lateral compartments are reported after osteotomy. These results are categorized
based on the level of release done on the superficial bundle of MCL (sMCL) and the amount of
alignment correction during HTO. Besides, the change in valgus laxity has been reported by three
studies. The quality of the studies (QUACS or STROBE scores) has also been assessed based on
the nature of the study and reported.

3.2.Tibial slope

Fourteen articles were included in the tibial slope category and the corresponding results are
provided in Table 2. The osteotomy techniques used in these studies vary between conventional
(monoplanar) osteotomy (with and without navigation) and biplanar osteotomy. In addition to the
posterior tibial slope before and after surgery, the difference of this variable is provided to simplify
comparisons between studies. The statistically significant results are marked in red (Table2).

3.3.Patellar position

Twelve studies were selected for the category of patellar position (Table 3). The reported outputs
of the selected studies are divided into patellar height, lateral patellar tilt, and patellar shift.
Considering that various methods were used to assess the patellar height in the selected studies,
five different indices were chosen to compare the alteration in the patellar height after HTO. These
indices include Insall-Salvati, modified Insall-Salvati, Caton-Deschamps, Blackburne-Peel, and
Modified Blumensaat as defined in the literature [23,24]. The results of the quality assessment of
the selected papers (STROBE scores) are also presented in Table 3.
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193 Table 2: Modifications of the tibial slope. PTS: Posterior Tibial Slope, HTO: High Tibial Osteotomy, HKA: standing hip—knee—
194 ankle, OW: Open-Wedge, CW: Closed-Wedge, *In red: statistically significant data

Authors Study type Osteotomy technique No. Correction PTS PTS PTS QUACS | STROBE
(year) knees | amount pre-HTO post-HTO | difference
Martineau et | Cadaveric ow 6 5 mm 8° 12.1° 14.1°%* 7/13
al. (2010) 10 mm 16.3° 183°%
[30]
Ozel et al. | Clinical ow 39 Mean HKA | 8° 15° 170 * 14/22
(2017) [31] 183.7°
Sterett et al. | Clinical oW 82 — 12.5° 16.5° 140 * 18/22
(2009) [32]
Lee et al. | Clinical ow With 40 Fujisawa 10.5° 11.5° 11° 17/22
(2014) [33] navigation point
Without 40 8.7° 8.2° 10.5°
navigation
Nerhus et al. | Clinical ow 70 HKA 186° 7° 8° T1°* 17/22
(2017) [34] (CW studied but not total
reported here)
Noyes et al. | Clinical ow 55 — 9° 10° 11° 15/22
(2006) [4]
Elmali et al. | Clinical Monoplanar 56 HKA 186.4 10.1° 11.7° 11.6°* 15/22
(2013) [35] ow osteotomy
Biplanar 32 HKA 1854 | 9.9° 10.7° 10.8° *
osteotomy
Birmingham Clinical ow 126 HKA 180° 5.15° 6.37° 11.220 % 15/22
al. (2009)
[36]
Chang et al. | Clinical OW | With 41 WBA 11.7° 12.2° 10.5° 19/22
(2017) [37] navigation passing
64.3%
Without 66 WBA 12.1° 13.1° 11°
navigation passing
57.3%
Na et al | Clinical oW 71 HKA: 10.6° 10.9° 10.3° 18/22
(2018) [38] 182.6° (varus>4° (varus>4° (varus>4°)
(varus>4°) ) )
HKA: 10.0° 10.7° 10.7°
184.2° (varus<4° (varus<4° (varus<4°)
(varus <4°) ) )
Van Egmond | Cadaveric ow 25 HKA: — 16.2° 11.6° 9/13
et al. (2016) (CW studied but not | OW 184.3° (open)
[39] reported here) (open)
Nha et al. | Clinical ow — — — — 120 *
(2016) [40] meta-analysis (CW studied but not
reported here)
Yan et al | Literature With 1608 — navigated HTO produces significantly less
(2016) [41] review ow navigation change in PTS compared to conventional
Without 608 methods.
navigation
Wu et al. | Comprehensive OW & CW 663 — open-wedge HTO showed greater PTS
(2017) [42] meta-analysis ow angle compared to closed-wedge,
581 11310 %
cw

195
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Table 3: Patellar position modifications during OWHTO. NS: Not Significant, *In red: statistically significant data, mBP:
modified Blackburne-Peel ratio, OW: Open-Wedge, Clin.: clinical study, Monopl.: monoplanar, Postop.: postoperative.

Patellar height
= » : =
& 5 | 2 B2 | 2| £, g
Authors <. | Osteotomy £ 35 'g 5% % _g 2 E Lateral Shift &
(year) g | technique s £ 2 § e O 3 & Modified tilt (mm)
« z © s Insall-Salvati = = A Blumensaat
HKA:
Longino et al. OW | Biplanar 29 180.8° — — 10.09%* 10.10%* — — —
(2013) £ HKA:
[43] © Monopl. 29 179.9° NS NS 10.19* 10.23*% | — — — 19/22
10.308 * 10.094 *
ow WBA (Postop.) (Postop.)
Hanada et al. E (CW not passing 10.238 (NS) 10.153 *
(2014) [24] © reported here) 10 62.5% (after 1 year) — —_ —_ (after 1 year) — — 13/22
Tanaka et al. E HKA:
(2018) [44] © Biplanar OW 52 181.3° — — 10.16% | — — — — 14/22
HKA:
Biplanar 33 180.3° 10.01 10.01 10.04* 10.03* | — 11.40°% 10.01
Park et al LE ow HKA:
(2017) [23] © Monopl. 30 180.8° 10.05* 10.08* 10.10%* 10.09* 12.00°* | 10.01 | 16/22
Fan et al g HKA:
(2012) [45] C | ow 9 183.9° 10.07 — — 10.19% | — 10/22
Bito et al E mBP
(2010) [46] © | ow 49 — — — — 10.2* 12.20% NS 11/22
.| OW
Song et al é (CW not
(2012) [47] reported here) 50 — — — — 10.10% | — 10.6° 10.4 9/22
Lee et al E HKA:
(2016) [48] © oW 46 181.4° — — — 10.1* — 11.8%% NS 11/22
D'Entremont
et al. (2014) |
[15] © | ow 14 — — — — — 12.20°% 10.9% | 17/22
Birmingham
et al. (2009) | £ HKA:
[49] © | ow 126 | 180° NS — — 10.05* | — — — 15/22
HKA:
oW Biplanar 32 185.4° NS — — NS — — —
Elmali et al. g HKA:
(2013) [35] © Monopl. 56 186.4° 10.07* — — 10.07% | — — — 15/22
Noyes et al. E
(2006) [4] © | ow 55 — — — — 10.09 — — — 15/22

3.4. Biomechanical simulations

Among the selected articles in the current review, a total of six articles have chosen a biomechanical
simulation approach with generic or subject-specific modeling (Table 4). These articles were
mainly focused on testing the effect of the alignment principle on tibiofemoral contact balancing
or estimating the optimum alignment based on subject-specific models. One article had studied the
effect of MCL slackness and MCL release on the biomechanical outcomes. The objectives,

findings, and various validation methods of these studies are presented in Table 4.
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4. Discussion

4.1. MCL release and its correlation with tibiofemoral contact pressure

The MCL is composed of two bundles. The superficial bundle is distally attached to the medial
aspect of the proximal part of the tibia and the deep bundle that is attached to the joint capsule. To
perform OWHTO, the medial proximal part of the tibia needs to be exposed. As a result, to properly
expose this region and based on the condition of MCL in each patient, various strategies might be
adopted by the surgeons concerning the MCL: preservation, selective release of the superficial
bundle, or a complete release of the superficial bundle. This of course raises concern about the
effect of SMCL release on valgus stability and also leads to questioning the correct approach to
take concerning SMCL and its effect on the tibiofemoral contact pressures.

As shown in Table 1, various studies showed that performing an OWHTO without any release of
the SMCL results in an increase of the sMCL strain, an increase in the contact area and pressures
on the medial tibiofemoral compartment, and a decrease in these parameters on the lateral
compartment [18,27,28]. This condition, which is in contrast with the objective of performing
OWHTO, can even be deteriorated by increasing the size of the opened wedge. The results of the
cadaveric study performed by Seitz et al. showed that a 5° and 10° wedge opening in the tibia
respectively increased the medial contact pressure up to 0.11 and 0.14 MPa with respect to the
pressure before surgery [18].

Generally, the release of the superficial bundle resulted in a decrease in the contact area and
pressures on the medial compartment and an increase in these parameters on the lateral
compartment [18,27,28]. For instance, for a 10° opening during osteotomy, there was a significant
decrease in the medial tibiofemoral pressure after completely releasing SMCL in comparison to the
unreleased state [18,27]. This decrease was reported to be 0.13 MPa by Seitz et al. [18] and 0.17
MPa by Van Egmond et al. [27]. In the same category, Agneskirchner et al. reported an average
pressure decrease of 0.44 MPa and 0.64 MPa respectively by 50% sMCL release and complete
sMCL release, with respect to unreleased sMCL in osteotomies performed to move the mechanical
axis of the knee to pass through the Fujisawa point [28]. Although it is important to bear in mind
that the actual goal was to reduce the medial contact pressure and contact surface compared to the
intact knee, which was not achieved by 50% MCL release as the respective 0.24 MPa and 29.7
mm? increases in these values imply. As concerns the lateral compartment, the results seemed
contradictory in many cases. The results provided by Seitz et al. [ 18] and Agneskirchner et al. [28]
showed that the pressure and area of contact after OWHTO has decreased in the lateral
compartment regardless of the SMCL release. These results were in contrast with the results of Van
Egmond et al. and Suero et al. who reported an increase in these values [27,29].

As previously mentioned, MCL release could have a negative impact of increasing the valgus laxity
that could clinically induce a feeling of instability for the patient. Concerning laxity of the knee
during valgus stress, there was less consensus on the outcomes. The study performed by Pape et
al. suggested that releasing the SsMCL increases the valgus laxity and thus it should be kept to a
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minimum to decrease the potential of late valgus instability [25]. However, the alignment of the
cadaver knees has not been altered in this study and the conclusion has been made without
performing any HTOs. This finding was supported by the study of Van Egmond et al. that showed
a laxity increase of nearly 8° after a complete release of the sMCL [27]. On the contrary, the clinical
study of Seo et al. [26] revealed that the increase of the medial joint opening (MJO) because of
complete release of SMCL was totally recovered after opening the wedge during medial osteotomy.
There was no significant difference between the pre-operative and post-operative MJO values at 3,
6, and 12 months after surgery.

Most authors seemed to have a consensus that releasing the superficial bundle of the MCL during
OWHTO helps with better achieving the goals of the surgery, although complete information about
the releasing technique was missing in many cases. Indeed, when no release was performed, the
opening of the gap of the osteotomy caused a significant increase in the MCL strain [18] and
therefore medial tibiofemoral pressures, whereas, when the release was performed, the medial
tibiofemoral pressures dropped significantly. However, from observation of the contradictory
results reported in the literature, we can conclude that the different factors that are playing a role
in the sSMCL tension need to be fully decomposed. Therefore, adding a biomechanical perspective
to the sMCL question also seems to be required to acquire a better understanding of this
complication such as the study performed by Purevsuren et al. [56]. The sMCL of each patient has
a particular pre-existing tension in it; this tension is of course reduced by partially releasing the
sMCL bundles while performing OWHTO. In addition to this, if we consider that the osteotomy
cut is performed superior to the insertion of SMCL, opening the wedge results in re-tensioning the
sMCL relative to the size of the opened wedge [25]. Consequently, the final tension remaining in
the sMCL after OWHTO is affected by the amount of release, the size of the opened wedge, and
also the pre-existing tension in it before surgery. So from a biomechanical perspective, if the patient
has a pre-operative lax MCL and if the surgeon partially detaches the sMCL to open a small wedge
on the tibia, it is expected that the MCL could end up lax. It is therefore recommended in that case
to avoid sMCL release as suggested by Pape et al. [25]. On the other end, if the MCL is not lax
pre-operatively and if the size of the opened wedge on the tibia is large, the MCL would end up
being tight and further SMCL release is required to reduce the medial pressure. In this regard, we
can conclude that reporting further details about the preoperative conditions of the patient, such as
ligament laxity, could help with interpreting from the cadaveric and clinical studies and thus needs
to be considered in the design of future studies on this matter.

4.2. Tibial slope modification

The traditional planning methods for OWHTO rely on the coronal view imaging data to define the
required correction angle [6,59]. In the planning based on the coronal view, the distal portion of
the tibia is rotated around a hinge point. Meanwhile, in 3-dimensions, this hinge point is a hinge
axis in the anterior-posterior direction and thus it is seen as a point in the coronal view. However,
in practice, the hinge axis is not necessarily in the anterior-posterior direction which means that the
tibial slope in the sagittal plane can be modified during OWHTO as described by Noyes et al. [60].
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This can cause a change in the kinematics as well as in the stability of the knee. The normal range
for the posterior tibial slope is 7° to 10° [61]. An increased posterior tibial slope induced an anterior
translation of the tibia with respect to the femur as reported by Giffin et al. [17]. Based on our
observation there was a lack of consensus on whether or not an increased posterior slope can
increase the ACL strain and cause a higher risk of rupture and chronic anterior knee laxity. The in
situ studies of Shelburne et al. have shown that for a 5° increase in the posterior tibial slope, the
ACL strain is increased by 26% [62]. On the other hand, Giffin et al. [17] and Martineau et al. [30]
did not observe a significant change in the cruciate ligament forces or strains under the loading
conditions of their cadaveric studies.

There were recommendations in the literature that enable the surgeon to maintain the tibial slope
that is in the normal range or to correct it during OWHTO. This included the use of the 3-triangle
method proposed by Noyes et al. [60] or the tables provided in the study of Hernigou [5]. Besides,
other authors have proposed mathematical formulas to achieve a targeted tibial posterior slope [63]
or to avoid the changes in a posterior tibial slope while performing an osteotomy [64]. Other than
the recommendations for the conventional OWHTO, the use of other surgical methods such as the
Biplanar osteotomy has been shown to significantly help with the conservation of the tibial slope
as reported by Elmali et al. [35]. Indeed, the use of patient-specific 3D printed guides could also
help in this context to conserve or modify the tibial slope so that it lies in the normal range.

Among the 14 selected studies related to the alteration of the posterior tibial slope, eight studies
found statistically significant results and most of them (n=7) show that performing OWHTO can
lead to a significant increase in posterior tibial slope. Increases are variable among studies. The
meta-analysis performed by Nha et al. found an average of 2° increase after pooling the data of 27
studies with various measurement methods [40]. As this alteration is relatively small, they
concluded it may have little effect on the biomechanics of the cruciate ligaments. Higher increase
rates were reported by other studies such as the study performed by Ozel et al. [31], who reported
a 7° increase in the posterior tibial slope after OWHTO. This 7° increase was a major modification
because it increased the tibial slope up to twice its initial value but the authors have found no
correlation between the postoperative Lysholm knee scores and the increase in the posterior tibial
slope angle. This can imply that the clinical outcome scores might not be completely capable of
representing the alterations in the radiographic outcomes such as the posterior slope. This idea was
supported by the literature review conducted by Yan et al. [41] to compare the outcomes of
navigated HTO and conventional HTO. Despite the significant improvement in the radiographic
outcomes using navigation HTO, they have observed that these improvements have not yet been
reflected in clinical outcome scores. In this sense, the abilities of simulation-based studies could be
useful to further analyze such points in the future and to move towards making patient-specific
sMCL release decisions.
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4.3.Patellar position modifications

From the biomechanical perspective, it is expectable that mono-planar OWHTO causes a decrease
in patellar height by distalization of the anterior tibial tuberosity which is the insertion of the
patellar tendon. Among the studies that were selected in the current review, 11 studies had
monitored the patellar height alteration after OWHTO (Table 3). Among the various indices used
to assess patellar height, the Blackburne-Peel has been the most popular and has been used by 9
out of 12 studies. The reported Blackburne-Peel ratio has decreased in all these studies with 8 of
them reporting statistically significant data, thus proving the patellar height decrease after
conventional OWHTO. However, this type of consensus is lacking about the Insall-Salvati and
modified Insall-Salvati indices. Among the seven studies reporting the Insall-Salvati ratio, only
three of them have monitored a statistically significant alteration with two of them reporting a
decrease and one of them reporting an increase in this ratio for a conventional OWHTO. This lack
of consensus as mentioned by Hanada et al. [24] seemed to be related to the fact that the Insall-
Salvati ratio shows the length of the patellar tendon and does not necessarily represent the patellar
height against the femur. The Blackburne-Peal ratio evaluates the patellar height, but in the context
of HTO studies its eligibility can be questioned because it is dependent on the posterior tibial slope
which is itself a variable in HTO. As a result, other indices such as Caton-Deschamps and Modified
Blumensaat could be more appropriate. Caton-Deschamps ratio has been used by three studies and
all have reported a significant decrease in patellar height after OWHTO. Modified Blumensaat has
been proposed by Hanada et al. and they have shown a significant decrease in the patellar height
after OWHTO [24].

Regarding the patellar tilt, four studies have shown significant alterations in the patellar tilt with
three of them showing significant decreases in the lateral patellar tilt between 1.8° and 2.2°
[23,46,65] and one of them reported a significant increase of medial patellar tilt of 2.2° using an
MRI based method [15]. Indeed, the exact clinical effect of alteration in patellar position is still
unclear on patellofemoral pain even though symptoms of association with patellofemoral pain have
been observed with patellar lateral shift [19]. Meanwhile, with regards to patellar shift, only the
D'Entremont et al. found a significant increase of 0.94 mm (p <0.001) compared to the pre-
operative situation using MRI based method [15]. Given the exact measurement method in that
study, the matter of patellar shift shall be further investigated in studies with different methods. A
correlation between the patella position and the short and mid-term clinical outcomes has not been
found [66]; however, patellofemoral arthritis has been observed in second look-arthroscopy after
OWHTO [20]. In this sense, the matter of patellar position alteration and its impacts on the
patellofemoral joint shall be further investigated in future studies. In addition, the correlation
between the wedge size and patellar position alteration was not found in the analyzed literature and
can be targeted with a simulation-based biomechanical study.

Performing biplanar osteotomies could reduce patellar position alteration by keeping the tibial
tuberosity connected to the proximal fragment. The comparison of OWHTO groups with or without
biplanar osteotomy provided further insight. Longino et al. [43] showed a significant difference
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between the two groups with a decrease of 0.09 of the patellar height in the bi-planar osteotomy
group against 0.19 in the mono-planar group for the Caton-Deschamps index. Park et al. [23] also
found a significantly smaller decrease in modified Blackburne-Peel and Caton-Deschamps for the
bi-planar versus mono-planar group as the position of the patellar tendon insertion on the tibia is
conserved in this surgical method.

4.4.Biomechanical studies

The alignment correction amount is closely correlated to the pressure distribution in the two
compartments of the knee. As a result, a series of studies have attempted to find the optimal
correction angle through monitoring the stress distribution of the cartilage using FE and multibody
modeling techniques. Zheng et al. have proposed a subject-specific modeling procedure to identify
the alignment that balances the compressive and shear stresses of the cartilage [54]. A preliminary
FE study performed by Martay et al. made a general conclusion and proposed that the safe zone
for WBA of the lower limb can be between 50% and 60% of the mediolateral tibial width (0° varus-
valgus to 2.6°-2.8° valgus) [55]. However, to consider the findings of the aforementioned
simulation-based studies to be valid and applicable in the medical field, various points require
further investigation. Firstly, the high importance of the soft tissues in maintaining the correction
angle in HTO seemed to be almost neglected by ignoring the alteration in ligament tensions after
the realignment of the knee and by not considering the preexisting laxities that could be present in
the ligaments. This is true both in models that are using simplified axial ligaments [55,58] or in
more advanced studies where the 3D FE representative of the ligaments was present [54]. This was
while the results of the multibody study performed by Purevsuren et al. showed that pre-existing
laxity in MCL has an effect on the contact distribution after HTO [56].

Secondly, simulating the knee under axial loading conditions in the aforementioned studies was
not sufficient for monitoring knee contact pressure and for concluding about the correction angle.
This issue was true for other studies such as the one performed by Mootanah et al. [52] who have
simulated HTO by applying varus/valgus bending moments. The contact pressure balance between
the knee compartments can vary along with the knee flexion range and since the knee flexes up to
20° during the lean phase of a gait cycle, modeling with a single axial load at the stance phase does
not represent the full conditions of the problem. Besides, performing studies that take into account
the dynamic aspect of knee function in flexion seems to be required to better investigate the
unsatisfactory results of HTO. Thirdly, the validation of the model and, as part of it, the adjustment
of the material properties, are considered as required steps in patient-specific studies designed to
obtain the proper alignment to be used [52]. However, this issue has been undervalued in many of
the performed studies with this motivation. As a result, although there is a high potential in using
FE studies to assist in redefining the correction angles both in general and patient-specific cases,
the existing models with that objective tend to oversimplify the problem. However, these simplified
studies with their biomechanical point of view can also play an important role in better
distinguishing the involving factors in HTO outcomes and thus better designing the clinical and
cadaveric studies.
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4.5. Limitations

The current systematic literature review suffers from a number of limitations. The searching
process was only performed on three data sources and no article of grey literature was included.
Furthermore, a bias could have been present in the selection process due to the selection filters such
as the language filter and exclusion of articles without abstract. As it is inherent to the systematic
reviews, a publication bias might have appeared with an increased prevalence of articles presenting
statistically significant results.

5. Conclusion

In the current study, a systematic review of the literature was performed on particular complications
of OWHTO with a translational approach that covers a diverse set of articles from clinical and
cadaveric studies to model-based biomechanical studies. It was highlighted that a correlation exists
between the opened wedge during HTO and surgical complications such as increased posterior
tibial slope, patellar height decrease, and MCL tightness. Analyzing these complications from a
biomechanical perspective clarified that such complications could be impacted by the exact shape
and size of the opened wedge that also alters the insertion of sSMCL and patellar tendon. Meanwhile,
during the traditional planning and execution steps of OWHTO, the impact of the opened wedge
on the sagittal view as well as the alteration of soft tissue insertions is normally neglected. Thus
many of the clinical and cadaveric studies focused on the aforementioned complications tend not
to collect and provide information about parameters such as pre-operative soft tissue condition,
pre-operative tibial slope, and pre-operative limb alignment. However, further information about
these parameters seemed to be necessary to be able to come to a better consensus on the alignment
principles and how to avoid these complications. This point shall be considered in the design of
future studies on the topic. The ability of biomechanical simulations in isolating the involved
parameters can play an important role in this process.
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