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ABSTRACT

Background: Medial opening wedge high tibial osteotomy (HTO) aims to improve pain and function by correcting varus alignment and lessening aberrant medial compartment knee joint loads. Because varus gonarthrosis often affects both knees, staged bilateral HTO may be an appropriate treatment approach for such patients. However, we are unaware of any previous studies evaluating outcomes after these staged procedures.
Objectives: 1) To evaluate radiographic alignment, dynamic knee joint loading, performance-based and patient-reported outcomes after staged bilateral medial opening wedge HTO, and 2) To compare outcomes in patients undergoing the second surgery within, or beyond, 12 months of the first surgery.
Hypotheses: 1) Patients will experience statistically and clinically significant improvements in all measured outcomes; 2) Those patients undergoing the second surgery within 12 months of the first surgery will report greater improvements than those undergoing the second surgery beyond 12 months.
Study Design: Case Series; Level of evidence, 4
Methods: 37 patients with bilateral varus alignment (-8.36° ± 2.98°) and medial compartment osteoarthritis (OA) underwent staged bilateral medial opening wedge HTO. Patients underwent full-limb standing anteroposterior radiographs to determine frontal plane alignment (mechanical axis angle) and 3-dimensional gait analysis to estimate knee joint loading (external adduction moment about the knee). Patients also completed the six-minute walk test (6MWT), the Knee Injury and Osteoarthritis Outcomes Scores (KOOS), Lower Extremity Functional Scale (LEFS),



and the Short Form Health Survey [SF-12). Both limbs were evaluated for all measures preoperatively and approximately 6,12 and 24 months after each surgery. 
Results: There were large improvements in outcomes. Mean changes (95%CI) were: mechanical axis angle 9.43° (8.37°, 10.39°); peak knee adduction moment -1.72 %BW*Ht [-2.06, -1.38 %BW*Ht); 6MWT 36.72 m [19.43, 54.01m); and KOOS Pain 25.60 [19.76, 31.44). There were no statistically significant differences in the improvements between those patients who had the second HTO within or beyond 12 months of the first HTO. Mean differences [95% Cl) were: mechanical axis angle 0.43° [-1.72°, 2.58°); peak knee adduction moment -0.20 %BW*Ht [-0.89, 0.49 %BW*Ht); 6MWT 15. 07 m [-19.79, 49.93m); and KOOS Pain -3.01 [ -14.55, 8.53). 

Conclusions: Patients experience large, clinically important improvements in frontal plane alignment, dynamic knee joint loading, and patient-reported outcomes after staged bilateral medial opening wedge HTO. Current findings suggest no difference in outcomes for patients who undergo the second surgery within, or beyond, 12 months of the first surgery.
Key Terms: knee; osteoarthritis; varusgonarthrosis; high tibial osteotomy; bilateral 
knee surgery; staged knee surgery
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CHAPTER 1 -  INTRODUCTION

1.01 IntroductionOsteoarthritis (OA) is a leading cause of physical disability, pain and healthcare use worldwide.21 Knee 0A is one of the most prevalent forms of OA,71 and is more commonly present in the medial compartment of the tibiofemoral joint.72 Approximately 16% of adults in developed countries have symptomatic knee OA.120 Although there are numerous risk factors, varus alignment consistently emerges as a potent risk factor for disease progression in the medial compartment.22 26101 The importance of alignment to disease progression may help explain the renewed interest in corrective osteotomy procedures.34 54 89Varus gonarthrosis refers to the combined presence of varus alignment and knee OA that is greater in severity in the medial compared to lateral compartment. Medial opening wedge high tibial osteotomy (HTO) is suggested to be an effective intervention for relatively young, active patients with varus gonarthrosis.5'16 We have previously reported large improvements in patient-reported outcomes and three-dimensional (3D) gait kinetics in 126 patients two years after unilateral medial opening wedge HTO.16 This finding is consistent with other reports demonstrating good short- and long-term clinical outcomes following this surgery.
84,86,91 Importantly, knee OA is often bilateral. In fact, in patients with known radiographic knee OA (Kellgren-Lawrence grade [KL] > 2) it is more common to have bilateral than unilateral involvement.33-72 If bilateral symptomatic knee OA is



accompanied by varus alignment, it may be appealing to perform HTO on both limbs. Because medial opening wedge HTO usually requires a period of non-weight- bearing postoperatively, bilateral HTO is frequently performed in a staged manner. Despite this, we are unaware of any studies evaluating outcomes after staged bilateral HTO.In general, bilateral orthopaedic surgeries may be completed in a simultaneous, sequential or staged fashion.73113 Staged bilateral orthopaedic procedures are typically defined as two surgeries occurring under two separate anaesthetics, often months apart.73 The optimal timing for staged lower extremity surgeries is presently unclear.59'70-104'124 Patients who undergo staged bilateral total knee arthroplasty (TKA) usually receive the two surgeries within 12 months.73 We have previously demonstrated that patient-reported outcomes continue to improve beyond the first 12 months after unilateral medial opening wedge HTO.16 As a result, it may be beneficial to wait 12 months before performing the second surgery. Alternatively, most of the improvement is observed within that time period, and dynamic loading of the nonoperative limb may actually increase after the first surgery in patients with bilateral varus.18 Therefore, performing the two surgeries within 12 months may enable the patient to achieve maximum overall benefit from the two surgeries.
1.02 Study Objectives and HypothesesThe primary objective of this study was to evaluate radiographic alignment, dynamic knee joint loading, and performance-based and patient-reported outcome

2



measures for patients undergoing staged bilateral medial opening wedge HTO. The secondary objective was to compare outcomes in patients who undergo the second surgery either within, or beyond, 12 months of the first surgery. We hypothesized that patients will experience statistically and clinically significant improvements in all outcomes by 24 months after the second surgery. We also hypothesized that patients undergoing the second surgery within 12 months of the first surgery will report greater improvements (at 24 months after the second surgery) than those undergoing the second surgery beyond 12 months of the first surgery.
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CHAPTER 2 -  REVIEW OF THE LITERATURE

2.01 ArthritisArthritis is a broad-based term used to encompass a group of common musculoskeletal disorders and diseases characterized by localized joint pain, articular cartilage degeneration, physical disabilities and decreased quality of life.25-110'120 Arthritis can affect any of the bony joints of the body and has the potential to be debilitating for those individuals who are afflicted.21110 Currently, nearly 15.3% of the Canadian population (4.2 million people) self-reports having arthritis of at least one joint.105 The prevalence of arthritis is expected to increase as the "baby boomer" population advances in age.120 It is anticipated that 21% to 26% of the Canadian population will have arthritis by 2021.11
2.02 OsteoarthritisOsteoarthritis (OA) is the most common form of arthritis9’41100 and women are affected more often than men.110120 The overall prevalence of OA increases with age. Statistics Canada reports that more than 1 in 10 Canadians over 15 years of age has been diagnosed with OA of at least one joint.105 This number is expected to increase to almost 1 in 6 by the year 2031.1141 Osteoarthritis is also a leading cause of chronic disability,25 41 especially in industrialized countries.25 According to the World Health Organization, osteoarthritis is expected to become the fourth leading cause of global disability by 2020.77



Osteoarthritis is the degeneration of a synovial joint. It is generally characterized by progressive softening, fibrillation and consequent loss of articular cartilage. This is followed by the body's attempt to repair the cartilage, sclerosis of the subchondral bone and eventually the formation of osteophytes and subchondral cysts.120 The initial onset and subsequent progression of OA can be influenced by both mechanical events and biological events. The impact of these events eventually leads to a destabilization of the coupling between the normal cellular processes of degeneration and resynthesis of articular cartilage. The imbalance created between cartilage degeneration and cartilage resynthesis favours the process of degeneration.100 The imbalance can continue in an uncontrolled manner and may ultimately lead to complete focal cartilage degeneration and potential osteonecrotic changes to the underlying subchondral bone.
2.03 Knee OsteoarthritisOf the weight-bearing joints, the knee is most commonly afflicted with OA.71 Knee OA is classified as degeneration being present in either of the medial or lateral tibiofemoral compartments.72 Diagnosis preferably includes both radiographic evidence of osteoarthritic degeneration and the presence of pain symptoms on most days.3 38’65’120 Knee OA is one of the leading causes of physical disability worldwide,41'51'120 with approximately 10% of adults being affected by a symptomatic knee at some point within their lifetime.21120 Knee OA accounts for more dependency and difficulty with walking, stair climbing, and other lower extremity tasks than any other disease.38 51 Knee OA has been shown to affect people

5
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of various ethnic backgrounds and different geographic locations.38 It is not a disorder that is isolated to a specific population.120As is true with nearly all forms of OA, knee OA is a multifactorial disorder. It has primary and secondary forms that differ in their modalities of onset. Primary knee OA is considered to be idiopathic in nature; secondary knee OA is considered to be associated with a preceding event, such as a traumatic injury to the knee joint.100 Knee OA is also a disease that varies in its methods of initiation and progression, as evidenced by the fact that many people with knee OA have mild degeneration that remains stable over a long period of time, while others have knee OA that progresses to end stages rapidly. Moreover, it is not a disorder that affects the entire joint uniformly. Prevalence of OA is greatest in the medial tibiofemoral compartment of the knee joint as compared to the other compartments of the knee.72 Overall, there is still much uncertainty behind the etiology of knee OA.
Risk Factors for Knee OAAs the processes of OA initiation and progression differ, it is important to attempt to determine risk factors leading to both the onset and progression of knee OA. Risk factors can be considered to be local, as they directly affect the knee joint, or they can be systemic. Local risk factors are usually considered to have mechanical influences on the joint, thought to come into play primarily in determining the exposure of individual joints to injury and to excess loading conditions that lead to joint degeneration. Systemic risk factors are usually considered to have biochemical influences on the joint, and act by increasing the susceptibility of joints to injury by



causing direct damage to joint tissues, or by impairing the process of repair in damaged joint tissue.9 41 Some risk factors, such as obesity, are thought to potentially exhibit both biomechanical and biochemical effects.44Incident knee OA is considered to be the transition of the knee joint from a classification of a healthy knee to that of OA being present. Radiographically it is considered to be the change from a Kellgren-Lawrence (KL) rating of 0 or 1 to that of > 2.30 Local risk factors for incident knee OA include varus alignment,22101 leg length discrepancy,51 congenital and developmental deformities of the knee joint,100 previous injury to the bony or soft tissue components of the knee joint,30100 occupational activity,6-40'79'100 and recreational and sports participation.100 Systemic risk factors that have been associated with incident knee OA include age,41100 gender,41-74-100 genetic factors or predisposition,41100125 overweight/obese body mass index (BMI > 25), 30,33,41,74,100,108,115 ancj elevated bone mineral density.24'41Progression of knee OA is considered to be an increase in the severity of degeneration present within the knee joint. This can be determined from radiographs based on joint space narrowing3 or joint space narrowing in conjunction with the formation of osteophytes.65 It is considered to be an increase of at least one unit on the KL scale, starting from a minimum rating of 2.30 Local risk factors for knee OA progression include varus/valgus alignment,22'26’36'99-101 varus thrust,28 an elevated peak external knee adduction moment,10-81 an elevated knee adduction moment impulse13 and prior joint injury.33 Systemic risk factors associated with knee OA progression include an overweight/obese BMI,33 nutritional deficiencies41 and decreased bone mineral density.41
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Many risk factors for both incidence and progression of knee OA have been shown to pose significant risk while acting independently, and their effects are increased when they are acting in conjunction with one or more other risk factors. According to Cooper et al,30 if an individual is obese (BMI of >30) they have an odds ratio of 2.60 (95% Cl, 1.0 -  6.8) of knee OA progressing from KL rating of 1 to that of > 2. When an individual has both a BMI >30 and varus alignment of the leg, their risk of knee OA progression increases to an odds ratio of 5.06 (95% Cl, 1.71-14.94). It is in the best interest of an individual to actively modify, minimize or remove as many potential risk factors as possible in order to slow or stop the disease process, as symptoms and joint degeneration can progress rapidly without intervention.
2.04 Risk Factors for Medial Compartment Knee OAVarus Limb AlignmentThe precise role of limb alignment in the degenerative processes of medial knee OA is still unclear. However, varus alignment has been associated with a three- to four-fold increase in risk of medial tibiofemoral compartment OA progression.10-22'26'99 The specificity of compartment effects is further evidenced by the association of varus alignment, medial cartilage loss and subsequent medial joint space narrowing. The loss of articular cartilage and subsequent joint space narrowing leads to a continuous cycle of increased degree of varus limb alignment, increased medial tibiofemoral compartment loading and further progression of OA and joint space loss (Figure. 2.1).
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Figure 2.1 The "vicious cycle” of medial knee 0A progression
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Dynamic ioint Loads and the External Knee Adduction MomentSynovial joints such as the knee require regular loading to maintain tissue function and health;8 however, excessive loading in magnitude and/or frequency has the potential to exceed the tolerance level of tissues and contribute to the OA degenerative process.40 It has been determined that abnormal gait biomechanics can influence both the incidence and progression of medial compartment knee OA.1213 28 One of the most widely used values in reporting joint loading in patients with medial knee OA is the external knee adduction moment. The knee adduction moment has previously been shown to be associated with medial compartment compressive loading in the knee.12 56 As such, it is often used as a proxy for the magnitude of loading that the medial tibiofemoral compartment of the knee experiences during ambulation.7 In patients with medial tibiofemoral compartment knee OA, the magnitude of the peak knee adduction moment has been shown to be greater than those without knee OA.12 56 The external knee adduction moment is also suggested to be indicative of the severity of medial knee OA present.83'98
2.05 Risk Factor for Bilateral Knee OA: ObesityObesity is one of the most strongly associated risk factors for knee OA, and this is true regardless of how knee OA is defined (symptomatic or radiographic) and what compartment of the knee the degeneration is present.33'38'39 74’75'108'115 Manninen et al74 demonstrate a direct relationship between BMI and the development of OA over a 10-year time span (odds ratio 1.4, 95% Cl = 1.2 -  1.5). Cooper et al30 report that a BMI >25.4 carries an increased risk of incident OA of KL
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grade 1 (odds ratio 9.1, 95% Cl = 2.6 -  32.2) and grade 2 (odds ratio 18.3, 95% Cl =5.1 -  65.1) and progression of OA (odds ratio 2.6, 95% Cl = 1.0 -  6.8) over a 5 year time span.The knee joint experiences loads 2-3 times greater than body weight during the stance phase of gait, so understandably even small increases in body weight will greatly impact the load the knee experiences. In the majority of the non- pathological population, it could be presumed that both knees would experience nearly identical load conditions during ambulation and therefore both knees would likely be at a similar risk for developing OA. Sturmer et al108 demonstrate that of a population of patients undergoing TKA for knee OA > KL grade 2, 85.9% were either overweight (BMI < 25.0 = 45.0%) or obese (BMI < 30.0 = 40.9%) and 87.4% had bilateral knee OA. When separated by weight classes, 86.1% of the overweight patients (adjusted O.R. 5.92, 95% Cl = 2.0 -  17.5) and 93.3% of the obese patients (adjusted O.R. 8.13, 95% Cl = 2.39 -  27.7) had bilateral knee OA, and a 5 unit increase in BMI resulted in an adjusted O.R. of 2.63 (95% Cl = 1.37 -5.05) of having bilateral knee OA > KL grade 2. Davis et al33 report similar results of obesity being one of the strongest predictors of bilateral knee OA (O.R. 6.6, 95% Cl = 4.71 -  9.18).
2.06 Management of Medial Compartment Knee OsteoarthritisThere is currently no known cure for OA, and no known absolute method of prevention. However, once the degeneration process has started, management of medial knee OA can occur by either moderating the symptoms the patient is experiencing or by attempting to slow or stop the progression of the disease.



Management modalities can be classified as non-surgical or surgical. Non-surgical modalities include pharmacotherapy, physiotherapy, activity management or modification, and the use of orthotics and braces. They may temporarily alter the joint characteristics or biomechanics but they tend to be geared towards symptom management. Non-surgical modalities do not permanently alter the joint anatomy itself and outcomes are not considered to be permanent. Surgical modalities for knee OA may include high tibial osteotomy (HTO), unicompartmental knee arthroplasty (UKA) and total knee arthroplasty (TKA). Surgical modalities physically alter the bony structure of the joint or limb in an attempt to permanently modify or remove risk factors for disease progression. The method of OA management chosen is based on a patient's characteristics, current physical capabilities and disabilities, current risk factors, the severity of symptoms and the current disease state of the affected joint.More advanced cases of knee OA are often accompanied by pain and symptoms that are not adequately managed with the use of non-surgical modalities. Substantially decreased quality of life due to pain, mobility restrictions and degenerative changes in one or more compartments of the knee that have reached advanced or end stages of OA often lead to referral to an orthopaedic specialist. In these instances, surgical intervention may be deemed the most appropriate option. The patient's overall medical condition, diagnosed cause of knee OA (if there is one) and the extent and location of OA within the knee joint may point to the most appropriate surgical intervention. Surgical recommendations may be either to remove and replace the articular components of the joint, as in with a UKA or TKA,



or to correct for some of the diagnosed risk factors while maintaining the natural articular components of the joint, as with a HTO. Both surgical procedures have been shown to aid in the management of knee OA for pain, mobility restrictions and quality of life. However, they differ in the extent of invasiveness to the patient, recovery time, and activity limitations following surgery.93'104 They also differ in the potential surgical risks and unanticipated outcomes for the patient.59'70'80’93'102 104 124 Therefore, careful selection of who is deemed an appropriate surgical candidate for UKA, TKA or HTO is taken in order to maximize the likelihood of surgical success.
2.07 Impact of Timing for Clinical InterventionThe manner in which certain risk factors may affect a knee joint can depend on which stage of the OA degenerative process that joint is currently in.100 This knowledge might be used to determine the most effective methods and time points for intervention to occur for both a specific individual, as well as for the general public. In terms of public health strategies and initiatives, it has been suggested that preventing the progression of OA from a mild to moderate/severe state is more cost effective to the individual and to the health care system than attempting to prevent incident cases.30
2.08 Clinical Measures of Medial Knee OA PatientsRadiographic MeasuresRadiographs provide a simple method of monitoring knee OA progression and tracking certain risk factors associated with both initiation and progression of

13



knee OA. Two measures that are commonly used in patients with medial knee OA are the mechanical axis angle and grading of the severity of OA present within the joint. Double-limb standing hip-to-ankle digital radiographs are useful, especially if preoperative planning is necessary.
Mechanical Axis AngleLower limb alignment can be considered neutral, varus (bowlegged) or valgus (knock-kneed). Limb alignment is commonly quantified using the mechanical axis angle.23'82 103 The mechanical axis angle is an angle created by the mechanical axis of the femur and the mechanical axis of the tibia. Visually, it is the included angle created from a line joining the hip centre to the centre of the knee, and a line from the ankle centre to the centre of the knee. Varus alignment is considered to be a risk factor for progression of medial tibiofemoral knee OA, and is also associated with the external knee adduction moment.

14



Figure 2.2 Mechanical axis angle of a varus aligned limb. The mechanical axis angle is the included angle created by a line joining the centre of the hip to the centre of the knee, and the centre of the knee to the centre of the ankle.
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Grading o f Knee OAMonitoring medial knee OA with the use of a radiographic grading scale can assist clinicians to determine if the extent and/or severity of OA present within the joint is worsening. This can then assist in selecting treatment options. The KL grading system65 is based on the presence of joint space narrowing, osteophyte formation and abnormalities in the articular surfaces, and is frequently used in clinical research.
Analysis of Gait BiomechanicsGait analysis is a non-invasive method for determining the kinetics and kinematics of the load-bearing joints of the body, providing an accurate depiction of what the limb experiences during ambulation. Three-dimensional gait analysis has become an important tool for quantifying normal and pathological walking patterns. It has also been suggested to be useful for selecting treatment options and evaluating their results.91 Gait biomechanics of patients with knee OA have been widely reported. 10,13,16,19,34,48,92

Dynamic loint LoadingThe external knee adduction moment is a proxy for the load on the medial compartment of the knee during walking. The adduction moment is in the frontal plane and acts to adduct the shank about the knee joint. This results in compression of the medial tibiofemoral compartment. The knee adduction moment is created by the projection of the ground reaction force (GRF) medial to the centre of rotation of



the knee joint (Figure 2.2). The external knee adduction moment is largely influenced by the magnitude of the GRF and the perpendicular distance from the knee joint centre to the line of action of the GRF vector (the frontal plane lever arm). The adduction moment curve for a typical adult displays a "double hump" shape (Figure 2.3) similar to that of a typical GRF curve (Figure 2.4). The peak adduction moment often occurs early in the stance phase of gait, corresponding to the loading response of the stance limb when the GRF is the highest. This demonstrates the direct effect that the magnitude of the GRF has on the adduction moment.
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Figure 2.3 Illustration of the GRF acting a distance medial to the centre of the knee joint, and the external knee adduction moment creating a turning force about the knee joint.
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Figure 2.4 Illustration of a typical "double hump” curve of the external knee adduction moment during the gait cycle



Figure 2.5 Illustration of a typical "double hump” curve of the vertical ground reaction force (GRF) during the gait cycle
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Gait Adaptation TechniquesCertain gait adaptations have been shown to affect the magnitude of the peak external knee adduction moment, and therefore are also considered to be of clinical importance. Gait adaptation techniques that decrease the magnitude of the peak external knee adduction moment are suggested to be adopted by patients who have medial knee OA in order to moderate their pain and symptoms.8 Those that are seen commonly include decreasing gait speed,48 shortening stride length,49117 increasing the toe-out angle27-60'117 and increasing the lateral trunk lean over the stance limb.8-19’55 Of particular biomechanical interest are the effects of increasing the toe- out angle and the lateral trunk lean. Increases in toe-out angle are thought to create a lateral transfer of the centre of pressure, especially in late stance. This is thought to decrease the magnitude of the frontal plane lever and thereby results in a decreased knee adduction moment.60 Lateral trunk lean over the stance limb shifts the centre of mass of the body laterally; this in turn results in a lateral shift of the projection of the GRF vector. This too decreases the frontal plane lever arm and results in a decreased peak knee adduction moment.55
Performance-based MeasuresPerformance-based measures allow a clinician to assess a patient's abilities to successfully complete tasks associated with activities of daily living (ADL). Many individuals with knee OA struggle with ADL related to lower extremity function, such as walking or rising out of a chair. As walking is one of the most common ADL, it is considered to be an essential functional capability. Measures of ADL can be used
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in patients with knee OA to monitor their function during the progression of disease, and to determine if an intervention has had the desired outcome (increased functional capabilities relating to ADL].
6 M in u te  W a lk  TestThe 6 minute walk test (6MWT) is a measure of the maximal distance an individual can cover in a 6 minute time span. It is considered to be safer, easier, better tolerated by a variety of patient types and more reflective of ADL as compared to other walk tests.37 106 Depending on the severity of OA present, patients with knee OA often have some degree of difficulty with ambulation over both short and long distances and tend to walk at a slower pace than individuals not affected by knee OA.61 The 6MWT can reflect this functional shortfall, as well as any gains or losses made due to intervention as it is a valid and reliable measure when utilized over multiple assessments.87
Patient-Reported MeasuresSelf-report questionnaires can be used to gain a more thorough indication of a patient's opinion of their own health. Questionnaires can be targeted to address patients' perceptions of themselves as a whole, of a general region of their body, or of a specific body part affected by a particular condition. For patients with knee OA, the 12-item Short-Form Health Survey (SF-12), Lower Extremity Functional Scale (LEFS] and Knee Injury and Osteoarthritis Outcome Score (KOOS) have shown to provide clinically relevant insight into the individual, body region15 and specific
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joint96 respectively. It is of a general consensus that both generic measures, such as the SF-12, and specific measures, such as the LEFS and KOOS, should be used in assessment of knee OA as they provide different scopes of information.25-90
2.09 Surgical Management of Medial Knee OA: High Tibial OsteotomyHigh tibial osteotomy is a surgical procedure intended to improve symptoms and potentially slow or stop the progression of unicompartmental knee O A .5 53 Importantly, HTO does not remove or replace any of the articular components of the knee joint. High tibial osteotomy is based on the premise that corrections are made to both orientation of the knee joint articular surfaces and the lower limb alignment in the frontal plane.43 Ideally, the postoperative limb is corrected into slight valgus alignment. This is done in order to decrease the magnitude of load in the arthritic medial compartment of the knee joint and create a less imbalanced load distribution within the knee joint.2 The end result is achieved by altering the bony structure of the proximal tibia and how the proximal tibial articular surfaces interact with the distal femoral articular surfaces. There are generally three main types of HTO used to treat medial tibiofemoral compartment OA: the dome osteotomy, lateral closing wedge HTO and medial opening wedge HTO.The first report of HTO described its purpose in management of unicompartmental osteoarthritis in both valgus and varus knees. Achieved via surgically correcting the limb to "proper neutral alignment", Jackson and Waugh58 proposed that the imbalanced forces and loads that were acting on the knee joint and leading to unicompartmental OA would be corrected, and further progression
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within the damaged compartment could be minimized. This has proven to be at least partially true in the management of medial compartment knee OA in the varus knee, as high tibial osteotomy can be effective in the correction of alignment of a varus knee and improving pain and disability.5-32'57'84-86 Naudie et al.84 demonstrated survivorship (where failure or endpoint was deemed as the patient undergoing TKA) of 73% at 5 years, 51% at 10 years and 30% at 20 years following 106 valgus- producing (lateral closing wedge) high tibial osteotomies. This is similar to other reports where satisfactory outcomes were achieved in approximately 80% of patients at 5 years and 60% of patients at 10 years following valgus-producing high tibial osteotomies.1-14-32-46-53-57-86The prevalence of HTO for medial compartment knee OA has varied considerably since its inception.69-122 This variance has been influenced by several factors within the surgical community. Advancements in surgical methods and hardware used for performing HTO, as well as more stringent criteria for patient selection, have allowed for more predictable outcomes following surgery.107 Methods and technologies that can be used to define surgical success (such as those that can quantitatively measure biomechanical factors of gait of medial knee OA patients) have become more advanced and have proven to be reliable.17-64 There have also been advancements in methods and hardware for other surgical procedures, specifically TKA, that are used to effectively manage knee OA. The likelihood of HTO being performed is also heavily dependent upon surgeon preferences and skill sets.122
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Preoperative planning for HTQ 
P a tie n t Selectio nProper patient selection is suggested to be crucial for the success of any of method of HTO.414’20-57-84 Table 2.1 provides a thorough overview of factors previously suggested to be considered in decision making regarding treatment options for medial compartment knee OA. Ideal patients are suggested to be young, active and healthy -  generally, less than 65 years of age, normal weight, with higher activity levels than those of normal ADL and few to no other medical diagnoses.5'31'50 84 Naudie et al. reported that with patients younger than 50 years and 120° of knee flexion that survivorship of the HTO can approach 95% at 5 years, 80% at 10 years and 60% at 15 year postoperative time points.84 Patients who are older than 65 years of age or who are not physically active are suggested to bebetter suited for TKA.31



Table 2.1 Factors suggested to be considered in the decision making of operative treatment for unicompartmental osteoarthritis of the knee
Preoperative  

co nd itio n  o f the  

patient

U nderstanding and cooperation  o f the patient 

Expectations o f the patient  

R heum atological status (should be negative) 

History o f infection

A ge o f the patient (chronological and physiological) 

N ecessity  fo r b ilateral procedures

Preoperative  

co nd itio n  o f the  

jo int

Severity of the  osteoarthrosis

Status of the  other com partm ents of the knee

Ligam entous integrity

D egree o f varus or valgus angulation

Presence or absence  o f osseous defects

Range of m otion o f the  knee

Tibial m orphology

A d d ucto r m om ent

Su rg ica l

co nsid eratio n s

Ease o f the  o p erative  procedure  (perceived)

Potentia l intraoperative  com plications

D uration  o f the  operative  procedure (by the  particular

surgeon p erfo rm in g  it)

lo s s  o f blood

Cost v

Postoperative

condition

co nsid eratio n s

Activities perm itted by the procedure  

Potential postoperative  com plications  

Durability o f the  operative  result (perceived)

Cosm etic appearance  

Need for im m obilization  

Tim e o f hospitalization

Ease o f revision or conversion  to a total knee replacem ent

Chart adapted from Grelsamer, 199550
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P reo p era tive  A ssessm en tsAll methods of HTO require somewhat similar methods of preoperative planning. A thorough patient history must be taken, including any prior lower limb injuries and surgeries that may have affected the limb's stability or alignment, health conditions that might contraindicate a surgical intervention and the level of acceptance of the patient to follow post-surgical requirements necessary to allow the bone to properly heal. A physical examination of the patient to identify any accompanying deficiencies, such as ligament laxity or injury, provides additional information. It is recommended to acquire double-limb, weight-bearing, hip-to- ankle anteroposterior (AP) radiographs,23 3150 with accompanying lateral and skyline view radiographs.43 The AP radiograph is utilized to measure the mechanical axis angle and mechanical axis deviation as well as to grade the level of arthritic degeneration. The proposed degree of surgical correction can also be calculated from the AP radiograph. Lateral and skyline view radiographs are useful for confirmation of preoperative diagnosis of OA, as well as determination of disease stage in each of the three articular compartments.50Three-dimensional gait analysis using a motion analysis system with synchronized force plate is beneficial in the diagnosis of biomechanical factors that may be contributing to a patient's knee OA progression, and therefore is recommended by some authors.47 50 Biomechanical risk factors are dynamic and therefore cannot be determined from radiographs. These may include such risk factors as an increased or abnormal external knee adduction moment, or the presence of a varus thrust during the stance phase. A preoperative gait analysis also
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provides baseline measures that a patient can be compared against as they progress postoperatively.Knee arthroscopy may also be performed to verily that OA is present primarily in the medial tibiofemoral compartment and to carefully assess the status of the lateral compartment. Transferring load from the damaged medial compartment to an equally damaged lateral compartment would not be beneficial to the patient. Arthroscopy allows for a thorough visual inspection of the joint by the surgeon to determine existing issues or injuries that might also need to be corrected.31 Arthroscopy undertaken during the same anaesthetic administration as that of the anticipated HTO also provides the opportunity for assessment of the knee's current condition, and a more informed decision about whether proceeding with the HTO will be in the best interest of the affected joint and the patient as a whole.47
2.10 Surgical Methods of HTODome OsteotomySundaram et al109 have previously described the surgical methodology of a dome osteotomy. Dome osteotomy is undertaken with curved osteotomes used in an AP direction to create a complete separation of the tibia into two segments. This results in a curved dome-like surface to the distal segment of the tibia with a corresponding arced surface to the proximal segment. Rotation of the distal tibial segment in the frontal plane relative to the proximal segment along the domed surface of the bone cut produces the realignment. The realigned tibial segments are
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secured in place with surgical staples, and occasionally external fixation, in order to ensure sufficient contact of the tibial segments along the bony seam.109
Lateral Closing Wedge HTOAmendola4 gives a thorough review of several different HTO techniques, including the lateral closing wedge HTO. Lateral closing wedge HTO involves the removal of a predetermined sized wedge of bone from the lateral aspect of the tibia following two bone saw incisions into the tibia. The medial tibial cortex is left intact and acts as an osseous hinge point to close the wedge space. This achieves the intended realignment of the limb. Hardware fixation, in the form of a plate and bone screws, keeps the two bony surfaces in proximity to allow for bone healing. Fibular resection, fibular osteotomy or fibular ligament release usually must accompany a lateral closing wedge HTO in order to to accommodate for the newly shortened tibia.
45,50

Medial Opening Wedge HTOMedial opening wedge HTO techniques have previously been described by Fowler43 and Amendola4- Medial opening wedge HTO uses a progressive series of both rigid and flexible osteotomes to create an opened wedge space on the medial aspect of the tibia while striving to maintain an intact lateral tibial cortex. The lateral cortex acts as a hinge point. The wedge is opened until the predetermined degree of correction has been achieved. Bone segments are held in place with hardware fixation in the form of either locking or non-locking plates and bone
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screws. The wedge space is usually packed with bone graft or a synthetic substitute to facilitate bone growth and healing.43'45-97
2.11 Benefits of Medial Opening Wedge HTOAchieving Surgical CorrectionMedial opening wedge HTO has especially benefitted from advancements in surgical methodology and has grown in popularity compared to other methods of HTO.80 Medial opening wedge HTO can achieve bi-planar correction simultaneously in the frontal and sagittal planes more easily and accurately than the lateral closing wedge HTO and dome osteotomy. This allows for correction not only of limb alignment, but also joint reorientation if necessary. The ability to achieve correction gradually via the use of osteotomes to open the wedge can result in necessary "fine- tuning” adjustments in both planes. Similarly, small corrections of less than 5° are more easily achieved with medial opening wedge than lateral closing wedge HTO.43 A similar result is difficult to repeat with the lateral closing wedge or dome osteotomy. Lateral closing wedge HTO requires two cuts of the bone that would achieve both the intended size wedge for removal and appropriate opposition of the two bone faces to facilitate healing.20 Dome osteotomy does not allow for much correction in the sagittal plane as the two bone segments can truly only articulate in the frontal plane along the corresponding domed and arced surface.20



31

Surgical Complications of Lateral Closing Wedge and Dome OsteotomyAll forms of HTO share certain risks of surgical complication (Table 2.2). However, there are adverse outcomes that are associated with the lateral closing wedge or dome osteotomy that are not found with medial opening wedge HTO. Both of these methods of HTO can shorten the lateral aspect of the tibia20 resulting in the fibula is now longer than what the tibia can accommodate. This creates additional strain in the ligamentous components holding the fibula in place, and there is the potential for disarticulation of the fibula at both its proximal and distal joints. An accommodation must be made to compensate for the mismatch in bone lengths. Therefore, it is often deemed necessary to release the fibular ligament, perform a fibular osteotomy or resect the middle third of the fibula.4 All of these options induce more surgical stress on the limb, pose an additional risk to the surrounding soft tissue structures and can potentially create instability of the tibiofibular joints.The dome osteotomy is suggested to be more difficult to properly execute in comparison to other HTO techniques. The correct osteotome curvature must be chosen in order to allow the distal tibial segment to rotate far enough to achieve proper correction. Too severe of an arc will prevent the distal segment from rotating far enough, while too shallow of an arc may not make enough of a correction. Furthermore, with complete separation of the tibia into two distinct segments in an AP direction there is a risk for unintentional violation of components of the posterior compartment of the leg, especially the popliteal artery. Violations of any of the neurovascular components of the posterior compartment of the knee have great potential to hinder recovery and pose additional postoperative risks. Similarly to the
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lateral closing wedge HTO, the fibula must be sectioned to allow for adequate rotation of the tibial components and to accommodate a change in lateral tibial length.109
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Table 2.2 - Complications associated with high tibial osteotomy
Type of Complication Percentage ReferencesDelayed union 6.6 -8 .5 Warden, 2005; Naudie, 1999Nonunion 1.6 -5 .7 Warden, 2005; Naudie, 1999Intraarticular fracture 1.9 -  4.3 Naudie, 1999; Miller, 2009Infection 2.3-54.5 Spahn, 2003Superficial 9.4* Naudie, 1999Deep 0.9 Naudie, 1999
O sse o u s  hinge fractureIntraoperative 4.3 Miller, 2009Postoperative 4.3Loss of angular correction 1.7-15.2 W-Dahl, 2005; Miller, 2009
Instability 0.9 Naudie, 1999Deep vein thrombosis 1 .3 -9 .8 Naudie,1999; Spahn, 2003; Spahn, 2005; Miller, 2009; W-Dahl, 2005;Peroneal nerve palsya 2 .0-16.0 Naudie, 1999; Spahn, 2003Compartment syndromebAvascular necrosis Spahn, 2003; Howell, 1997Vascular injury 0.4 Spahn, 2003;Georgoulis,1999Symptomatic hardware 4.3 Miller, 2009

Chart adapted from Naudie 1999; Spahn, 2003; Miller, 2009 
* author notes this value was abnormally high 
a only likely with lateral closing wedge HTO
b exact frequencies not available in literature, but are described in case reports
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2.12 Surgical Management of Bilateral Medial Knee OABilateral medial compartment knee OA where surgical interventions are indicated requires several considerations. A decision regarding the timing of surgical intervention on each limb must be addressed in terms of the urgency of surgical correction, the recovery times necessitated for the surgeries being considered, the patient’s comorbidities, as well as the potential risks and unintentional effects of completing bilateral surgeries simultaneously or in a staged manner.70'85-91-123 As there is minimal literature on bilateral HTO or UKA, a review of the bilateral TKA literature may be useful.
Bilateral Total Knee ArthroplastyBilateral TKA is more commonly necessary for elderly patients as a result of advanced stages of knee OA and severe degeneration of the knee joints. Due to the relatively quick turn-around from surgery to patient partial weight bearing (1 to 7 days) and commencement of rehabilitation, bilateral TKA can occur in a simultaneous (one anaesthetic administration with two orthopaedic teams operating), sequential (one anaesthetic administration with one orthopaedic team operating), staggered (one hospitalization, with a time lapse of 2 to 7 days between two surgeries) or staged manner (two hospitalizations, with a time lapse of generally greater than 6 weeks between two surgeries).85 93 The majority of orthopaedic surgeons in Ontario perform bilateral TKA in a staged manner, with a 3, 6 or 12 month interval between surgeries.73
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The main advantage of simultaneous and sequential bilateral TKA surgery is that they tend to be viewed as “money-saving” procedures, 93 as patients are only administered one anaesthetic and are only hospitalized once. Patients also tend to be hospitalized for a shorter cumulative number of days,124 but there is still debate if simultaneous bilateral TKA surgery results in fewer cumulative intensive care or cardiac intensive care days.70 93 The decreased cost has the potential to influence decisions of surgeons and patients, especially in countries that do not have subsidized healthcare.93 However, once the consideration for rehabilitation costs is factored in, the cost difference between simultaneous and staged bilateral TKA becomes much smaller.70Careful consideration must be taken in the choosing of patients to undergo simultaneous or staggered bilateral TKA due to the increased physiological demands placed on the body during simultaneous and sequential surgeries.85 124 The single anaesthetic must be administered for a longer period of time and the total amount of intraoperative blood loss can potentially be 17 times greater than unilateral TKA.70 Anecdotally, there is the potential for a higher risk of infection because there are multiple operative sites with which the body must cope; however, the literature surrounding this issue is conflicting.70-85 124 Patients who are elderly, or who have pre-existing cardiac conditions are strongly recommended to not undergo simultaneous bilateral TKA. Cardiovascular and pulmonary complications can be more than three times greater for simultaneous TKA in comparison to unilateral TKA,70 but again this is not always the case. Yoon et al124 demonstrated comparable complication rates between simultaneous and staged bilateral TKA



patients. Decisions must be made on a case-by-case basis in terms of what will be best for the individual.Staged bilateral TKA has a lower mortality rate compared to simultaneous bilateral TKA, as there is less overall trauma induced on the body per surgery.85 However, there are complications and outcomes that can occur as a result of staged bilateral TKA, especially in the case of individuals who are naturally varus-aligned. The initial TKA both replaces the joint and, if done properly, straightens the limb -  of which both outcomes can create a surgically induced leg length discrepancy (LLD).114 If the time lapse between staged TKA goes beyond the period of nonweight bearing, then the LLD may negatively alter the individual’s gait biomechanics for both the post-operative knee and the contralateral pre-operative knee.63 78119 Understandably, most patients do not achieve maximum benefit in functional gains and symptom resolution until after the second TKA has been performed.104
Bilateral High Tibial OsteotomyFew studies on bilateral HTO exist. Takeuchi et al111 evaluated a small sample of patients (N=10) that had undergone simultaneous bilateral HTO with the use of rigid, locking plates (TomoFix) to facilitate early weight-bearing. The authors reported good outcomes with the American Knee Society Knee Score and Function Score, as well as acceptable valgus corrections determined from weight-bearing anteroposterior radiographs. They based functional outcome of the patients on the ability to sit "comfortably in Japanese style”. Follow-up was variable (range 6 -3 9  months). Other authors do report performing more HTOs procedures than the total

36
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number of participants in the study, suggesting that the bilateral procedure wasindeed performed.14-32'53'57’68-76'86-97'117 However, those subgroups of patients werenot evaluated. As a whole, the evidence for bilateral HTO is very limited and weak, and there are no published studies evaluating the staged bilateral procedure. Information on changes in radiographic, gait, performance-based and patient- reported outcomes after staged bilateral HTO are required.



38

CHAPTER 3 -  METHODS

3.01 Study DesignWe conducted a case series (objective 1) with subgroup analyses (objective 2) to evaluate staged bilateral medial opening wedge HTO. The study was conducted at the Fowler Kennedy Sport Medicine Clinic and Wolf Orthopaedic Biomechanics Laboratory. All participants were patients of four orthopaedic surgeons at this tertiary care centre that specializes in adult orthopaedic sport medicine. From April 2003 through June 2011, we assessed radiographic measures of alignment and 3D gait characteristics for both lower limbs, performance-based outcomes and patient- reported outcomes preoperatively and approximately, 6,12, and 24 months postoperatively. The study was approved by the Research Ethics Board for Health Sciences Research Involving Human Subjects at the University of Western Ontario (London, Ontario, Canada). All participants provided informed consent.
3.02 ParticipantsEligible patients were those undergoing medial opening wedge HTO on both lower limbs within 24 months and meeting the following inclusion and exclusion criteria. Inclusion criteria included baseline evidence of OA (radiographic or confirmed with arthroscopy) in the medial compartment of the tibiofemoral joint of both knees, and greater degeneration in the medial compared to lateral compartments of the tibiofemoral joints with concomitant bilateral varus alignment. Exclusion criteria included having undergone a previous HTO, undergoing other



lower limb surgery (except for concomitant arthroscopic procedures or hardware removal following HTO) during the 2-year postoperative period, inflammatory or infectious arthritis of the knee, multi-ligamentous instability, major neurological deficit that would affect gait, pregnancy, inability to speak or read English, or a psychiatric condition that could limit informed consent.
3.03 InterventionOperative ProcedureThe HTO was performed using a medial opening wedge technique similar to the method previously described by Fowler et al.43 Fixation was achieved with a 4- hole non-locking plate (Arthrex Opening Wedge Osteotomy System; Arthrex, Naples, FL). The desired correction for the osteotomy was calculated preoperatively according to the method described by Dugdale et al35, which recommends moving the weight-bearing line to no greater than 62.5% of the width of the tibial plateau, measuring from the medial border. Preoperative templating was also dependent on the degree of correction required to achieve neutral alignment and the status of the articular cartilage in the lateral tibiofemoral compartment. A guide pin was inserted under fluoroscopy and the osteotomy was performed with a combination of both flexible and rigid osteotomes. Following opening of the osteotomy site to the desired width, limb alignment was confirmed with fluoroscopy. Posterior tibial slope was assessed and adjustments were made, if necessary, by distracting the osteotomy more anteriorly or posteriorly. The plate was fixed proximally and distally with cancellous and cortical bone screws, fixation was confirmed by fluoroscopy and
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finally bone filler [cancellous allograft bone) was used in osteotomies greater than 7.5mm.
Postoperative ManagementFollowing completion of the HTO, patients were placed in a hinged knee brace. Crutch use was mandated for at least 6 weeks with only feather-touch weight bearing. With radiographic and clinical evidence of surgical site healing, partial weight bearing was permitted at 6 weeks and full weight bearing at 12 weeks. Patients started exercising in the brace approximately 3 weeks postoperatively until healing of the osteotomy site had occurred. Exercises were assigned to limit swelling, joint contracture and muscle atrophy from disuse. Active and passive range of motion exercises were completed for both the knee and hip. Strengthening exercises for knee extension/flexion and hip extension were initially isometric. Non weight-bearing concentric exercises using weights or Thera-Band [Hygienic Corporation, Akron, OH) started at approximately 8 weeks postoperatively and progressed until weight-bearing was allowed. Weight bearing exercises focused on balance and proprioceptive control and were implemented approximately 12 weeks after surgery and progressed until patients demonstrated normal gait patterns determined at the physiotherapist’s discretion. All patients followed the same general postoperative guidelines unless modification was deemed necessary.
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3.04 Patient Assessment ScheduleFollow-up assessments for the first [LI) and second (L2) limbs were defined a priori. Baseline [preoperative LI) assessments occurred before the LI surgery as close to the surgical date as feasible. Follow-ups for LI alone occurred at 6 and perhaps 12 months postoperatively, depending on when the L2 surgery was performed. The L2 preoperative assessments coincided with a LI postoperative assessment. Follow-ups then occurred 6,12 and 24 months after the L2 surgery and continued on an annual basis.
3.05 Outcome MeasuresRadiographic MeasurementsDouble limb full weight-bearing hip to ankle digital radiographs were assessed using custom computerized software. Radiographs were taken in an anteroposterior direction with the patient’s feet straight ahead to control for foot rotation and to allow for accurate measurements in the frontal plane. Mechanical axis angle and Kellgren-Lawrence ratings for the medial and lateral tibiofemoral compartments were assessed for both limbs.The mechanical axis angle was defined as the angle formed by lines connecting the centre of the hip to the centre of the knee, and the centre of the knee to the centre of the ankle. The centre of the hip was defined to be the centre of a circular template placed over the femoral head. The centre of the knee was defined as the midpoint of the tibial spines, extrapolated inferiorly to the intercondylar eminence. The centre of the ankle was defined as the midpoint of the width of the



tibia and fibula at the level of the tibial plafond. Positive mechanical axis angle values indicated valgus alignment and negative values indicated varus alignment. Measures of joint degeneration were made using the Kellgren-Lawrence rating scale for both the medial and lateral tibiofemoral compartments. All radiographic measurements were completed by one investigator.
Gait AnalysisPatients underwent gait analyses using an eight-camera 3-dimensional optical motion capture system (Motion Analysis Corporation, Santa Rosa, USA) that was synchronized with a single floor-mounted force plate (Advanced Mechanical Technology Inc., Watertown, USA). A modified Helen Hayes marker configuration was used, with twenty-two passive reflective markers attached to the patient over significant boney landmarks.61 Four additional makers were placed bilaterally over the medial knee joint line and medial malleolus for an initial static, standing trial with the patient stationary on the force plate and all markers visible to determine the patient's body mass, the marker orientations and relative joint centres for the hips, knees and ankles. The four extra markers were removed prior to gait testing.Patients were instructed to walk over an 8-meter runway at their natural, self-selected pace. Patients walked barefoot so as to negate the potential confounding effects of different types of footwear. Each patient performed two practice trials to become accustomed to the testing and to allow the investigator to modify the starting position on the walkway, if necessary, so that one foot would strike the floor-mounted force plate with each pass. Five walking trials were
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collected for each limb, having an adequate force plate strike from one foot. Kinematic data (sampled at 60 Hz) and kinetic data (sampled at 1200 Hz) were collected during the middle of several strides to avoid the acceleration and deceleration phases at the start and end, respectively, of each trial. Gait data were processed using commercial software (Motion Analysis Corporation, Santa Rosa, USA) and custom post processing programs.Gait characteristics that are suggested to affect knee joint loading in patients with knee OA were calculated and then averaged across the five collected trials for each lower limb of the patient. The external knee adduction moment was normalized to body weight and height and summarized in the following ways: first peak (maximum value in the first half of stance), second peak (maximum value in the second half of stance) and the absolute peak (higher of first or second peak). Gait speed was defined as the average speed of the tested limb between successive footsteps. Toe-out angle was defined as the angle created between the midline of the foot (a line from the centre of the ankle to the head of the second metatarsal) and the straight-forward line movement of the body. Lateral trunk lean over the stance limb was defined as the angle created from the vertical by a line drawn between the midpoints of the acromion processes and the midpoints of the anterior superior iliac spines.
Performance-based MeasuresPatients completed the six minute walk test (6MWT). The test was completed on a level, 24.4 meter (80 foot) track inside the laboratory that had 1.2 meter (4
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foot) increments marked on the ground. Patients were instructed to walk at a self- selected pace for six minutes, and were given verbal cues for how much time remained during the test. Walking aids, such as canes, were allowed if necessary. Timing commenced with a verbal cue and stopped at the 6 minute mark. Distance traveled was calculated to the nearest foot and converted to meters. The 6MWT has shown to be a reliable measure of physical function in patients with knee OA.66 A change of 54 meters in distance walked during the test is suggested to be clinically meaningful.66
Patient Reported MeasuresWe used the 12-item Short Form Health Survey (SF-12), Knee Injury and Osteoarthritis Outcome Score (KOOS) and Lower Extremity Functional Scale (LEFS) to assess patient-reported outcomes.The SF-12 is a generic and multipurpose questionnaire used to assess an individual's physical function and mental health. It does not target a specific age or disease group, and has shown to be reliable and valid across an array of age groups and clinical populations. We used the SF-12 health survey to assess the patient’s overall physical function, mental health, and wellbeing. SF-12 scores were calculated for both the physical function component summary score (PCS) and the mental health component summary score (MCS). Scores were standardized to a 0 to 100 range scale, with scores of 0 being the lowest possible level of health and 100 being the best possible level of health.
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The KOOS is a 42-item knee-specific questionnaire to determine how a patient perceives their knee and their general health. The KOOS is comprised of five different subscales: Symptoms (7 items], Pain (9 items), Function during Activities of Daily Living (17 items), Function during Sports and Recreational Activities (5 items) and Quality of Life in relation to the knee (4 items). Each item is scored on a 5-point Likert scale, and each point on the scale is assigned a value of 0 to 4 with 0 being the worst and 4 being the best possible answer. A normalized score out of 100 is calculated for each subscale, with higher scores indicating greater knee function and health. A change of ten points on a KOOS subscale is suggested to be clinically meaningful.96 The KOOS has been shown to be valid and reliable for individuals with knee OA and ligamentous injuries, and is responsive to changes following knee surgery.94 It is considered an appropriate tool for following individuals through the course of injury and rehabilitation outcomes95 96118.The LEFS is a 20-item questionnaire used to assess overall function of the lower extremity. Each item is scored on a 5-point Likert scale ranging from extreme difficulty to no difficulty. Each point on the scale is assigned a value of 0 -  4 with 0 corresponding to extreme difficulty and 4 to no difficulty. A total score for the questionnaire out of 80 is calculated. Higher scores indicate higher functional capabilities. A change of nine points on the LEFS is suggested to be clinically meaningful.15 The LEFS has shown to be valid, reliable and responsive to change in patients who have sought out medical treatment for a lower limb issue.
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3.06 Statistical AnalysisFor our primary objective, we first calculated means and standard deviations for all variables that were measured at baseline and the final assessment for both limbs. We also calculated mean changes with 95% confidence intervals (95%C1) between baseline and final assessments and completed paired t-tests. If data were missing for the L2 24 month postoperative assessment, data from the next annual assessment were used. For the outcomes of most interest, we plotted all data at the interim assessment time points [seven time points in total). These outcomes were determined a priori and included mechanical axis angle, peak knee adduction moment, 6MWT, K00S Pain and the SF-12 PCS. Any missing data for these interim points were imputed using the linear trend at each point [SPSS, Chicago, IL). For our secondary objective, we repeated the above analyses for each subgroup. We also calculated mean differences in the improvements between subgroups with 95% CIs and compared them using independent t-tests.
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CHAPTER 4 -RESULTS

4.01 Study Demographics37 patients were considered to be eligible and were included in the study. Patient flow through the study is illustrated in Figure 1. Baseline demographic and clinical characteristics are provided in Table 4.1. Patients were primarily male, relatively young, had a BMI classifying them as overweight, had substantial bilateral varus alignment and advanced bilateral arthritic degeneration isolated mainly to the medial tibiofemoral compartments. One patient had a small area of advanced arthritic degeneration in one lateral tibiofemoral compartment, but the surgeon deemed it to still be in the best interest of the patient to proceed with the HTO.
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Figure 4.1 Patient flow through study
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Table 4.1 Baseline demographic and clinical characteristics [N =Characteristic ValueSex, no. (%)Male 29 (78.4)Female 8 (21.6)Age, years 49.3 ± 7.7Height, meters 1.77 ±0.09Weight, kg 93.60 ±17.17BMI, kg/m2 29.7 ±4.4Time between surgeries, months 14.7 ±8.2Mechanical axis angle a, degreesLimb 1 (LI) -8.95 ± 3.58Limb 2 (L2) -7.84 ± 2.96Medial compartment OA grade b, no. (%) LI: 0 0(0)1 2 (5.4)2 2 (5.4)3 5 (13.5)4 28 (75.7)L2: 0 0(0)1 2 (5.4)2 3 (8.1)3 23 (62.2)4 9 (24.3)Lateral compartment OA gradeb, no. (%) LI: 0 13 (35.1)1 14 (37.8)2 9 (24.3)3 1 (2.7)L2: 0 2 (5.4)1 22 (59.5)2 13 (35.1)3 ° C ° 3

37}*

Note: Limb 1 is the first limb to receive HTO, Limb 2 is the second limb to receive HTO 
* Values reported as means with standard deviations unless otherwise noted. 
a Negative values indicate varus alignment 
b Kellgren-Lawrence scale grade of OA severity
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4.02 Concomitant Surgical ProceduresCancellous bone allograft was used in both limbs for all patients. Knee arthroscopy was undertaken for the majority of patients: 33 (89.2%) and 34 (91.9%) for LI and L2, respectively. Arthroscopy revealed medial meniscal tears in 31 (83.8%) of both LI and L2, as well as compromised anterior cruciate ligaments (fraying, partial or total discontinuity) for 5 (13.5%) LI and 3 (8.1%) L2. Concomitant surgeries included anterior cruciate ligament reconstruction for one limb and tibial tuberosity osteotomy for 11 (29.7%) of LI and 9 (24.3%) of L2.
4.03 Intraoperative and Postoperative ComplicationsNo major intraoperative complications were noted. Six limbs had evidence of lateral cortex violations intraoperatively. An additional screw or staple was used in three of these cases. No patients experienced neurovascular injuries, compartment syndrome, deep vein thrombosis, or pulmonary embolism during surgery or followup; two patients had hematomas. Twelve patients had delayed union of the bone at 6 weeks following surgery, successfully treated conservatively with an extended period of non-weight bearing. Three patients had aseptic non-union, also treated successfully with extended non-weight bearing. Eleven patients elected to have their hardware removed (total of 16 limbs).
4.04 Postoperative Follow-upAll patients attended Baseline (preoperative LI), Follow-up 1 (6 months postop LI) or Follow-up 3 (preoperative L2) assessments and had a final



assessment at least two years after the L2 surgery. Assessment dates measured from the date of surgery for L I were: Baseline (preoperative LI],-1.2 ± 1.5 months; Follow-up 1 (LI 6 months postoperative], 5.9 ± 4.9 months; Follow-up 2 (preoperative L2], 11.9 ± 6.4 months; Follow-up 3 (L2 6 months postoperative), 21.0 ± 9.0 months; Follow-up 4 (L2 12 months postoperative), 27.4 ± 8.5 months; Follow-up 5 (L2 24 months postoperative), 40.8 ± 9.3 months; Last Follow-up, 47.2 ± 16.4 months).
4.05 Outcome MeasuresObjective 1Tables 4.2 and 4.3 summarize the overall changes in radiographic alignment, gait measures, performance-based and patient-reported outcomes. Note that all mean changes were statistically significant, with 95% CIs excluding the value zero, with the exception of the SF-12 MCS. Also, the 95% CIs were all quite narrow and even their lower ends suggested large, clinically important improvements.



Table 4.2 Gait and radiographic measures (N=37)
Outcome Measure

■ ■ ■ ■■ Ximb 1 Limb 2

Baseline 
Mean ± SD

Last
assessment 
Mean ± SD

Mean Change 
(95% Cl)

Baseline 
Mean ± SD

Last
assessment
Mean±SD

Mean Change 
(95% Cl)

Radiographic

M e c h a n ic a l  a x is  a n g le , d e g r e e s -8 .9 5  ± 3 .5 8 0 .7 9  ± 2 .7 5 9 .7 4  ( 8 .3 5 ,1 1 .1 3 ) 4 -7 .8 4  ± 2 .9 6 1 .6 5  ± 2 .6 2 9 .4 9 ( 8 .3 3 ,1 0 .6 5 ) 4

Gait

K n e e  a d d u c t i o n  m o m e n t

F ir s t  p e a k , % B W x H t 3 .2 4  ± 0 .9 1 1 .7 0  ± 0 .7 4 - 1 .5 4  ( - 1 .9 0 ,- 1 .1 8 ) 4 3 .1 9  ± 1 .1 5 1 .4 1  ± 0 .6 7 - 1 .7 8  ( - 2 .1 8 ,- 1 .3 7 ) 4

S e c o n d  p e a k , % B W x H t 3 .1 2  ± 0 .9 6 1 .5 4  ± 0 .7 7 -1 .5 8  ( - 1 .9 8 ,- 1 .1 9 ) 4 2 .8 7  ± 0 .9 3 1 .3 3  ± 0 .8 4 - 1 . 5 4  ( - 1 .9 1 ,- 1 .1 7 ) 4

A b s o lu t e  p e a k , % B W x H t 3 .4 0  ± 0 .9 9 1 .7 8  ± 0 .6 9 -1 .6 2  ( - 1 .9 9 ,- 1 .2 5 ) 4 3 .3 3  ± 1 .0 2 1 .5 1  ± 0 .7 2 -1 .8 1  ( - 2 .2 1 ,- 1 .4 2 ) 4

A n g u la r  im p u ls e , % B W x H t x s e c s 1 .6 3  ± 0 .5 0 0 .7 9  ± 0 .3 6 - 0 .8 4  ( - 1 .0 2 ,- 0 .6 7 ) 4 1 .5 9  ± 0 .5 5 0 .6 8  ± 0 .4 6 -0 .9 1  ( -1 .0 9 , -0 .7 3 ) 4

S p e e d , m e t e r s / s e c o n d 1 .0 8  ± 0 .2 0 1 .1 7  ± 0 .1 7 0 .0 9  ( 0 .0 5 , 0 .1 2 ) 4 1 .0 8  ± 0 .2 0 1 .1 7  ± 0 .1 7 0 .0 9  ( 0 .0 5 , 0 .1 2 ) 4

T o e - o u t  a n g le , d e g r e e s 1 1 .2 7  ± 5 .5 8 1 2 .4 6  ± 5 .5 7 1 .1 9 ( 0 .0 5 ,2 .4 3 ) * 1 2 .7 1  ± 5 .0 0 1 4 .1 0  ± 4 .9 7 1 .4 0  ( 0 .0 7 , 2 .7 3 ) *

L a te r a l t r u n k  le a n , d e g r e e s 3 .3 0  ± 2 .9 2 1 .5 3  ± 1 .9 7 -1 .7 7  ( -2 .8 8 , -0 .6 6 ) 4 3 .4 2  ± 2 .8 3 1 .6 1  ± 1 .6 9 -1 .8 0  ( - 2 .8 4 ,- 0 .7 7 ) 4

4 P< 0.001; *P <  0.05

u i
NJ
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The changes in mechanical axis angle, peak knee adduction moment, 6MWT, KOOS domain scores and SF-12 component scores over all of the assessments are plotted in Figures 4.2 -  4.6. The mechanical axis angle data (Figure 4.2) shows large changes from substantial varus to mild valgus. The figure also shows that the surgical correction was maintained by both limbs through follow-up to at least 24 months after the second surgery. Interestingly, at baseline the mechanical axis angle of LI was more varus than that of L2.



55

Limb 2 - - Preop 2 6 months 1 year 2 years 3 years
Time from Surgery

Figure 4.2 Mean mechanical axis angles [degrees] ± 95% confidence intervals for all assessment. Both limbs were assessed at all time points. Negative values indicate varus alignment.
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Peak knee adduction moment data are plotted in Figure 4.3. Similar to the mechanical axis angle, there were large changes in both limbs after each surgery. Although the plot shows very small increases in knee adduction moments after their 6-month follow-ups, changes were not significant.
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Baseline Followup 1 Followup 2 Followup 3 Followup 4 Followup 5 Last followup 
Limbi Preop 1 8 months 1 year 1 .5 years 2 years 3 y e a s  4 years
Limb 2 - Preop 2 6 months 1 year 2 years 3 years

Time from Surgery

Figure 4,3 Mean external knee adduction moment (%BW * Ht) ± 95% confidence intervals for all assessments. Both limbs were assessed at all time points.
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Data for the 6MWT are plotted in Figure 4.4. Distance walked increased substantially from baseline to Follow-up 4, then plateaued. This overall increase was lower than the conservatively estimated minimal clinically important difference of 54 meters,66 although the upper end of the 95%CI does include this value.
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Limb 2 - - Preop 2 8 months 1 year 2 years 3 yearsTim e from Surgery
Figure 4.4 Mean 6MWT distance (m) ± 95% confidence intervals for all assessments.
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Scores for the KOOS domains are plotted in Figure 4.5. All domain scores increased by values greater than the suggested minimal clinically important change of 10 points by the first follow-up. Smaller improvements continued up until the final follow-up, with notable decreases in the Sport & Recreation and Symptoms domains from Follow-up 2 to Follow-up 3 (i.e. preoperative L2 to 6-month postoperative L2).
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Limb 2 - - Preop 2 6 months I year 2 years 3 years
Time from Surgery

Figure 4.5 Mean Knee Injury and Osteoarthritis Outcome Score (KOOS) domain scores ± 95% confidence interval for all assessments.
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Scores for the PCS and MCS of the SF-12 are presented in Figure 4.6. The PCS increased steadily from baseline to the final follow-up assessment, while the MCS did not.
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Limb 2 - - Preop 2 6 months 1 year 2 years 3 years
Time from Surgery

Figure 4.6 Short Form-12 (SF-12] PCS and MCS ± 95% confidence intervals for all assessments.
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Objective 2All subgroup data are presented in Appendix II. Subgroup baseline demographics and characteristics are presented in Appendix II Table 1. Overall the two subgroups were very similar. Appendix II Tables 2 and 3 summarize the overall changes in radiographic alignment, gait measures, performance-based and patient- reported outcomes for both subgroups. Appendix II Table 2(continued) and Table 3 [continued) summarize the mean differences in improvements between the subgroups. With the exception of the L2 lateral trunk lean, the mean differences between subgroups were not significant.The changes in mechanical axis angle, peak knee adduction moment, 6MWT, KOOS domain scores and SF-12 component scores over all of the assessments for both subgroups are plotted in Appendix II Figures 1-5. Although the overall patterns of improvements were similar for both subgroups, there were some notable differences worth future investigation. Specifically, patients in the "Beyond 12 months” subgroup had differences in mechanical axis angles between limbs at baseline [mean difference between limbs -2.07° [95%CI -3.49°, -0.65°)]. This subgroup also exhibited a slightly steeper (though still small) increase in the peak knee adduction moment of both limbs in follow-ups after 6-months. This subgroup also experienced a decrease in all KOOS domains, with the exception of Quality of Life, at Follow-up 3 (i.e. the L2 6-month postoperative assessment) before continuing to increase.
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CHAPTER 5 -  DISCUSSION

This study has provided some of the first clinically relevant data focused solely on the population of individuals who undergo staged bilateral medial opening wedge HTO. We hypothesized that patients with bilateral varus gonarthrosis would exhibit large, clinically important improvements in both limbs for relevant radiographic measures, dynamic gait parameters, performance-based and patient- reported outcomes. Our findings strongly support this hypothesis. Effect sizes for mechanical axis angle (LI: 2.71; L2: 3.18), peak knee adduction moment (LI: 1.63; L 2 :1.78), all KOOS domains (1.43-1.82,), LEFS (1.53) and SF-12 physical function component score (1.52) were all well above Cohen's threshold for a large effect size of 0.80.29 Mean changes and the lower 95% CIs at the last follow-up assessment for the peak knee adduction moment, all KOOS domain scores and LEFS score exceed the suggested minimum clinically important differences. Overall, the biomechanical and patient-reported gains observed nearly 4 years following the first surgery and nearly 3 years following the second surgery strengthen the argument that surgical correction of both lower limbs to neutral alignment has the potential to greatly benefit this patient population.Although the present sample was similar to individuals who undergo unilateral HTO in most descriptive and anthropomorphic measures (gender distribution, height, weight, BMI and age), it did differ in some baseline characteristics. We have previously reported that the operative limb of patients undergoing unilateral medial opening wedge HTO had a mechanical axis angle of-
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7.5° ± 4° with advanced degeneration (KL grade >3) in 72% of medial compartments and 10% of lateral compartments.16 In the present study, the mechanical axis angle of LI and L2 were 19% and 5% greater, respectively, than those of the unilateral patients. Advanced degeneration (KL > grade 3) was present in 89% of LI and 87% of L2 medial compartments and only 3% of L I and 0% of L2 lateral compartments.We observed several changes in gait that support the underlying biomechanical principle for HTO. The patients in the current study exhibited preoperative knee adduction moments in both LI and L2 that were greater in magnitude than those of comparable patients undergoing unilateral HTO.16 Importantly, both limbs experienced large decreases of the knee adduction moment postoperatively, despite increases in gait speed and decreases in lateral trunk lean toward the stance limb, all of which would normally act to increase loading on the medial compartment of the knee. Interestingly, an increase in toe-out angle, a characteristic that would serve to decrease the knee adduction moment, was also observed bilaterally postoperatively. It is not clear whether this occurred following a modification in gait pattern by the patient, or was an anatomical change in external rotation of the tibia itself brought about by the osteotomy.After surgery, the mechanical axis angle was quite stable over all follow-ups (i.e. the angle of correction was maintained). Alternatively, the knee adduction moment of both limbs appeared to steadily increase (although by a small amount) beyond 6 months. This finding was similar to our previous study and deserves further investigation.



All KOOS domain scores, with the exception of Quality of Life, decreased slightly at the 6 months postoperative assessment following the second surgery, before continuing to increase. Although none of these decreases were statistically significant they do reflect the short-term detrimental effects of undergoing a second surgery.We also hypothesized that patients who undergo their second HTO within 12 months of the first HTO will report better final outcomes than those who undergo their second HTO beyond 12 months of the first surgery. This hypothesis was not supported. There were, however, some interesting findings during the preoperative and interim assessments worth further exploration. Patients who had the second surgery within 12 months had similar varus alignment between limbs at baseline, but had slightly greater peak knee adduction moments in LI. Conversely, patients who had the second surgery beyond 12 months had slightly greater varus alignment in L I, but similar peak knee adduction moments. Toe-out angle and trunk lean were both slightly higher in L2 compared to LI in patients who underwent surgeries within 12 months, which may have contributed to their marginally lower knee adduction moment in L2. However, the opposite is not true of patients who had the second surgery beyond 12 months. Those patients had a higher toe-out angle, but less trunk lean in L2 compared to LI. Further investigation is required to determine what factors may be causing the inconsistencies between these subgroups.Interestingly, following surgery, patients who had their second surgery beyond 12 months from the first experienced a significant increase in peak knee adduction moment from 6 months postoperatively to final assessment in both limbs

67



68

(mean increase: LI 0.35 [95%CI 0.04, 0.66] %BW*Ht; p=0.028; L2 0.34 [95%CI 0.09,0.59] %BW*Ht, p=0.011). Despite this postoperative increase, even these patients maintained peak knee adduction moments in both limbs that were still approximately one half of the preoperative values.Patients who had their second surgery beyond 12 months of the first experienced a significant decrease in the KOOS Sport and Recreation domain scores at 6 months after the L2 surgery (mean difference -13.12 [95%CI -21.87, -4.38]. As these patients had a longer period between surgeries, they made further gains in their rehabilitation after the LI surgery. Therefore, the imposed activity restrictions following the second surgery likely impacted these patients more. This is supported by the fact that patients who had their second surgery within 12 months of the first, experienced only a slight plateau in the KOOS domains and the SF-12 PCS after the second surgery. While both patient groups ultimately reached very similar improvements by the final assessment, those individuals who had the second surgery sooner, reached the maximum improvements sooner, and lessened the setbacks in patient-reported outcomes observed 6 months after the first surgery.The inclusion and exclusion criteria for this study were slightly different than some previous reports on HTO. Patients included in this study were of a wide range in age and had bilateral varus gonarthrosis with the greatest radiographic severity and symptoms isolated to the medial compartment of the knees. We did not exclude individuals who also had evidence of lateral compartment disease as long as the medial compartment was more severe. Our patients were typically young individuals with substantial varus alignment who were not considered to be
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candidates for arthroplasty. High tibial osteotomy is not typically considered to be a treatment option for patients with bicompartmental tibiofemoral OA; however, as previously noted, one patient (age 65 years) did have a small area of OA of KL grade 3 severity in their L I lateral compartment and underwent the procedure. This patient had substantial preoperative varus alignment in LI (-15.4°) and was not corrected all the way to neutral alignment (-4.6°). Despite this, the patient has experienced a decrease in peak knee adduction moment of approximately 0.6% BW*Ht and had substantial improvements in all KOOS domains, including an improvement in the KOOS Pain score of 50 points at his final assessment nearly 6.5 years after the first surgery.The strengths of this study include its prospective design and the range of validated outcome measures relevant to HTO. Limitations of this study include a relatively a small sample size, particularly for the subgroups. This study was conducted without a control group or randomization, and it is unclear why the time between surgeries was what it was. However, Kooistra et al67 remind us of the important role that case series study designs have in research, as they most accurately reflect clinical practice.
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CHAPTER 6 -  CONCLUSION

The present study indicates that patients with bilateral symptomatic varus gonarthrosis who undergo staged bilateral medial opening wedge HTO have large improvements in radiographic, dynamic gait, performance-based and patient- reported outcome measures by 2 years after their second surgery. Maximum benefits are achieved following the second surgery and outcome measures continue to improve up to 24 months after the second surgery. Although longer term followup continues, the present results suggest substantial improvements remain at 4 years after the first surgery and 3 years after the second surgery.Patients who undergo staged bilateral medial opening wedge HTO experience large improvements by 2 years after the second surgery, regardless of the amount of time the surgeries are staged apart. Although the current findings suggest no statistically significant differences between subgroups in final outcomes, further research evaluating the potential for decreased time between surgeries to result in quicker improvements without setbacks in recovery is warranted.
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Wolf Orthopaedic
Biomechanics Laboratory

Wolf Orthopaedic Biomechanics Laboratory
3M Centre, The University of Western Ontario, London, Ontario, N6A 3K7 

Information Letter

Title of Study: Medial Opening Wedge High Tibial Osteotomy for the Treatment of Knee 
Osteoarthritis: Evaluation of Dynamic Joint Loads and Health-Related Quality of 
Life

Investigators: Dr. T. Birmingham, Dr. P. Fowler, Dr. R. Giffin, Dr. R Litchfield, Dr. B. 
Chesworth, Dr. T. Jenkyn, Mr. Ian Jones, Dr. D. Bryant

The purpose of this letter is to provide you with the information you require to make an informed 
decision about participating in this research.

You are being invited to participate in a research study looking at whether certain characteristics 
of walking affect the results of knee realignment surgery, termed high tibial osteotomy. We are 
asking you to take part because you will be undergoing this type of surgery for the treatment of 
your knee osteoarthritis.

If you agree to participate in the study, you will be asked to undergo a walking test (also called a 
gait analysis) before your knee surgery and at several different times after your surgery. These 
tests will be scheduled at 6, 12, and 24 months, 5 years, 8 years and 10 years after surgery to 
coincide with your follow-up visits with your orthopaedic surgeon at the Fowler Kennedy Sport 
Medicine Clinic. Information from the walking tests will be combined with information recorded 
from your chart, including x-rays and questionnaires. Walking tests will take place in the Fowler 
Kennedy Sport Medicine Clinic, in the Wolf Orthopaedic Biomechanics Lab. Each walking test 
will require approximately 60 minutes of your time.

The biomechanics lab is equipped with special cameras mounted on the walls, and a force plate 
embedded in the centre of the floor. You will be asked to walk a distance of approximately 8 
meters at a self-selected pace across the force plate, as the cameras follow several reflective 
markers placed on your skin over your feet, knees, hips, arms and shoulders. These markers will 
be fastened to your skin using double-sided tape. Although markers are removed easily, they may 
cause some pulling if stuck to hair, and we may shave some areas with a plastic disposable razor 
to limit discomfort. To assist in the placement of markers, you will be asked to wear shorts (or 
tights) and a T-shirt or tank top. We will ask you to walk for approximately 10-20 minutes 
continuously on the flat tile floor of the lab. You will be encouraged to take rest breaks if needed.

There are no known risks or benefits to your participation in this study. Participation in this study 
is voluntary. You may refuse to participate, refuse to answer any questions or withdraw from the 
study at any time with no effect on your future care.

Ian Jones from the Wolf Orthopaedic Biomechanics Lab will be coordinating this study. If you 
have any questions about the study procedures, you can contact Ian Jones at (XXX) XXX-XXXX 
ext. XXXXX. Any information that you provide will be kept in a locked cabinet in the Wolf
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Orthopaedic Biomechanics Lab and will be destroyed after completion of the study. All 
information will be kept confidential. If the results of the study are published, your name will not 
be used and no information that discloses your identity will be released or published.

If you have any questions about the conduct of this study or your rights as a research subject you 
may contact The Director, Office of Research Ethics, The University of Western Ontario, Phone 
(519) 661-3036.

This letter is yours to keep.

Thank you.

Trevor Birmingham
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Consent Form

Title of Study: Medial Opening Wedge High Tibial Osteotomy for the Treatment of Knee 
Osteoarthritis: Evaluation of Dynamic Joint Loads and Health-Related Quality of 
Life

I have read the Letter of Information, have had the nature of the study explained to me and I agree 
to participate. All questions have been answered to my satisfaction.

________________________________  Date:
Signature of Participant

________________________________  Date:
Signature of Person Obtaining Consent
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Table 1 - Baseline demographic and clinical characteristics of patient subgroups.

Characteristic

Value
Within 12 mo Beyond 12 mo 
fN=21) (N=16)Sex, no. (%)Male 18 (85.7) 11 (68.8)Female 3 (14.3) 5 (31.2)Age, years 49.0 (9.4) 49.8 (4.8)Height, meters 1.78 (0.09) 1.77 (0.10)Weight, kg 93.38 (14.75) 93.87 (20.43)BMI, kg/m2 29.58 (3.93) 29.72 (5.00)Time between surgeries, months 9.9 (2.2) 21.2 (8.9)Mechanical axis angle a, degreesLimb 1 -8.77 (3.90) -9.18 (3.21)Limb2 -8.40 (3.51) -7.11 (1.89)Medial compartment OA gradeb, no. (%) Limb 10 0(0) 0(0)1 1 (4.8) 1 (6.3)2 1 (4.8) 1 (6.3)3 4 (19.0) 1 (6.3)4 15 (71.4) 13 (81.3)Limb 20 0(0) 0(0)1 1 (4.8) 1 (6.3)2 1 (4.8) 2 (12.5)3 14 (66.6) 9 (56.3)4 5 (23.8) 4 (25.0)Lateral compartment OA gradeb, no. (%) Limb 10 8 (38.1) 5 (31.3)1 7 (33.3) 7 (43.8)2 5 (23.8) 4 (25.0)3 1 (4.8) 0(0)Limb 20 0(0) 2 (12.5)1 13 (61.9) 9 (56.3)2 8 (38.1) 5 (31.3)3 °CQ)

Note: Limb 1 is the first limb to receive MOWHTO, Limb 2 is the second limb to receive MOWHTO 
* Values reported as means with standard deviations unless otherwise noted. 
a Negative values are indicative of varus alignment 
b Kellgren-Lawrence scale grade of OA severity



Table 2 - Gait and radiographic measures for the “Within 12 months” subgroup

Within 12 months (n=21) Limbi ■ Limb 2 .

Outcome Meausre Baseline 
Mean ± SD

Last assessment 
Mean±SD

Mean Change 
(95% Cl)

Baseline 
Mean ±SD

Last assessment 
Mean±SD

Mean Change 
(95%CI)

Radiographic

M e c h a n ic a l a x is  a n g le , d e g r e e s -8 .7 7  ± 3 .9 0 0 .1 8  ± 3 .1 5 8 .9 4  ( 7 .0 8 ,1 0 .8 1 ) + -8 .4 0  ± 3 .5 1 2 .0 7  ± 2 .7 4 1 0 .3 5  ( 8 .7 3 ,1 1 .8 7 ) +

Gait

K n e e  a d d u c t i o n  m o m e n t

F ir s t  p e a k , % B W * H t 3 .3 0 + 1 .0 0 1 .6 4  ± 0 .8 4 -1 .6 6  ( -2 .1 9 ,-1 .1 3 )  + 3 .0 2  ±  1 .1 9 1 .3 1  ± 0 .7 4 -1 .7 1  ( - 2 .2 8 ,- 1 .1 5 )  +

S e c o n d  p e a k , % B W x H t 3 .2 0  ± 0 .9 9 1 .3 6  ± 0 .8 3 -1 .8 3  ( - 2 .3 7 ,- 1 .2 9 )  + 2 .7 2  ± 0 .9 3 1 .1 4  ± 0 .9 1 -1 .5 8  ( -2 .0 9 ,-1 .0 8 )  +

A b s o lu t e  p e a k , % B W x H t 3 .5 0  ± 1 .0 4 1 .7 8 ±  0 .8 1 -1 .7 1  ( - 2 .2 4 ,- 1 .1 9 ) + 3 .3 0  ± 1 .1 1 1 .3 9  ± 0 .7 8 -1 .9 1  ( - 2 .4 7 ,- 1 .3 4 ) +

A n g u la r  im p u ls e , % B W x H t x s e c s 1 .6 3  ± 0 .5 3 0 .7 7  ± 0 .4 0 -0 .8 6  ( -1 .0 8 , -0 .6 4 )  + 1 .5 3  ± 0 .5 6 0 .6 3  ± 0 .5 4 -0 .9 0  ( - 1 .1 3 ,- 0 .6 7 )  +

S p e e d , m e t e r s / s e c o n d 1 .1 2  ± 0 .2 4 1 .1 9  ± 0 .2 0 0 .0 7 ( 0 .0 2 , 0 .1 3 ) * 1 .1 2  ± 0 .2 4 1 .1 9  ± 0 .1 3 0 .0 7  ( 0 .0 2 , 0 .1 2 ) *

T o e - o u t  a n g le , d e g r e e s 1 1 .6 4  ± 5 .3 5 1 2 .1 2  ± 5 .4 2 0 .4 8  ( - 1 .3 2 ,2 .2 9 ) 1 2 .4 7  ± 5 .4 4 1 3 .6 4  ± 5 .6 1 1 .1 6  ( -0 .9 4 , 3 .2 6 )

L a te r a l tr u n k  le a n , d e g r e e s 2 .6 0  ± 2 .6 3 1 .5 9  ± 1 .9 4 -1 .0 0  ( -2 .2 5 , 0 .2 3 ) * 3 .7 6  ± 2 .6 1 1 .0 1  ± 1 .6 9 -2 .7 4  ( - 4 .1 0 ,- 1 .3 9 )  +

+ P <  0 .0 0 1 ;  * P <  0 .0 5

oo



Table 2 - Gait and radiographic measures for the "Beyond 12 months" subgroup

Beyond 12 months (n=16) Limb 1 Limb 2

Outcome Measures Baseline 
Mean ± SD

Last assessment 
Mean±SD

Mean Change 
(95% Cl)

Baseline 
Mean + SD

Last assessment 
Mean ±SD

Mean Change 
(95%CI)

Radiographic

M e c h a n ic a l  a x is  a n g le , d e g r e e s -9 .1 8  ± 3 .2 1 1 .1 4  ± 2 .2 4 1 0 .3 2  ( 8 .0 9 ,1 2 .5 5 )  4 -7 .1 1  ± 1 .8 9 1 .1 0  ± 2 .4 2 8 .2 1  ( 6 .6 0 , 9 .8 3 )4

Gait

K n e e  a d d u c t i o n  m o m e n t

F ir s t  p e a k , % B W * H t 3 .1 5  ± 0 .8 1 1 .7 7  ± 0 .6 1 -1 .3 8  ( -1 .8 9 , 0 .8 6 )  4 3 .4 0  ± 1 .1 1 1 .5 4  ± 0 .5 7 -1 .8 6  ( - 2 .5 2 ,- 1 .2 0 ) 4

S e c o n d  p e a k , % B W x H t 3 .0 3  ± 0 .9 5 1 .7 7  ± 0 .6 2 -1 .2 6  ( -1 .8 6 , - 0 .6 6 ) 4 3 .0 6  ± 0 .9 3 1 .5 9  ± 0 .6 7 -1 .4 7  ( 2 .0 9 ,-0 .8 6 )  4

A b s o lu t e  p e a k , % B W x H t 3 .2 7  ± 0 .9 4 1 .7 7  ± 0 .5 1 -1 .5 0  ( -2 .0 8 , -0 .9 1 ) 4 3 .3 7  ± 0 .9 1 1 .6 7  ± 0 .6 2 -1 .7 2  ( - 2 .3 0 ,- 1 .1 4 ) 4

A n g u la r  im p u ls e , % B W x H t x s e c s 1 .6 2  ± 0 .4 7 0 .8 0  ±  0 .4 3 -0 .8 2  ( - 1 .1 3 ,- 0 .5 2 ) 4 1 .6 7  ± 0 .5 5 0 .7 5  ± 0 .3 4 -0 .9 2  ( - 1 .2 5 ,- 0 .6 0 ) 4

S p e e d , m e t e r s / s e c o n d 1 .0 4  ± 0 .1 4 1 .1 4  ± 0 .1 3 0 .1 1  ( 0 .0 6 ,0 .1 6 ) 4 1 .0 4  ± 0 .1 3 1 .1 5  ± 0 .1 3 0 .1 1  ( 0 .0 6 , 0 .1 6 )4

T o e - o u t  a n g le , d e g r e e s 1 0 .7 8  ± 6 .0 1 1 2 .9 0  ± 5 .9 0 2 .1 2  ( 0 .3 7 ,3 .8 7 ) * 1 3 .0 1  ± 4 .5 2 1 4 .7 2  ± 4 .0 6 1 .7 1  ( 0 .0 5 ,3 .3 7 ) *

L a te r a l t r u n k  le a n , d e g r e e s 4 .2 2  ± 3 .1 0 1 .4 6  ± 2 .0 7 -2 .7 6  ( - 4 .8 1 ,- 0 .7 1 ) * 2 .9 7  ± 3 .1 3 2 .4 0  ± 1 .3 8 -0 .5 7  ( - 2 .1 1 ,0 .9 7 )

4 P <  0 .0 0 1 ;  * P <  0 .0 5

O



Table 2 (cont'd) - Mean differences between subgroups for radiographic and dynamic
gait outcome measures

Outcome Measures

Limb 1 Limb 2

Mean Difference 
(95%CI) Significance Mean Difference 

(95%CI) Significance

Radiographic

M e c h a n ic a l a x is  a n g le , d e g r e e s -1 .3 8  ( - 4 .1 6 ,1 .4 1 ) 0 .3 2 3 2 .0 9  ( -0 .1 2 , 4 .3 0 ) 0 .6 3 0

Gait

K n e e  a d d u c t io n  m o m e n t

F ir s t  p e a k , % B W * H t -0 .2 8  ( -1 .0 2 ,0 .4 5 ) 0 .4 3 7 -0 .5 8  ( -1 .3 6 , 0 .2 1 ) 0 .1 4 6

S e c o n d  p e a k , % B W * H t 0 .1 4  ( -0 .6 9 , 0 .9 8 ) 0 .7 2 8 -0 .1 1  ( -0 .8 7 , 0 .6 5 ) 0 .7 7 7

A b s o lu t e  p e a k , % B W * H t -0 .2 2  ( - 0 .6 9 ,0 .9 8 ) 0 .5 6 3 -0 .1 9  ( -0 .9 8 , 0 .6 1 ) 0 .6 3 7

A n g u la r  im p u ls e , % B W x H t x s e c s -0 .0 4  ( -0 .3 9 ,0 .3 1 ) 0 .8 3 8 0 .0 2  ( -0 .3 5 , 0 .4 0 ) 0 .8 9 9

S p e e d , m e t e r s / s e c o n d -0 .0 4  ( -0 .1 1 , 0 .0 4 ) 0 .3 2 3 -0 .0 4  ( - 0 .1 1 ,0 .0 3 ) 0 .2 6 4

T o e - o u t  a n g le , d e g r e e s -1 .6 4  ( -4 .1 3 ,0 .8 4 ) 0 .1 8 9 -0 .5 5  ( -3 .2 7 , 2 .1 7 ) 0 .6 8 6

L a te r a l tr u n k  le a n , d e g r e e s 1 .7 5  ( - 0 .4 4 ,3 .9 5 ) 0 .1 1 3 -2 .1 7  ( -4 .1 5 , -0 .1 9 ) 0 .0 3



Table 3 - Performance-based and patient-reported outcome measures split by patient subgroups

Outcome Measures

Within 12 months (n=s21) Beyond 12 months (n==16)

Baseline 
Mean ± SD

Last assessment 
MeantSD

Mean Change 
(95% Cl)

Baseline 
Mean ± SD

Last assessment 
Mean±SD

Mean Change 
(95%CI)

Performance-based **

6 M W T , m e t e r s 4 2 1 .8 4  (9 2 .4 6 ) 4 4 1 .3 5  ( 1 0 8 .5 1 ) 4 7 .5 5 ( 3 8 .6 1 ) 4 1 7 .1 7 ( 1 3 6 .7 5 ) 4 3 1 .5 1  ( 8 6 .2 6 ) 3 2 .7 2  (6 8 .1 2 )

Patient-reported

S F -1 2  P h y s ic a l F u n c t io n  (r a n g e  0 -1 0 0 ) 3 5 .0 6  ± 8 .6 2 4 7 .8 3  ± 9 .0 1 1 2 .8 0  ( 7 .7 8 ,1 7 .8 2 ) * 3 0 .9 9  ± 5 .8 7 4 2 .0 7  ± 9 .8 8 1 1 .0 9  ( 6 .1 0 ,1 6 .0 7 ) *

S F -1 2  M e n t a l H e a lt h  (r a n g e  0 - 1 0 0 ) 5 5 .2 1  ± 7 .6 1 4 9 .6 0  ± 6 .5 6 -5 .5 5  ( -9 .0 4 , - 2 .0 6 ) * 4 9 .8 3  ± 1 4 .3 5 5 0 .0 1  ± 9 .7 8 0 .1 8  ( -6 .6 4 , 7 .0 0 )

K O O S  ( r a n g e  (0 - 1 0 0 )

P a in 4 6 .0 8  ± 1 6 .0 3 7 0 .2 1  ± 2 5 .4 9 2 4 .2 8  ( 1 5 .4 3 ,3 3 .1 2 ) * 4 0 .2 8  ± 1 6 .2 6 6 7 .3 6  ± 1 7 .2 6 2 7 .0 8 ( 1 9 .0 8 ,3 5 .0 9 ) *

O t h e r  S y m p t o m s 4 0 .6 0  ± 1 2 .6 9 6 0 .7 5  ± 1 6 .9 8 2 0 .3 4 ( 1 1 .2 0 , 2 9 .4 7 ) * 3 6 .6 1  ± 9 .2 7 5 6 .9 2  ± 1 8 .0 9 2 0 .3 1  ( 1 0 .4 2 ,3 0 .2 1 ) *

F u n c t io n  in  A c t iv it ie s  o f  D a ily  L iv in g 5 2 .6 8  ± 1 6 .1 6 7 8 .9 0  ± 2 1 .2 0 2 6 .4 1  ( 1 7 .6 3 ,3 5 .2 0 ) * 4 7 .2 4  ± 1 8 .1 1 7 6 .9 3  ± 1 4 .2 3 2 9 .6 9  ( 2 0 .4 1 ,3 8 .9 6 ) *

F u n c t io n  in  S p o r t  &  R e c r e a t io n 2 4 .0 5  ± 2 4 .3 2 5 4 .4 5  ± 2 8 .5 8 3 0 .7 1  ( 1 6 .8 6 , 4 4 .5 6 ) * 1 3 .4 4  ± 1 3 .9 9 4 4 .6 9  ± 2 7 .9 6 3 1 .2 5  ( 1 7 .6 5 ,4 4 .8 5 ) *

Q u a lit y  o f  L ife 2 2 .5 9  ± 2 2 .1 4 5 3 .7 1  ± 3 1 .4 3 3 1 .2 7  ( 1 6 .1 9 , 4 6 .3 5 ) * 1 4 .4 5  ± 1 6 .0 9 4 4 .5 3  ± 2 2 .3 5 3 0 .0 8 ( 1 8 .5 9 ,4 1 .5 6 ) *

L E F S 3 7 .7 5  ±  1 4 .4 3 5 5 .8 5  ± 1 9 .6 1 1 8 .1 0  ( 9 .3 9 ,2 7 .8 1 ) * 3 4 .5 6  ± 9 .8 5 5 3 .8 8  ± 1 5 .7 0 1 9 .3 1  ( 1 2 .0 5 ,2 6 .5 7 ) *

* P <  0 .0 0 1 ; *  P < 0 .0 5

* *  N = 3 0 ; t h e r e  w e r e  n o  p e r fo r m a n c e - b a s e d  m e a s u r e s  f o r  7 p a tie n t s ; s c o r e s  r e p o r te d  a s  m e d ia n s  w it h  in t e r q u a r t ile  r a n g e s  b e c a u s e  d a t a  w e r e  n o t  n o r m a lly  
d is t r ib u t e d



Table 3 (cont'd) -  Mean differences between subgroups for performance- based and patient-reported outcomes.
Outcome Measure Mean Difference 

(95% Cl) Significance

Performance-based **

6MWT, meters N/A 0.279

Patient-reported

SF-12 Physical Function (range 0-100) 1.71 (-5.26, 8.68) 0.621

SF-12 Mental Health (range 0 -100) -5.73 (-12.59, 1.13) 0.100

KOOS (range (0 -100)

Pain -2.81 (-14.71, 9.10) 0.636

Other Symptoms 0.26 (-13.06,13.12) 0.997

Function in Activities of Daily Living -3.27 (-15.75, 9.20) 0.597

Function in Sport & Recreation -0.54 (-19.69,18.60) 0.954

Quality of Life 1.19 (-18.17,20.56) 0.901

LEFS (range 0-80) -1.02 (-12.95,10.92) 0.864

*  P  < 0 .0 0 1 ; * P  < 0 .0 5
* * 6 M W T  h a d  n o n -n o r m a l d is tr ib u tio n , s ig n if ic a n c e  le v e l  d e t e r m in e d  w it h  M a n n - W h it n e v  U  te s t

vO
00
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fA") Surgeries staged within 12 months fg ] Surgeries staged beyond 12 months

Figure 1. Mean mechanical axis angle [degrees) ± 95% Cl for all assessments for patients who underwent the second HTO [A) within, or (B) beyond, 12 months of the first HTO. Both limbs were assessed at all time points. Negative values indicate varus alignment.
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Base/ine F U 1  F U 2  FU 3 F U 4  F U 5  L a st Baseline FU1 F U 2  F U 3  F U 4  F U 5  la s t  
f A ] Surgeries staged within 12  months f g ] Surgeries staged beyond 12  months

Figure 2. Mean peak knee adduction moment (%BW * Ht) ± 95% Cl for all
assessments for patients who underwent the second HTO [A) within, or (B) beyond,
12 months of the first HTO. Both limbs were assessed at all time points.
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Figure 3. Mean six minute walk test [m) ± 95% Cl for all assessments for patients who underwent the second HTO (A) within, or (B) beyond, 12 months of the first HTO.
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on

3 E  Pain
5 E  Symptoms 
3 E  Function in Daily Living 
3 E  Sport/Recreation 
3 E  Quality of Life

Baseline FU1 F U 2  F U 3  F U 4  F U 5  Last

[A ] Surgeries staged within 12 months (B ) Surgeries staged beyond 12 months

Figure 4. Mean KOOS domain scores ± 95% Cl for all assessments for patients who
underwent the second HTO (A] within, or (B] beyond, 12 months of the first HTO.
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(A )  Surgeries staged within 12 months (B ) Surgeries staged beyond 12 months

Figure 5. Mean SF-12 PCS and MCS ± 95% Cl for all assessments for patients who
underwent the second HTO (A) within, or (B] beyond, 12 months of the first HTO
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