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Single-event multilevel surgery (SEMLS) is commonly performed in ambulatory 

children with cerebral palsy (CP) to address musculoskeletal deformities contributing to 

pathological gait. Although instrumented gait analysis (IGA) is widely used to evaluate 

postoperative outcomes, uncertainty remains regarding the sensitivity, specificity, and 

clinical interpretability of commonly reported gait metrics across heterogeneous surgical 



  

protocols and patient presentations. The objective of this dissertation was to explore the 

behavior of kinematic, spatiotemporal, kinetic, and frontal-plane knee loading outcomes 

following three standardized SEMLS protocols and to evaluate how these outcomes respond 

to surgical context, developmental factors, and postoperative recovery. 

Retrospective gait data were analyzed from ambulatory children with CP undergoing 

bilateral soft-tissue lengthening (TDR-B), bilateral femoral derotational osteotomy with soft-

tissue procedures (TDFR-B), or unilateral femoral derotational; osteotomy with soft-tissue 

procedures (TDFR-U). Linear modeling frameworks were used to examine associations 

between gait outcomes and predictors including time post-surgery, surgical group, 

normalized walking speed, age, and anthropometry, as well as within-group pre–post 

changes and between-group differences. Effect sizes were emphasized alongside statistical 

significance to characterize outcome sensitivity. 

Results demonstrated marked outcome-specific and SEMLS-context-dependent patterns 

of postoperative change. Global kinematic indices, spatiotemporal asymmetry measures, 

joint kinetic and energetic outcomes, and knee adduction moment (KAM)-based metrics 

captured distinct and sometimes dissociated aspects of postoperative adaptation and were not 

interchangeable. For example, improvements in global gait pathology were not consistently 

accompanied by parallel changes in joint kinetic or energetic measures, indicating 

dissociation between overall gait appearance and underlying mechanical demand. Temporal 

asymmetry differentiated hemiplegic and diplegic involvement patterns more consistently 

than spatial asymmetry, highlighting domain-specific sensitivity to clinical presentation. 

Developmental and speed-related associations varied by outcome and surgical protocol, 

indicating construct-specific behavior rather than uniform maturation effects. Modest 



  

reductions in frontal-plane knee loading metrics were observed following SEMLS with 

differential patterns across protocols and between peak and impulse-based measures. 

Furthermore, changes in KAM metrics did not consistently correspond to changes in sagittal-

plane kinematics commonly referenced as influential for knee loading, underscoring the 

complementary information captured by these outcomes when considering implications for 

long-term joint health. 

Collectively, these findings support a validation-oriented interpretation of postoperative 

gait outcomes, emphasizing sensitivity to biomechanical constructs and clinical context 

rather than uniform responsiveness or direct inference of treatment efficacy. The observed 

heterogeneity underscores the need for structured, interdisciplinary, and condition-specific 

consensus approaches to outcome selection in SEMLS research. SEMLS should be viewed 

as an enabling intervention within a prolonged recovery process, with gait outcomes 

reflecting interactions among surgical correction, rehabilitation, neuromuscular adaptation, 

and individual patient characteristics. Future work should prioritize longitudinal designs, 

consensus-driven outcome frameworks, and integration of biomechanical measures with 

functional and patient-centered assessments to improve clinical interpretability. 
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Chapter 1: Introduction 

1.1. Cerebral Palsy 

Cerebral palsy (CP) is the most common cause of motor disability in childhood, affecting 2.7–3.4 per 

1000 live births (McIntyre et al., 2022), and is associated with high medical burden (Whitney et al., 

2019). CP is not a diagnosis in the conventional sense; that is, it does not infer specific information about 

the underlying pathology, etiology, or prognosis (Badawi et al., 1998). Rather, it is an umbrella term 

encompassing disorders of posture and movement resulting from non-progressive lesions to the 

developing brain (Smithers-Sheedy et al., 2014). Damage to the brain’s motor pathways interferes with 

the development of selective motor control, defined as the ability to activate muscles independently and 

in a coordinated manner (Sanger et al., 2006). The cause of the brain injury, along with its timing, 

location, and extent, gives rise to substantial heterogeneity in CP severity and motor impairment 

profiles(Metz et al., 2022). 

One aspect of the heterogeneity in cerebral palsy is variation in motor type with the most common 

being spastic (Novak et al., 2025). Spasticity has been associated with alterations in muscle structure and 

function, which have been implicated in the development of shortened muscle–tendon units (Lieber et 

al., 2004). These alterations involve both passive muscle properties, such as increased collagen content 

within the extracellular matrix (Smith et al., 2011), and active muscle properties, including reduced 

myofibrillar development that limits force-generating capacity (Herskind et al., 2016; Lieber et al., 2004). 

Functionally, these changes manifest as reduced muscle length, strength and increased stiffness (Lieber 

et al., 2004). Over time, extreme shortening of muscle–tendon units leads to joint contractures, which 

together with the primary neuromuscular deficits place the developing skeletal system under abnormal 
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loading, leading to progressive bony deformities (Morrell et al., 2002).  

These secondary musculoskeletal abnormalities further impact motor function as they augment the 

primary neuromuscular deficits during the growth spurt (Bell et al., 2002; Gage et al., 2009a). Depending 

on the severity of movement disorders, Gross Motor Function Classification System (GMFCS) classifies 

the children's motor function abilities into five levels as relevant to the functions of daily life and age 

(Palisano et al., 2008) (Fig. 1.1). The levels indicate the extent to which the child needs physical or 

powered assistance for mobility. GMFCS has been associated with children's quality of life, feelings 

about functioning, community participation, and physical health (Keawutan et al., 2018; Shelly et al., 

2008). Walking, as one of the most frequent forms of locomotion, significantly impacts children’s 

independence.  

 

Fig 1.1: Gross Motor Function Classification System. Graham et al., 2016 (Graham et al., 2016), minor 
edits applied. 

Gait impairments have been associated with decreased community participation and quality of life in 

children with CP (Bjornson et al., 2008; Palisano et al., 2009). Beyond these functional associations, 

qualitative studies suggest that walking also carries substantial symbolic and social value for children 
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with CP and their families. Parents often describe a strong imperative to “do something” or “try 

everything” to preserve or improve walking, equating continued intervention with hope and good 

parenting, while tapering of walking-focused treatments can evoke guilt and doubt (Gibson et al., 2012). 

Complementing these findings, parents of ambulatory children with CP participating in gait-focused 

rehabilitation trials have emphasized not only the importance of walking itself, but specifically the value 

of “correct” walking as a marker of their children’s present and future well-being (Beveridge et al., 2015). 

In contrast, children may perceive walking primarily as exercise rather than a functional necessity, while 

simultaneously internalizing societal attitudes toward disability (Gibson et al., 2012). These perspectives 

indicate that walking is not solely a biomechanical or physiological outcome, but a deeply value-laden 

construct that shapes rehabilitation priorities and expectations. These perspectives help contextualize 

why interventions aimed at modifying gait remain a central focus of clinical management in children 

with CP.  

One method of intervention involves surgical correction of musculoskeletal deformities that disrupt 

gait. “Lever arm dysfunction” refers to the altered moment arm of forces acting and moving the body 

due to such deformities (Gage et al., 2009b; Theologis, 2013). Orthopedic surgeries target lever arm 

dysfunctions that cause “imbalance” between anatomical levels (joints) and disrupt gait (Rodda et al., 

2004; Silver et al., 1985). Previously these surgeries were done in a sequential single-level manner based 

on emerging problems. This approach required multiple anesthesia exposures, hospital admissions, and 

prolonged cumulative rehabilitation. This approach resulted in the child’s fluctuating function after each 

of the staged procedures, a phenomenon described by Mercer Rang as “birthday syndrome” (Saraph et 

al., 2002) (Fig. 1.2). Furthermore, when problems are addressed only at the most closely related level, 

residual imbalances may contribute to the development of additional pathologies. A well-known example 

is crouch gait, characterized by excessive knee and hip flexion. Iatrogenic crouch gait was reported 
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following isolated gastrocnemius lengthening, which worsens the sagittal plane imbalance between the 

ankle and unaddressed knee and hip contractures (Stout et al., 2008; Sutherland & Davids, 1993) To 

mitigate the medical and indirect costs associated with staged procedures, the correction of multiple soft-

tissue and/or bony deformities in a single surgical session, first described by Norlin and Tkaczuk in 

1985(Norlin & Tkaczuk, 1985), has become standard practice. 

 

Fig 1.2: The sequence of a typical scenario of staged sequential surgeries. (a)ankle deformity addressed by 
isolated lengthening of Achilles tendon, in the presence of spastic hamstrings leads to (b)crouch gait, when 
addressed by isolated hamstring lengthening, leads to trunk collapse caused by the unopposed flexion 
moments, which was finally addressed in (d) by hip flexor lengthening. Original Drawing by Mercer Rang. 
Gage 1990 (Gage, 1990)   

1.2. Single-Even Multi-Level Surgeries  

Single-Event Multi-Level Surgery (SEMLS) is commonly performed in ambulatory children with 

cerebral palsy (GMFCS I–III). The procedure addresses multiple musculoskeletal deformities within a 

single operative session, with the aim of modifying structural contributors to pathological gait patterns 

(Gage et al., 2009b; Narayanan, 2007), and has been reported to have generally favorable and lasting 

effects on gait (Sung et al., 2018; Thomason et al., 2013). SEMLS typically consists of combinations of 

soft-tissue procedures, such as tendon lengthening or transfers, and may also include bony realignment 

procedures performed during the same surgical episode. The intervention has been shown to improve 
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gait function, quality of life, and functional independence in children with cerebral palsy (Amen et al., 

2018; Cuomo et al., 2007; Himpens et al., 2013). SEMLS is inherently individualized, with procedure 

selection tailored to each child’s pattern of musculoskeletal impairments and gait deviations (Chang et 

al., 2010; Cook et al., 2003; McCarthy et al., 2020; Rasmussen et al., 2019). When evaluating 

postoperative changes following SEMLS, it is important to recognize that concurrent procedures can 

influence one another within the interconnected neuromuscular system(Adolfsen et al., 2007; Õunpuu et 

al., 2015). Therefore, the present study focused on patients undergoing isolated SEMLS protocols 

consisting of four specific procedures. 

1.2.1. SEMLS Protocols Considered in the Present Study 

The present study focused on gait changes following three standard SEMLS protocols. These 

protocols were selected to represent commonly implemented combinations of three or four procedures, 

while minimizing the influence of additional concurrent interventions. Each procedure addresses a soft-

tissue or bony deformity directly associated with pathological gait patterns commonly observed in 

children with cerebral palsy. The following sections describe each procedure and the characteristic 

kinematic and kinetic gait features with which it is commonly associated. 

I. Femoral derotational osteotomy (FDO): FDO is commonly performed to address the in-toeing 

gait that is due to femoral anteversion (excessively internally rotated femur) and is associated 

with tripping (Cimolin et al., 2011b; Gresits et al., 2026; Rethlefsen et al., 2006). Femoral 

anteversion and in-toeing cause lever arm dysfunctions at the hip and foot (Fig. 1.3). FDO has 

been reported to restore the hip abductor moment arm, the knee extensor moment arm of ground 

reaction forces (Novacheck & Gage, 2007). Excessive internal rotation observed during gait 

analysis is a common indication for FDO (McCarthy et al., 2020), which has been shown to 
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improve abnormal hip and pelvic rotational kinematics during gait (Gresits et al., 2026). 

II. Tendo Achilles lengthening (TAL): TAL is commonly performed to increase ankle 

dorsiflexion range of motion and has been associated with normalization of sagittal-plane ankle 

moments (Kay et al., 2004; Rutz et al., 2011). However, effects on ankle push-off mechanics 

remain inconsistent, with studies reporting reductions, preservation, or increases in ankle positive 

power following TAL (Davids et al., 2011; Dreher et al., 2012; Horsch et al., 2024; Rose et al., 

1993; Tylkowski et al., 2009). From a biomechanical perspective, TAL increases tendon slack 

length, which may reduce plantarflexor force-generating capacity and alter the timing of ankle 

power production during stance (Delp et al., 1995; Dreher et al., 2012).  

 

 

Fig 1.3: Lever arm dysfunctions associated with femoral anteversion (excessive internal rotation) at 
the hip (left panel), and with in-toeing gait pattern at the foot (right panel). Left panel: (a) shows the 
typical skeletal morphology when the adductor muscle gluteus medius works exclusively as an 
adductor, while (b) shows femoral anteversion carrying its insertion point posteriorly, reducing its 
adductor capacity and introducing extensor and internal rotation moments arms for this muscle’s force. 
Modified from Paley (2002). Right panel: lever arm dysfunction at the foot from in-toeing gait pattern 
observed in patients with femoral anteversion. Abnormal foot progression angle changes the moment 
arm ground reaction force decreasing its extensor effect from Force1 to Force2 and introducing varus 
moments at the knee. Modified from Novacheck & Gage (2007).  

III. Distal hamstring lengthening (DHL): DHL addresses hamstring contractures through 

surgical lengthening or distal tendon transfer (Haberfehlner et al., 2018; Park et al., 2009) and 

is commonly performed as part of multi-level surgical management in individuals with crouch 
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gait. Crouch gait characterizing features, i.e. excessive knee and hip flexion during stance, alter 

lower-limb lever arms such that the ground reaction force vector passes posterior to the knee 

directly increasing the external knee flexor moment (Fig. 1. 4). This biomechanical configuration 

is associated with elevated quadriceps demand to generate a compensatory knee extensor 

moment during stance (Gage et al., 2009b; Hsu et al., 1993; McNee et al., 2004; Steele et 

al., 2012). 

IV. Rectus femoris transfer (RFT): Rectus RFT is used to address stiff-knee gait by transferring 

the tendon of an overactive rectus femoris to the posterior aspect of the knee (Dreher et al., 

2012; Lee et al., 2014). The procedure is intended to preserve the rectus femoris contribution 

to hip flexion while reducing its knee extensor action, although the extent to which the transfer 

adds to its knee flexor function has been debated (Asakawa et al., 2002; Fox et al., 2009). 

Independent of the precise mechanism, RFT has been associated with improvements in the 

reduced or delayed knee flexion moment characteristic of stiff-knee gait (Lee et al., 2014; 

Ounpuu et al., 1993; Thawrani et al., 2012).  

 

Figure 1.4: Left panel: In normal gait, the GRF passes anteriorly to the knee. The knee extensor and ankle 
plantarflexion moment stabilize the knee in midstance and terminal stance. Right panel: Crouch gait moves 
GRF posterior to the knee, generating a flexion moment that requires the action of the quadriceps to support 
the posture (Gage, 1993). 
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The SEMLS procedure combinations examined in this study were: 1- bilateral soft-tissue–only 

surgery (TDR-B = [TAL + DHL + RFT] on both sides), 2- bilateral femoral derotational osteotomy with 

soft-tissue procedures (TDFR-B = [TAL + DHL + RFT + FDO] on both sides), and unilateral femoral 

derotational osteotomy with soft-tissue procedures (TDFR-U = [TAL + DHL + RFT + FDO] on one 

side). These SEMLS protocols represent commonly employed surgical approaches for addressing 

multilevel musculoskeletal impairments that contribute to pathological gait patterns in children with 

cerebral palsy (Adolfsen et al., 2007; Õunpuu et al., 2015; Saglam et al., 2016). Distinguishing unilateral 

from bilateral FDO is clinically relevant because asymmetric internal hip rotation during gait presents a 

common surgical decision point. Evidence that unilateral correction of the more involved limb can yield 

outcomes comparable to bilateral correction highlights the importance of evaluating gait responses across 

unilateral and bilateral correction contexts (Desailly et al., 2020; Niklasch et al., 2015). These SEMLS 

protocols are tailored to the individual patient based on clinical examination and instrumented gait 

analysis (IGA)(Chang et al., 2010; Gage, 1993). IGA has played a central role in the classification of 

pathological gait patterns in cerebral palsy patterns (Rodda et al., 2004; Winters et al., 1987) and has 

become increasingly integrated into surgical planning and evaluation of SEMLS over time (Narayanan, 

2007; Smith et al., 2021; Wren et al., 2020).  

1.3. Motivation and Study Rationale 

Despite its central role in SEMLS planning, broader clinical impact of IGA has been limited by 

persistent challenges in interpretation, clinical relevance, and integration into decision-making (Fregly, 

2021; Sharma et al., 2024; Theologis et al., 2025). IGA outcomes provide objective assessment of gait, 

and substantial research efforts have focused on improving the reliability and repeatability of the 

outcomes(Carollo et al., 2025; McDowell et al., 2000; McGinley et al., 2009). Surgical planning and 
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evaluation of SEMLS protocols have increasingly incorporated IGA to support decision-making and 

outcome assessment in children with CP(Gage, 1993; Smith et al., 2021; Wren et al., 2020). For example, 

its use has been shown to improve agreement among clinicians regarding problem identification and 

surgical recommendations (Cook et al., 2003; DeLuca et al., 1997; Franki et al., 2014; Lofterød et al., 

2007), and integration of IGA into clinical practice has been associated with significant reductions in 

iatrogenic crouch gait (Vuillermin et al., 2011). However, the broader clinical adoption of IGA outcomes 

remains limited(Fregly, 2021; Sharma et al., 2024; Theologis et al., 2025), particularly beyond 

preoperative decision-making and into postoperative evaluation and rehabilitation (Hobani et al., 2022; 

Hulleck et al., 2022; Wren et al., 2020). This limited uptake reflects persistent challenges in interpreting 

gait analysis outcomes and translating biomechanical change into clinically meaningful information. 

A central contributor to this interpretability challenge is the substantial heterogeneity inherent to CP. 

Variability in neurological involvement, musculoskeletal impairments, surgical prescriptions, and 

rehabilitation pathways has been shown to obscure consistent patterns of postoperative change, resulting 

in variable and context-dependent responses across individuals and procedures (Lamberts et al., 2016; 

McGinley et al., 2012). From a technical perspective, this heterogeneity complicates identification of gait 

outcomes that demonstrate stable, interpretable behavior at the group level (Damiano, 2014). Clinically, 

such variability has been reported to reduce confidence in the usefulness of gait metrics(Van Ooteghem 

et al., 2020); particularly when changes are difficult to relate to functional performance or treatment 

goals(Almoajil et al., 2020; Hebda-Boon et al., 2023; Wren et al., 2011a). 

A second barrier to clinical adoption centers on the interpretability of gait analysis outcomes and their 

alignment with constructs routinely used in clinical assessment and patient- and caregiver-centered 

decision-making. Qualitative and mixed-methods studies examining barriers to clinical use of gait 
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analysis have identified limited data expertise among clinicians, including variability in interpretation 

across clinicians (Saraph et al., 2002; Skaggs et al., 2000), difficulty with understanding and interpreting 

(Sharma et al., 2024) as key impediments to their integration into practice (Sharma et al., 2024; Wren et 

al., 2020). 

From a clinical perspective, this interpretability challenge is closely tied to the outcomes clinicians 

are accustomed to using. Clinical assessment in CP often prioritizes functional performance measures 

(e.g., walking speed or timed walking tests) and patient- or caregiver-centered concerns related to gait 

appearance, mobility, and participation (Almoajil et al., 2020; Wilson et al., 2014). Gait outcomes that 

are difficult to relate to these familiar constructs or to observable movement patterns are therefore less 

likely to influence clinical decision-making, even when biomechanically informative (Arnold et al., 

2006; Fregly, 2021; Hicks et al., 2011; Theologis et al., 2025). In current clinical practice, kinematic 

measures are the most widely used gait outcomes (Gómez-Pérez et al., 2019) and were the primary 

metrics reaching consensus in recent outcome-selection efforts in cerebral palsy gait analysis (McCarthy 

et al., 2020). While this emphasis supports clinical interpretability, it may also limit consideration of 

underlying mechanical demands and compensatory strategies that are more directly captured by kinetic 

and energetic outcomes. 

A third challenge arises from the volume and complexity of gait analysis data. IGA generates high-

dimensional, multifaceted datasets that are difficult to summarize in ways that preserve both 

biomechanical meaning and clinical interpretability (Shore et al., 2020). Data-reduction techniques have 

been proposed to address this challenge (Zwick et al., 2004); however, such approaches can be complex, 

difficult to interpret clinically, and may impose artificial groupings that obscure individual variability 

(Dobson et al., 2007; Nieuwenhuys et al., 2016). Alternatively, discrete gait outcomes are often used, but 
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this strategy introduces additional limitations. Reducing continuous waveforms to isolated time-point 

features may obscure temporally distributed biomechanical behavior (Kean et al., 2012), and there 

remains limited consensus regarding which discrete outcomes are most clinically meaningful, resulting 

in substantial heterogeneity across studies (Almoajil et al., 2022; McCarthy et al., 2020; Nieuwenhuys et 

al., 2016). 

These challenges motivate an exploratory, validation-oriented examination of gait outcomes that aims 

to balance clinical interpretability with biomechanical relevance, particularly in the context of multilevel 

surgical interventions such as SEMLS. 

1.4. Aim 

The aim of this dissertation was to conduct an exploratory, validation-oriented evaluation of the 

behavior and interpretability of selected kinematic and kinetic gait outcomes across three standard Single-

Event Multi-Level Surgery (SEMLS) procedure combinations. 

These SEMLS groupings were selected to serve as well-defined clinical contexts, reducing procedural 

heterogeneity and enabling assessment of whether gait outcomes that are mechanistically linked to the 

targeted surgical corrections demonstrate stable, interpretable, and clinically meaningful behavior 

following intervention. This exploratory study is motivated by the recognition that gait outcomes reflect 

the behavior of a complex system rather than direct, proportional responses to isolated structural changes. 

Human gait arises from a highly nonlinear dynamical system shaped by the interaction of mechanical 

structure, neuromuscular control, and environmental constraints (West & Scafetta, 2003). Even in the 

absence of muscle activation and neural control, gait mechanics exhibit inherent nonlinearity, as 

demonstrated in passive dynamic walking models (Kurz et al., 2008), with additional state-dependent 
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nonlinearities introduced by muscle force production and neural coordination(Frank et al., 2010; Zajac, 

1989). Within this nonlinear systems framework, bilateral correction of femoral malalignment is 

expected to perturb gait mechanics more extensively than unilateral correction; however, responses of 

derived gait outcomes are not necessarily expected to scale linearly or additively with the extent of 

structural correction. 

Accordingly, to address challenges related to heterogeneity, the three SEMLS protocols were treated 

as distinct clinical containers within which outcome behavior could be explored rather than pooled across 

disparate surgical presentations. To address challenges related to clinical relevance, outcomes were 

selected that are directly related to surgical targets and are conceptually linked to gait appearance, 

functional walking, and long-term joint health. To address challenges related to data volume and 

interpretability, emphasis was placed on outcomes that either provide global characterization of gait 

behavior (e.g., Gait Deviation Index) or capture temporally distributed mechanical information through 

kinetically meaningful measures such as joint impulse and work. 

The investigation was structured hierarchically to reflect increasing biomechanical specificity, 

progressing from kinematic gait outcomes (Chapter 2) to gait-task–related joint kinetics and work-based 

energetics (Chapter 3), and finally to frontal-plane knee joint kinetics commonly used as surrogates of 

internal joint loading and long-term joint health (Chapter 4). Together, these chapters provide a tiered, 

exploratory validation of gait analysis outcomes, examining their sensitivity, consistency, and clinical 

interpretability within stable surgical contexts, rather than their ability to differentiate surgical 

effectiveness. 
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Chapter 2: Kinematics 

 

2.1. Introduction  

Cerebral palsy (CP) is the most common cause of motor disability in childhood, affecting 2.7–3.4 per 

1000 live births(McIntyre et al., 2022), and is associated with a high medical burden (Whitney et al., 

2019). CP is an umbrella term for disorders of posture and movement caused by non-progressive lesions 

in the developing brain (Smithers-Sheedy et al., 2014). Spasticity, a common neural deficit in CP, alters 

muscle properties and leads to functional changes such as muscle weakness and shortening (Lieber et al., 

2004). Over time, these neural deficits and shortened muscle–tendon units contribute to secondary bony 

deformities and joint contractures (Kerr Graham & Selber, 2003). “Lever-arm dysfunction” describes 

the resulting musculoskeletal deformities that alter the moment arms of forces acting on the body during 

movement (Rethlefsen & Kay, 2013; Theologis, 2013). Together, abnormal loading and impaired 

neuromuscular control progressively compromise functional mobility(Bell et al., 2002; Gage et al., 

2009a). 

In ambulatory individuals, orthopedic surgery interventions aim to correct contractures and 

dysfunctional lever arms to improve gait and reduce pain (Himpens et al., 2013). Single-event multilevel 

surgery (SEMLS), which involves musculoskeletal corrections at multiple anatomical levels within a 

single surgical session, is the standard orthopedic surgical approach for ambulatory children with CP as 

it reduces the number of hospitalizations and recovery periods and minimizes the risk of residual 

imbalances associated with staged procedures (Gage et al., 2009b; Saraph et al., 2002; Schwartz et al., 

2004; Zwick et al., 2001). Following surgical intervention, objective evaluation of gait outcomes is 

essential, and kinematic measures provide a widely used and interpretable means of characterizing 
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postoperative gait changes. 

Kinematic gait measures are inherently descriptive of movement patterns while also reflecting 

functional coordination across joints. Their descriptive value is clinically meaningful, as gait appearance 

ranks as a top treatment priority for children with CP and their caregivers, often even ahead of function 

and mobility (Karpati et al., 2011). Beyond appearance, kinematic measures also capture aspects of gait 

function. For example, the Gait Deviation Index (GDI) (Schwartz & Rozumalski, 2008) is a validated 

composite score derived from joint angle patterns across the gait cycle (Molloy et al., 2010) and reflects 

global deviations in overall gait pathology, encompassing both gait appearance and coordinated 

kinematic function.  

Similarly, spatiotemporal variables provide clinically interpretable indicators of global walking 

function and interlimb coordination in children with CP. For example, in diplegic spastic CP, they have 

been reported to correlate with clinical outcomes like muscle spasticity, skeletal deformities, and gross 

motor function(Gómez-Pérez et al., 2023). Typically children with CP demonstrate lower walking speed 

and step length, along with increased step time and double-limb support time (Chakraborty et al., 2020; 

Dimakopoulos et al., 2022; Kim & Son, 2014). Walking speed, often termed the “sixth vital sign” (Fritz 

& Lusardi, 2009), is central to clinical assessments of walking capacity (Bjornson et al., 2013), as it 

reflects overall gait efficiency and integrates neuromuscular control, strength, and compensatory 

strategies(Davids et al., 2019; Fritz & Lusardi, 2009). Step length and step time are among determinants 

of mature gait (Sutherland, 1997), characterize neural control in CP (Bulea et al., 2017), and directly 

correlate with function (O’Sullivan et al., 2021). Asymmetry in step length and step time further provides 

insight into unequal limb contribution and impaired coordination, which are prevalent even in bilateral 

CP and are associated with reduced gait efficiency and increased energetic cost (Bulea et al., 2017; 
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Patterson et al., 2008). 

Human gait reflects the behavior of a highly nonlinear dynamical system shaped by interactions 

among mechanical structure and neuromuscular control (West & Scafetta, 2003). Accordingly, responses 

of gait outcomes to intervention are not assumed to be linear or additive, and kinematic and 

spatiotemporal measures most directly related to the targeted surgical corrections were selected because 

they capture complementary aspects of gait quality and function, supporting this exploratory outcome 

validation analysis. 

2.2. Methods 

 The following sections describe participant characteristics, data collection procedure, 

data processing steps, the derivation of kinematic gait outcome measures, and statistical 

methods used to analyze them. 

2.2.1. Participants 

Participants were 67 children with CP (GMFCS I–III; 46 male, 21 female; median age = 6.3 (IQR:5.3-

9.9); mass 26.9 ± 13.2 kg), including 17 with hemiplegia, 48 with diplegia, and 1 with quadriplegia. 

Participants were retrospectively assigned to one of three SEMLS groups based on the surgical protocol 

received: 1) TDR-B — bilateral soft-tissue procedures (Achilles tendon lengthening, distal hamstring 

lengthening, and rectus femoris transfer) (𝑛 = 14); 2) TDFR-B — the above soft-tissue procedures 

combined with bilateral femoral derotational osteotomy (FDO) (𝑛 = 29); 3) TDFR-U — the same soft-

tissue procedures combined with unilateral FDO (𝑛 = 24). 

2.2.2. Data Collection 

Gait data were collected between 1995 and 2017 using two motion-analysis systems. The first system 
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was a Kestrel 10-camera digital motion-capture system (Motion Analysis Corp., USA) with two 

KISTLER force plates (Switzerland). Marker placement followed the Helen Hayes marker set, and 

data were captured and processed in real time using Cortex and OrthoTrak software. 

The second system was a Vicon motion-capture setup (Vicon 370; Oxford Metrics, Oxford, UK) with 

seven CCD cameras sampling at 60 Hz and two AMTI force plates (MA, USA). Reflective markers (25 

mm) were applied using the Plug-in Gait model. Some datasets included full-body marker sets, but only 

lower-extremity data were analyzed to maximize participant inclusion. 

Participants walked barefoot along a 9-m walkway, taking approximately 9 ± 4 strides per trial. On 

average, 3 ± 1 complete force-plate strikes (one foot fully isolated on a single force plate) were recorded 

per participant. 

2.2.3. Data Processing 

Marker trajectories data was pre-processed and gap-filled using Vicon Nexus (Version 2.18). Inverse 

dynamics analyses were performed in Visual3D (HAS-Motion, Version 2024.03.3) using six-degree-of-

freedom segment models defined from a static calibration trial; if unavailable, a frame near mid-stance 

approximating quiet standing was used for model scaling. 

Kinematic marker trajectories were low-pass filtered using zero-lag, fourth-order Butterworth filters. 

Cutoff frequencies were determined using residual analysis (Winter, 2009). A participant-specific 

approach was adopted for cutoff selection to account for inter-individual variability and the sensitivity of 

kinematic and kinetic outcomes to filtering choices, consistent with prior recommendations against using 

a single cutoff frequency across participants(Fazlali et al., 2020; Kristianslund et al., 2012). Residual 

analysis was conducted using marker trajectories and ground reaction force data from each participant’s 
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trials. Participant-level outcomes were summarized using the median across trials to reduce the influence 

of outlier trials and residual high-frequency noise. Participant-specific cutoff frequencies were 

constrained to a data-driven range with a lower bound of 5.5 Hz and an upper bound of 10 Hz and were 

applied consistently within each participant. 

 These filtered signals were then used to build a 7-segement lower-extremity model. From the model 

the joint angles were calculated in Visual 3D as the orientation of distal segment in relation to the 

proximal segment using the XYZ Cardan sequence in each stride (Hamill et al., 2013). Gait events were 

first identified using the algorithm described by Zeni et al.(Zeni et al., 2008), which detects events based 

on the relative positions of the heel and toe markers with respect to the pelvis, and were subsequently 

verified by visual inspection.  

2.2.4. Outcome Measures 

As mentioned, the kinematic outcomes examined in this study were grouped into two categories: the 

Gait Deviation Index (GDI) as a global measure of gait pathology, and spatiotemporal measures 

encompassing the remaining discrete features, including walking velocity, step length, step time, and 

asymmetry indices. Details of outcome computation are provided below. 

Gait Deviation Index 

The Gait Deviation Index (GDI) provides a global measure of overall gait pathology by summarizing 

deviations in multi-joint kinematic waveforms relative to typically developing gait using a reduced-

dimensionality representation of joint-angle patterns across the gait cycle (Schwartz & Rozumalski, 

2008). A score of 100 reflects typical gait, with each 10-point decrease corresponding to approximately 

one standard deviation increase in gait pathology. The typically developing reference dataset made 
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publicly available by Schwartz and Rozumalski was used for GDI computation in the present study. 

Lower-extremity joint angles at the hip, knee, and ankle in all three anatomical planes were extracted 

and time-normalized across the gait cycle to generate the kinematic waveforms required for GDI 

calculation. Joint-angle trajectories were first averaged across trials within each limb. Limb-specific GDI 

values were then computed and averaged across the right and left limbs to obtain a single participant-

level GDI value. 

Spatiotemporal Measures 

Walking speed (m/s), step length (m), step time (s), and double-limb support (DLS) time were 

calculated directly in Visual3D from heel-strike and toe-off gait events. Gait events were identified using 

the Zeni et al. method (Zeni et al., 2008), with all detected events subsequently verified visually. To 

enable comparison across participants of different body sizes, spatiotemporal parameters were rendered 

dimensionless using normalization based on each participant’s leg length (L₀) (Hof, 1996). Normalized 

walking speed was calculated as 𝑣/ඥ𝑔𝐿଴, where 𝑔denotes gravitational acceleration. Step time was 

made dimensionless by normalization to ඥ𝐿଴/𝑔, and step length was normalized to leg length. Double-

limb support duration expressed as a percentage of stride time (DLS) was defined as the percentage of 

the gait cycle during which both feet were simultaneously in ground contact. 

Right-left asymmetry in normalized step time ( sL ) and normalized step time ( st ), were computed 

based on the standard symmetry index proposed by Robbinson et al. (Robinson et al., 1987): 

 
|Right - Left|

AI (%) = 100
0.5 Right + Left


  

such that larger values of right–left asymmetry index of normalized step length ( AI
sL ), and right–left 
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asymmetry index of normalized step time (AI
st ) indicate greater right–left differences regardless of 

direction. Discrete outcomes were summarized at the participant level by averaging across limbs to 

support evaluation of overall gait behavior within each SEMLS context, applied consistently across 

participants. 

 

2.2.5. Statistical Analysis 

A detailed description of the statistical methods is provided in Appendix A. Gait outcomes were 

analyzed using ordinary least squared (OLS) regression models that included Group, Time (pre vs. post), 

and their interaction, with normalized walking speed, time since surgery (months), age, mass, and sex 

included as covariates. Linearity of continuous predictors was assessed using spline-expanded OLS 

models; when nonlinearities were detected, the relevant spline terms were retained. Homogeneity of 

slopes across groups was evaluated through Group × covariate interactions, with group-specific slopes 

modeled when these terms were significant. 

Due to the unequal size of the groups exacerbating the effect of heteroscedasticity (Box, 1954), the 

initial OLS model structure arrived at from the previous steps was refit using generalized least squares 

(GLS) with alternative variance structures (varIdent, varExp, varPower, varComb). Based on the 

procedure proposed by Pinheiro & Bates (Pinheiro & Bates, 2000), Akaike Information Criterion 

(AIC) (Akaike, 1998) was used to compare the fit of the models with different variance structures. 

The final model with the least AIC was selected for the subsequent analyses. Complete model 

coefficients and diagnostic plots for all outcomes are provided in Appendix B. 

Estimated marginal means (EMMs) for each Group × Time combination were obtained from the final 
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model. Within-group pre–post changes (Post–Pre) were estimated using model-based contrasts, and 

between-group differences in change (differences in differences; DID) were derived from the Group × 

Time interaction. Sidak-adjusted confidence intervals and p-values were used for all pairwise DID 

comparisons (Šidák, 1967). 

Effect sizes were expressed as Cohen’s d: paired-samples d for within-group changes and 

independent-samples d for DID effects, with Hedges’ small-sample correction applied to between-group 

comparisons. All analyses were performed in R (Version 4.5.1)(R Core Team, 2025) using the nlme, 

emmeans, and sandwich packages. P-values for pre–post changes and difference-in-differences 

comparisons were adjusted for family-wise error using the Holm method (Holm, 1979) across seven 

outcome comparisons.  

To assess whether asymmetry measures were sensitive to surgical laterality rather than specific 

procedure subtype, we additionally tested pre–post change using a binary unilateral versus bilateral 

grouping via a Time × Laterality interaction. 

2.3. Results 

In the following sections, we first report associations between gait outcomes and model predictors, 

including participant anthropometry and demographics, walking speed, and time since surgery, and 

baseline asymmetry within patient groups defined by topographical involvement (hemiplegia vs 

diplegia). We then present within-group changes following surgery, followed by between-group 

differences in surgery-related changes. 
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2.3.1. Predictor Associations with Outcome and Baseline Asymmetry Correlations 

Model coefficients and full diagnostic results for all outcomes are presented in Appendix B. Table 

2.1. shows the association of predictors with outcomes. Time since surgery was a significant predictor of 

several kinematic outcomes. It was positively associated with GDI, step time asymmetry, normalized 

step length, and negatively with DLS. The association between time since surgery and normalized step 

time differed by group, with TDFR-U and TDR-B showing more positive associations than the reference 

TDFR-B group. The effect of Time (pre vs. post) on GDI varied by group. Relative to TDFR-B, the time 

effect in TDR-B was smaller and trivial in magnitude (|d| = 0.17). Overall, Time was a significant positive 

predictor of GDI (large effect) and DLS (small effect). Sex was a significant predictor of GDI, with 

females showing a trivial positive association. 

Normalized speed was significantly associated with both DLS and GDI. Higher walking speeds were 

associated with shorter DLS (small effect, |d| = 0.43) and greater GDI (trivial effect, |d| = 0.18). Age was 

significantly associated with GDI and DLS. Older participants exhibited lower GDI (trivial effect) and 

shorter DLS (small effect). The association between age and R–L asymmetry in step time differed by 

group, with more positive age-related associations observed in TDR-B and TDFR-U relative to TDFR-

B. Participant mass was strongly associated with normalized speed (very large effect) and step length 

(large effect) and positively associated with R–L asymmetry in step length (small effect). The relationship 

between mass and step-length asymmetry was group dependent, with more negative associations 

observed in TDFR-U and TDR-B compared with TDFR-B. 

Table 2.1: Summary of predictor–outcome associations. Filled circles (●) indicate statistically significant 
positive associations and hollow circles (○) indicate statistically significant negative associations; Blank 
cells indicate non-significant effects. (–) denotes predictors excluded to avoid mechanistic correlations. 
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Predictor GDI 
Normalized 
Speed 

Normalized 
Step Length 

Double Limb 
Support Time 

Normalized 
Step Time 

Step Length 
Asymmetry 

Step Time 
Asymmetry 

Group  
(main effect) ● ● ● ● ● ○ ● 

Time 
 (Post vs Pre) ●   ●    

Time since 
surgery 
(months) 

●  ● ○ ●  ● 

Normalized  
Speed ●   ○    

Age ○   ○   ● 

Mass ● ○ ○   ○  

Sex ●       

 

Baseline Asymmetry Correlations: At baseline, step-time asymmetry was greater in participants 

with hemiplegia (median [IQR]: 15.9 [5.45–28.3]) than in those with diplegia (median [IQR]: 7.44 [3.46–

11.7]; Wilcoxon rank-sum test, W = 4304, p < 0.001). In contrast, step-length asymmetry was not 

different across participants with hemiplegia (median [IQR]: 7.05 [4.11–10.8]) than in those with diplegia 

(median [IQR]: 8.19 [3.32–16.9] at baseline; Wilcoxon rank-sum test, p > 0.05). Model predicting 𝐴𝐼௦௧ഥ  

from surgery laterality and Time (pre- vs. post-), step-time asymmetry differed between unilateral and 

bilateral group overall (main effect of laterality, p = .003, see Appendix B Table B.6.7). However, no 

evidence was found that pre–post changes in 𝐴𝐼௦௧ഥ  differed between unilateral and bilateral procedures 

(Time × Laterality, p = .13). A significant Laterality × Age interaction indicated that age-related 

associations with asymmetry differed by laterality status (Table B.6.7). In a similar surgery laterality 

model, step length asymmetry was associated with normalized walking speed, lower asymmetry 

observed at higher speeds, and with time since surgery (Table B.5.7). No main effects of laterality, Time 

(pre- vs. post-surgery), mass, sex, or age were observed. We found no evidence of differences in pre–
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post change in step length asymmetry between unilateral and bilateral procedures.  

2.3.2. Within-Group Changes Following Surgery 

As shown in Table 2.2, across all three surgical groups, GDI increased significantly from pre- to post-

surgery (all p ≤ .003), with moderate to large effect sizes. The magnitude of change was largest in TDFR-

B, followed by TDR-B and TDFR-U. 

In spatiotemporal outcomes, pre–post changes were generally small and did not reach statistical 

significance. Normalized walking speed (
0

 Lv ) and step length ( sL ) showed no significant changes in 

any group.  
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Table 2.2: Estimated Changes in Kinematic Gait Outcomes Following Single-Event Multi-Level Surgery Across Three Surgical Protocols. 
Uncorrected p-values are reported. Holm correction across seven outcomes yielded identical statistical significance conclusions. 

  TDR-B  TDFR-B  TDFR-U 
Outcome  Pre(M±SE) Post(M±SE) p |d|  Pre(M±SE) Post(M±SE) p |d|  Pre(M±SE) Post(M±SE) p |d| 
GDI  68.22 ± 2.41 76.24 ± 1.62 < .001* 0.99  58.60 ± 2.19 73.83 ± 1.19 < .001* 1.41  64.16 ± 3.45 75.09 ± 2.00 0.003* 0.62 

0
 Lv   0.98 ± 0.09 1.02 ± 0.09 0.750 0.09  0.98 ± 0.06 1.12 ± 0.06 0.057 0.35  1.17 ± 0.04 1.24 ± 0.05 0.215 0.25 

sL   0.71 ± 0.04 0.69 ± 0.04 0.788 0.07  0.72 ± 0.03 0.73 ± 0.02 0.555 0.11  0.80 ± 0.02 0.82 ± 0.02 0.532 0.13 

st   0.80 ± 0.06 0.70 ± 0.05 0.051 0.52  0.70 ± 0.03 0.66 ± 0.02 0.273 0.20  0.66 ± 0.01 0.64 ± 0.01 0.236 0.24 
DLS  28.18 ± 1.62 28.26 ± 1.65 0.968 0.01  22.08 ± 0.84 25.94 ± 1.02 0.001* 0.59  22.96 ± 0.86 25.02 ± 1.01 0.099 0.34 

AI
sL

  2.19 ± 4.67 4.86 ± 4.64 0.648 0.12  15.09 ± 2.53 10.80 ± 2.28 0.102 0.30  7.16 ± 3.97 5.03 ± 4.13 0.680 0.08 

AI
st

  7.32 ± 1.08 8.37 ± 1.15 0.382 0.23  6.98 ± 1.17 8.58 ± 1.45 0.345 0.18  15.52 ± 2.34 13.13 ± 1.85 0.401 0.17 

Note. Pre = before surgery; Post = after surgery. Values are model-estimated means (M) with standard errors (SE). 
p values are from model. d = Cohen’s d. * p < 0.05. 

 
Table.2.3: Between-Group Differences in Estimated Changes of Kinematic Gait Outcomes Following Surgery. Uncorrected p-values shown; see 
Table 2.4 for the changes in statistical significance following Holm correction. 

 (TDR - B) - (TDFR - B)  (TDFR - U) - (TDFR - B)  (TDFR - U) - (TDR - B) 

Outcome Δ 95% CI p |d|  Δ 95% CI p |d|  Δ 95% CI p |d| 

GDI -7.22 [-13.98, -0.45] 0.032* 0.81  -4.31 [-14.11, 5.50] 0.649 0.28  2.91 [-7.16, 12.98] 0.868 0.23 

0
 Lv  -0.10 [-0.44, 0.23] 0.840 0.24  -0.07 [-0.29, 0.15] 0.807 0.22  0.03 [-0.28, 0.35] 0.994 0.08 

sL  -0.03 [-0.16, 0.10] 0.928 0.17  0.00 [-0.09, 0.09] 1.000 0.00  0.03 [-0.10, 0.16] 0.927 0.18 

st  -0.06 [-0.20, 0.08] 0.648 0.34  0.01 [-0.07, 0.10] 0.965 0.11  0.07 [-0.05, 0.19] 0.364 0.49 

DLS -3.78 [-9.57, 2.01] 0.316 0.50  -1.81 [-5.85, 2.24] 0.637 0.29  1.97 [-3.84, 7.79] 0.802 0.27 

AI
sL

 6.95 [-8.21, 22.11] 0.617 0.35  2.16 [-11.47, 15.78] 0.975 0.10  -4.80 [-23.30, 13.71] 0.900 0.20 

AI
st

 -0.55 [-5.53, 4.43] 0.991 0.08  -4.00 [-11.92, 3.92] 0.540 0.33  -3.45 [-10.79, 3.90] 0.599 0.37 

Note. Δ = estimated between-group difference. p values are from model. d = Cohen’s d. Significance: * p < 0.05 
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Table 2.4: Holm-Adjusted p-values for Between-Group Differences in Pre–Post Change (Difference-in-
Differences) in Kinetic Gait Outcomes 

contrast outcome p value p Holm 
(TDR-B) - (TDFR-B) GDI 0.032 0.227 
Note: Holm adjustment for multiple comparisons was applied across seven outcomes.  

 

Double-limb support (DLS) increased significantly only in the TDFR-B group showing a large effect size 

(Cohen’s d = 0.59, p = .001), whereas changes in the other groups were not statistically significant. 

Normalized stance time ( st ) showed a near-significant reduction in TDR-B (p = .051) but did not reach 

significance in any group. Neither step-length asymmetry ( AI
sL ) nor step-time asymmetry ( AI

st ) 

demonstrated significant pre–post changes in any group, with effect sizes remaining small. 

2.3.3. Between-Group Differences in Pre–Post Changes Following Surgery 

Between-group comparisons of pre–post changes are summarized in Table 2.3; changes in statistical 

significance following Holm correction are shown in Table 2.4. No statistically significant differences in 

change were observed among the three surgical protocols for any kinematic gait outcome. 

2.4. Discussion 

In this exploratory validation analysis, kinematic and spatiotemporal outcomes demonstrated 

heterogeneous postoperative responses across surgical groups, consistent with the known heterogeneity of 

the CP population and variability in gait adaptation following multilevel orthopedic intervention (Lamberts 

et al., 2016; McGinley et al., 2012). Within-group analyses revealed significant postoperative improvements 

in GDI across all surgical groups, with larger effect sizes observed in the bilateral SEMLS groups (TDR-B 

and TDFR-B). These findings support the sensitivity of GDI to postoperative changes in global kinematic 

patterns and are consistent with its role as a composite indicator of overall gait pathology (Massaad et al., 

2014; McMulkin & MacWilliams, 2015). 
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Smaller effect sizes in groups with higher baseline GDI align with prior observations that less-abnormal 

gait patterns exhibit reduced detectability of change on composite indices such as the GDI (Rutz et al., 2013). 

Importantly, this should not be interpreted as lack of surgical benefit but rather as a measurement 

characteristic of the GDI, which reflects global deviation from typical gait. Prior work has shown that 

substantial sagittal-plane kinematic changes may occur with minimal corresponding change in GDI, 

particularly when changes are multidirectional or symmetric about typical gait patterns (Barton et al., 2015; 

Rose et al., 2010). On the other hand, SEMLS studies report significant GDI responsiveness, consistent with 

our postoperative findings. This indicates GDI primarily reflects coherent global gait modification rather than 

gradual or multidirectional kinematic evolution (Cimolin et al., 2011a; Thomason et al., 2013). 

Despite clear within-group improvements, between-group comparisons revealed no statistically 

significant differences, indicating that while GDI its postoperative responsiveness, inter-individual variability 

and overlapping change distributions limit its ability to discriminate between surgical approaches. Several 

covariates were significantly associated with GDI, providing insight into factors shaping postoperative gait 

behavior. GDI demonstrated a negative association with age, reflecting age-dependent responsiveness, 

consistent with reports of greater functional gains in younger children vs maintenance in older individuals 

(Chang et al., 2020; Hanson et al., 2025). GDI was positively associated with normalized walking speed and 

time since surgery, supporting its sensitivity to gait performance and recovery progression. In contrast to 

prior reports of a linear negative association between body mass and GDI (Malt et al., 2016),, the present 

analysis identified a non-linear relationship, suggesting that mass influences global gait pathology in a non-

monotonic manner that may reflect interacting effects of growth, strength, and energetic demand. 

Double-limb support time (DLS) increased significantly only in the bilateral FDO group (TDFR-B), with 

no significant changes observed in the soft-tissue–only (TDR-B) or unilateral FDO (TDFR-U) groups. 

Between-group contrasts showed wide confidence intervals, indicating substantial variability. The absence 
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of change in the bilateral soft-tissue group suggests that surgical extent and recovery demands, rather than 

bilaterality alone, influence DLS behavior. This interpretation is supported by the negative associations of 

DLS with walking speed, age, and time since surgery, consistent with developmental maturation and prior 

reports of inverse speed–DLS relationships (Hausdorff et al., 1999; Williams & Martin, 2019). 

Other spatiotemporal measures, including normalized walking speed, step length, step time, and 

asymmetry metrics, demonstrated small effect sizes and nonsignificant changes both within and between 

groups, consistent with population heterogeneity and prior reports of variable post-SEMLS responses 

(Lamberts et al., 2016). Normalized walking speed was nonlinearly and negatively associated with mass, 

aligning with evidence of disproportionate strength–mass relationships in children with CP (Davids et al., 

2015). 

At baseline, step-time asymmetry was greater in participants with hemiplegia than diplegia, consistent 

with more pronounced inter-limb differences in hemiplegic gait (Böhm & Döderlein, 2012; Koller et al., 

2023), supporting the construct validity of AI
st

. No baseline difference was observed for AI
sL

, suggesting 

limited sensitivity of this metric to diagnostic laterality. These asymmetry indices exhibited distinct patterns 

of association. AI
st

 differed between unilateral and bilateral SEMLS groups and demonstrated laterality-

dependent age effects, indicating sensitivity to laterality and developmental factors, but did not show 

differential pre–post-surgical change. In contrast, AI
sL

 showed no laterality-dependent effects and was 

primarily associated with walking speed and time since surgery, indicating sensitivity to gait dynamics and 

recovery progression rather than laterality-specific correction. 

Collectively, these findings indicate that kinematic and spatiotemporal measures reflect individualized 

gait adaptations rather than uniform group-level responses to specific surgical configurations. GDI emerged 

as a sensitive indicator of global postoperative gait modification, whereas spatiotemporal measures 
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demonstrated greater heterogeneity and limited between-group discrimination. Together, this pattern 

supports the use of these outcomes for characterizing overall gait adaptation and variability following 

SEMLS rather than for distinguishing between surgical approaches. 

2.5. Limitations 

This study has several limitations. Sample sizes varied across groups. Follow-up intervals differed, and 

only short- to mid-term postoperative outcomes were examined. Despite these limitations, the magnitude of 

observed changes in kinematic outcomes within FDO-inclusive groups suggests that these measures are 

sensitive to system-level perturbations and capable of capturing detectable changes following intervention, 

supporting their evaluation in a validation-oriented framework. 

Several limitations should be considered when interpreting these findings. The heterogeneity of surgical 

procedures performed within SEMLS groups may have contributed to variability in gait outcomes, limiting 

the ability to attribute observed changes to specific surgical components. In addition, this exploratory analysis 

was designed to validate the behavior of gait metrics rather than to assess the comparative efficacy of surgical 

approaches, and causal inferences should therefore be avoided. Group-level summaries may also mask 

meaningful individual gait adaptations, particularly given the diversity of baseline gait patterns and 

postoperative motor strategies in children with cerebral palsy. 

2.6. Conclusion 

 In summary, this exploratory validation analysis demonstrated that kinematic and spatiotemporal gait 

measures are responsive to postoperative change in ambulatory children with cerebral palsy, while exhibiting 

substantial inter-individual variability. Metrics such as the GDI captured global modifications in gait 

pathology following surgery but showed limited ability to distinguish between surgical configurations at the 

group level after adjustment for multiple comparisons. These findings support the use of kinematic and 
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spatiotemporal outcomes for characterizing postoperative gait behavior and variability, rather than for 

inferring differential surgical efficacy. Future work integrating these measures with kinetic and subject-

specific modeling approaches may further clarify the mechanisms underlying heterogeneous gait adaptations 

following SEMLS. 
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Chapter 3: Gait Task-Related Joint Kinetics and Energetics 

3.1. Introduction 

Cerebral palsy (CP) is the most common cause of motor disability in childhood, affecting 2.7–3.4 per 

1000 live births(McIntyre et al., 2022), and is associated with a high medical burden (Whitney et al., 2019). 

CP is an umbrella term for disorders of posture and movement caused by non-progressive lesions in the 

developing brain (Smithers-Sheedy et al., 2014). The neurological etiology of cerebral palsy varies in 

location, timing, and severity, contributing substantially to clinical heterogeneity (Metz et al., 2022). One 

manifestation of this heterogeneity is variation in motor subtype, with spastic cerebral palsy being the most 

common presentation (Novak et al., 2025). Spasticity has been associated with structural and functional 

muscle adaptations, such as increased stiffness and weakness, which are thought to contribute to the 

shortened muscle–tendon units frequently observed in cerebral palsy (Lieber et al., 2004). Over time, 

neuromuscular impairments and shortened muscle–tendon units contribute to joint contractures and 

progressive skeletal deformities during growth (Kerr Graham & Selber, 2003). “Lever-arm dysfunction” 

describes musculoskeletal deformities that alter the moment arms of forces driving movement, resulting in 

impaired function (Rethlefsen & Kay, 2013; Theologis, 2013). Lever-arm dysfunction contributes to 

progressive impairment of functional mobility in cerebral palsy and underlies the orthopedic surgical 

approach to functional improvement (Bell et al., 2002; Gage et al., 2009a).  

In ambulatory individuals with cerebral palsy, the orthopedic approach to improving gait aims to correct 

dysfunctional moment arms in order to restore sagittal-plane balance across the hip, knee, and ankle (Kerr 

Graham & Selber, 2003; Silver et al., 1985). Single-event multilevel surgery (SEMLS), which addresses 

musculoskeletal deformities at multiple anatomical levels within a single surgical session, has become the 

standard surgical approach for ambulatory children with CP, as it reduces repeated hospitalizations and 

recovery periods while minimizing residual imbalances associated with staged procedures (Gage et al., 
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2009b; Saraph et al., 2002; Schwartz et al., 2004; Zwick et al., 2001). 

Pathological gait patterns in CP have been characterized based on recurring kinematic and kinetic features 

(Gage & Novacheck, 2001; Winters et al., 1987). For example, toe-walking gait is commonly associated 

with a characteristic “double-bump” ankle plantarflexion moment, reflecting impaired ankle dorsiflexion and 

reduced power generation during stance(Alvarez et al., 2007; Novacheck & Gage, 2007). These established 

kinetic signatures underscore the potential clinical relevance of kinetic variables for assessing surgical targets 

and postoperative gait behavior. 

Instrumented gait analysis (IGA) is therefore widely used to support surgical planning and outcome 

evaluation in CP; however, consensus remains limited regarding which outcomes best capture clinically 

meaningful changes following intervention. Although IGA contributes to surgical decision- CP (Cook et al., 

2003; DeLuca et al., 1997; Lofterød et al., 2007; Wren et al., 2011b), agreement on outcome selection for 

surgical indication and postoperative evaluation is lacking (Baker et al., 2016; Cook et al., 2003; DeLuca et 

al., 1997; Narayanan, 2007), and its use in postoperative rehabilitation remains limited (Hulleck et al., 2022). 

Clinical heterogeneity in CP further complicates interpretation of gait outcomes, obscuring consistent 

postoperative patterns and yielding variable responses across individuals and procedures(Damiano, 2014; 

Lamberts et al., 2016; McGinley et al., 2012). This variability challenges group-level interpretation and can 

reduce clinical confidence in gait metrics, particularly when observed changes are difficult to relate to 

functional performance or treatment goals (Van Ooteghem et al., 2020; Wren et al., 2020). Kinematic 

measures are the most commonly used gait outcomes in clinical practice and are closely related to observable 

gait patterns (Gómez-Pérez et al., 2019) and the primary metrics reaching consensus in recent outcome-

selection efforts (McCarthy et al., 2020), despite offering limited insight into underlying mechanical 

demands. 

Accordingly, the present study focuses on gait-task–relevant kinetic outcomes that are biomechanically 
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grounded, clinically interpretable, and sensitive to postoperative change within defined SEMLS contexts. 

Three standard SEMLS protocols were examined to provide structured clinical frameworks for evaluating 

the behavior of selected kinetic measures. 

Achilles tendon lengthening (TAL) is commonly performed to address equinus deformity and has been 

associated with improvements in ankle dorsiflexion and sagittal-plane ankle moments. However, reported 

effects on ankle push-off mechanics remain inconsistent, likely reflecting heterogeneity in surgical technique 

and dosage as well as differences in baseline gait pathology, including true versus apparent equinus (Davids 

et al., 2011; Dreher et al., 2012; Horsch et al., 2024; Rose et al., 1993; Tylkowski et al., 2009). Accordingly, 

ankle positive work during late stance ( Ank
LStW  ) was selected as a kinetic outcome, as it reflects both the 

magnitude and timing of plantarflexor contribution to forward propulsion and is sensitive to changes in ankle 

push-off mechanics (Delp et al., 1995; Dreher et al., 2012; Zelik & Adamczyk, 2016). 

Distal hamstring lengthening (DHL) aims to correct crouch gait characterized by excessive knee flexion 

during the stance by targeting hamstring contracture. Prior studies have reported reductions in knee flexion 

following DHL (Laracca et al., 2014; Park et al., 2009). Improvements in crouch gait, reduces the demand 

on quadriceps to support the limb against (Novacheck & Gage, 2007). Accordingly, knee extensor impulse 

during the stance phase ( KneExt
StJ ) was selected as a kinetic outcome associated with DHL and crouch gait 

improvement. 

Femoral derotational osteotomy (FDO) addresses in-toeing gait pattern associated with excessive femoral 

internal rotation. It has been reported to alter hip muscle moment arms (Kainz et al., 2023)as well as hip 

kinematics and kinetics during gait (Boyer et al., 2021; Cimolin et al., 2011b). Individuals with cerebral palsy 

have also been shown to exhibit proximal compensatory strategies, manifested by increased hip power 

generation (Cimolin et al., 2011b) and a reduced ratio of ankle to hip peak power compared with typically 
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developing controls and between affected and less-affected limbs (Ishihara & Higuchi, 2014; Olney et al., 

1990; Riad et al., 2008). Accordingly, the ratio of ankle-to-hip peak propulsive power (
/A H

p
R 

) was selected 

as a kinetic outcome, as it characterizes inter-joint power distribution and reflects proximal–distal power 

balance during gait. 

Rectus femoris transfer (RFT) is performed to address stiff-knee gait, which is characterized by 

insufficient knee flexion during swing and impaired foot clearance (Lee et al., 2014; Õunpuu et al., 2015; 

Thawrani et al., 2012). The procedure aims to reduce inappropriate rectus femoris activity as a knee extensor 

while preserving its role as a hip flexor (Fox et al., 2009). Prior work has suggested that reductions in rectus 

femoris activity during pre-swing may have a greater influence on improvements in stiff-knee gait than 

changes occurring during swing phase itself (Reinbolt et al., 2008). Accordingly, hip flexor impulse during 

the pre-swing phase ( Pr
HipFlx

eSwJ ) was selected as a kinetic outcome to reflect changes in rectus femoris activity 

and associated improvements in stiff-knee gait mechanics. 

Children with cerebral palsy exhibit greater metabolic energy expenditure during walking than typically 

developing peers (Campbell & Ball, 1978; Norman et al., 2004), which has been associated with reduced 

walking efficiency and increased fatigue. Energetic efficiency has been shown to correlate with clinical 

measures of motor function (Kerr et al., 2008). Work-based energetic metrics derived from joint mechanics 

are associated with metabolic energy expenditure (Marconi et al., 2014; van de Walle et al., 2012), and are 

elevated in cerebral palsy gait relative to typical development (van den Hecke et al., 2007). Accordingly, the 

sum of lower-body net joint work was selected as a surrogate measure of energetic demand relevant to 

walking efficiency and fatigue in cerebral palsy gait. 

Because human gait reflects the behavior of a highly nonlinear dynamical system (West & Scafetta, 2003), 

responses of derived outcomes are interpreted as system-level behavior rather than proportional effects. 
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Accordingly, the outcomes described above were selected based on their direct mechanical relevance to the 

targeted surgical corrections as the focus of this exploratory analysis of gait-task–relevant kinetic measures, 

evaluated for coherent behavior across distinct SEMLS contexts to improve interpretability and clinical 

utility. 

3.2. Methods 

The following describes the study participants, data collection and processing procedures. The derivation 

of gait-related kinetic and work-based energetic outcomes follows. The section concludes with a description 

of the statistical methods used for analysis. 

3.2.1. Participants 

Participants were 67 children with CP (GMFCS I–III; 46 male, 21 female; median age = 6.3 (IQR:5.3-

9.9)8 ± 3.9 years; mass 26.9 ± 13.2 kg), including 17 with hemiplegia, 48 with diplegia, and 1 with 

quadriplegia. Participants were retrospectively assigned to one of three SEMLS groups based on the surgical 

protocol received: 1) TDR-B — bilateral soft-tissue procedures (TAL, distal hamstring lengthening, and 

rectus femoris transfer) (𝑛 = 14); 2) TDFR-B — the above soft-tissue procedures combined with bilateral 

femoral derotational osteotomy (FDO) (𝑛 = 29); 3) TDFR-U — the same soft-tissue procedures combined 

with unilateral FDO (𝑛 = 24). 

3.2.2. Data Collection 

Gait data were collected between 1995 and 2017 using two motion-analysis systems. The first system was 

a Kestrel 10-camera digital motion-capture system (Motion Analysis Corp., USA) with two KISTLER 

force plates (Switzerland). Marker placement followed the Helen Hayes marker set, and data were captured 

and processed in real time using Cortex and OrthoTrak software. 
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The second system was a Vicon motion-capture setup (Vicon 370; Oxford Metrics, Oxford, UK) with 

seven CCD cameras sampling at 60 Hz and two AMTI force plates (MA, USA). Reflective markers (25 mm) 

were applied using the Plug-in Gait model. Some datasets included full-body marker sets, but only lower-

extremity data were analyzed to maximize participant inclusion. 

Participants walked barefoot along a 9-m walkway, taking approximately 9 ± 4 strides per trial. On 

average, 3 ± 1 complete force-plate strikes (one foot fully isolated on a single force plate) were recorded per 

participant. 

3.2.3. Data Processing 

Kinematic marker trajectories were low-pass filtered using zero-lag, fourth-order Butterworth filters. 

Cutoff frequencies were determined using residual analysis (Winter, 2009). A participant-specific approach 

was adopted for cutoff selection to account for inter-individual variability and the sensitivity of kinematic 

and kinetic outcomes to filtering choices, consistent with prior recommendations against using a single cutoff 

frequency across participants (Fazlali et al., 2020; Kristianslund et al., 2012). Residual analysis was 

conducted using marker trajectories and ground reaction force data from each participant’s trials. Participant-

level outcomes were summarized using the median across trials to reduce the influence of outlier trials and 

residual high-frequency noise. Participant-specific cutoff frequencies were constrained to a data-driven range 

with a lower bound of 5.5 Hz and an upper bound of 10 Hz and were applied consistently within each 

participant. 

Marker trajectories were low-pass filtered at 6 Hz. These filtered signals were then used to build a 7-

segement lower-extremity model. From the model the joint angles were calculated in Visual 3D as the 

orientation of distal segment in relation to the proximal segment using the XYZ Cardan sequence in each 

stride (Hamill et al., 2013). Gait events were first identified using the algorithm described by Zeni et al. (Zeni 

et al., 2008), which detects events based on the relative positions of the heel and toe markers with respect to 
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the pelvis, and were subsequently verified by visual inspection. Joint moments and powers were calculated 

using Visual 3D based on the iterative Newton-Euler inverse dynamics algorithm (Selbie et al., 2014) using 

the ground reaction forces in valid kinetic steps. A step was considered kinetically valid if only one foot of 

the participant was in contact with the force plate. Joint moment impulse and work were calculated as the 

integral of moments and powers (Winter, 2009). 

3.2.4. Outcome Measures 

 The calculation of gait-related joint kinetics mechanistically linked to the SEMLS protocols under study, 

as well as the derivation of a work-based energetic outcome, is described below.  

Gait Task-Related Joint Kinetics 

Ankle positive work in late stance (
Ank

LStW 

) was defined as  

( ).
TO

Ank Ank
LSt

t HR

W P t dt 



 
, 

where the AnkP  denotes the positive ankle joint power, which was integrated in the late stance; late stance 

was defined as the interval from heel-rise to toe-off (Whittle, 2007). Heel rise gait event was identified using 

a derivative- and threshold-based approach applied to the vertical heel marker trajectory. The first derivative 

of the vertical displacement signal was computed, and heel rise was defined as the first time point at which 

the derivative exceeded a threshold based on the signal’s variability, defined as one standard deviation of the 

derivative during early stance, consistent with kinematic threshold-based gait event detection approaches 

reported previously (Zeni et al., 2008). 

Knee extensor impulse during the stance phase (
KneExt
StJ ) was computed as  
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TO

KneExt KneExt
St

t HS

J M t dt


 
 

, where the 
KneExtM denotes the knee extensor moment, which was integrated over the stance phase, i.e., 

from heel strike to toe-off.  

Hip flexor moment impulse in the pre-swing phase ( Pr
HipFlx

eSwJ ) was calculated as 

Pr ( ).
TO

HipFlx HipFlx
eSw

t CHS

J M t dt


 
 

 , where 
HipFlxM  denotes the hip flexor moment, which was integrated over the pre-swing phase. Pre-

swing was defined as the interval from contralateral heel strike to ipsilateral toe-off (Whittle, 2007).  

Ratio of ankle to hip peak propulsive power (
/A H

p
R 

) was calculated using  

/ max

max

Ank
A H

Hipp

P
R

P





 

, as the ratio of the maximum ankle power to the maximum hip joint power within late stance (after heel-

rise).  

Work-Based Energetics 

Sum of lower body net joint work ( LB
totW ) was calculated was 

{ , , }

( ( ) | ( ) |).
TO

LB
tot j j

j ankle knee hip t HS

W P t P t dt 

 

    

where jP , jP  denote the positive and negative power of joint j, which was integrated over the stance 
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phase from heel strike to toe-off, and summed up across ankle, knee and hip joints.  

Outcome were summarized at the participant level by averaging across limbs to support evaluation of 

overall gait behavior within each SEMLS context, applied consistently across participants. 

3.2.5. Statistical Analysis 

A detailed description of the statistical methods is provided in Appendix A. Gait outcomes were analyzed 

using ordinary least squared (OLS) regression models that included Group, Time (pre vs. post), and their 

interaction, with normalized walking speed, time since surgery (months), age, mass, and sex included as 

covariates. Linearity of continuous predictors was assessed using spline-expanded OLS models; when 

nonlinearities were detected, the relevant spline terms were retained. Homogeneity of slopes across groups 

was evaluated through Group × covariate interactions, with group-specific slopes modeled when these terms 

were significant. 

Due to the unequal size of the groups exacerbating the effect of heteroscedasticity (Box, 1954), the initial 

OLS model structure arrived at from the previous steps was refit using generalized least squares (GLS) with 

alternative variance structures (varIdent, varExp, varPower, varComb). Based on the procedure proposed by 

Pinheiro & Bates (Pinheiro & Bates, 2000), Akaike Information Criterion (AIC) (Akaike, 1998) was used to 

compare the fit of the models with different variance structures. The final model with the least AIC was 

selected for the subsequent analyses. Complete model coefficients and diagnostic plots for all outcomes are 

provided in Appendix B. 

Estimated marginal means (EMMs) for each Group × Time combination were obtained from the final 

model. Within-group pre–post changes (Post–Pre) were estimated using model-based contrasts, and 

between-group differences in change (differences in differences; DID) were derived from the Group × Time 

interaction. Sidak-adjusted confidence intervals and p-values were used for all pairwise DID comparisons 
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(Šidák, 1967). 

Effect sizes were expressed as Cohen’s d: paired-samples d for within-group changes and independent-

samples d for DID effects, with Hedges’ small-sample correction applied to between-group comparisons. All 

analyses were performed in R (Version 4.5.1)(R Core Team, 2025) using the nlme, emmeans, and sandwich 

packages. P-values for pre–post changes and difference-in-differences comparisons were adjusted for family-

wise error using the Holm method (Holm, 1979) across seven outcome comparisons.  

3.3. Results 

In the following sections, we first report associations between gait outcomes and model predictors, 

including participant anthropometry, demographics, walking speed, and time since surgery. We then present 

within-group changes following surgery, followed by between-group differences in surgery-related changes. 

3.3.1. Predictor Associations 

As indicated in the summary Table 3.1 and detailed in the tables of model coefficients in Appendix C, 

outcomes were correlated with several predictors.  

Ankle positive work in late stance ( Ank
LStW  ) did not show a significant pre–post change in the reference 

group (TDFR-B) (standardized β = −0.32, p = .266), indicating no detectable effect of surgery over the 

follow-up period for this outcome. No significant main effects of SEMLS group were observed for either the 

TDR-B group (standardized β = 0.08, p = .759; trivial effect) or the TDFR-U group (standardized β = −0.13, 

p = .491; trivial effect). Several covariates were significantly associated with the Ank
LStW  . Normalized walking 

speed showed a positive association (standardized β = 0.10, p < .001; trivial effect size), and time since 

surgery was also positively associated with Ank
LStW   (standardized β = 0.12, p < .001; trivial effect size). Body 

mass demonstrated a small negative association (standardized β = −0.16, p = .038; trivial effect size). Age 
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showed a positive trend that did not reach statistical significance (standardized β = 0.07, p = .070), while sex 

was not significantly associated with Ank
LStW   (p = .488). No significant Group × TimePost interactions were 

observed for either the TDR-B group (standardized β = −0.47, p = .838) or the TDFR-U group (standardized 

β = 0.13, p = .456), indicating similar pre–post patterns across SEMLS groups.  

Knee extensor moment impulse in stance phase ( KneExt
StJ ) showed a significant main effect of SEMLS 

group. Relative to the reference group (TDFR-B), the TDR-B group exhibited higher values (standardized 

β = 0.93, p = .041), representing a large effect size, whereas the TDFR-U group showed lower values 

(standardized β = −0.50, p = .020), corresponding to a moderate effect size. No significant main effects were 

observed for time post-surgery, normalized walking speed, time since surgery, age, body mass, or sex (all 

p > .10), with all associated effects trivial in magnitude. A significant Group × TimePost interaction was 

observed for the TDR-B group (standardized β = −1.08, p = .023), indicating a differential pre–post change 

relative to the reference group with a large effect size. No significant interaction was observed for the TDFR-

U group (standardized β = −0.01, p = .934). 

 In the model predicting hip flexor impulse in pre-swing phase ( Pr
HipFlx

eSwJ ), relative to the reference SEMLS 

group TDFR-B, the TDR-B group showed greater hip flexor impulse in pre-swing phase values (β = −1.62, 

p = .011; large effect), with no difference observed for TDFR-U. Age was indirectly associated with Pr
HipFlx

eSwJ

(β = 0.93, p < .001; large effect), with significant Group × Age interactions indicating attenuation of this 

effect in both TDR-B and TDFR-U groups. No significant main effects of time, speed, mass, or sex were 

observed, and no clear Group × TimePost interactions were detected. 

Ratio of ankle to hip peak propulsive power (
/A H

p
R 

) increased significantly from pre- to post-surgery in 

the reference group (TDFR-B) (standardized β = 0.63, p = .026), corresponding to a moderate effect size. 
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Time since surgery also showed a significant nonlinear association with 
/A H

p
R 

, as indicated by the first spline 

component (standardized β = 2.45, p = .014; large effect size). No significant main effects were observed for 

SEMLS group membership or demographic covariates, and no significant Group × TimePost interactions 

were detected (all p > .75), indicating similar pre–post changes across SEMLS groups. 

Sum of lower body net joint work ( LB
totW ) showed a significant main effect of time post-surgery, with 

lower values observed at follow-up relative to baseline in the reference group (TDFR-B), corresponding to a 

trivial standardized effect size (β = −0.04, p = .005). A significant main effect of SEMLS group was observed 

for the TDFR-U group, which exhibited lower LB
totW  values compared with the reference group, although the 

standardized effect size was trivial (β = −0.05, p = .021). The corresponding group difference for the TDR-

B group did not reach statistical significance (p = .069; β = −0.06). Several covariates were significantly 

associated with LB
totW , including normalized walking speed ( p < .001; β = 0.02), time since surgery ( p = .001; 

β ≈ 0.00), body mass ( p = .033; β = 0.06), and sex, with lower LB
totW observed in females (p = .015; β ≈ 0.00). 

All covariate effects were trivial in magnitude. No significant main effect of age was observed (p = .619). 

No significant Group × TimePost interactions were detected for either the TDR-B or TDFR-U groups (both 

p > .14), indicating similar pre–post changes across SEMLS groups. A significant Group × Mass interaction 

was observed for the TDFR-U group (p = .032; β = −0.05), with a similar trend observed for the TDR-B 

group (p = .052; β = −0.04), suggesting modest group-dependent differences in the association between body 

mass and the outcome. 
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Table 3.1: Summary of predictor–outcome associations. Filled circles (●), and hollow circles (○) indicate 
statistically significant direct and indirect associations, respectively; Blank cells indicate non-significant 
effects. 

Predictor 
Ankle Positive 
Work in Late 
Stance 

Knee Extensor 
Impulse in 
Stance 

Hip Flexor Impulse 
in Pre-Swing 

Ratio of Ankle 
to Hip Peak 
Power 

Sum of Lower-body 
Joints Net Work 

Group 
(main effect)  ○ ●  ○ 

Time 
(Post vs Pre)  ○  ● ○ 

Time since 
surgery (months) ●   ● ○ 

Normalized 
Speed ●    ● 

Age   ○   

Mass ○    ● 

Sex     ● 

3.3.2. Within-Group Changes Following Surgery 

Results of within-group comparisons with uncorrected p-values shown in Table 3.2; Table 3.4 shows the 

results whose statistical significance changed following Holm correction for multiple comparison across the 

seven kinetic outcomes (including the two kinetic outcomes in chapter 4). Reported inferences are based on 

the corrected p-values. In the TDR-B group, significant pre–post reductions were observed in Ank
LStW  , KneExt

StJ

, and LB
totW . No significant change was detected in /A H

p
R   in this soft-tissue-only SEMLS group. The TDFR-

B group exhibited a more selective pattern of responsiveness. Significant pre–post changes were observed 

for LB
totW , which decreased postoperatively. No significant pre–post changes were observed in Ank

LStW  , KneExt
StJ

, /A H

p
R  , or LB

totW in this group. In the TDFR-U group, no significant pre–post reduction was observed after 

adjusting for multiple outcome comparisons (Table 3.2 and Table 3.4). 

 



 

 

Table 3.2: Estimated Changes in Kinetic Gait Outcomes Following Single-Event Multi-Level Surgery Across Three Surgical Protocols. 
Uncorrected p-values shown; see Table 3.4 for Holm-corrected results used for inference. 

 TDR-B  TDFR-B  TDFR-U 

Outcome Pre(M±SE) Post(M±SE) p |d|  Pre(M±SE) Post(M±SE) p |d|  Pre(M±SE) Post(M±SE) p |d| 

Ank
LStW   0.39 ± 0.03 0.23 ± 0.01 < .001*1.74  0.43 ± 0.12 0.29 ± 0.05 0.263 0.21  0.35 ± 0.03 0.30 ± 0.02 0.240 0.24 

KneExt
StJ  0.71 ± 0.13 0.33 ± 0.05 0.005* 0.78  0.42 ± 0.05 0.38 ± 0.04 0.527 0.12  0.29 ± 0.03 0.25 ± 0.03 0.436 0.16 

Pr
HipFlx

eSwJ  -0.19 ± 0.04 -0.11 ± 0.01 0.035* 0.59  -0.09 ± 0.01 -0.08 ± 0.01 0.429 0.15  -0.08 ± 0.00 -0.09 ± 0.01 0.216 0.26 

/A H

p
R   1.61 ± 0.31 1.99 ± 0.26 0.215 0.35  1.38 ± 0.18 1.87 ± 0.18 0.026*0.43  1.82 ± 0.23 2.21 ± 0.20 0.115 0.33 

LB
totW  1.97 ± 0.40 0.87 ± 0.09 0.006* 0.76  4.06 ± 1.06 3.11 ± 0.83 0.004*0.54  1.57 ± 0.16 1.16 ± 0.11 0.029*0.46 

Note. Pre = before surgery; Post = after surgery. Values are model-estimated means (M) with standard errors (SE). 
p values are from model. d = Cohen’s d. * p < 0.05. 

 
Table 3.3: Between-Group Differences in Estimated Changes of Kinetic Gait Outcomes Following Single-Event Multi-Level Surgery. Uncorrected 
p-values shown; see Table 3.5 for Holm-corrected results used for inference. 

 (TDR - B) - (TDFR - B)  (TDFR - U) - (TDFR - B)  (TDFR - U) - (TDR - B) 

Outcome Δ 95% CI p |d|  Δ 95% CI p |d|  Δ 95% CI p |d| 

Ank
LStW   -0.03 [-0.34, 0.28] 0.996 0.07  0.10 [-0.22, 0.41] 0.837 0.21  0.13 [0.02, 0.23] 0.018* 0.93 

KneExt
StJ  -0.34 [-0.69, 0.01] 0.063 0.73  0.01 [-0.17, 0.18] 1.000 0.02  0.35 [0.01, 0.68] 0.041* 0.81 

Pr
HipFlx

eSwJ  0.07 [-0.02, 0.17] 0.182 0.61  -0.02 [-0.04, 0.01] 0.400 0.39  -0.09 [-0.18, 0.00] 0.062 0.78 

/A H

p
R   -0.11 [-0.98, 0.77] 0.987 0.09  -0.10 [-0.83, 0.63] 0.983 0.09  0.01 [-0.88, 0.90] 1.000 0.01 

LB
totW  -0.15 [-1.41, 1.11] 0.989 0.09  0.55 [-0.34, 1.44] 0.364 0.41  0.70 [-0.36, 1.76] 0.303 0.54 

Note. Δ = estimated between-group difference. p values are from model. d = Cohen’s d. Significance: * p < 0.05 
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Table 3.4: Holm-Adjusted p-Values for Within-Group Pre–Post Changes in Kinetic Gait Outcomes Following 
Single-Event Multilevel Surgery 

Group Outcome p value p Holm 

TDR-B Pr
HipFlx

eSwJ  0.035 0.104 

TDFR-B 
/A H

p
R   0.026 0.129 

TDFR-U LB
totW  0.029 0.143 

Note: Holm adjustment for multiple comparisons was applied 
across seven outcomes. 

 
Table 3.5Error! Use the Home tab to apply 0 to the text that you want to appear here.: Holm-Adjusted p-
Values for Between-Group Differences in Pre–Post Change (Difference-in-Differences) in Kinetic Gait 
Outcomes. 

Contrast Outcome p value p Holm 

(TDFR-U) - (TDR-B) Ank
LStW   0.018 0.123 

(TDFR-U) - (TDR-B) KneExt
StJ  0.041 0.165 

Note: Holm adjustment for multiple comparisons was applied across seven outcomes.  

3.3.3. Between-Group Differences in Pre–Post Changes Following Surgery 

Analysis of between-group differences indicated that pre–post changes in kinetic outcomes did not differ 

across the surgical groups (Table 3.3 and 3.5). The between-group differences detected with raw p-values 

(Table 3.3) lost significance upon Holm adjustment for multiple outcome comparisons across seven kinetic 

variables (Table 3.5). 

3.4. Discussion 

The examined kinetic gait outcomes demonstrate measure-specific sensitivity to postoperative gait 

modification, and important limitations in their discriminative capacity across surgical treatment groups. 

Several outcomes showed statistically significant within-group changes in at least one SEMLS configuration, 

most prominently in the TDR-B group, with moderate-to-large standardized effect sizes. These patterns 

suggest that selected kinetic measures can detect alterations in joint-level mechanical demands following 
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surgery, supporting their responsiveness at the group level.  

Between-group comparisons further reinforce this interpretation. While several contrasts yielded 

moderate to large effect sizes and nominal p-values below 0.05, none of these differences remained 

statistically significant following Holm correction for multiple comparisons. The loss of between-group 

significance after adjustment suggests that, although these kinetic outcomes may reflect meaningful 

biomechanical changes within specific groups, their ability to reliably differentiate surgical strategies is 

limited. This pattern is consistent with a validation framing in which outcomes demonstrate sensitivity to gait 

modification but lack sufficient specificity or signal-to-noise ratio to support strong claims of between-

protocol differentiation. The lack of between-protocol differentiation is particularly pronounced in the 

context of multi-level surgical interventions where overlapping biomechanical effects and compensation 

strategies are expected. 

Ankle positive work during late stance ( Ank
LStW  ) following TAL exhibited substantial inter-individual 

variability, with reductions in plantarflexor power observed in some participants but not consistently across 

the cohort (Delp et al., 1995; Dreher et al., 2012; Lin et al., 2000). Although FDO alters lower-limb geometry 

and may increase the plantarflexor lever arm (Gage, 1990), no statistically detectable between-group 

differences were observed, indicating limited group-level separation. Together, these findings suggest that 

ankle positive work reflects heterogeneous postoperative push-off responses rather than a uniform effect 

attributable to specific SEMLS protocol groupings. 

The finding of Ank
LStW   being associated positively with normalized walking speed and negatively with 

body mass, is consistent with prior biomechanical models showing that ankle push-off influences center-of-

mass mechanics primarily by accelerating the trailing limb and increasing its kinetic energy during late 

stance, with the relative contribution of this limb-level action scaling with total body mass (Dumas et al., 
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2007; Zelik & Adamczyk, 2016). The observed association with time since surgery suggests Ank
LStW   that 

varies over the recovery period, consistent with ongoing adaptation following surgical intervention. 

In parallel with Ank
LStW  , 

/A H

p
R 

 demonstrated a significant association with time since surgery, 

characterized by a nonlinear pattern. This behavior suggests that postoperative changes in the relative 

distribution of distal and proximal joint contributions evolve over the recover period rather than progress 

uniformly. In contrast, the isolated ankle component exhibited only a weak linear association with time, 

indicating limited sensitivity when considered independently. 

Together, these findings indicate that postoperative adaptation may be more effectively captured by 

relative or coordination-based metrics than by single-joint measures alone. The nonlinear time course 

observed in the 
/A H

p
R 

may reflect phases of postoperative adaptation that vary with surgical context and 

rehabilitation demands. Therefore in procedures involving FDO that are more invasive and typically require 

extended rehabilitation, this plausibly contributes to more gradual or nonuniform changes in gait mechanics. 

Both 
/A H

p
R 

, and 
LB

totW demonstrated statistically significant pre–post changes and additional dependence 

on time since surgery, with reduced total work occurring alongside increased relative ankle contribution, 

suggesting coordinated postoperative adaptation at both global and relative work levels. From a validation 

perspective, this pattern supports the utility of ratio-based outcomes for capturing coordinated postoperative 

changes in gait mechanics that may not be evident from isolated joint-level measures.  

In TDR-B reductions in 
LB

totW were observed concurrently with changes in mechanical work distribution, 

including increased relative ankle contribution ( /A H

p
R  ) and reduced crouch-related sagittal posture indicated 

by KneExt
StJ . These patterns are consistent with established associations between distal power generation, 
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proximal demand, and gait energetics, and support the interpretation that kinetic and energetic measures 

capture overlapping mechanical constructs. 

The direct associations observed between 
LB

totW and normalized walking speed and body mass, as well as 

their association with sex, are consistent with prior biomechanical studies demonstrating that joint-level work 

scales with walking speed, body size, and anthropometric factors during gait (Dumas et al., 2007; Hof, 1996; 

Winter, 2009).  

TDR-B group had greater KneExt
StJ  relative to the TDFR-B reference group and was the only outcome to 

demonstrate a statistically significant reduction following SEMLS. This pattern suggests sensitivity of knee 

extensor impulse to soft-tissue–only surgical context, and limited differentiation across protocols. 

The indirect association between Pr
HipFlx

eSwJ  and age is consistent with established developmental patterns of 

gait, with younger children relying more on proximal joint contributions for limb advancement and forward 

progression, with a gradual shift toward greater distal contributions as gait matures (Sutherland, 1997). Using 

TDFR-B as the reference, hip flexor impulse during pre-swing was greater in the TDR-B group, with no 

difference observed between TDFR-B and TDFR-U. In the absence of broader between-group effects, this 

pattern suggests limited group-level differentiation, with hip flexor impulse reflecting sensitivity to specific 

procedural contexts rather than consistent separation across SEMLS protocols. 

 

3.5. Limitations 

Several limitations specific to the kinetic outcomes analyses should be acknowledged. First, the 

exploratory design and limited sample sizes within SEMLS protocol groups reduced power to detect subtle 

between-group differences, particularly for joint-specific kinetic outcomes. Consequently, the absence of 
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statistically detectable group × time effects should not be interpreted as evidence that kinetic adaptations are 

equivalent across surgical protocols. 

Second, kinetic outcomes were derived from inverse dynamics and external joint moments and work, 

which reflect net joint-level mechanical behavior but do not resolve underlying muscle forces, co-contraction, 

or internal work. Additionally, direct measures of energy expenditure (e.g., metabolic gas exchange) were 

not available. Accordingly, interpretations are limited to observed joint-level mechanical patterns rather than 

specific neuromuscular or metabolic mechanisms. 

Finally, walking speed, while accounted for analytically, remains an important contributor to kinetic 

variability. Residual speed-related influences may therefore contribute to heterogeneity in observed kinetic 

responses. 

3.6. Conclusion 

This chapter provides an exploratory evaluation of joint-level kinetic and work-based gait outcomes 

following Single-Event Multi-Level Surgery in children with cerebral palsy. The results demonstrate that 

selected kinetic measures exhibit distinct patterns of postoperative behavior, with relative and global work-

based outcomes showing consistent sensitivity to postoperative change and temporal adaptation. 

In particular, the ankle-to-hip contribution ratio and total joint work captured coordinated shifts in joint-

level mechanics following surgery, reflected by statistically detectable pre–post changes and associations 

with time since surgery. These findings suggest that relative and global kinetic measures may be useful for 

characterizing postoperative reorganization of gait mechanics, even when isolated joint-level kinetics show 

limited or heterogeneous change. 

At the same time, the limited between-group differentiation observed across kinetic outcomes highlights 

the influence of patient heterogeneity and underscores the importance of interpreting kinetic measures as 
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descriptors of outcome behavior rather than indicators of procedure-specific effectiveness. From a validation 

perspective, this chapter supports the complementary role of kinetic and work-based measures in 

postoperative gait assessment, particularly for capturing coordinated mechanical adaptations that may not be 

evident from kinematics alone. 
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Chapter 4:  Knee Adduction Moment–Based Indicators of Joint Loading 

4.1. Introduction 

Cerebral palsy (CP) is the most common cause of motor disability in childhood, affecting 2.7–3.4 per 

1000 live births(McIntyre et al., 2022), and is associated with a high medical burden (Whitney et al., 2019), 

as well as elevated risk and prevalence of osteoarthritis (OA) (French et al., 2019; O’Connell et al., 2019). 

CP is an umbrella term for disorders of posture and movement caused by non-progressive lesions in the 

developing brain (Smithers-Sheedy et al., 2014). The neurological etiology of cerebral palsy varies in 

location, timing, and severity, contributing substantially to clinical heterogeneity (Metz et al., 2022). One 

manifestation of this heterogeneity is variation in motor subtype, with spastic cerebral palsy being the most 

common presentation (Novak et al., 2025). Spasticity has been associated with structural and functional 

muscle adaptations, such as increased stiffness and weakness, which are thought to contribute to the 

shortened muscle–tendon units frequently observed in cerebral palsy (Lieber et al., 2004). Over time, 

neuromuscular impairments and shortened muscle–tendon units contribute to joint contractures and 

progressive skeletal deformities during growth (Kerr Graham & Selber, 2003). “Lever-arm dysfunction” 

describes musculoskeletal deformities that alter the moment arms of forces driving movement, resulting in 

impaired function (Rethlefsen & Kay, 2013; Theologis, 2013). Lever-arm dysfunction contributes to 

progressive impairment of functional mobility in cerebral palsy and underlies the orthopedic surgical 

approach to functional improvement (Bell et al., 2002; Gage et al., 2009a).  

In ambulatory individuals, orthopedic surgery interventions aim to correct contractures and dysfunctional 

lever arms to improve gait and reduce pain (Himpens et al., 2013). Single-event multilevel surgery (SEMLS), 

which involves musculoskeletal corrections at multiple anatomical levels within a single surgical session, is 

the standard orthopedic surgical approach for ambulatory children with CP as it reduces the number of 

hospitalizations and recovery periods and minimizes the risk of residual imbalances associated with staged 
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procedures (Gage et al., 2009b; Saraph et al., 2002; Schwartz et al., 2004; Zwick et al., 2001).  

Beyond short-term gait correction, long-term joint health is an important consideration in this population. 

Adults with cerebral palsy exhibit a higher prevalence of knee osteoarthritis, which is associated with 

increased pain, fatigue, functional limitations, and healthcare utilization (Murphy et al., 2016; Whitney et al., 

2019). Reported odds ratios for knee osteoarthritis in adults with CP range from 1.4 to 3.3 compared with 

typically developing peers (French et al., 2019). These elevated odds of knee osteoarthritis highlight the need 

to understand the biomechanical pathways through which long-term joint loading may contribute to 

degenerative change in individuals with cerebral palsy. 

The mechanical loading environment at the joint both influences and is influenced by biological processes 

that contribute to degenerative changes in articular cartilage (Andriacchi et al., 2004). Joint-level mechanics 

have been linked to the progression of degenerative joint disease (Bennell et al., 2011; Brisson et al., 2021; 

Davis et al., 2019). The knee adduction moment (KAM) is commonly interpreted as an indicator of greater 

medial relative to lateral knee compartment loading (Schipplein & Andriacchi, 1991). Given the higher 

incidence of osteoarthritis in the medial knee compartment (Stoddart et al., 2021; Wise et al., 2012), KAM-

based metrics have therefore been widely used as surrogate indicators of osteoarthritis-related loading 

pathomechanics (Foroughi et al., 2009). Accordingly, peak KAM, reflecting maximum instantaneous 

frontal-plane loading, and KAM impulse ( KAMJ ), capturing cumulative loading over stance, were selected 

to characterize knee loading magnitude and duration during gait. Within the context of a highly nonlinear 

gait system(West & Scafetta, 2003), these complementary metrics are not assumed to respond proportionally 

to changes in posture or structural correction, but rather to reflect distinct aspects of system-level loading 

behavior. Both peak KAM and KAM impulse have been linked to cartilage loss and long-term joint health 

risk (Bennell et al., 2011). Beyond frontal-plane loading, additional kinetic and kinematic factors have been 

implicated in osteoarthritis onset and severity, including knee joint compressive (Ko et al., 2013; Thibault et 
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al., 2002) and sagittal-plane knee kinematics (Anan et al., 2024; Astephen et al., 2008). 

In CP, knee joint compressive forces have been shown in modeling and cadaver studies to be elevated 

relative to typical gait (Perry et al., 1975; Steele et al., 2012). This is in part attributed to increased muscular 

demand, particularly on knee extensors that support the posture, as shown in musculoskeletal modeling 

studies of crouch gait (Steele et al., 2012). This increased muscular demand has also been documented in 

cadaver studies (Perry et al., 1975), as well as EMG activity during standing with the crouch gait’s 

characteristic flexed knee (Hsu et al., 1993).  

In this context, mechanical indicators of knee loading may interact differently with long-term joint health 

in the cerebral palsy population, where compensatory gait mechanisms are common (Gage et al., 2009b). 

Changes in frontal-plane knee loading occur alongside excessive sagittal-plane knee flexion, and these 

measures represent distinct mechanical constructs that may not respond similarly to changes in gait posture 

or surgical intervention. Examining cross-sectional associations between knee flexion angle and KAM-based 

loading metrics therefore provides a framework for evaluating whether commonly-used indicators of knee 

loading behave coherently with respect to sagittal posture. This construct-level perspective motivates the 

present investigation of frontal- and sagittal-plane knee loading metrics in children with cerebral palsy. 

4.2. Methods 

The following describes the study participants, data collection and processing procedures. Next the 

derivation of outcome measures, and statistical methods used for analysis are presented. 

4.2.1. Participants 

Participants were 67 children with CP (GMFCS I–III; 46 male, 21 female; median age = 6.3 (IQR:5.3-

9.9)8 ± 3.9 years; mass 26.9 ± 13.2 kg), including 17 with hemiplegia, 48 with diplegia, and 1 with 
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quadriplegia. Participants were retrospectively assigned to one of three SEMLS groups based on the surgical 

protocol received: 1) TDR-B — bilateral soft-tissue procedures (Achilles tendon lengthening, distal 

hamstring lengthening, and rectus femoris transfer) (𝑛 = 14); 2) TDFR-B — the above soft-tissue procedures 

combined with bilateral femoral derotational osteotomy (FDO) (𝑛 = 29); 3) TDFR-U — the same soft-tissue 

procedures combined with unilateral FDO (𝑛 = 24). 

4.2.2. Data Collection 

Gait data were collected between 1995 and 2017 using two motion-analysis systems. The first system was 

a Kestrel 10-camera digital motion-capture system (Motion Analysis Corp., USA) with two KISTLER 

force plates (Switzerland). Marker placement followed the Helen Hayes marker set, and data were captured 

and processed in real time using Cortex and OrthoTrak software. 

The second system was a Vicon motion-capture setup (Vicon 370; Oxford Metrics, Oxford, UK) with 

seven CCD cameras sampling at 60 Hz and two AMTI force plates (MA, USA). Reflective markers (25 mm) 

were applied using the Plug-in Gait model. Some datasets included full-body marker sets, but only lower-

extremity data were analyzed to maximize participant inclusion. 

Participants walked barefoot along a 9-m walkway, taking approximately 9 ± 4 strides per trial. On 

average, 3 ± 1 complete force-plate strikes (one foot fully isolated on a single force plate) were recorded per 

participant. 

4.2.3. Data Processing 

Kinematic marker trajectories were low-pass filtered using zero-lag, fourth-order Butterworth filters. 

Cutoff frequencies were determined using residual analysis (Winter, 2009). A participant-specific approach 

was adopted for cutoff selection to account for inter-individual variability and the sensitivity of kinematic 

and kinetic outcomes to filtering choices, consistent with prior recommendations against using a single cutoff 
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frequency across participants(Fazlali et al., 2020; Kristianslund et al., 2012). Residual analysis was conducted 

using marker trajectories and ground reaction force data from each participant’s trials. Participant-level 

outcomes were summarized using the median across trials to reduce the influence of outlier trials and residual 

high-frequency noise. Participant-specific cutoff frequencies were constrained to a data-driven range with a 

lower bound of 5.5 Hz and an upper bound of 10 Hz and were applied consistently within each participant. 

 These filtered signals were then used to build a 7-segement lower-extremity model. From the model the 

joint angles were calculated in Visual 3D as the orientation of distal segment in relation to the proximal 

segment using the XYZ Cardan sequence in each stride (Hamill et al., 2013). Gait events were first identified 

using the algorithm described by Zeni et al.(Zeni et al., 2008), which detects events based on the relative 

positions of the heel and toe markers with respect to the pelvis, and were subsequently verified by visual 

inspection. Joint moments and powers were calculated using Visual 3D based on the iterative Newton-Euler 

inverse dynamics algorithm (Selbie et al., 2014) using the ground reaction forces in valid kinetic steps. A 

step was considered kinetically valid if only one foot of the participant was in contact with the force plate. 

Joint moment impulse and work were calculated as the integral of moments and powers (Winter, 2009). 

4.2.4. Outcome Measures 

Outcome measures consisted of KAM outcome and their corresponding sagittal knee kinematics. Their 

calculation is described below. 

KAM metrics  

KAM impulse was calculated as  

( ).
TO

KAdd
KAM

t HS

J M t dt


 
 

,where KAddM  denotes the knee adduction moment which was integrated over the stance phase, defined 
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by heel-strike and toe-off gait events, using Visual3D. Peak KAM was defined as the maximum knee 

adduction moment observed during the stance phase. 

Sagittal knee kinematics  

To examine construct-level relationships between KAM metrics and sagittal-plane knee kinematics, mean 

and peak knee flexion angles during the stance phase were extracted using Visual3D. All measures were 

averaged across the left and right limbs to provide a single overall indicator of gait function. 

Outcome were summarized at the participant level by averaging across limbs to support evaluation of 

overall gait behavior within each SEMLS context, applied consistently across participants. 

4.2.5.  Statistical Analysis 

A detailed description of the statistical methods is provided in Appendix A. Gait outcomes were analyzed 

using ordinary least squared (OLS) regression models that included Group, Time (pre vs. post), and their 

interaction, with normalized walking speed, time since surgery (months), age, mass, and sex included as 

covariates. Linearity of continuous predictors was assessed using spline-expanded OLS models; when 

nonlinearities were detected, the relevant spline terms were retained. Homogeneity of slopes across groups 

was evaluated through Group × covariate interactions, with group-specific slopes modeled when these terms 

were significant. 

Due to the unequal size of the groups exacerbating the effect of heteroscedasticity (Box, 1954), the initial 

OLS model structure arrived at from the previous steps was refit using generalized least squares (GLS) with 

alternative variance structures (varIdent, varExp, varPower, varComb). Based on the procedure 

proposed by Pinheiro & Bates (Pinheiro & Bates, 2000), Akaike Information Criterion (AIC) (Akaike, 

1998) was used to compare the fit of the models with different variance structures. The final model with 

the least AIC was selected for the subsequent analyses. Complete model coefficients and diagnostic plots 
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for all outcomes are provided in Appendix B. 

Estimated marginal means (EMMs) for each Group × Time combination were obtained from the final 

model. Within-group pre–post changes (Post–Pre) were estimated using model-based contrasts, and 

between-group differences in change (differences in differences; DID) were derived from the Group × Time 

interaction. Sidak-adjusted confidence intervals and p-values were used for all pairwise DID comparisons 

(Šidák, 1967). 

Effect sizes were expressed as Cohen’s d: paired-samples d for within-group changes and independent-

samples d for DID effects, with Hedges’ small-sample correction applied to between-group comparisons. All 

analyses were performed in R (Version 4.5.1)(R Core Team, 2025) using the nlme, emmeans, and sandwich 

packages.P-values for pre–post changes and difference-in-differences comparisons were adjusted for family-

wise error using the Holm method (Holm, 1979) across seven outcome comparisons.  

Cross-sectional associations between sagittal-plane knee angle and frontal-plane knee loading 

The two associations examined at baseline were between: (1) KAM impulse during the stance phase and 

mean knee flexion angle both during stance, and (2) Peak KAM and knee flexion angle at that instant. 

Associations were assessed using Spearman correlation and partial Spearman correlation controlling for 

walking speed and body mass, given their known influence on joint loading (Kean et al., 2012; Robbins & 

Maly, 2009).  

4.3. Results 

In the following sections, we first report cross-sectional correlations between knee sagittal kinematics and 

KAM metric, followed by associations between gait outcomes and model predictors, including participant 

anthropometry and demographics, walking speed, and time since surgery. We then present within-group 

changes following surgery, and between-group differences in surgery-related changes. 
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4.3.1. Cross-Sectional Associations Between Crouch Knee Posture and Outcomes 

At baseline, greater knee flexion angle at the instant of peak knee adduction moment was associated with 

lower peak KAM after controlling for walking speed and body mass (partial Spearman ρ = −0.238, p = 0.024, 

N = 92). Similarly, greater mean knee flexion angle during stance was associated with lower knee adduction 

moment impulse when controlling for walking speed and body mass (partial Spearman ρ = −0.225, p = 0.033, 

N = 92). 

4.3.2. Predictor Associations with Outcomes  

A detailed set of model diagnostic figures and tables, including assumption checks and final model 

coefficients, is provided in Appendix D. Several predictors showed significant associations with peak KAM 

and KAM impulse, as summarized in Table 4.1. Normalized walking speed was directly associated with 

peak KAM (β = 0.18, p = .035). Time (pre- vs post-surgery) showed a significant indirect association with 

peak KAM (β = −0.82, p = .002). KAM impulse was negatively associated with age (β = −2.8, p = .046). 

KAM impulse also demonstrated main effect of SEMLS group membership, with TDR-B membership 

showing a significant indirect association (β = −0.65, p = .022). 

Table 4.1: Summary of predictor–outcome associations. Filled circles (●) indicate statistically significant 
positive associations and hollow circles (○) indicate statistically significant negative associations; Blank cells 
indicate non-significant effects.  

Predictor KAM Peak KAM Impulse 

Group (main effect)  ○ 

Time (Post vs Pre) ○  

Normalized Speed ●  

Age  ○ 

4.3.3. Within-Group Changes Following Surgery 

 Peak KAM decreased following surgery (Table 4.2), with only the bilateral FDO group surviving the 



59 

 

 

FWER Holm adjustment (Table 4.3). KAM impulse demonstrated a significant reduction exclusively in the 

unilateral FDO group (Table 4.1), which also remained significant after correction for multiple comparisons. 

No other group-specific changes survived adjustment. 

4.3.4. Between-Group Differences in Pre–Post Changes Following Surgery 

No statistically significant differences were observed between surgical groups for either peak knee 

adduction moment (KAM) or KAM impulse in any pairwise comparison (Table 4.2). Effect sizes for 

between-group contrasts were small, and confidence intervals overlapped zero across all comparisons, 

indicating no evidence of differential group effects. 

4.4. Discussion 

Our observed negative association between knee flexion angle and KAM-based metrics is consistent with 

prior reports in individuals with knee osteoarthritis (Anan et al., 2024) and healthy older adults (Igura et al., 

2025). In these populations, greater knee flexion during stance has been linked to altered shock-attenuation 

strategies, including increased knee extensor negative power and work, accompanied by reductions in knee 

adduction moment, as demonstrated in musculoskeletal modeling studies (Nagano et al., 2015). 

In the present study, the dissociation between changes in sagittal-plane knee posture and KAM-based 

outcomes suggests that these measures capture complementary aspects of postoperative knee loading rather 

than redundant information. Mechanistically, this dissociation may reflect alterations in internal knee loading 

that are not fully captured by external frontal-plane moments alone. 

This consideration is particularly relevant regarding FDO-inclusive procedures that alter joint geometry. 

Femoral geometry, directly targeted by FDO, has been shown to significantly impact joint contact 

forces(Kainz et al., 2023; Modenese et al., 2021); a mechanism that is not directly related to KAM. 

Furthermore, anteversion has been suggested to significantly change muscular co-contractions  



 

 

Table 4.2: Estimated Changes in Knee Adduction Moment Gait Outcomes Following Single-Event Multi-Level Surgery Across Three Surgical 
Protocols. Uncorrected p-values shown; see Table 4.4 for Holm-corrected results used for inference. 

 TDR-B  TDFR-B  TDFR-U 

Outcome Pre(M±SE) Post(M±SE) p |d|  Pre(M±SE) Post(M±SE) p |d|  Pre(M±SE) Post(M±SE) p |d| 

Peak KAM 0.51 ± 0.09 0.27 ± 0.06 0.019* 0.65  0.72 ± 0.12 0.34 ± 0.05 0.002* 0.59  0.63 ± 0.09 0.37 ± 0.06 0.021* 0.48 

KAMJ  0.08 ± 0.04 0.02 ± 0.03 0.137 0.41  0.18 ± 0.03 0.12 ± 0.02 0.074 0.34  0.21 ± 0.04 0.08 ± 0.03 0.007* 0.56 

 

 
 
 
 
 
Table 4.3: Between-Group Differences in Estimated Changes of Knee Adduction Moment Gait Outcomes Following Single-Event Multi-Level 
Surgery 

 (TDR - B) - (TDFR - B)  (TDFR - U) - (TDFR - B)  (TDFR - U) - (TDR - B) 

Outcome Δ 95% CI p |d|  Δ 95% CI p |d|  Δ 95% CI p |d| 

Peak KAM 0.14 [-0.24, 0.52] 0.764 0.29  0.12 [-0.26, 0.51] 0.835 0.21  -0.02 [-0.37, 0.34] 0.999 0.04 

KAMJ  0.01 [-0.11, 0.14] 0.995 0.07  -0.06 [-0.20, 0.08] 0.664 0.28  -0.07 [-0.21, 0.07] 0.537 0.41 

Note. Δ = estimated between-group difference. p values are from model. d = Cohen’s d. Significance: * p < 0.05 
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Table 4.4: Holm-Adjusted p-Values for Within-Group Pre–Post Changes in Knee Adduction Moment 
Gait Outcomes Following Single-Event Multilevel Surgery 

Group outcome p value p holm 
TDR-B Peak KAM 0.019 0.075 
TDFR-U Peak KAM 0.021 0.127 
Note: FWER Holm adjustment was done for seven kinetic 
outcome including those in Chapter 3.  

 

(Kainz et al., 2023). Any postoperative changes in neuromuscular control and muscle activation patterns 

in children may further redistribute muscle-driven joint compression without proportional changes in 

external moments compression (Veerkamp et al., 2019). Consistent with this interpretation, the KAM 

impulse model demonstrated a significant difference between the soft-tissue–only TDR-B group and the 

FDO-inclusive TDFR-B group, whereas the unilateral FDO group (TDFR-U) did not differ significantly 

from bilateral FDO.  

The significant effect of time post-surgery observed in the peak KAM model reflects a reduction in 

frontal-plane knee loading over the postoperative period. While KAM-based metrics and joint contact 

forces represent distinct loading constructs, prior musculoskeletal modeling studies have similarly 

reported reductions in estimated knee joint contact forces following SEMLS (Escalda et al., 2023; Van 

Rossom et al., 2020). This suggests directional consistency in the knee mechanical environments indexed 

by these measures and their relevance to long-term joint health (Kean et al., 2012; Thibault et al., 2002). 

Moderate correlations between KAM and medial knee contact force previously reported (Kutzner et al., 

2013), highlight that these measures reflect related but non-identical aspects of knee loading.  

Finally, with respect to covariate effects, peak KAM in the present study demonstrated sensitivity to 

normalized walking speed, consistent with prior reports of positive associations between KAM metrics 

and speed (Robbins & Maly, 2009). However, unlike their findings which suggested greater speed 

sensitivity of KAM impulse due to loading duration effects, the present results indicated stronger speed-
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related effects on peak KAM than on impulse. This suggests that, in this cohort, speed-related changes 

in waveform magnitude and timing outweighed duration-driven effects. Additionally, the sensitivity of 

KAM impulse to age suggests that apparent speed-related differences may be partially mediated by 

developmental changes in gait mechanics. 

 

4.5. Limitations 

The present analysis relied on KAM as an external surrogate of frontal-plane knee loading and did 

not directly quantify internal knee joint contact forces or compartment-specific cartilage stresses. As a 

frontal-plane measure, KAM does not capture sagittal- or transverse-plane mechanics, muscle co-

contraction, or multi-planar interactions that may contribute to overall knee joint loading. Consequently, 

changes in internal mechanical demand at the knee may occur without proportional changes in KAM-

based metrics. This limitation is particularly relevant for procedures such as femoral derotation 

osteotomy, which alter femoral geometry and joint morphology and may redistribute muscle-driven joint 

loading without corresponding changes in external frontal-plane moments. In addition, postoperative 

changes in neuromuscular control may further modify internal loading patterns not reflected by KAM. 

Although walking speed was accounted for analytically, residual speed-related effects may contribute 

to inter-individual variability in KAM responses. Heterogeneity in baseline alignment, neuromuscular 

control, and lever-arm dysfunction across participants may further obscure meaningful individual-level 

adaptations at the group level. Finally, the follow-up window reflects short- to mid-term postoperative 

gait adaptation and does not permit direct evaluation of long-term joint health outcomes. Accordingly, 

interpretations relating to KAM-based changes to long-term joint health should be viewed as inferential 

rather than predictive. 
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4.6. Conclusion 

This chapter evaluated frontal-plane knee loading following SEMLS using KAM-based metrics 

across surgical protocols and postoperative recovery. The findings show that KAM peak and KAM 

impulse capture distinct aspects of knee loading and exhibit differential sensitivity to surgical context, 

walking speed, age, and time post-surgery, indicating that these measures are not interchangeable. 

Postoperative changes in KAM were modest and protocol-dependent, with reductions observed in 

specific SEMLS groups. Notably, changes in KAM did not consistently align with changes in sagittal-

plane knee kinematics, highlighting the complementary information provided by frontal-plane loading 

metrics beyond posture-based measures. This dissociation was particularly relevant for FDO-inclusive 

procedures, where alterations in femoral geometry and neuromuscular control may influence internal 

knee loading without proportional changes in external moments. 

Overall, these results support a validation-oriented interpretation of KAM-based outcomes as context-

sensitive indicators of frontal-plane knee loading rather than direct surrogates of internal joint contact 

forces or global gait improvement. Their value lies in contributing complementary information within an 

integrated gait assessment framework, reinforcing the need for outcome selection and interpretation that 

account for surgical context, recovery stage, and patient-specific variability. 
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Chapter 5: Integrated Synthesis, Clinical Implications, and Future Directions 

 

5.1. Synthesis 

The outcome-specific and SEMLS-context–dependent patterns observed across this exploratory 

investigation highlight the need for structured consensus in outcome selection for SEMLS research. The 

present findings demonstrate that commonly used gait metrics are not interchangeable: global indices, 

spatiotemporal asymmetry measures, joint kinetics, and frontal-plane knee loading metrics captured 

distinct aspects of postoperative adaptation. This heterogeneity indicates that outcome relevance depends 

on clinical intent, surgical context, and stage of recovery rather than on universal responsiveness. 

Consensus-based approaches, such as interdisciplinary Delphi methodologies, provide a systematic 

framework for aligning outcome selection with clinically meaningful constructs for specific patient 

groups and treatment goals (McCarthy et al., 2020). By demonstrating differential sensitivity and 

construct specificity across outcome domains, the present work provides empirical justification for the 

development of condition-specific, consensus-driven outcome sets in SEMLS research.  

Across SEMLS groups, non-uniform pre–post-surgical changes further indicate that each outcome 

captures a distinct aspect of gait behavior within the context of multi-level interventions. While global 

gait indices summarize overall deviation from typical walking, joint-level kinetic and loading metrics 

quantify construct-specific mechanical demands that may change independently of global gait 

appearance. In the presence of substantial heterogeneity at the individual level and across postoperative 

recovery trajectories, such outcomes may exhibit limited sensitivity for differentiating surgical protocols, 

reinforcing the importance of context-aware interpretation. 
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5.1.1. Predictor Effects 

Instrumented gait analysis has been reported to delay surgical recommendation to approximately eight 

to ten years of age, a developmental period during which gait maturation and stabilization are thought to 

occur (Molenaers, 2006; Norlin et al., 1981; Sutherland, 1997). Within this developmental window, the 

present findings indicate that developmental associations with gait outcomes are heterogeneous, 

outcome-specific, and dependent on surgical context rather than uniformly directional. 

Across gait domains, developmental associations differed by biomechanical construct (Fig. 5.1 and 

5.2). Global kinematic and temporal measures exhibited distinct developmental patterns, whereas kinetic 

and loading-related outcomes demonstrated variable—and in some cases nonlinear—developmental 

behavior. Proximal and distal joint kinetics, as well as frontal-plane knee loading metrics, showed 

developmental associations that were modified by SEMLS protocol, indicating that these outcomes do 

not follow a single developmental trajectory across surgical contexts. From a validation perspective, these 

findings underscore the importance of interpreting developmental associations as construct-specific 

behaviors rather than general indicators of gait maturity, optimization, or surgical timing. 

Walking speed consistently influenced both kinematic and kinetic gait outcomes, although its effects 

varied by biomechanical construct (Fig. 5.1 and 5.2). Kinematic measures primarily reflected speed-

related changes in overall gait pattern and temporal organization, whereas kinetic and work-based 

outcomes exhibited stronger associations with speed due to increased mechanical demands required for 

forward progression. Rather than indicating improvement or decline, speed-related associations reflect 

fundamental biomechanical scaling and coordination effects that shape both movement patterns and 

joint-level demands. 
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Figure 5.1: Summary of predictor effects across kinematic outcomes. Tiles represent standardized 
regression coefficients (β) from regression models, with color indicating direction and magnitude of 
association (red = positive, blue = negative). 

 

Figure 5.2: Summary of predictor effects across kinetic and frontal-plane knee loading outcomes. Tiles 
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represent standardized regression coefficients (β) from regression models, with color indicating direction 

and magnitude of association (red = positive, blue = negative). 

5.1.2. Within-Group Ghanges and Between-Group Differences 

Interpretation of postoperative change (Fig 5.3 and 5.4) is further complicated by the heterogeneous 

baseline gait profiles characteristic of children undergoing SEMLS. In such settings, approaches that 

normalize change relative to baseline values may introduce mathematical coupling and regression-to-

the-mean effects (Barnett et al., 2005), particularly given the inherent measurement variability of gait 

analysis. To mitigate these issues, the present work avoids baseline-normalized change scores and instead 

accounts for baseline differences through covariate adjustment and subgroup-specific analyses. This 

approach allows pre–post patterns to be interpreted as indicators of outcome sensitivity rather than direct 

measures of treatment efficacy. 

Many gait and joint loading metrics in cerebral palsy are expected to deteriorate with growth and 

continued exposure to abnormal loading(Bell et al., 2002; Johnson et al., 1997). Accordingly, the absence 

of statistically detectable change over the follow-up period should not necessarily be interpreted as a lack 

of effect (Gough et al., 2004; Rajagopal et al., 2018; Theologis et al., 2025). In line with this perspective, 

orthopedic surgery has been framed as aiming to maintain functional capacity rather than guarantee 

(Lynn et al., 2009). The concept of minimal clinically important difference (MCID) further 

contextualizes interpretation of change by emphasizing clinical relevance beyond statistical significance. 

The MCID, defined as the magnitude of change required to reflect a perceptible improvement in 

function, helps translate objective gait metrics into clinically meaningful interpretation (Oeffinger et al., 

2008). While group-level changes may not reach MCID thresholds, clinically meaningful improvements 

may still occur in individual patients. However, MCID thresholds for many biomechanical gait outcomes 
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remain inconsistently defined or unavailable, particularly in heterogeneous pediatric populations. In 

heterogeneous clinical populations such as CP children undergoing SEMLS, reliance on group mean 

changes may further obscure clinically meaningful individual responses, even when statistically 

significant effects are observed. Prior work has emphasized that interpretation of group-level gait 

outcomes must account for response variability and distributional effects rather than assuming uniform 

benefit across patients (Damiano, 2014). 

 

 
Figure 5.3: Magnitude and direction of pre–post-surgical changes in kinematic outcomes across SEMLS 
groups. Cells report Cohen’s d effect sizes for within-group changes following surgery in the expected 
direction of improvement (↑/↓). Color indicates direction of change (gray = improvement, red = worsening, 
white = no change). Stars denote statistically significant changes (p < .05). 
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Figure 5.4: Magnitude and direction of pre–post-surgical changes in kinetic and knee loading outcomes 
across SEMLS groups. Cells report Cohen’s d effect sizes for within-group changes following surgery in 
the expected direction of improvement (↑/↓). Color indicates direction of change (gray = improvement, red 
= worsening, white = no change). Stars denote statistically significant changes (p < .05), and yellow circles 
indicate effects that did not survive Holm correction. The figure highlights outcome-specific and protocol-
dependent response patterns across SEMLS groups. 

 

5.2. Clinical Implications 

The clinical interpretability of gait outcomes is shaped by the complex relationship between 

biomechanical constructs (e.g., joint loading or muscular demand) and higher-level clinical constructs 

such as strength, pain, function, or participation (Baker et al., 2016; Steele & Schwartz, 2022). While 

biomechanical measures provide objective quantification of movement, sensitivity to change alone does 

not establish clinical importance. Exploratory analyses are therefore necessary to characterize how 

different outcome types behave across patient subgroups and interventions, providing an empirical basis 

for selecting outcomes aligned with specific clinical questions. 

A unifying interpretation of the findings across chapters is that SEMLS should be viewed as an 
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enabling intervention rather than a discrete treatment endpoint. Long-term qualitative work further 

supports this interpretation, showing that despite sustained improvements in objective gait measures 

following SEMLS, adolescents report wide variation in how these changes translate to real-world 

functioning, independence, and coping strategies, underscoring the central role of postoperative 

rehabilitation and active engagement in shaping outcomes (Lehtonen et al., 2015). While surgery 

modifies musculoskeletal structure and lever-arm mechanics, postoperative gait outcomes reflect a 

prolonged period of rehabilitation and neuromuscular adaptation. Prior work has emphasized that 

SEMLS corrects structural constraints without directly normalizing motor control (Shuman et al., 2019), 

requiring extensive postoperative rehabilitation and motor relearning to translate biomechanical 

corrections into functional gait changes (Dreher et al., 2018; Õunpuu et al., 2015; Thomason et al., 2013). 

This framework helps explain the heterogeneous and outcome-specific patterns observed in the present 

study. 

Recent clinical guidelines have upgraded the strength of evidence supporting instrumented gait 

analysis from weak to moderate, emphasizing its value as an objective assessment tool when interpreted 

in conjunction with clinical examination, patient-reported outcomes, and caregiver input, rather than as 

a prescriptive determinant of treatment in isolation(States et al., 2024). The considerations outlined above 

underscore that interpretation of postoperative change is highly outcome-dependent, context-sensitive, 

and patient-specific, reinforcing the need for structured, consensus-driven approaches to outcome 

selection in SEMLS research. 

5.3. Future Directions 

Future work should move beyond uniform outcome panels toward consensus-driven, context-specific 

selection of gait metrics tailored to surgical protocols, recovery phase, and patient characteristics. 
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Longitudinal designs with repeated post-operative assessments are needed to characterize recovery 

trajectories and to determine when kinetic and joint loading adaptations emerge relative to kinematic 

changes. Integrating instrumented gait analysis with patient-reported and functional outcomes will 

further support clinically meaningful interpretation, consistent with current guideline recommendations. 

Finally, developmentally informed modeling and prospective studies linking external loading metrics to 

long-term joint health may help refine the role of biomechanical outcomes in postoperative decision-

making. 
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Appendix A: Statistical Methods 

A.1. Regression Model Analysis 

For each gait outcome Yij, a generalized least-squares (GLS) model was fit, where participant i was 

measured at time point j (pre- or post-surgery). The model included surgical group, time, their interaction, 

and the covariates normalized walking speed vij, months since surgery tij, age at surgery aij, body mass 

mij, and sex sij. The model was: 

 

 0 1 2 3 4 5 6 7 8  ij i j i j ij ij ij ij ij ijY Group Time Group Time v t a m s                     

All continuous covariates (walking speed, time since surgery (months), age, and mass) were mean-

centered prior to modeling. Sex was kept as an uncentered factor. 

Normalized walking speed iv  was excluded from the model when the outcome was normalized 

walking speed, normalized step length, or normalized step time, so that the effect of surgery could be 

estimated without confounding and without partially out the mechanistic influence of speed on step 

length and step time. 

As detailed in the next sections, the linearity of each continuous covariate x effect was evaluated in 

an ordinary least squares (OLS) framework by comparing spline-expanded and linear specification using 

likelihood-ratio tests, consistent with recommended regression modeling practice(Fox, 2015b). 

Homogeneity of slopes across groups was then assessed in the linear model via tests of Group × x 

interactions. This fixed-effects structure was then carried forward to GLS modeling. Because alternative 

GLS variance structures are not generally nested, model selection among candidate variance–covariance 
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structures relied on Akaike’s Information Criterion (AIC) rather than likelihood-ratio tests (Pinheiro and 

Bates, 2000; Burnham and Anderson, 2002; Zuur et al., 2009), and in the absence of 1-a strong prior, 

and 2-interest in finding a ”true” model to justify BIC use instead(Konishi and Kitagawa, 2008). 

A.1.1. Assumption Checks 

 Collinearity 

All predictors exhibited acceptable collinearity levels, and no term approached thresholds typically 

used to indicate problematic variance inflation. 

Multicollinearity was assessed using generalized variance inflation factors (GVIF) (Fox, 2015a). For 

multi-df terms, the adjusted measure GVIF1/(2 df) was used (Fox and Weisberg, 2011). Values were 

well below commonly used thresholds (e.g., 2--3), indicating that collinearity was not a concern. A 

summary of GVIF results is provided in Table A.1. 

 Linearity of Effects 

To assess departures from linearity, each continuous covariate was evaluated using spline-expanded 

models with 2–4 degrees of freedom. For each covariate, models were compared sequentially—linear 

vs. 2-df spline, then (if needed) 3-df, and finally 4-df—using likelihood-ratio tests (anova(lm fit, lm 

spl))(Fox, 2015a). A significant improvement (p < .05) at any stage indicated evidence of nonlinearity. 

When a spline with a given degree of freedom was significant, higher-complexity splines were not tested, 

and that spline term was retained; otherwise, the linear term was used in the final model. 

 Homogeneity of Slopes (Effect Modification by Group) 

For each continuous covariate x, a base GLS model was compared to a Group × x interaction model, 

using the same variance–covariance structure as the base fit. If the interaction produced a significantly 

better fit (likelihood-ratio test p < .05), the interaction term was retained for subsequent inference; 
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otherwise, common slopes were assumed across groups. 

Table Error! Use the Home tab to apply 0 to the text that you want to appear here..1: 
Adjusted variance inflation factors, GVIF1/(2·Df). 

Predictor GVIF adj 
Group 1.46 
Time 1.55 
vij 1.08 
tij 1.06 
aij 1.95 
mij 1.99 
sij 1.08 
Group:Time 1.61 

Note. Time = pre- vs. post-surgery. vij = normalized walking speed, tij = months since surgery, aij = age at surgery, 
mij = body mass, sij = sex. 

 Heteroscedasticity 

Because unequal variances combined with unequal group sizes can invalidate standard OLS/ANOVA 

inference(Box, 1954), GLS models were used to accommodate residual het-eroscedasticity. Several 

variance–covariance structures were evaluated, including varIdent (group-specific residual variances), 

varExp (variance increasing or decreasing exponentially with a covariate), and varPower (variance 

proportional to fitted values raised to a power) (Aitkin, 1987; Pinheiro and Bates, 2000; Zuur et al., 2009). 

Following recommendations from Pinheiro and Bates (2000), combination structures (varComb) were 

also considered when both group-level and covariate-driven heterogeneity were plausible. These 

variance functions enable GLS to deliver efficient, unbiased parameter estimates under 

heteroscedasticity—conditions under which ordinary least squares does not yield valid inference. 

Practically, the more flexible variance functions in GLS tend to absorb heteroscedasticity even when 

formal tests indicate only mild or equivocal departures from constant variance. Once a structured 

variance model is introduced, much of the apparent heterogeneity seen in residual plots is already 

accounted for by the model itself. Thus, the heteroscedasticity diagnostics presented in Appendices B to 

D serve primarily as descriptive confirmation of variance patterns rather than as strict decision rules. 
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Originally, models were fit using OLS unless significant heteroscedasticity was detected. However, 

because GLS yields valid inference under both homoscedastic and heteroscedastic conditions—and 

because OLS can be anticonservative or inefficient in the presence of unequal variances—GLS was 

ultimately applied uniformly across all outcomes. This provided a consistent inferential framework. The 

diagnostic figures are therefore included for transparency while the final models rely on the more general 

GLS framework. 

 

A.1.2. Model Selection 

Competing GLS variance structures were compared using Akaike’s Information Criterion (AIC), 

which estimates the expected information loss and selects the model with the greatest predictive 

adequacy rather than the fewest parameters(Akaike, 1998; Burnham and Anderson, 2002). AIC is widely 

recommended for selecting among heteroscedastic variance functions in GLS models(Pinheiro and 

Bates, 2000; Zuur et al., 2009), where the goal is improved estimation under model misspecification 

rather than identification of a single “true” residual structure. By contrast, the Bayesian Information 

Criterion (BIC) imposes a heavier penalty on model complexity(Schwarz, 1978) and may favor overly 

simplistic variance structures, particularly in moderate sample sizes. For these reasons, AIC was the more 

appropriate criterion for the present analyses. 

A.1.3. Model Results 

 Within-Group Changes 

Within-group pre–post changes were estimated using marginal means adjusted for all other 
variables in the fitted using the emmeans package, which computes adjusted means and contrasts 
based on the model’s fixed-effects structure and associated covariance estimates (Lenth and 
Piaskowski, 2017; Searle et al., 1980). 
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 Effect Size Calculations 

Paired-samples effect sizes for pre–post changes were calculated as: 
  
 
where z is the model-based Wald statistic for the pre–post contrast and n is the sample size of the 
surgical group. 

 Between-Group Differences Pre–Post Differences (DID) 

Adjusted marginal means and DID contrasts were computed using emmeans(Lenth & Piaskowski, 

2017). Because these contrasts share the same model coefficients, they are correlated rather than 

independent(Bretz et al., 2016; Hsu, 1996). This correlation makes Bonferroni overly 

conservative(Hochberg & Tamhane, 1987), whereas the Sidak method remains valid but less 

conservative when contrasts are positively correlated (Šidák, 1967). Under the Sidak adjustment, the 

familywise error rate is controlled using 

1/1 (1 ) m
adj   

 

where m is the number of correlated contrasts being tested. However, because the design includes 

only three surgical groups, the resulting number of DID contrasts is small, and the Bonferroni and Sidak 

adjusted thresholds are numerically similar in practice, at α = 0.05: 

1/31 (1 0.05) 0.0169adj Sidak     
 

, and 

1 0.05 / 3 0.0166adj Bonferroni    
 

 Effect Size Calculations 

Standardized DID contrasts were computed as independent-groups Cohen’s d: 
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where z is the DID contrast test statistic, n1 and n2 are group sample sizes, and 
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  

is the Hedges small-sample correction (Hedges, 1981). 

A.1.4. Adjustment for Multiple Outcome Comparisons 

Because multiple outcome variables were evaluated, control of the family-wise error rate (FWER) 

was required to limit the probability of making one or more Type I errors across the set of outcomes. We 

therefore applied the Holm sequential Bonferroni procedure(Holm, 1979) (Holm, 1979). The Holm 

method is a step-down approach in which the raw p-values are first ordered from smallest to largest and 

then compared sequentially to increasingly less stringent critical values (α/m, α/(m − 1), …, α), stopping 

when a comparison fails. This procedure provides strong control of the FWER while being uniformly 

more powerful than the classical Bonferroni correction. Importantly, unlike methods that assume 

independence among tests, the Holm adjustment remains valid under arbitrary dependence structures, 

which is appropriate for gait-related biomechanical outcomes that are inherently correlated across 

variables such as walking speed, step characteristics, joint kinetics, and joint contact forces(Hochberg & 

Tamhane, 1987). Holm-adjusted p-values were computed using p.adjust(method = "holm") in R. 

The family for each Holm adjustment consisted of the set of outcome variables within a surgical group 

(e.g., seven kinematic outcomes in Chapter 2, and seven kinetic outcomes across Chapters 2 and 3). 

 
( )i

i
p q

m

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where p(i) is the ith smallest p-value, m is the total number of tests (e.g., m = 7 kinematic gait 

outcomes analyzed), and q is the desired false discovery rate (0.05 in this analysis). Adjusted p-values 

were computed in R(R Core Team, 2025) using the p.adjust function with method = "holm". 
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Appendix B: Kinematic Models and Diagnostics 

As described in Appendix A, regression assumptions were evaluated for each outcome. OLS and GLS 

models were fitted and compared using AIC to guide model selection. Diagnostic results and model 

comparison tables are presented, followed by coefficients from the selected models. . 
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B.1. GDI 

B.1.1.  Model Assumption Checks 

 Linearity of baseline effect (spline check) 

 
Table 1 Goodness-of-Fit Comparison (AIC and ANOVA) of Linear and Spline Models 
Predicting GDI from SEMLS Group, Time (Pre- vs. Post- Surgery),and their Interaction 

Term Model Df AIC ΔAIC F p 
All terms linear Base 12 963.03    
       
Normalized Speed Spline_df2 13 964.76 1.73 0.24 .622 
Normalized Speed Spline_df3 14 965.47 2.44 0.70 .496 
Normalized Speed Spline_df4 15 967.41 4.38 0.48 .694 
Time since surgery (months) Spline_df2 13 965.02 1.99 0.01 .919 
Time since surgery (months) Spline_df3 14 961.49 0.00 2.55 .083 
Time since surgery (months) Spline_df4 15 959.94 0.00 2.80 .043 * 
Age Spline_df2 16 957.71 0.00 3.80 .054 
Age Spline_df3 17 959.01 0.00 2.21 .115 
Age Spline_df4 18 959.77 0.00 1.83 .146 
Body Mass Spline_df2 16 957.02 0.00 4.44 .037 * 

 Note. ΔAIC = Difference in Akaike information criterion relative to the best-fitting model. 
Significance: *** 𝑝 < 0.001, ** 𝑝 < 0.01, * 𝑝 < 0.05. 



82 

 

 

Homogeneity of slopes (Group × Baseline interaction test) 

 
Table Error! No text of specified style in document..2: Homogeneity-of-Slopes Test: AIC and ANOVA 
Results for Group–Predictor Interaction in the Group × Time Model Testing Pre-to-Post Change in GD 

Term AIC_Base AIC_Int ΔAIC ANOVA p 
Normalized Speed 957.02 958.62 1.61 .353 
Age 957.02 957.79 0.77 .246 
Sex (F) 957.02 960.99 3.98 .990 
NS_4[Time since surgery (months)] 957.02 963.02 6.01 .390 
NS_2[Body Mass] 957.02 954.90 0.00 .069 

Note. AIC (Base) = model without the Group × Predictor interaction term; AIC (Int) = model 
with the interaction term. ΔAIC = difference relative to the Base model. *𝑝 < .05. 

 Normality, Homoscedasticity and variance structure comparison 

Table Error! No text of specified style in document..3: Tests of Normality and Homogeneity of 
Variance. Residual Diagnostics of LM Model Predicting GDI from SEMLS Group, Time (Pre-vs. Post-
Surgery), and their Interaction 

Metric Shapiro-Wilk 𝑊 Breusch-Pagan 𝑑𝑓(14) Levene 𝐹(5, 124) 
Test Statistic 0.86 15.29 1.26 
p < .001 *** .359 .287 

 
Table Error! No text of specified style in document.B.2 Tests of Normality and Homogeneity 
of Variance. Residual Diagnostics of GLS Model Predicting GDI from SEMLS Group, Time 
(Pre-vs. Post-Surgery), and their Interaction 

Metric Shapiro-Wilk W Levene F(5, 124) 

Test Statistic 0.87 1.09 

p < .001 *** .368 
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Figure B.1: Residuals–fitted and Q–Q plots showing evidence of acceptable homoscedasticity (left 
panel), and departures from normality (right, Q-Q plot) in the linear regression model predicting 
postoperative GDI. 

 
Figure B.2 Residuals–fitted and Q–Q plots showing evidence of acceptable homoscedasticity 
(left panel), and departures from normality (right, Q-Q plot) in the linear regression model 
predicting GDI. 

B.1.2. Model Selection 
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Table 3 Model Comparison of Variance Structures when Predicting GDI from Group, Time, and 
Their Interaction 

model df logLik AIC ΔAIC 
combined variance 19 -441.76 921.52 0.00 
exponential variance 17 -455.64 945.28 23.76 
power variance 17 -455.68 945.36 23.84 
group variance 18 -460.07 956.13 34.61 
constant variance 16 -462.51 957.02 35.50 

 

Model Coefficients 

 
Table B.1.6: Regression Coefficients of Model Predicting GDI from SEMLS Group, Time, and Their 
Interaction, when Controlling for Other Covariates 

Term Estimate CI p β 

(Intercept) 55.73 [46.44, 65.03] 0.000 -1.56 

GroupTDR-B 9.62 [4.50, 14.75] 0.000 0.76 

GroupTDFR-U 5.56 [-1.86, 12.99] 0.145 0.41 

TimePost 15.24 [11.30, 19.17] 0.000 1.09 

Normalized Speed 6.43 [2.15, 10.72] 0.004 0.18 

Age -0.71 [-1.29, -0.13] 0.019 -0.16 

sexF 3.04 [0.36, 5.73] 0.028 0.17 

splines::ns(Time since surgery (months), df = 4)1 7.31 [-0.76, 15.37] 0.078 0.81 

splines::ns(Time since surgery (months), df = 4)2 -14.04 [-29.46, 1.37] 0.077 -1.10 

splines::ns(Time since surgery (months), df = 4)3 1.55 [-18.94, 22.04] 0.883 1.14 

splines::ns(Time since surgery (months), df = 4)4 12.49 [3.88, 21.10] 0.005 1.54 

splines::ns(Mass, df = 2)1 -3.24 [-14.51, 8.03] 0.575 -0.14 

splines::ns(Mass, df = 2)2 19.62 [9.56, 29.69] 0.000 0.42 

GroupTDR-B:TimePost -7.22 [-12.77, -1.66] 0.012 -0.12 

GroupTDFR-U:TimePost -4.31 [-12.36, 3.75] 0.297 0.21 
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B.2. Normalized Walking Speed 

B.2.1.  Model Assumption Checks 

 Linearity of baseline effect (spline check) 

 

Table Error! No text of specified style in document..2.1 Goodness-of-Fit Comparison (AIC and ANOVA) of 
Linear and Spline Models Predicting Normalized Speed from SEMLS Group, Time (Pre- vs. Post- Surgery),and 
their Interaction 

Term Model Df AIC ΔAIC F p 

All terms linear Base 11 33.94    

       

Time since surgery (months) Spline_df2 12 33.47 0.00 2.29 .133 

Time since surgery (months) Spline_df3 13 35.33 1.39 1.20 .304 

Time since surgery (months) Spline_df4 14 34.79 0.85 1.58 .197 

Age Spline_df2 12 34.23 0.29 1.58 .211 

Age Spline_df3 13 35.35 1.41 1.19 .307 

Age Spline_df4 14 37.19 3.25 0.84 .476 

Body Mass Spline_df2 12 28.28 0.00 7.24 .008 ** 

 
 

 Homogeneity of slopes (Group × Baseline interaction test) 

 

Table 4.2.: Homogeneity-of-Slopes Test: AIC and ANOVA Results for Group–Predictor Interaction in the Group × 
Time Model Testing Pre-to-Post Change in Normalized Speed 

Term AIC_Base AIC_Int ΔAIC ANOVA p 

Time since surgery (months) 28.28 31.24 2.96 .626 

Age 28.28 28.06 0.00 .149 

Sex (F) 28.28 30.18 1.90 .388 

NS_2[Body Mass] 28.28 31.39 3.11 .357 
Note. AIC (Base) = model without the Group × Predictor interaction term; AIC (Int) = model with the interaction 
term. ΔAIC = difference relative to the Base model. *𝑝 < .05. 
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 Normality, Homoscedasticity and variance structure comparison 

Table Error! No text of specified style in document..2.3:: Tests of Normality and Homogeneity of Variance. 
Residual Diagnostics of LM Model Predicting Normalized Speed from SEMLS Group, Time (Pre-vs. Post-Surgery), 
and their Interaction 

Metric Shapiro-Wilk 𝑊 Breusch-Pagan 𝑑𝑓(10) Levene 𝐹(5, 128) 

Test Statistic 0.99 9.66 2.49 

p .232 .471 .034 * 

Table Error! No text of specified style in document..2.4:: Tests of Normality and Homogeneity of Variance. 
Residual Diagnostics of GLS Model Predicting Normalized Speed from SEMLS Group, Time (Pre-vs. Post-
Surgery), and their Interaction 

Metric Shapiro-Wilk W Levene F(5, 128) 

Test Statistic 0.99 0.21 

P .758 .958 

 

Figure B.2.1: Residuals–fitted and Q–Q plots showing sporadic condensed residuals, evidence of 
heteroskedasticity (left panel), and departures from normality (right, Q-Q plot) in the linear regression 
model predicting postoperative leg-length normalized walking speed 
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Figure B.2.2:Residuals–fitted and Q–Q plots showing evidence of heteroskedasticity (left panel), and 
departures from normality (right, Q-Q plot) in the linear regression model predicting postoperative leg-
length normalized walking speed. 

 

B.2.2. Model Selection 

Table Error! No text of specified style in document..2.5: Model Comparison of Variance Structures 
when Predicting Normalized Speed from Group, Time, and Their Interaction 

model df logLik AIC ΔAIC 

group variance 14 3.43 21.15 0.00 

combined variance 15 3.88 22.24 1.09 

exponential variance 13 1.12 23.75 2.61 

power variance 13 1.04 23.93 2.78 

constant variance 12 -2.14 28.28 7.13 
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 Model Coefficients 

Table Error! No text of specified style in document..2.6: Regression Coefficients of GLS Model 
Predicting Normalized Speed from SEMLS Group, Time (Pre- vs. Post- Surgery), and their Interaction 

Term Estimate CI p β 

(Intercept) 1.24 [1.10, 1.37] 0.000 0.30 

GroupTDR-B 0.01 [-0.19, 0.20] 0.960 0.02 

GroupTDFR-U 0.20 [0.06, 0.33] 0.004 0.68 

TimePost 0.14 [0.00, 0.29] 0.059 0.50 

Time since surgery (months) -0.01 [-0.02, 0.00] 0.283 -0.10 

Age 0.00 [-0.02, 0.02] 0.736 -0.05 

sexF 0.01 [-0.08, 0.10] 0.786 0.04 

splines::ns(Mass, df = 2)1 -0.71 [-1.08, -0.33] 0.000 -2.48 

splines::ns(Mass, df = 2)2 -0.13 [-0.49, 0.22] 0.463 -0.47 

GroupTDR-B:TimePost -0.10 [-0.38, 0.17] 0.459 -0.36 

GroupTDFR-U:TimePost -0.07 [-0.25, 0.11] 0.424 -0.26 
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B.3. Normalized Step Length  

B.3.1.  Model Assumption Checks 

 Linearity of baseline effect (spline check) 

Table Error! No text of specified style in document..3.1:6: Goodness-of-Fit Comparison (AIC and ANOVA) of 
Linear and Spline Models Predicting Normalized Step Length from SEMLS Group, Time (Pre- vs. Post- 
Surgery),and their Interaction 

Term Model Df AICΔAIC F p 

All terms linear Base 11-192.54   

       

Time since surgery (months)Spline_df212-198.11 0.007.15 .009 **

Age Spline_df2 13-196.21 1.900.09 .759 

Age Spline_df3 14-194.22 3.890.05 .953 

Age Spline_df4 15-193.56 4.550.43 .729 

Body Mass Spline_df213-201.20 0.004.73 .032 * 
Note. ΔAIC = Difference in Akaike information criterion relative to the best-fitting model. Significance: *** 𝑝 <
0.001, ** 𝑝 < 0.01, * 𝑝 < 0.05. 

 

Homogeneity of slopes (Group × Baseline interaction test) 

Table Error! No text of specified style in document..3.2:: Homogeneity-of-Slopes Test: AIC and 
ANOVA Results for Group–Predictor Interaction in the Group × Time Model Testing Pre-to-Post Change 
in Normalized Step Length 

Term AIC_Base AIC_Int ΔAIC ANOVA p 

Age -201.20 -203.53 0.00 .059 

Sex (F) -201.20 -201.31 0.00 .159 

NS_2[Time since surgery (months)] -201.20 -194.57 6.64 .876 

NS_2[Body Mass] -201.20 -202.55 0.00 .081 
Note. AIC (Base) = model without the Group × Predictor interaction term; AIC (Int) = model with the interaction 
term. ΔAIC = difference relative to the Base model. *𝑝 < .05. 
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Normality, Homoscedasticity and variance structure comparison 

Table Error! No text of specified style in document..3.3: : Tests of Normality and Homogeneity of 
Variance. Residual Diagnostics of LM Model Predicting Normalized Step Length from SEMLS Group, 
Time (Pre-vs. Post-Surgery), and their Interaction 

Metric Shapiro-Wilk 𝑊 Breusch-Pagan 𝑑𝑓(11) Levene 𝐹(5, 128) 

Test Statistic 0.99 11.12 1.90 

p .331 .434 .100 

 

Figure B.3.1: Residuals spread increased slightly as fitted values grow, on a tight scale, indicating 
heteroscedasticity (left panel), and some deviations from normality (right panel). 
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Figure B.3.2: GLS model with exponential variance structure residuals showed reduced patterns of 
heteroscedasticity (left panel), and minor deviations from normality (right panel) 

 

Table Error! No text of specified style in document..3.4:: Tests of Normality and Homogeneity of 
Variance. Residual Diagnostics of GLS Model Predicting Normalized Step Length from SEMLS Group, 
Time (Pre-vs. Post-Surgery), and their Interaction 

Metric Shapiro-Wilk W Levene F(5, 128) 

Test Statistic 0.99 0.76 

p .519 .580 

 
. 
 

B.3.2. Model Selection 

Table Error! No text of specified style in document..3.5:: Model Comparison of Variance Structures when 
Predicting Normalized Step Length from Group, Time, and Their Interaction 

model df logLik AIC ΔAIC 

exponential variance 14 116.93 -205.86 0.00 

power variance 14 116.75 -205.50 0.36 

group variance 15 117.05 -204.11 1.75 

combined variance 16 118.01 -204.03 1.83 

constant variance 13 113.60 -201.20 4.66 



92 

 

 

Model Coefficients 

Table B.3.6: Regression Coefficients of Model Predicting Normalized Step Length from SEMLS Group, 
Time, and Their Interaction, when Controlling for Other Covariates 

Term Estimate CI p β 

(Intercept) 0.61 [0.43, 0.79] 0.000 -0.95 

GroupTDR-B -0.01 [-0.08, 0.07] 0.822 -0.09 

GroupTDFR-U 0.09 [0.03, 0.14] 0.003 0.66 

TimePost 0.02 [-0.04, 0.07] 0.556 0.13 

Age 0.00 [-0.01, 0.01] 0.562 -0.09 

sexF -0.01 [-0.05, 0.03] 0.606 -0.08 

splines::ns(Time since surgery (months), df = 
2)1 

0.39 [0.02, 0.77] 0.044 2.64 

splines::ns(Time since surgery (months), df = 
2)2 

-0.03 [-0.20, 0.14] 0.759 -0.26 

splines::ns(Mass, df = 2)1 -0.26 [-0.44, -0.08] 0.005 -1.98 

splines::ns(Mass, df = 2)2 -0.12 [-0.30, 0.07] 0.222 -0.76 

GroupTDR-B:TimePost -0.03 [-0.14, 0.08] 0.585 -0.22 

GroupTDFR-U:TimePost 0.00 [-0.08, 0.08] 1.000 -0.01 

 

 
 
Note. All continuous predictors were mean-centered (mass [kg], age [yrs], normalized speed, baseline). 

Estimates are reported with 95% confidence intervals. Significance: *** 𝑝 < .001, ** 𝑝 < .01, * 𝑝 < .05. 
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B.4. Normalized Step Time 

B.4.1.  Model Assumption Checks 

Linearity of baseline effect (spline check) 

Table Error! No text of specified style in document..4.1:: Goodness-of-Fit Comparison (AIC and 
ANOVA) of Linear and Spline Models Predicting Normalized Step Time from SEMLS Group, Time 
(Pre- vs. Post- Surgery),and their Interaction 

Term Model Df AIC ΔAIC F p 

All terms linear Base 11 -99.54    

       

Time since surgery (months) Spline_df2 12 -98.37 1.17 0.77 .383 

Time since surgery (months) Spline_df3 13 -98.41 1.13 1.32 .271 

Time since surgery (months) Spline_df4 14 -100.58 0.00 2.18 .094 

Age Spline_df2 12 -103.83 0.00 5.92 .016 * 

Body Mass Spline_df2 13 -104.56 0.00 2.51 .116 

Body Mass Spline_df3 14 -105.61 0.00 2.67 .074 

Body Mass Spline_df4 15 -105.55 0.00 2.37 .074 
Note. ΔAIC = Difference in Akaike information criterion relative to the best-fitting model. Significance: *** 𝑝 <
0.001, ** 𝑝 < 0.01, * 𝑝 < 0.05. 

 

Homogeneity of slopes (Group × Baseline interaction test) 

Table Error! No text of specified style in document..4.2:: Homogeneity-of-Slopes Test: AIC and ANOVA Results 
for Group–Predictor Interaction in the Group × Time Model Testing Pre-to-Post Change in Normalized Step Time 

Term AIC_Base AIC_Int ΔAIC ANOVA p 

Time since surgery (months) -103.83 -140.60 0.00 < .001 *** 

Body Mass -140.60 -138.47 2.13 .435 

Sex (F) -140.60 -152.71 0.00 < .001 *** 

NS_2[Age] -152.71 -153.48 0.00 .108 
Note. AIC (Base) = model without the Group × Predictor interaction term; AIC (Int) = model with the interaction 
term. ΔAIC = difference relative to the Base model. *𝑝 < .05. 
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Normality, Homoscedasticity and variance structure comparison 

Table Error! No text of specified style in document..4.3:: Tests of Normality and Homogeneity of 
Variance. Residual Diagnostics of LM Model Predicting Normalized Step Time from SEMLS Group, 
Time (Pre-vs. Post-Surgery), and their Interaction 

Metric Shapiro-Wilk 𝑊 Breusch-Pagan 𝑑𝑓(14) Levene 𝐹(5, 128) 

Test Statistic 0.91 45.25 4.31 

p < .001 *** < .001 *** .001 ** 

 

Table Error! No text of specified style in document..4.4.: Tests of Normality and Homogeneity of 
Variance. Residual Diagnostics of GLS Model Predicting Normalized Step Time from SEMLS Group, 
Time (Pre-vs. Post-Surgery), and their Interaction 

Metric Shapiro-Wilk W Levene F(5, 128) 

Test Statistic 0.93 0.62 

p < .001 *** .686 

 

Figure B.4.1: Residual diagnostics plots of OLS model predicting normalized step time from SEMLS 
group, Time, and their Interaction. 
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Figure B.4.2: Residuals–fitted and Q–Q plots showing evidence of heteroskedasticity (left panel), and 
departures from normality (right, Q-Q plot) in the linear regression model predicting normalized step 
time 

B.4.2. Model Selection 

 
Table Error! No text of specified style in document..4.5: : Model Comparison of Variance Structures 
when Predicting Normalized Step Time from Group, Time, and Their Interaction 

model df logLik AIC ΔAIC 

combined variance 19 131.85 -225.69 0.00 

power variance 17 126.58 -219.17 6.53 

exponential variance 17 126.55 -219.10 6.59 

group variance 18 118.26 -200.52 25.17 

constant variance 16 92.35 -152.71 72.99 
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 Model Coefficients 

Table B.4.6: Regression Coefficients of Model Predicting Normalized Step Time from SEMLS Group, 
Time, and Their Interaction, when Controlling for Other Covariates 

Term Estimate CI p β 

(Intercept) 0.71 [0.65, 0.77] 0.000 0.17 

GroupTDR-B 0.00 [-0.10, 0.10] 0.973 -0.16 

GroupTDFR-U -0.02 [-0.08, 0.04] 0.435 -0.28 

TimePost -0.03 [-0.09, 0.03] 0.276 -0.17 

Time since surgery (months) 0.00 [-0.01, 0.00] 0.325 -0.06 

Mass 0.00 [0.00, 0.00] 0.070 0.13 

sexF 0.01 [-0.07, 0.08] 0.890 0.00 

splines::ns(Age, df = 2)1 -0.02 [-0.17, 0.13] 0.778 -0.06 

splines::ns(Age, df = 2)2 0.03 [-0.17, 0.23] 0.772 0.07 

GroupTDR-B:TimePost -0.06 [-0.17, 0.05] 0.296 -0.22 

GroupTDFR-U:TimePost 0.01 [-0.05, 0.08] 0.675 0.14 

GroupTDR-B:Time since surgery (months) 0.02 [0.00, 0.04] 0.043 1.06 

GroupTDFR-U:Time since surgery 
(months) 

0.02 [0.00, 0.03] 0.006 0.37 

GroupTDR-B:sexF 0.20 [-0.03, 0.43] 0.093 1.36 

GroupTDFR-U:sexF -0.04 [-0.12, 0.05] 0.404 -0.05 
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B.5. Normalized Step Length Asymmetry 

B.5.1.  Model Assumption Checks 

Linearity of baseline effect (spline check) 

Table Error! No text of specified style in document..5.1:: Goodness-of-Fit Comparison (AIC and 
ANOVA) of Linear and Spline Models Predicting Normalized Step Length Asymmetry from SEMLS 
Group, Time (Pre- vs. Post- Surgery),and their Interaction 

Term Model Df AIC ΔAIC F p 

All terms linear Base 12 1110.70    

       

Normalized Speed Spline_df2 13 1109.60 0.00 2.86 .093 

Normalized Speed Spline_df3 14 1110.47 0.00 1.94 .148 

Normalized Speed Spline_df4 15 1112.18 1.47 1.37 .254 

Time since surgery (months) Spline_df2 13 1110.96 0.25 1.60 .208 

Time since surgery (months) Spline_df3 14 1112.85 2.15 0.84 .433 

Time since surgery (months) Spline_df4 15 1114.45 3.75 0.68 .567 

Age Spline_df2 13 1111.16 0.46 1.41 .238 

Age Spline_df3 14 1105.19 0.00 4.45 .014 * 

Body Mass Spline_df2 15 1107.12 1.93 0.06 .806 

Body Mass Spline_df3 16 1106.37 1.19 1.26 .287 

Body Mass Spline_df4 17 1107.17 1.99 1.20 .315 
Note. ΔAIC = Difference in Akaike information criterion relative to the best-fitting model. Significance: *** 𝑝 <
0.001, ** 𝑝 < 0.01, * 𝑝 < 0.05. 

 

Homogeneity of slopes (Group × Baseline interaction test) 

Table Error! No text of specified style in document..5.2: : Homogeneity-of-Slopes Test: AIC and ANOVA 
Results for Group–Predictor Interaction in the Group × Time Model Testing Pre-to-Post Change in Normalized Step 
Length Asymmetry 

Term AIC_Base AIC_Int ΔAIC ANOVA p 

Normalized Speed 1105.19 1108.11 2.92 .619 

Time since surgery (months) 1105.19 1104.41 0.00 .120 

Body Mass 1105.19 1099.49 0.00 .014 * 

Sex (F) 1099.49 1101.09 1.60 .350 

NS_3[Age] 1099.49 1100.46 0.97 .149 
Note. AIC (Base) = model without the Group × Predictor interaction term; AIC (Int) = model with the interaction 
term. ΔAIC = difference relative to the Base model. *𝑝 < .05. 
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Normality, Homoscedasticity and variance structure comparison 

Table Error! No text of specified style in document..5.3:: Tests of Normality and Homogeneity of 
Variance. Residual Diagnostics of LM Model Predicting RL Asymmetry in Normalized Step Length from 
SEMLS Group, Time (Pre-vs. Post-Surgery), and their Interaction 

Metric Shapiro-Wilk 𝑊 Breusch-Pagan 𝑑𝑓(14) Levene 𝐹(5, 128) 

Test Statistic 0.84 25.45 0.46 

p < .001 *** .030 * .803 

 

Table B.5.4: Tests of Normality and Homogeneity of Variance. Residual Diagnostics of GLS Model 
Predicting RL Asymmetry in Normalized Step Length from SEMLS Group, Time (Pre-vs. Post-Surgery), 
and their Interaction 

Metric Shapiro-Wilk W Levene F(5, 128) 

Test Statistic 0.90 0.70 

p < .001 *** .624 

 

Figure B.5.1: Residual diagnostics for DID model predictting normalized step asymmetry show strong 
heteroskedasticity and pronounced right-tail deviations are evident, with several extreme positive 
residuals. 
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Figure B.5.2: Residuals show reduced heteroskedasticity relative to OLS but retain mild right-tailed 
skewness. The Q–Q plot indicates moderate deviation from normality in the upper tail, suggesting several 
large positive residuals. 

 
 

B.5.2. Model Selection 

Table Error! No text of specified style in document..5.5:Error! Use the Home tab to apply 0 to the text that 
you want to appear here. Model Comparison of Variance Structures when Predicting RL Asymmetry in 
Normalized Step Length from Group, Time, and Their Interaction 

model df logLik AIC ΔAIC 

group variance 18 -525.34 1086.68 0.00 

constant variance 16 -533.75 1099.49 12.81 

 

Model Coefficients 

Table B.5.6: Regression Coefficients of Model Predicting Step Length Asymmetry from SEMLS Group, 
Time, and Their Interaction, when Controlling for Other Covariates 

Term Estimate CI p β 

(Intercept) 27.22 [17.62, 36.81] 0.000 1.00 

GroupTDR-B -12.89 [-22.03, -3.76] 0.007 -0.83 

GroupTDFR-U -7.93 [-16.37, 0.52] 0.068 -0.51 

TimePost -4.29 [-9.42, 0.85] 0.104 -0.28 
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Term Estimate CI p β 

Normalized Speed -7.44 [-15.41, 0.52] 0.069 -0.14 

Time since surgery (months) -0.34 [-0.77, 0.10] 0.133 -0.10 

Mass 0.65 [0.20, 1.10] 0.006 0.55 

sexF -2.62 [-7.50, 2.27] 0.296 -0.17 

splines::ns(Age, df = 3)1 13.38 [-3.44, 30.20] 0.122 0.86 

splines::ns(Age, df = 3)2 -3.54 [-29.59, 22.51] 0.791 -0.23 

splines::ns(Age, df = 3)3 21.74 [-10.09, 53.58] 0.183 1.40 

GroupTDR-B:TimePost 6.95 [-5.49, 19.40] 0.276 0.45 

GroupTDFR-U:TimePost 2.16 [-9.03, 13.34] 0.706 0.14 

GroupTDR-B:Mass -1.13 [-1.67, -0.59] 0.000 -0.96 

GroupTDFR-U:Mass -0.51 [-0.99, -0.03] 0.038 -0.43 

 

Laterality Effect Model 

Table B.5.7: Regression Coefficients of Model Predicting Step Length Asymmetry from Surgery 
Laterality, Time, and Their Interaction, when Controlling for Other Covariates 

Term F.value p.value 

(Intercept) 57.78 <0.001 

Laterality 0.01 0.931 

Time 0.64 0.427 

Normalized Speed 21.35 <0.001 

Time since surgery 
(months) 

4.79 0.031 

Mass 1.08 0.300 

sex 1.58 0.212 

splines::ns(Age, df = 3) 1.77 0.156 

Laterality:Time 0.01 0.924 



101 

 

 

Laterality:Mass 0.02 0.881 
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B.6. Step Time Asymmetry 

B.6.1.  Model Assumption Checks 

Linearity of baseline effect (spline check) 

Table Error! No text of specified style in document..6.1: : Goodness-of-Fit Comparison (AIC and ANOVA) of 
Linear and Spline Models Predicting Step Time Asymmetry from SEMLS Group, Time (Pre- vs. Post- Surgery),and 
their Interaction 

Term Model Df AIC ΔAIC F p 

All terms linear Base 12 965.69    

       

Normalized Speed Spline_df2 13 967.34 1.64 0.33 .570 

Normalized Speed Spline_df3 14 968.07 2.38 0.74 .481 

Normalized Speed Spline_df4 15 969.95 4.25 0.52 .666 

Time since surgery (months) Spline_df2 13 964.61 0.00 2.84 .095 

Time since surgery (months) Spline_df3 14 965.85 0.16 1.76 .177 

Time since surgery (months) Spline_df4 15 967.85 2.15 1.16 .326 

Age Spline_df2 13 967.25 1.56 0.40 .528 

Age Spline_df3 14 968.70 3.01 0.45 .639 

Age Spline_df4 15 970.23 4.54 0.44 .725 

Body Mass Spline_df2 13 967.69 2.00 0.00 .977 

Body Mass Spline_df3 14 969.52 3.82 0.08 .923 

Body Mass Spline_df4 15 970.99 5.30 0.21 .889 
Note. ΔAIC = Difference in Akaike information criterion relative to the best-fitting model. Significance: *** 𝑝 <
0.001, ** 𝑝 < 0.01, * 𝑝 < 0.05. 

 Homogeneity of slopes (Group × Baseline interaction test) 

Table Error! No text of specified style in document..6:2: : Homogeneity-of-Slopes Test: AIC and ANOVA 
Results for Group–Predictor Interaction in the Group × Time Model Testing Pre-to-Post Change in RL Asymmetry 
in Normalized Step Time Asymmetry 

Term AIC_Base AIC_Int ΔAIC ANOVA p 

Normalized Speed 965.69 964.90 0.00 .115 

Time since surgery (months) 965.69 965.67 0.00 .163 

Age 965.69 959.57 0.00 .010 * 

Body Mass 959.57 962.91 3.34 .747 

Sex (F) 959.57 962.44 2.86 .603 
Note. AIC (Base) = model without the Group × Predictor interaction term; AIC (Int) = model with the interaction 
term. ΔAIC = difference relative to the Base model. *𝑝 < .05. 
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Normality, Homoscedasticity and variance structure comparison 

Table Error! No text of specified style in document..6.3: : Tests of Normality and Homogeneity of Variance. 
Residual Diagnostics of LM Model Predicting Step Time Asymmetry from SEMLS Group, Time (Pre-vs. Post-
Surgery), and their Interaction 

Metric Shapiro-Wilk 𝑊 Breusch-Pagan 𝑑𝑓(12) Levene 𝐹(5, 128) 

Test Statistic 0.93 22.96 2.89 

p < .001 *** .028 * .017 * 

 

Table Error! No text of specified style in document..6.:4 : Tests of Normality and Homogeneity of Variance. 
Residual Diagnostics of GLS Model Predicting Step Time Asymmetry from SEMLS Group, Time (Pre-vs. Post-
Surgery), and their Interaction 

Metric Shapiro-Wilk W Levene F(5, 128) 

Test Statistic 0.93 0.25 

p < .001 *** .941 

 
 
 

Figure B.6.1: Pronounced funnel shaped heteroscedastic residuals (left panel), non-normal distribution 
(right panel) in OLS model with nonlinear age term predicting step time asymmetry from group, time, 
and their interaction 



104 

 

 

Figure B.6.2: Improved heteroskedasticity (left panel), and deviations from normality (right panel), when 
using a combination group-specific and exponential variance structures 

B.6.2. Model Selection 

Table Error! No text of specified style in document..6.5: : Model Comparison of Variance Structures 
when Predicting Step Time Asymmetry from Group, Time, and Their Interaction 

model df logLik AIC ΔAIC 

combined variance 17 -448.24 930.48 0.00 

power variance 15 -451.34 932.68 2.19 

exponential variance 15 -453.65 937.31 6.82 

group variance 16 -454.49 940.99 10.51 

constant variance 14 -465.79 959.57 29.09 
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Model Coefficients 

Table B.6.6: Regression Coefficients of Model Predicting Normalized Step Time Asymmetry from 
SEMLS Group, Time, and Their Interaction, when Controlling for Other Covariates 

Term Estimate CI p β 

(Intercept) 6.43 [4.40, 8.45] 0.000 -0.38 

GroupTDR-B 0.34 [-2.48, 3.16] 0.813 0.09 

GroupTDFR-U 8.54 [3.53, 13.55] 0.001 0.90 

TimePost 1.60 [-1.72, 4.93] 0.347 0.11 

Normalized Speed -3.30 [-7.56, 0.97] 0.132 -0.10 

Time since surgery (months) 0.47 [0.20, 0.73] 0.001 0.07 

Age -0.26 [-0.95, 0.43] 0.456 -0.02 

Mass -0.11 [-0.26, 0.04] 0.155 -0.17 

sexF 1.11 [-1.75, 3.97] 0.449 -0.01 

GroupTDR-B:TimePost -0.55 [-4.64, 3.53] 0.792 -0.12 

GroupTDFR-U:TimePost -4.00 [-10.50, 2.50] 0.230 -0.28 

GroupTDR-B:Age 0.53 [0.08, 0.98] 0.024 0.14 

GroupTDFR-U:Age 1.45 [0.42, 2.48] 0.007 0.71 
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Laterality Effect Model 

Table B.6.7: Regression Coefficients of Model Predicting Step Time Asymmetry from Surgery Laterality, 
Time, and Their Interaction, when Controlling for Other Covariates 

Term F.value p.value 

(Intercept) 131.23 <0.001 

Time 0.77 0.381 

Laterality 9.25 0.003 

Normalized Speed 3.75 0.055 

Time PostOp 0.14 0.710 

Age 0.85 0.358 

Mass 0.17 0.683 

sex 0.00 1.000 

Time:Laterality 2.31 0.131 

Laterality:Age 6.62 0.011 
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B.7. Double-limb Support Time 

B.7.1.  Model Assumption Checks 

Linearity of baseline effect (spline check) 

Table Error! No text of specified style in document..7.1: : Goodness-of-Fit Comparison (AIC and 
ANOVA) of Linear and Spline Models Predicting Double Limb Support Time from SEMLS Group, Time 
(Pre- vs. Post- Surgery),and their Interaction 

Term Model Df AIC ΔAIC F p 

All terms linear Base 12 838.24    

       

Normalized Speed Spline_df2 13 836.87 0.00 3.11 .080 

Normalized Speed Spline_df3 14 838.82 0.58 1.57 .213 

Normalized Speed Spline_df4 15 840.82 2.57 1.04 .379 

Time since surgery (months) Spline_df2 13 837.59 0.00 2.44 .121 

Time since surgery (months) Spline_df3 14 833.92 0.00 3.87 .023 * 

Age Spline_df2 15 835.92 2.00 0.00 .962 

Age Spline_df3 16 837.88 3.96 0.02 .982 

Age Spline_df4 17 839.27 5.34 0.19 .901 

Body Mass Spline_df2 15 835.66 1.74 0.24 .627 

Body Mass Spline_df3 16 835.82 1.89 0.94 .392 

Body Mass Spline_df4 17 833.13 0.00 2.05 .111 

Note. ΔAIC = Difference in Akaike information criterion relative to the best-fitting 

model. Significance: *** 𝑝 < 0.001, ** 𝑝 < 0.01, * 𝑝 < 0.05. 
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Homogeneity of slopes (Group × Baseline interaction test) 

Table Error! No text of specified style in document..7.2:: Homogeneity-of-Slopes Test: AIC and 
ANOVA Results for Group–Predictor Interaction in the Group × Time Model Testing Pre-to-Post Change 
in Double Limb Support Time 

Term AIC_Base AIC_Int ΔAIC ANOVA p 

Normalized Speed 833.92 835.08 1.16 .283 

Age 833.92 836.14 2.22 .453 

Body Mass 833.92 835.42 1.49 .328 

Sex (F) 833.92 837.47 3.54 .817 

NS_3[Time since surgery (months)] 833.92 836.81 2.89 .241 
Note. AIC (Base) = model without the Group × Predictor interaction term; AIC (Int) = model with the interaction 
term. ΔAIC = difference relative to the Base model. *𝑝 < .05. 

Normality, Homoscedasticity and variance structure comparison 

Table B.7.3: Tests of Normality and Homogeneity of Variance. Residual Diagnostics of LM Model 
Predicting Double Limb Support Time from SEMLS Group, Time (Pre-vs. Post-Surgery), and their 
Interaction 

Metric Shapiro-Wilk 𝑊Breusch-Pagan 𝑑𝑓(12)Levene 𝐹(5, 128)

Test Statistic 0.97 33.89 1.19 

p .009 ** < .001 *** .316 
 

Table Error! No text of specified style in document..7.4: : Tests of Normality and Homogeneity of 
Variance. Residual Diagnostics of GLS Model Predicting Double Limb Support Time from SEMLS 
Group, Time (Pre-vs. Post-Surgery), and their Interaction 

Metric Shapiro-Wilk W Levene F(5, 128) 

Test Statistic 0.98 2.39 

p .016 * .041 * 
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Figure B.7.1: OLS model’s residuals show more spread with higher fitted values indicating 
heteroscedasticity (left panel), and deviation from normality (right panel) 

 
Figuer B.7.2: The GLS model with exponential variance structure showed more uniform spread of 
residuals, reducing heteroscedasticity (left panel), and deviation from normality (right panel) 
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B.7.2. Model Selection 

Table Error! No text of specified style in document..7.5: : Model Comparison of Variance Structures 
when Predicting Double Limb Support Time from Group, Time, and Their Interaction 

model df logLik AIC ΔAIC 

exponential variance 15 -392.11 814.21 0.00 

combined variance 17 -391.03 816.05 1.84 

power variance 15 -393.17 816.35 2.13 

group variance 16 -400.22 832.43 18.22 

constant variance 14 -402.96 833.92 19.71 

  

 Model Coefficients 

Table B.7:6: Regression Coefficients of Model Predicting DLS from SEMLS Group, Time, and Their 
Interaction, when Controlling for Other Covariates 

Term Estimate CI p β 

(Intercept) 20.88 [12.98, 28.78] 0.000 -0.68 

GroupTDR-B 6.10 [2.55, 9.65] 0.001 0.90 

GroupTDFR-U 0.88 [-1.41, 3.17] 0.451 0.12 

TimePost 3.87 [1.49, 6.24] 0.002 0.55 

Normalized Speed -10.86 [-14.22, -7.49] 0.000 -0.44 

Age -0.45 [-0.86, -0.04] 0.032 -0.25 

Mass 0.10 [-0.02, 0.22] 0.093 0.19 

sexF -0.28 [-2.08, 1.53] 0.766 -0.04 

splines::ns(Time since surgery (months), df = 
3)1 

-10.43 [-18.85, -2.01] 0.017 -1.43 

splines::ns(Time since surgery (months), df = 
3)2 

6.13 [-9.02, 21.27] 0.430 0.89 

splines::ns(Time since surgery (months), df = 
3)3 

5.41 [-4.31, 15.12] 0.277 0.81 

GroupTDR-B:TimePost -3.78 [-8.53, 0.97] 0.122 -0.56 

GroupTDFR-U:TimePost -1.81 [-5.13, 1.52] 0.289 -0.25 
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Appendix C: Joint Kinetics and Energetics Models and Diagnostics 

C.1. Ankle Positive Work in Late Stance 

C.1.1.  Model Assumption Checks 

Linearity of baseline effect (spline check) 

Table C.7.1 Goodness-of-Fit Comparison (AIC and ANOVA) of Linear and Spline Models Predicting 
Ankle Positive Work In Late Stance from SEMLS Group, Time (Pre- vs. Post- Surgery),and their 
Interaction  

Term Model df AIC ΔAIC F p 

All terms linear Base 12 5.32    

       

Normalized Speed Spline_df2 13 7.26 1.94 0.06 .811 

Normalized Speed Spline_df3 14 9.08 3.76 0.11 .899 

Normalized Speed Spline_df4 15 10.52 5.20 0.24 .871 

Time since surgery (months) Spline_df2 13 5.78 0.46 1.39 .241 

Time since surgery (months) Spline_df3 14 7.55 2.22 0.80 .454 

Time since surgery (months) Spline_df4 15 9.53 4.21 0.53 .663 

Age Spline_df2 13 7.30 1.97 0.02 .879 

Age Spline_df3 14 9.07 3.75 0.11 .894 

Age Spline_df4 15 10.37 5.04 0.28 .838 

Body Mass Spline_df2 13 7.29 1.97 0.03 .864 

Body Mass Spline_df3 14 9.29 3.97 0.02 .985 

Body Mass Spline_df4 15 10.76 5.43 0.17 .918 
Note. ΔAIC = Difference in Akaike information criterion relative to the best-fitting model. Significance: *** 𝑝 <
0.001, ** 𝑝 < 0.01, * 𝑝 < 0.05. 
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Homogeneity of slopes (Group × Baseline interaction test)  

Table C.1.3: Homogeneity-of-Slopes Test: AIC and ANOVA Results for Group–Predictor Interaction in 
the Group × Time Model Testing Pre-to-Post Change in Ankle Positive Work in Late Stance 

Term AIC_Base AIC_Int ΔAIC ANOVA p 

Normalized Speed 5.32 9.06 3.73 .889 

Time since surgery (months) 5.32 8.03 2.71 .563 

Age 5.32 9.19 3.87 .944 

Body Mass 5.32 8.86 3.54 .814 

Sex (F) 5.32 8.91 3.59 .832 
Note. AIC (Base) = model without the Group × Predictor interaction term; AIC (Int) = model with the interaction 
term. ΔAIC = difference relative to the Base model. *𝑝 < .05. 

Normality, Homoscedasticity and variance structure comparison 

Table Error! No text of specified style in document.C.1:4: Tests of Normality and Homogeneity of Variance. 
Residual Diagnostics of LM Model Predicting Ratio of Ankle to Hip Peak Power from SEMLS Group, Time (Pre-
vs. Post-Surgery), and their Interaction 

Metric Shapiro-Wilk 𝑊 Breusch-Pagan 𝑑𝑓(13) Levene 𝐹(5, 110) 

Test Statistic 0.95 5.17 0.23 

p < .001 *** .971 .950 

 

Table C.1:5: Tests of Normality and Homogeneity of Variance. Residual Diagnostics of GLS Model 
Predicting Ratio of Ankle to Hip Peak Power from SEMLS Group, Time (Pre-vs. Post-Surgery), and their 
Interaction 

Metric Shapiro-Wilk W Levene F(5, 110) 

Test Statistic 0.95 0.23 

p < .001 *** .951 
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Figure C.1.1: Residuals of the OLS model showed non constant spread of residuals, i.e. 
heteroscedasticity, (left panel), and deviation from normality (right panel) 
 

Figure C.1.2: Residuals of the GLS model showed more balanced spread of residual (left panel), and 
deviation from normality (right panel). 

 
 

  



115 

 

 

C.1.2. Model Selection 

 Table 8: Model Comparison of Variance Structures when Predicting Ankle Positive Work in Late Stance from 
Group, Time, and Their Interaction 

model df logLik AIC ΔAIC 

combined variance 15 48.81 -67.61 0.00 

group variance 14 39.92 -51.85 15.76 

constant variance 12 9.34 5.32 72.93 

 Model Coefficients 

Table C.1.6: Regression Coefficients of Model Predicting Ankle Positive Work in Late Stance from 
SEMLS Group, Time, and Their Interaction, when Controlling for Other Covariates 

Term Estimate CI p β 

(Intercept) 0.42 [0.19, 0.65] 0.000 0.20 

GroupTDR-B -0.04 [-0.27, 0.20] 0.759 0.08 

GroupTDFR-U -0.08 [-0.32, 0.15] 0.491 -0.13 

TimePost -0.14 [-0.39, 0.11] 0.266 -0.32 

Normalized Speed 0.13 [0.09, 0.18] 0.000 0.10 

Time since surgery 
(months) 

0.01 [0.00, 0.01] 0.000 0.12 

Age 0.00 [0.00, 0.01] 0.070 0.07 

Mass 0.00 [0.00, 0.00] 0.038 -0.16 

sexF 0.01 [-0.02, 0.05] 0.488 0.02 

GroupTDR-B:TimePost -0.03 [-0.28, 0.23] 0.838 -0.47 

GroupTDFR-U:TimePost 0.10 [-0.16, 0.36] 0.456 0.13 
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C.2. Knee Extensor Impulse in Stance Phase 

C.2.1.  Model Assumption Checks 

Linearity of baseline effect (spline check) 

Table C.2.1: Goodness-of-Fit Comparison (AIC and ANOVA) of Linear and Spline Models Predicting 
Knee Extensor Impulse in Stance from SEMLS Group, Time (Pre- vs. Post- Surgery),and their Interaction 

Term Model Df AIC ΔAIC F p 

All terms linear Base 12 866.32    

       

Normalized Speed Spline_df2 13 867.38 1.06 0.84 .360 

Normalized Speed Spline_df3 14 869.36 3.05 0.43 .655 

Normalized Speed Spline_df4 15 868.72 2.40 1.07 .364 

Time since surgery (months) Spline_df2 13 868.31 1.99 0.01 .921 

Time since surgery (months) Spline_df3 14 870.28 3.97 0.01 .985 

Time since surgery (months) Spline_df4 15 872.11 5.79 0.06 .980 

Age Spline_df2 13 867.89 1.57 0.38 .537 

Age Spline_df3 14 869.09 2.77 0.55 .580 

Age Spline_df4 15 870.52 4.20 0.53 .661 

Body Mass Spline_df2 13 868.26 1.95 0.05 .829 

Body Mass Spline_df3 14 869.97 3.65 0.16 .856 

Body Mass Spline_df4 15 872.10 5.78 0.06 .978 
Note. ΔAIC = Difference in Akaike information criterion relative to the best-fitting model. Significance: *** 𝑝 <
0.001, ** 𝑝 < 0.01, * 𝑝 < 0.05. 
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Homogeneity of slopes (Group × Baseline interaction test) 

Table C.2.2: Homogeneity-of-Slopes Test: AIC and ANOVA Results for Group–Predictor Interaction in 
the Group × Time Model Testing Pre-to-Post Change in Knee Extensor Impulse in Stance 

Term AIC_Base AIC_Int ΔAIC ANOVA p 

Normalized Speed 866.32 870.11 3.80 .914 

Time since surgery (months) 866.32 870.31 4.00 .998 

Age 866.32 869.66 3.35 .748 

Body Mass 866.32 869.92 3.60 .838 

Sex (F) 866.32 869.82 3.50 .802 
Note. AIC (Base) = model without the Group × Predictor interaction term; AIC (Int) = model with the interaction 
term. ΔAIC = difference relative to the Base model. *𝑝 < .05. 

Normality, Homoscedasticity and variance structure comparison 

Table Error! No text of specified style in document.C.2.3:: Tests of Normality and Homogeneity of 
Variance. Residual Diagnostics of LM Model Predicting Knee Extensor Impulse in Stance from SEMLS 
Group, Time (Pre-vs. Post-Surgery), and their Interaction 

Metric Shapiro-Wilk 𝑊 Breusch-Pagan 𝑑𝑓(10) Levene 𝐹(5, 110) 

Test Statistic 0.19 4.60 0.63 

p < .001 *** .916 .676 

Table Error! No text of specified style in document.C.2.4:: Tests of Normality and Homogeneity of 
Variance. Residual Diagnostics of GLS Model Predicting Knee Extensor Impulse in Stance from SEMLS 
Group, Time (Pre-vs. Post-Surgery), and their Interaction 

Metric Shapiro-Wilk W Levene F(5, 110) 

Test Statistic 0.71 3.64 

p < .001 *** .004 ** 
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Figure C.2.1: Residuals diagnostics show heteroskedasticity (left panel), some deviation from normality at 
the tails in OLS model with 2df spline mass term and its group modification by group predicting knee 
extensor impulse during the stance phase from SEMLS group, time (pre-vs. post-surgery), and their 
interaction 

 
Figure C.2.2: Residuals diagnostics show improved heteroskedasticity (left panel), some deviation from 
normality at the tails in GLS model with power variance structure predicting knee extensor moment impulse 
during the stance phase from SEMLS group, time (pre-vs. post-surgery), and their interaction. 
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C.2.2. Model Selection 

Model Comparisons 

Table C.2.5: Model Comparison of Variance Structures when Predicting Knee Extensor Impulse in 
Stance from Group, Time, and Their Interaction 

model df logLik AIC ΔAIC 

group variance 14 -180.55 389.10 0.00 

constant variance 12 -421.16 866.32 477.22 

Model Coefficients 

Table C.2.6: Regression Coefficients of Model Predicting Knee Extensor Moment Impulse in Stance 
Phase from SEMLS Group, Time, and Their Interaction, when Controlling for Other Covariates 

Term Estimate CI p β 

(Intercept) 0.41 [0.32, 0.50] 0.000 0.14 

GroupTDR-B 0.29 [0.02, 0.56] 0.041 0.93 

GroupTDFR-U -0.14 [-0.25, -0.02] 0.020 -0.50 

TimePost -0.04 [-0.16, 0.08] 0.529 -0.16 

Normalized Speed -0.05 [-0.19, 0.09] 0.448 -0.08 

Time since surgery (months) 0.01 [-0.01, 0.02] 0.375 0.06 

Age -0.01 [-0.02, 0.00] 0.115 -0.18 

Mass 0.00 [0.00, 0.00] 0.886 0.02 

sexF 0.03 [-0.04, 0.10] 0.354 0.12 

GroupTDR-B:TimePost -0.34 [-0.63, -0.05] 0.023 -1.08 

GroupTDFR-U:TimePost 0.01 [-0.14, 0.15] 0.934 -0.01 
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C.3. Hip Flexor Moment Impulse in Pre-Swing 

C.3.1.  Model Assumption Checks 

Linearity of baseline effect (spline check) 

Table C.3.1: Goodness-of-Fit Comparison (AIC and ANOVA) of Linear and Spline Models Predicting 
Hip Flexor Impulse in Pre-Swing from SEMLS Group, Time (Pre- vs. Post- Surgery),and their Interaction 

Term Model Df AIC ΔAIC F p 

All terms linear Base 12 -358.38    

       

Normalized Speed Spline_df2 13 -357.70 0.69 1.18 .279 

Normalized Speed Spline_df3 14 -356.69 1.69 1.04 .358 

Normalized Speed Spline_df4 15 -355.93 2.45 1.06 .371 

Time since surgery (months) Spline_df2 13 -359.03 0.00 2.40 .124 

Time since surgery (months) Spline_df3 14 -358.32 0.06 1.78 .174 

Time since surgery (months) Spline_df4 15 -359.32 0.00 2.10 .105 

Age Spline_df2 13 -356.49 1.89 0.10 .755 

Age Spline_df3 14 -355.02 3.36 0.28 .753 

Age Spline_df4 15 -360.82 0.00 2.57 .059 

Body Mass Spline_df2 13 -356.98 1.40 0.54 .465 

Body Mass Spline_df3 14 -356.81 1.57 1.09 .340 

Body Mass Spline_df4 15 -358.81 0.00 1.94 .128 
Note. ΔAIC = Difference in Akaike information criterion relative to the best-fitting model. Significance: *** 𝑝 <
0.001, ** 𝑝 < 0.01, * 𝑝 < 0.05. 
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Homogeneity of slopes (Group × Baseline interaction test) 

Table C.3.2:: Homogeneity-of-Slopes Test: AIC and ANOVA Results for Group–Predictor Interaction in 
the Group × Time Model Testing Pre-to-Post Change in Hip Flexor Impulse in Pre-Swing 

Term AIC_Base AIC_Int ΔAIC ANOVA p 

Normalized Speed -358.38 -355.83 2.56 .527 

Time since surgery (months) -358.38 -356.09 2.29 .468 

Age -358.38 -361.17 0.00 .049 * 

Body Mass -361.17 -362.54 0.00 .097 

Sex (F) -361.17 -357.37 3.81 .920 
Note. AIC (Base) = model without the Group × Predictor interaction term; AIC (Int) = model with the interaction 
term. ΔAIC = difference relative to the Base model. *𝑝 < .05. 

Normality, Homoscedasticity and variance structure comparison 

Table Error! No text of specified style in document.C.3.3:: Tests of Normality and Homogeneity of 
Variance. Residual Diagnostics of LM Model Predicting Hip Flexor Impulse in Pre-Swing from SEMLS 
Group, Time (Pre-vs. Post-Surgery), and their Interaction 

Metric Shapiro-Wilk 𝑊 Breusch-Pagan 𝑑𝑓(12) Levene 𝐹(5, 110) 

Test Statistic 0.93 37.30 5.65 

p < .001 *** < .001 *** < .001 *** 

 
Table Error! No text of specified style in document.C.3.4:: Tests of Normality and Homogeneity of 
Variance. Residual Diagnostics of GLS Model Predicting Hip Flexor Impulse in Pre-Swing from SEMLS 
Group, Time (Pre-vs. Post-Surgery), and their Interaction 

Metric Shapiro-Wilk W Levene F(5, 110) 

Test Statistic 0.95 1.44 

p < .001 *** .214 

 
  



122 

 

 

Figure C.3.1: OLS model with a combined variance structure showed heteroscedasticity (left panel), and 
deviations from normality 

Figure C.3.2: GLS model with a combined variance structure showed decreased heteroscedasticity 

(left panel), and reduced deviations from normality (right panel) 
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C.3.2. Model Selection 

Table Error! No text of specified style in document.C.3.5: : Model Comparison of Variance Structures 
when Predicting Hip Flexor Impulse in Pre-Swing from Group, Time, and Their Interaction 

model df logLik AIC ΔAIC 

power variance 15 231.42 -432.84 0.00 

combined variance 17 232.97 -431.94 0.90 

exponential variance 15 226.89 -423.77 9.07 

group variance 16 219.27 -406.54 26.30 

constant variance 14 194.59 -361.17 71.67 

Model Coefficients 

Table C.3.6: Regression Coefficients of Model Predicting Hip Flexor Moment Impulse in Pre-Swing Phase 
from SEMLS Group, Time, and Their Interaction, when Controlling for Other Covariates 

Term Estimate CI p β 

(Intercept) -0.08 [-0.10, -0.07] 0.000 0.56 

GroupTDR-B -0.10 [-0.17, -0.02] 0.011 -1.62 

GroupTDFR-U 0.01 [-0.01, 0.02] 0.361 -0.07 

TimePost 0.01 [-0.01, 0.03] 0.431 -0.16 

Normalized Speed 0.00 [-0.02, 0.02] 0.972 0.11 

Time since surgery (months) 0.00 [0.00, 0.00] 0.202 -0.24 

Age 0.02 [0.01, 0.02] 0.000 0.93 

Mass 0.00 [0.00, 0.00] 0.072 0.14 

sexF -0.01 [-0.02, 0.01] 0.257 -0.20 

GroupTDR-B:TimePost 0.07 [0.00, 0.15] 0.068 1.20 

GroupTDFR-U:TimePost -0.02 [-0.04, 0.01] 0.160 -0.16 

GroupTDR-B:Age -0.01 [-0.02, -0.01] 0.000 -0.96 

GroupTDFR-U:Age -0.01 [-0.02, -0.01] 0.000 -0.85 
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C.4. Sum of Lower Body Net Joint Work  

C.4.1. Model Assumption Checks 

Linearity of baseline effect (spline check) 

Table Error! No text of specified style in document.C.4.1: Goodness-of-Fit Comparison (AIC and 
ANOVA) of Linear and Spline Models Predicting Sum of Lower-Body Joints Net Work from SEMLS 
Group, Time (Pre- vs. Post- Surgery),and their Interaction 

Term Model Df AIC ΔAIC F p 

All terms linear Base 12 964.61    

       

Normalized Speed Spline_df2 13 966.20 1.59 0.37 .545 

Normalized Speed Spline_df3 14 968.21 3.60 0.18 .837 

Normalized Speed Spline_df4 15 967.12 2.51 1.04 .379 

Time since surgery (months) Spline_df2 13 966.61 2.00 0.00 .986 

Time since surgery (months) Spline_df3 14 968.61 4.00 0.00 1.000 

Time since surgery (months) Spline_df4 15 970.40 5.78 0.06 .979 

Age Spline_df2 13 966.57 1.96 0.04 .849 

Age Spline_df3 14 967.33 2.72 0.57 .567 

Age Spline_df4 15 969.60 4.99 0.30 .827 

Body Mass Spline_df2 13 965.64 1.02 0.88 .351 

Body Mass Spline_df3 14 966.66 2.05 0.87 .421 

Body Mass Spline_df4 15 968.81 4.20 0.53 .661 
Note. ΔAIC = Difference in Akaike information criterion relative to the best-fitting model. Significance: *** 𝑝 <
0.001, ** 𝑝 < 0.01, * 𝑝 < 0.05. 
  



125 

 

 

 

Homogeneity of slopes (Group × Baseline interaction test) 

Table C.4.2: Homogeneity-of-Slopes Test: AIC and ANOVA Results for Group–Predictor Interaction in the Group 
× Time Model Testing Pre-to-Post Change in Sum of Lower-Body Joints Net Work 

Term AIC_Base AIC_Int ΔAIC ANOVA p 

Normalized Speed 964.61 968.19 3.57 .828 

Time since surgery (months) 964.61 968.60 3.99 .994 

Age 964.61 968.28 3.67 .862 

Body Mass 964.61 960.13 0.00 .023 * 

Sex (F) 960.13 962.29 2.16 .448 
Note. AIC (Base) = model without the Group × Predictor interaction term; AIC (Int) = model with the interaction 
term. ΔAIC = difference relative to the Base model. *𝑝 < .05. 

Normality, Homoscedasticity and variance structure comparison 

Table Error! No text of specified style in document.C.4.3: Tests of Normality and Homogeneity of 
Variance. Residual Diagnostics of LM Model Predicting Sum of Lower-Body Joints Net Work from 
SEMLS Group, Time (Pre-vs. Post-Surgery), and their Interaction 

Metric Shapiro-Wilk 𝑊 Breusch-Pagan 𝑑𝑓(12) Levene 𝐹(5, 110) 

Test Statistic 0.29 15.70 1.67 

p < .001 *** .205 .148 

 

Table C.4.4: Tests of Normality and Homogeneity of Variance. Residual Diagnostics of GLS Model 
Predicting Sum of Lower-Body Joints Net Work from SEMLS Group, Time (Pre-vs. Post-Surgery), and 
their Interaction 

Metric Shapiro-Wilk W Levene F(5, 110) 

Test Statistic 0.69 0.36 

p < .001 *** .877 
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Figure C.4.1: Residuals–fitted and Q–Q plots showing heteroskedasticity (left panel), and departures 
from normality (right, Q-Q plot) in the linear regression model predicting sum of lower body net joint 
work 

Residuals–fitted and Q–Q plots showing reduced heteroskedasticity (left panel), and departures from 
normality (right, Q-Q plot) in the GLS regression model predicting sum of lower body net joint work  
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C.4.2. Model Selection 

Table C.4.5: Model Comparison of Variance Structures when Predicting Sum of Lower-Body Joints Net 
Work from Group, Time, and Their Interaction 

model df logLik AIC ΔAIC 

exponential variance 15 -180.30 390.60 0.00 

combined variance 17 -209.26 452.51 61.92 

group variance 16 -304.62 641.23 250.64 

constant variance 14 -466.06 960.13 569.53 

Model Coefficients 

Table C.4.6: Regression Coefficients of Model Predicting Sum of Lower Body Net Joint Work from 
SEMLS Group, Time, and Their Interaction, when Controlling for Other Covariates 

Term Estimate CI p β 

(Intercept) 4.16 [2.05, 6.27] 0.000 -0.03 

GroupTDR-B -2.12 [-4.37, 0.14] 0.069 -0.06 

GroupTDFR-U -2.52 [-4.64, -0.41] 0.021 -0.05 

TimePost -0.95 [-1.60, -0.30] 0.005 -0.04 

Normalized Speed 0.84 [0.42, 1.26] 0.000 0.02 

Time since surgery (months) -0.04 [-0.06, -0.02] 0.001 0.00 

Age 0.01 [-0.04, 0.06] 0.619 -0.01 

Mass 0.21 [0.02, 0.40] 0.033 0.06 

sexF -0.23 [-0.41, -0.05] 0.015 0.00 

GroupTDR-B:TimePost -0.15 [-1.18, 0.88] 0.776 0.01 

GroupTDFR-U:TimePost 0.55 [-0.18, 1.28] 0.143 0.01 

GroupTDR-B:Mass -0.19 [-0.38, 0.00] 0.052 -0.04 

GroupTDFR-U:Mass -0.21 [-0.39, -0.02] 0.032 -0.05 
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C.5. Ratio Of Ankle To Hip Peak Propulsive Power  

C.5.1. Model Assumption Checks 

Linearity of baseline effect (spline check) 

Table Error! No text of specified style in document.C.5.1: Goodness-of-Fit Comparison (AIC and 
ANOVA) of Linear and Spline Models Predicting Ratio of Ankle to Hip Peak Power from SEMLS 
Group, Time (Pre- vs. Post- Surgery),and their Interaction 

Term Model Df AIC ΔAIC F p 

All terms linear Base 12 273.87    

       

Normalized Speed Spline_df2 13 275.67 1.80 0.18 .672 

Normalized Speed Spline_df3 14 277.62 3.75 0.11 .894 

Normalized Speed Spline_df4 15 276.10 2.23 1.12 .344 

Time since surgery (months) Spline_df2 13 270.34 0.00 5.08 .026 * 

Age Spline_df2 14 272.00 1.65 0.31 .581 

Age Spline_df3 15 266.53 0.00 3.55 .032 * 

Body Mass Spline_df2 16 265.59 0.00 2.60 .110 

Body Mass Spline_df3 17 265.34 0.00 2.29 .107 

Body Mass Spline_df4 18 266.96 0.43 1.62 .189 
Note. ΔAIC = Difference in Akaike information criterion relative to the best-fitting model. Significance: *** 𝑝 <
0.001, ** 𝑝 < 0.01, * 𝑝 < 0.05. 

Homogeneity of slopes (Group × Baseline interaction test) 

Table Error! No text of specified style in document.C.5.2: Homogeneity-of-Slopes Test: AIC and 
ANOVA Results for Group–Predictor Interaction in the Group × Time Model Testing Pre-to-Post Change 
in Ratio of Ankle to Hip Peak Power 

Term AIC_Base AIC_Int ΔAIC ANOVA p 

Normalized Speed 266.53 268.47 1.94 .412 

Body Mass 266.53 268.03 1.50 .340 

Sex (F) 266.53 265.12 0.00 .097 

NS_2[Time since surgery (months)] 266.53 269.79 3.26 .400 

NS_3[Age] 266.53 274.97 8.44 .808 
Note. AIC (Base) = model without the Group × Predictor interaction term; AIC (Int) = model with the interaction 
term. ΔAIC = difference relative to the Base model. *𝑝 < .05. 
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Normality, Homoscedasticity and variance structure comparison 

Table C.5.3: Tests of Normality and Homogeneity of Variance. Residual Diagnostics of LM Model Predicting 
Ratio of Ankle to Hip Peak Power from SEMLS Group, Time (Pre-vs. Post-Surgery), and their Interaction 

Metric Shapiro-Wilk 𝑊Breusch-Pagan 𝑑𝑓(13)Levene 𝐹(5, 110)

Test Statistic 0.95 5.17 0.23 

p < .001 *** .971 .950 

 

C.5.2. Model Selection 

Model Comparisons 

Model Comparison of Variance Structures when Predicting Ratio of Ankle to Hip Peak Power from Group, Time, 
and Their Interaction 

model df logLik AIC ΔAIC 

constant variance 15 -118.28 266.55 0.00 

power variance 16 -118.02 268.03 1.48 

exponential variance 16 -118.05 268.10 1.55 

group variance 17 -117.69 269.39 2.84 

combined variance 18 -117.53 271.06 4.51 
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Model Coefficients 

Table C.5.6: Regression Coefficients of GLS Model Predicting Ankle to Hip Peak Propulsive Power 
Generation Ratio from SEMLS Group, Time (Pre- vs. Post- Surgery), and their Interaction 

Term Estimate CI p β 

(Intercept) -0.46 [-1.50, 0.59] 0.389 -2.47 

GroupTDR-B 0.23 [-0.40, 0.86] 0.472 0.29 

GroupTDFR-U 0.44 [-0.07, 0.95] 0.089 0.56 

TimePost 0.49 [0.06, 0.92] 0.026 0.63 

Normalized Speed -0.37 [-0.95, 0.22] 0.218 -0.13 

Mass 0.01 [-0.01, 0.03] 0.263 0.20 

sexF 0.27 [-0.11, 0.65] 0.168 0.34 

splines::ns(Time since surgery (months), df = 2)1 1.92 [0.40, 3.44] 0.014 2.45 

splines::ns(Time since surgery (months), df = 2)2 -0.26 [-1.00, 0.48] 0.493 -0.33 

splines::ns(Age, df = 3)1 -0.82 [-1.78, 0.14] 0.092 -1.05 

splines::ns(Age, df = 3)2 0.66 [-1.06, 2.39] 0.447 0.85 

splines::ns(Age, df = 3)3 -0.67 [-2.65, 1.31] 0.503 -0.86 

GroupTDR-B:TimePost -0.11 [-0.84, 0.63] 0.773 -0.14 

GroupTDFR-U:TimePost -0.10 [-0.73, 0.53] 0.755 -0.13 
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Appendix D: Knee Adduction Moment–Based Indicators of Joint 
Loading Models and Diagnostics 

D.1. Peak KAM 

D.1.1.  Model Assumption Checks 

 Linearity of baseline effect (spline check) 

Table Error! No text of specified style in document.: Goodness-of-Fit Comparison (AIC and ANOVA) of Linear 
and Spline Models Predicting Peak Kam from SEMLS Group, Time (Pre- vs. Post- Surgery),and their Interaction 

Term Model Df AIC ΔAIC F p 

All terms linear Base 12 108.35    

       

Normalized Speed Spline_df2 13 110.34 1.99 0.01 .925 

Normalized Speed Spline_df3 14 112.21 3.86 0.06 .938 

Normalized Speed Spline_df4 15 114.24 5.88 0.03 .992 

Time since surgery (months) Spline_df2 13 110.35 2.00 0.00 .965 

Time since surgery (months) Spline_df3 14 111.58 3.23 0.34 .710 

Time since surgery (months) Spline_df4 15 112.62 4.27 0.51 .676 

Age Spline_df2 13 108.87 0.52 1.33 .251 

Age Spline_df3 14 106.44 0.00 2.69 .073 

Age Spline_df4 15 107.05 0.00 2.21 .092 

Body Mass Spline_df2 13 106.56 0.00 3.46 .066 

Body Mass Spline_df3 14 108.55 0.20 1.71 .185 

Body Mass Spline_df4 15 109.58 1.23 1.43 .239 
Note. ΔAIC = Difference in Akaike information criterion relative to the best-fitting model. Significance: *** 𝑝 <
0.001, ** 𝑝 < 0.01, * 𝑝 < 0.05. 
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 Homogeneity of slopes (Group × Baseline interaction test) 

Table Error! No text of specified style in document.2: Homogeneity-of-Slopes Test: AIC and ANOVA 
Results for Group–Predictor Interaction in the Group × Time Model Testing Pre-to-Post Change in Peak 
KAM 

Term AIC_Base AIC_Int ΔAIC ANOVA p 

Normalized Speed 108.35 109.61 1.26 .296 

Time since surgery (months) 108.35 112.21 3.86 .940 

Age 108.35 106.47 0.00 .073 

Body Mass 108.35 109.06 0.71 .232 

Sex (F) 108.35 111.00 2.65 .549 
Note. AIC (Base) = model without the Group × Predictor interaction term; AIC (Int) = model with the interaction 
term. ΔAIC = difference relative to the Base model. *𝑝 < .05. 

 

 Normality, Homoscedasticity and variance structure comparison 

Table D.1.3: Tests of Normality and Homogeneity of Variance. Residual Diagnostics of LM Model 
Predicting Peak KAM from SEMLS Group, Time (Pre-vs. Post-Surgery), and their Interaction 

Metric Shapiro-Wilk 𝑊 Breusch-Pagan 𝑑𝑓(10) Levene 𝐹(5, 110) 

Test Statistic 0.79 7.96 2.38 

p < .001 *** .633 .043 * 

 
 

Figure D.1.1: Residuals versus fitted values (left) indicate no strong systematic pattern, suggesting an 
adequate linear mean structure, while the normal Q–Q plot (right) shows approximate normality with mild 
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deviation in the upper tail. Overall, these diagnostics support the appropriateness of the linear modeling 
assumptions for peak KAM 

 
Figure D.1.2: Residuals versus fitted values (left) and normal Q–Q plot (right) are shown to assess model 
assumptions. The residuals exhibit no strong systematic structure across fitted values, and the Q–Q plot 
indicates approximate normality with mild upper-tail deviation. 

 
 
 

D.1.2. Model Selection 

Model Comparisons 

Table D.1.5: Model Comparison of Variance Structures when Predicting Peak KAM from Group, Time, 
and Their Interaction 

model dflogLik AICΔAIC

exponential variance13-26.36 78.73 0.00

group variance 14-34.95 97.9019.17

constant variance 12-42.18108.3529.62
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Model Coefficients 

Table D.1.6: Regression Coefficients of Model Predicting peak KAM from SEMLS Group, Time, and 
Their Interaction, when Controlling for Other Covariates 

Term Estimate CI p β 

(Intercept) 0.74 [0.51, 0.96] 0.000 0.45 

GroupTDR-B -0.21 [-0.49, 0.08] 0.153 -0.52 

GroupTDFR-U -0.09 [-0.38, 0.20] 0.542 -0.15 

TimePost -0.38 [-0.61, -0.14] 0.002 -0.82 

Normalized Speed 0.23 [0.02, 0.44] 0.035 0.18 

Time since surgery (months) 0.00 [-0.01, 0.01] 0.846 0.01 

Age -0.02 [-0.04, 0.00] 0.110 -0.22 

Body Mass 0.01 [0.00, 0.01] 0.161 0.26 

sexF -0.05 [-0.17, 0.07] 0.388 0.01 

GroupTDR-B:TimePost 0.14 [-0.17, 0.45] 0.384 0.40 

GroupTDFR-U:TimePost 0.12 [-0.20, 0.44] 0.453 0.15 
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D.2. KAM Impulse 

D.2.1.  Model Assumption Checks 

Linearity of baseline effect 

Table D.2.1: Goodness-of-Fit Comparison (AIC and ANOVA) of Linear and Spline Models Predicting 
Kam Impulse from SEMLS Group, Time (Pre- vs. Post- Surgery),and their Interaction 

Term Model Df AIC ΔAIC F p 

All terms linear Base 12 -110.56    

       

Normalized Speed Spline_df2 13 -108.90 1.66 0.31 .581 

Normalized Speed Spline_df3 14 -106.89 3.66 0.15 .861 

Normalized Speed Spline_df4 15 -105.20 5.36 0.19 .904 

Time since surgery 
(months) 

Spline_df2 13 -108.56 2.00 0.00 .964 

Time since surgery 
(months) 

Spline_df3 14 -107.83 2.73 0.57 .569 

Time since surgery 
(months) 

Spline_df4 15 -106.10 4.45 0.46 .713 

Age Spline_df2 13 -109.24 1.31 0.62 .433 

Age Spline_df3 14 -113.95 0.00 3.39 .038 * 

Body Mass Spline_df2 15 -115.98 0.00 3.60 .060 

Body Mass Spline_df3 16 -114.19 0.00 1.88 .158 

Body Mass Spline_df4 17 -113.98 0.00 1.78 .156 
Note. ΔAIC = Difference in Akaike information criterion relative to the best-fitting model. Significance: *** 𝑝 <
0.001, ** 𝑝 < 0.01, * 𝑝 < 0.05 
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Homogeneity of slopes (Group × Baseline interaction test) 

Table Error! No text of specified style in document.D.2.2: Homogeneity-of-Slopes Test: AIC and ANOVA 
Results for Group×Predictor Interaction in the Group × Time Model Testing Pre-to-Post Change in KAM Impulse 

Term AIC_Base AIC_Int ΔAIC ANOVA p 

Normalized Speed -113.95 -114.63 0.00 .131 

Time since surgery (months) -113.95 -110.31 3.64 .856 

Body Mass -113.95 -113.48 0.47 .215 

Sex (F) -113.95 -110.14 3.81 .921 

NS_3[Age] -113.95 -111.82 2.13 .209 
Note. AIC (Base) = model without the Group × Predictor interaction term; AIC (Int) = model with the interaction 
term. ΔAIC = difference relative to the Base model. *𝑝 < .05. 

 
 

Normality, Homoscedasticity and variance structure comparison 

 

Table Error! No text of specified style in document.D.2.3: Tests of Normality and Homogeneity of Variance. 
Residual Diagnostics of LM Model Predicting KAM Impulse from SEMLS Group, Time (Pre-vs. Post-Surgery), 
and their Interaction 

Metric Shapiro-Wilk 𝑊 Breusch-Pagan 𝑑𝑓(12) Levene 𝐹(5, 110) 

Test Statistic 0.94 15.04 2.30 

p < .001 *** .239 .050 

 

Table D.2.4: Tests of Normality and Homogeneity of Variance. Residual Diagnostics of GLS Model Predicting 
KAM Impulse from SEMLS Group, Time (Pre-vs. Post-Surgery), and their Interaction 

Metric Shapiro-Wilk W Levene F(5, 110) 

Test Statistic 0.95 1.80 

p < .001 *** .118 
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Figure D.2.1: Residuals versus fitted values show a relatively stable spread across fitted values, and the 
normal Q–Q plot indicates approximate normality with mild upper-tail deviation.  

 
Figure D.2.2: Residuals versus fitted values show greater dispersion across fitted values, and the normal 
Q–Q plot indicates departures from normality in the upper tail. 

 
 

D.2.2. Model Selection 

Model Comparisons 
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Table D.2.5: Model Comparison of Variance Structures when Predicting KAM Impulse from Group, 
Time, and Their Interaction 

model df logLik  AIC ΔAIC 

exponential variance 15 80.56  -131.13 0.00 

constant variance 14 70.87  -113.75 17.38 

group variance 16 71.03  -110.06 21.06 

 Model Coefficients 

Table Error! No text of specified style in document.D.2.6:: Regression Coefficients of Model 
Predicting KAM Impulse from SEMLS Group, Time, and Their Interaction, when Controlling for Other 
Covariates 

Term Estimate CI p β 

(Intercept) 0.45 [0.32, 0.59] 0.000 1.53 

GroupTDR-B -0.11 [-0.20, -0.02] 0.022 -0.65 

GroupTDFR-U 0.03 [-0.08, 0.13] 0.617 0.18 

TimePost -0.07 [-0.14, 0.01] 0.077 -0.40 

Normalized Speed 0.04 [-0.05, 0.13] 0.394 0.06 

Time since surgery (months) 0.01 [0.00, 0.01] 0.109 0.11 

Body Mass 0.00 [0.00, 0.00] 0.511 0.14 

sexF -0.01 [-0.06, 0.04] 0.698 -0.03 

splines::ns(Age, df = 3)1 0.08 [-0.07, 0.22] 0.297 0.26 

splines::ns(Age, df = 3)2 -0.47 [-0.70, -0.23] 0.000 -2.88 

splines::ns(Age, df = 3)3 -0.15 [-0.31, 0.02] 0.078 -0.99 

GroupTDR-B:TimePost 0.01 [-0.09, 0.11] 0.827 0.11 

GroupTDFR-U:TimePost -0.06 [-0.18, 0.06] 0.307 -0.37 
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