CHAPTER I
INTRODUCTION
1.1 BACKGROUND
Osteoarthritis (OA) is the most common type of arthritis and millions of Americans are affected by the disease (Felson, Lawrence et al. 2000). In January of 2002, approximately 40 % of adults over the age of 65 years may have had symptomatic knee OA (Dawson, Linsell et al. 2004). Epidemiological data from 1982-1984 showed that 9% of men and 18% of women aged 65 years or older suffered from radiographic osteoarthritis (Davis, Ettinger et al. 1991).  High physical stresses on the knee and its surrounding connective tissue lead to wearing and deterioration of articular cartilage and menisci.  Over time, wearing of these knee joint structures can further lead to bone on bone contact and subchondral bone deterioration.  Physical damage to these structures leading to pain and functional disability is known as knee OA (Grossman and Nicholas 1977; Darrow 2002).  
Altered ground reaction forces (GRF), knee joint kinematics and kinetics in knee OA patients compared to healthy controls have been reported in the literature.  Along with multiple other potential factors addressed later in Chapter Two, these biomechanical changes may play a role in onset and/or progression of knee OA.  Such alterations include greater vertical GRF loading rate (Messier, Loeser et al. 1992; Mundermann, Dyrby et al. 2005), smaller knee flexion range of motion (ROM) in first half of stance phase (Jevsevar, Riley et al. 1993; Zeni and Higginson 2009) and smaller stance phase peak knee flexion (Al-Zahrani and Bakheit 2002; Gok, Ergin et al. 2002; McKean, Landry et al. 2007), and greater external peak knee adduction moments (Schipplein and Andriacchi 1991; Kaufman, Hughes et al. 2001; Mundermann, Dyrby et al. 2005).  Most of these previous studies on knee osteoarthritis reported biomechanical variables from medial compartment knee OA patients.  Medial compartment knee OA is more common than lateral or patellofemoral knee OA (Ledingham, Regan et al. 1993).  A recent study showed that lateral compartment knee OA patients yielded smaller knee adduction range of motion (ROM) and peak internal knee adduction moment  compared to medial knee OA patients (Butler, Barrios et al. 2011).  Thus, it is important to make the distinction between medial and lateral knee OA when studying the knee joint disease, especially in the frontal plane.
Arthritis is one of the leading causes of disability in the US (2010). Between 2007 and 2009, 8.3% of Americans had limitations in daily activities cause by arthritis (2010).  Hootman and Helmick (2006) predicted that by the year 2030, activity limitations cause by arthritis will increase considerably and will significantly impact the health care system and society.  Researchers have reported that older adults deem stair negotiation as one of the most challenging locomotor tasks of daily living (Williamson and Fried 1996).  In addition, one of the first complaints from older adults suffering knee OA is difficulty in stair ambulation (Costigan, Deluzio et al. 2002).   Stair negotiation has been shown to alter lower limb involvement and control compared to level-walking (McFadyen and Winter 1988). Many studies on stair negotiation in healthy individuals (Costigan, Deluzio et al. 2002; Riener, Rabuffetti et al. 2002; Lee and Chou 2007; Mian, Thom et al. 2007; Protopapadaki, Drechsler et al. 2007; Larsen, Sorensen et al. 2009; Novak and Brouwer 2011) and knee OA patients have been conducted (Shrader, Draganich et al. 2004; Guo, Axe et al. 2007; Liikavainio, Isolehto et al. 2007; Asay, Mundermann et al. 2009; Liikavainio, Bragge et al. 2010; Hicks-Little, Peindl et al. 2011).  Changes in biomechanical variables for knee OA patients compared to healthy adults during stair descent include greater first peak vertical GRF, smaller loading rate to first peak vertical GRF (Liikavainio, Isolehto et al. 2007), smaller peak knee flexion (Hinman, Bennell et al. 2002), smaller peak external knee flexion moment (Asay, Mundermann et al. 2009) and smaller external knee adduction moment (Sacco, Trombini-Souza et al. 2012).  Although many studies have investigated biomechanical variables in knee OA patients during stair negotiation, many methodological differences exist between studies such as population groups, walking speeds, group comparisons (ie. no healthy control group, ascent versus descent) and instrumentation (ie. number of steps used in the staircase, force plate mounting).  Therefore, it is difficult to compare literature findings and generalize the results.  
Specific treatments for knee OA are chosen based on several factors such as the severity of the disease, whether an individual is affected by uni- or bilateral knee OA and the age of the patient (Ronn, Reischl et al. 2011).  Invasive treatments such as knee replacement (i.e. arthroplasty), knee joint cartilage repair or removal (i.e. arthroscopy), and tibial plateau or femoral condyle repair (i.e. osteotomy) are currently used to treat knee OA. Pharmacological treatments such as intra-articular injections are also common in treating symptoms of knee OA (Williams and Spector 2008; Bostan, Sen et al. 2010).  Several non-pharmaceutical treatments and interventions for medial compartment knee OA such as in-shoe lateral wedges (Kerrigan, Lelas et al. 2002; Reeves and Bowling 2011), use of unstable footwear (Nigg, Emery et al. 2006), valgus knee braces (Pollo, Otis et al. 2002; Gaasbeek, Groen et al. 2007) and various types of training interventions (Rogind, Bibow-Nielsen et al. 1998; van Baar, Dekker et al. 1998; Maurer, Stern et al. 1999; Talbot, Gaines et al. 2003; Fitzgerald, Piva et al. 2011) have also been suggested.  These interventions for knee OA all focus on level-ground walking and require patients to either adhere to a training regime for a period of time or wear different footwear and braces.  
1.2 STATEMENT OF THE PROBLEMS
No studies on simple gait strategies to reduce knee pain and loading in knee OA patients have been conducted for over-ground walking but one study investigated changes in foot progression angle (i.e. toe-out angle) as a potential gait strategy to reduce pain and certain knee joint variables associated with knee OA during stair walking (Guo, Axe et al. 2007).  Greater foot progression angles during stair ascent led to reductions in the second peak external knee adduction moment but other variables were not altered. Changes in foot progression angles did not alter lower extremity variables in stair descent. Step width (side to side distance between each step) alterations could potentially be another simple gait strategy to reduce pain and the magnitude of certain knee biomechanical variables associated with knee OA gait during stair descent.  Changes in frontal plane knee joint variables such as greater knee adduction angle and peak external knee adduction moment are commonly reported in knee OA patients during level-walking (Schipplein and Andriacchi 1991; Kaufman, Hughes et al. 2001; Mundermann, Dyrby et al. 2005).  Changes in step width could change the direction of the GRF vector relative to the knee joint (i.e. moment arm of the GRF; Figure 1) and thus, alter frontal plane knee joint kinematics and kinetics.  Only one study has examined the effects of altered step width on gait variables during level-walking (Donelan, Kram et al. 2001). Results showed increased peak medial GRF as step width was increased.  The effects of guided walking (i.e. stepping on both sides of a centerline) on GRF and lower extremity joint kinematics compared to free walking have been studied (Chow, Hemleben et al. 2009). Although this study did not directly investigate the effects of increased step width on gait variables, increased step width during guided walking (0.17m) compared to free walking (0.13m) was observed.  Their findings also showed greater peak medial GRF in guided walking compared to free walking as well as smaller peak hip adduction-abduction angle. Guided walking did not alter knee joint kinematics compared to free walking.  These findings suggest that increased step width can affect some gait variables during level-walking. Hicks-Little et al. (2012) reported greater step width in knee OA patients compared to healthy adults during stair descent but the effects of altered step width were not studied.  To date, no studies have investigated the effects of step width changes on knee pain and knee joint motion in knee OA patients in stair walking. 
The purpose of the first study is to investigate the effects of increased step widths on ground reaction forces, knee biomechanics in healthy older adults during stair descent.
The purposes of the second study are to 1) examine the effects of increased step widths on ground reaction forces, knee biomechanics and subjective knee pain in knee osteoarthritis (OA) older adults during stair descent and, 2) examine whether increased step widths affects ground reaction forces and knee biomechanics differently in knee OA older adults compared to healthy older adults during stair descent.  

1.3 RESEARCH HYPOTHESES
Due to the lack of research on the effects of step with alterations during gait and stair descent, two-sided hypotheses were formulated.  
Study #1
We hypothesized that increased step width would increase medial peak GRF, peak knee adduction angle, and internal peak knee abduction moment in healthy older adults during stair descent.
Study #2
1. We hypothesized that increased step width would increase peak medial GRF, peak knee adduction angle, and peak internal knee abduction moment differently in knee OA older adults compared to healthy older adults.

2. We also hypothesized that step width will alter subjective knee pain in knee OA older adults.  
1.4 DELIMITATIONS
Control Group
The exclusion criteria include:
· Knee pain for at least 6 months during daily activities including stair negotiation.
· Diagnosed with any type of lower extremity joint osteoarthritis.
· Any lower extremity joint replacement.
· Lower extremity joint arthroscopic surgery or intra-articular injection within past 3 months.
· Systemic inflammatory arthritis (rheumatoid arthritis, psoriatic arthritis).
· BMI greater than 35.
· Inability to ascend or descend stairs without use of handrails.
· Neurologic disease (e.g. Parkinson’s disease, stroke patients). 
· Inability to walk without a walking aid.
· Lower back pain referred to the lower limbs.
· Unable to see, hear, or follow instructions.
Knee Osteoarthritis Group
The exclusion criteria include:
· Diagnosed with lateral compartment knee osteoarthritis. 
· Other osteoarthritis symptoms at the ankle or hip joint.
· Any lower extremity joint replacement.
· Any lower extremity joint arthroscopic surgery or intra-articular injection within past 3 months.
· Systemic inflammatory arthritis (rheumatoid arthritis, psoriatic arthritis).
· BMI greater than 35.
· Inability to ascend or descend stairs without use of handrails.
· Neurologic disease (e.g. Parkinson’s disease, stroke patients). 
· Inability to walk without a walking aid.
· Lower back pain referred to the lower limbs. 
· Unable to see, hear, or follow instructions.
The inclusion criteria include: 
· Radiographically diagnosed with medial compartment knee osteoarthritis, with or without patella-femoral knee osteoarthritis, by orthopedic surgeon or rheumatologist with a grade 1 to 4 on the Kellgren-Lawrence scale and. 
· Knee pain for at least 6 months during daily activities including stair negotiation on most days of the week.
1.5 LIMITATIONS
1. All tests are conducted in a laboratory setting.
2. Skin marker placement in obese participants may not reflect accurate bony landmark location.
3. It was assumed that the healthy older adults do not have radiographic knee osteoarthritis.
4. The chosen cut-off frequency of 8 Hz for filtering the analog data to compute the GRF may reduce the peak GRF and joint kinetic variables making difficult to compare to previous literature findings.
5. The self-selected stair descent speeds are different between participants of both groups which may account for differences in biomechanical variables between groups.
6. It was assumed that the stair negotiation method (i.e. step-over-step) is the method of choice for all participants.



CHAPTER II
LITERATURE REVIEW
2.1 INTRODUCTION
The first purpose of this dissertation study is to test whether increased step width affects ground reaction force (GRF) and knee kinematic and kinetic variables in healthy older adults during stair descent.  The second purpose of this dissertation is to test whether increased step width affects GRF, knee kinematic and kinetic variables and subjective knee pain in knee OA patients and, if these biomechanical variables are affected differently in healthy and older adults during stair descent.   The primary focus of this chapter is to review previous literature on GRF and knee kinematic and kinetic variables associated with: 1) stair walking in healthy and knee OA patients, and 2) step width alterations.  In addition, gait variables associated with knee OA are discussed to introduce known gait changes between healthy and knee OA individuals.  Finally, important methodological factors to consider in knee OA and stair negotiation studies will be discussed within each section.
2.2 BIOMECHANICAL VARIABLES ASSOCIATED WITH KNEE OSTEOARTHRITIS DURING WALKING
Altered GRF and lower extremity joint kinematic and kinetic variables in knee OA patients compared to healthy controls during gait have been reported in the literature (Schipplein and Andriacchi 1991; Messier, Loeser et al. 1992; Kaufman, Hughes et al. 2001; Andriacchi, Mundermann et al. 2004; Mundermann, Dyrby et al. 2005; Maly, Costigan et al. 2008; Andriacchi, Koo et al. 2009; Zeni and Higginson 2009; Sowers, Karvonen-Gutierrez et al. 2011).  The following sections discuss previous findings on GRF and knee kinematic and kinetic variables in individuals with knee OA. 
2.2.1 Ground Reaction Forces
Muscle and ligaments, along with frontal plane knee moment are important contributors to lateral and medial compartment force distribution at the knee joint during gait (Schipplein and Andriacchi 1991; Hurwitz, Sumner et al. 1998).  Ground reaction forces are transferred to the lower limb joints during walking. External joint moments are the product of the GRF vector and its moment arm to the joint center.  Internal joint moments are equal in magnitude but opposite in direction from the external joint moments.  The internal joint moments indicate the muscular involvement and passive joint structure forces acting around the joint to counteract the external joint moment. Therefore, GRF have an important implication in the production of knee joint moments during gait tasks.  The following section reviews literature findings on GRF variables associated with knee OA during level-walking. 
Messier et al. (1992) studied gait variables in patients with knee OA and healthy controls at walking speeds between 1.12 m/s and 1.34 m/s.  A greater loading rate to the impact peak vertical GRF was found in knee OA patients compared to healthy controls. In addition, higher loading rates on the unaffected limb compared to the affected limb were greater of knee OA patients but the difference was not significant (p = 0.06).  No differences were reported for the impact peak vertical GRF compared to healthy controls.  The knee OA group in their study may have utilized this strategy to load the unaffected limb more than the affected limb in order to avoid knee pain.  However, pain levels were not reported.  Knee OA patients typically walk slower than healthy controls (Gyory, Chao et al. 1976; Gok, Ergin et al. 2002) and reductions in walking velocity yield smaller GRF peaks (Nilsson and Thorstensson 1989).  In this study, knee OA patients walked at similar walking speeds compared to healthy controls which may explain the lack of differences in impact peak vertical GRF between groups (Messier, Loeser et al. 1992). Other studies have also failed to show differences in impact peak GRF between knee OA patients and healthy controls when walking speeds were not different (Jevsevar, Riley et al. 1993; Mundermann, Dyrby et al. 2005).  
Gok et al. (2002) compared GRF variables between female medial compartment knee OA patients and healthy controls during level-walking at a self-selected speed.  Their results indicated that both the impact peak vertical GRF and push-off peak GRF were reduced in knee OA patients compared to healthy controls.  The knee OA group walked significantly slower than the control group and therefore, the differences in peak vertical GRF are likely attributed to differences in walking speed rather than knee OA.  
Munderman et al. (2005) compared lower limb joint motions and GRF in patients with bilateral medial compartment knee OA of different severity with healthy controls during level-walking at self-selected speeds. Walking speeds were not different between knee OA and healthy control subjects.  The peak lateral GRF and loading rate to the impact peak vertical GRF were much greater in all knee OA patients compared to controls. In addition, the peak lateral GRF increased with knee OA severity. The greater lateral peak GRF in knee patients may be responsible for changes in lower extremity frontal plane joint motion but a more detailed explanation is provided in a later section (page 7).  
Hunt et al. (2006) compared  frontal plane GRF peaks between affected and unaffected limb in clinically diagnosed patients with medial compartment knee OA during level-walking.  Subjects were asked to walk barefoot across the laboratory ground at a self-selected speed.  The frontal plane GRF peaks were computed by adding the vertical and medio-lateral GRF vectors.  The frontal plane GRF peaks were computed to test their associations with external knee adduction moment and frontal plane moment arm.  Their results indicated reductions in both the impact peak and push-off frontal plane peak GRF in the affected limb compared to the unaffected limb.  This finding suggests that their knee OA patients do not place more weight on their unaffected limb to unload of the affected limb during gait which may lead further progression of the disease.  However, the patients in this study were not radiographically diagnosed with knee OA and therefore, it is possible that the participants suffered from another type of arthritis such as rheumatoid arthritis and not osteoarthritis.   
Patients with more moderate and severe medial compartment knee OA severity have been shown to yield smaller impact peak vertical GRF, peak push-off vertical GRF and loading rate to impact peak compared to healthy controls at self-selected and fast speeds (Zeni and Higginson 2009).  As expected, results from this study showed that when all participants were asked to walk at a set slow speed (1.0 m/s), no differences in GRF peaks or loading rate were found between groups. 
In summary, the inconsistencies in reported ground reaction force variables appear to be related to differences in walking speed.  Nevertheless, in general, knee OA patients appear to walk with reduced vertical GRF peaks, increased lateral GRF peaks, and higher loading rates compared to healthy controls during level-walking.   
2.2.2 Knee Kinematic and Kinetic Variables
	Several knee kinematic and kinetic variables are altered in knee OA patients compared to healthy controls during level-walking. Some of these changes have been associated with pain (Stauffer, Chao et al. 1977; Maly, Costigan et al. 2008), lower limb alignment (Weidow, Mars et al. 2005; Janakiramanan, Teichtahl et al. 2008) and deterioration of knee joint cartilage associated with progression of the disease (Koo, Alexander et al. 2003; Andriacchi, Koo et al. 2009; Koo, Rylander et al. 2011).  The following section focuses on differences in knee joint kinematic and kinetic variables between knee OA patients and healthy adults during level-walking.  
Sagittal Plane
Differences in sagittal plane knee joint kinematics and kinetics in knee OA patients compared to healthy controls during level-walking have been reported in the literature (Kaufman, Hughes et al. 2001; Gok, Ergin et al. 2002; Mundermann, Dyrby et al. 2005; Zeni and Higginson 2009).  The most consistent differences in sagittal plane knee motion between knee OA and healthy controls include smaller knee flexion range of motion (ROM) in first half of stance phase (Jevsevar, Riley et al. 1993; Zeni and Higginson 2009) and smaller stance phase peak knee flexion (Al-Zahrani and Bakheit 2002; Gok, Ergin et al. 2002; McKean, Landry et al. 2007).  With similar knee flexion values at heel-strike, the smaller peak knee flexion values lead to smaller knee flexion ROM during stance. The knee flexion ROM provides a better understanding of the total knee motion during the loading phase of gait as it takes into account both the knee flexion value at heel-strike and the peak knee flexion value.  The ratio of change in knee joint moment and knee joint ROM has been defined as dynamic knee joint stiffness (Zeni and Higginson 2009).  Therefore, smaller knee flexion range of motion plays a role in increasing knee joint stiffness.  Higher joint stiffness from reductions in knee flexion ROM could lead to greater localized knee joint forces potentially causing pain, knee OA onset in healthy and further progression of the disease in knee OA patients.  Maly et al. (2008) studied lower limb mechanical variables and their relation to pain in medial compartment knee OA patients.  Gait characteristics were collected in fifty-four adults aged 50 years or older with medial compartment knee OA during level-walking and the Western Ontario and McMaster Universities Osteoarthritis Index (WOMAC) scores for knee OA pain were used to rate pain levels in all participants.   A smaller knee flexion ROM was significantly correlated to higher pain scores in knee OA patients.  When knee flexion ROM is small, joint reaction forces may not distributed evenly across the entire tibial and femoral joint surfaces.  Therefore, focal areas of the knee joint surfaces may be subjected to continuous loads which may explain greater cartilage and subchondral bone damage and, ensuing pain in knee OA patients.  Smaller knee flexion angles have been linked to reductions in medial compartment femoral cartilage thickness (Koo, Rylander et al. 2011) which could indicate greater force application on the medial knee compartment.  Although knee joint ROM is an important factor related to knee joint stiffness, knee extension moment must also be considered. 
The internal peak knee extension moment may also be an important sagittal plane knee variable related to knee OA gait, but findings are inconsistent.  Studies have shown smaller internal peak knee extension moment (Kaufman, Hughes et al. 2001; Zeni and Higginson 2009) while others have shown greater internal peak knee extension (Al-Zahrani and Bakheit 2002; Gok, Ergin et al. 2002) or no differences (Mundermann, Dyrby et al. 2005) in knee OA patients compared to healthy controls.  The internal peak knee extension moment provides an indication of how much torque the knee extensors are producing to counteract the external knee moment created by the GRF vector and its moment arm to the knee joint center.  The vertical GRF peaks contribute to a large portion of the resultant GRF force and, plays a major role in producing sagittal plane knee moments. The anterior-posterior (AP) GRF peaks also contribute to production of sagittal plane moments but the AP GRF are not typically different between knee OA patients and healthy controls (Messier, Loeser et al. 1992). Thus, it is possible that the smaller vertical GRF peaks observed in knee OA patients along with reductions in knee flexion angles may reduce quadriceps (i.e. knee extensors) involvement to yield smaller internal peak knee extension moment.  However, if the vertical GRF peaks are unchanged in knee OA patients, the internal peak extensor moment may not be altered compared to healthy controls.  Therefore, variations in vertical GRF peak values related to different walking speeds may be responsible for the inconsistent findings on internal peak knee extensor moment in knee OA patients compared to healthy controls.  
	The reported findings in the literature indicate that knee flexion ROM during stance is often reduced in knee OA patients compared to healthy controls.  This smaller knee ROM may increase knee joint stiffness and in turn, increase forces on localized surfaces in the knee joint to increase damage on articular cartilage and subchondral bone.  Internal peak extensor knee moment may also be an important variable associated with knee OA gait but findings are inconsistent and may be related to variations in walking speed.  Thus, methodological differences must be considered when comparing results from different studies.  Sagittal plane knee joint variables associated with knee OA are well documented but changes in frontal plane knee variables are important factors to study when investigating medial or lateral compartment knee OA. 
Frontal Plane
One of the most important variables associated with medial compartment knee OA is the first external peak knee adduction moment during stance (Andriacchi, Koo et al. 2009).  A case study compared to total knee contact force, medial knee contact force and external knee adduction moment during gait using an instrumented knee implant, GRF data and motion capture in an 80 year old male individual 8 months after surgery (Zhao, Banks et al. 2007).  Results from this study showed that the external knee adduction moment was significantly positively correlated with medial compartment knee contact force.  In Chapter 3, the first internal peak knee abduction moment (KAM) was defined in Figure 6 and is equivalent to the first external peak knee adduction moment in magnitude.  External peak knee adduction moment appears to be the result of greater frontal plane GRF moment arm to knee joint center in knee OA pa (Reid, Lynn et al. 2007).  Greater knee adduction angles could explain these greater moment arms associated with greater external peak knee adduction moments.  When the knee is adducted, the foot center of pressure (COP) is located medial to the knee joint center in the frontal plane.  Therefore, the line of action of the GRF vector passes medially to the knee joint center as opposed to passing through or close to the joint center. Several research studies have reported greater external peak knee adduction moments in knee OA patients (Schipplein and Andriacchi 1991; Kaufman, Hughes et al. 2001; Mundermann, Dyrby et al. 2005). 
Mundermann et al. (2005) showed that knee OA patients with more severe medial compartment knee OA walked with greater external first peak knee adduction moment compared to patients with less severe knee OA and healthy controls.  However, first peak knee adduction moment in patients with less severe knee OA was not different compared to healthy controls.  The greater peak knee adduction moment may be linked to changes in frontal plane hip motion in the more severe knee OA group.  All knee OA patients produce a greater external peak hip abduction moment immediately after heel-strike indicating greater involvement of the hip adductors in knee OA patients.  The greater hip adductor involvement after heel strike created a greater medial force applied to the ground which resulted in the increased lateral GRF and in turn, a more lateral position of the trunk.  In addition, external first peak hip adduction moment was smaller in patients with more severe knee OA while the less severe group showed no differences compared to healthy controls.  The smaller external first peak hip adduction moment is indicative of less hip abductor involvement.  With less hip abductor involvement, the trunk center of mass (COM) likely maintains a more medial position relative to the knee joint center increasing the knee joint moment arm and potentially, the external knee adduction moment in the more severe knee OA group.  These findings may indicate that the more severe knee OA group lack adequate hip abductor strength to control lateral trunk motion resulting in a greater first peak knee adduction moment.  
Hunt et al. (2006) compared the affected and unaffected limb of 100 diagnosed primarily with medial compartment knee OA based on a Kellgren and Lawrence grade of at least 2.  This study investigated associations between external knee adduction moment, frontal plane GRF and frontal plane moment arm.  Both the frontal plane moment arm and the external knee adduction moment peaks were reduced in the affected limb compared to the unaffected limb.  The frontal plane GRF peak and peak frontal plane moment arm were both positively correlated to the peak external knee adduction moment in both limbs. The peak frontal plane moment arm was correlated to peak external knee adduction moment significantly more in the affected side compared to the unaffected side.  When the peak GRF (BW), peak moments (BW*height) and peak moment arm (height) were normalized, the same results were obtained.  These findings suggest that greater frontal plane GRF peak and frontal plane moment arm contribute to greater external knee adduction moment peaks.  
Andriacchi (2009) studied the link between external knee adduction moments and medial and lateral femoral cartilage thickness using magnetic resonance imaging in healthy and osteoarthritic knees.  In subjects with healthy knee cartilage, increases in peak knee adduction moment were associated with greater medial femoral cartilage thickness.  However, increases in external knee adduction moment were associated with reductions in medial femoral cartilage thickness in osteoarthritic knees.  It appears that osteoarthritic cartilage is more susceptible to progression of medial compartment cartilage degeneration under increased medial loads while medial compartment loading yields a positive outcome in healthy cartilage. Weidow et al. (2005) found that greater knee adduction angles were associated with increased incidence of medial compartment knee OA.  Greater knee adduction and ankle eversion angles have been shown to be good predictors of external knee adduction moment using regression analysis (Barrios, Higginson et al. 2009).  Therefore, the decrease in medial compartment knee cartilage thickness associated with an increased peak adduction moment in the osteoarthritic knee may also be related to knee adduction angle during level-walking. 
Based on literature findings, external knee adduction moment is an important variable associated with medial compartment knee OA during level-walking. Also, variables such as peak knee adduction angle and peak external hip adduction moment appear to be related to peak knee adduction moment in medial compartment knee OA.   
Finally, altered gait patterns associated with knee OA during level-walking such as greater external knee adduction moment and smaller sagittal plane knee ROM are important factors associated with knee OA.  Specifically, these variables provide important insight on knee joint loads and may be altered differently in knee OA patients and healthy individuals during stair negotiation.

2.3 STAIR NEGOTIATION
Several reviews of literature have reported the many risks associated with stair negotiation and more specifically, the increased risk of falling in older populations (Svanstrom 1974; Williamson and Fried 1996; Startzell, Owens et al. 2000).  Locomotor alterations in stair negotiation have been associated with reduced strength, impaired sensation, strength and balance, presence of pain, and increased fear of falling in older adults (Tiedemann, Sherrington et al. 2007).  In addition, Verghese et al (2008) showed that non-disabled older adults reported that challenges associated with stair ascent were linked with arthritic pain and poor balance. In the same study, older adults who deem stair descent challenging had fallen more often and, both stair ascent and descent were related to fear of falling, neurologic gait abnormalities and slower gait speed (Verghese, Wang et al. 2008). Therefore, previous reports indicate that several physical and psychological factors are associated with difficulty in stair negotiation in older adults.  Guccione et al. (1990) reported that individuals with symptomatic or radiographic knee OA had very high associations to human dependence for stair walking.  The general challenges associated with stair walking along with reported pain and human dependence indicate that stair walking is a difficult task that challenges knee OA patients during everyday activities.  
The following sections will review literature findings on the effects of stair negotiation on lower limb biomechanical variables in healthy young and older adults, and knee OA patients. Methodological differences among stair negotiation research studies will also be reviewed.
2.3.1 Stair Negotiation in Healthy Adults
The challenging nature and high incidence of trips and falls during stair negotiation has led to research studies investigating ground reaction forces (GRF), step parameters, lower limb joint kinematic and kinetic variables during stair ascent and descent in healthy young and older adults (Costigan, Deluzio et al. 2002; Riener, Rabuffetti et al. 2002; Lee and Chou 2007; Mian, Thom et al. 2007; Protopapadaki, Drechsler et al. 2007; Larsen, Sorensen et al. 2009; Novak and Brouwer 2011).  This section discusses differences in biomechanical variables between level-walking, stair ascent and descent in healthy adults.  
Ground reaction force variables during stair negotiation are well documented.  When comparing stair descent and ascent, the impact peak GRF is typically much greater in stair descent compared to ascent (Riener, Rabuffetti et al. 2002; Hamel, Okita et al. 2005; Stacoff, Diezi et al. 2005; Protopapadaki, Drechsler et al. 2007). Compared to level walking, impact peak vertical GRF is greater in stair descent and ascent compared to level-walking (Hamel, Okita et al. 2005). However, the push-off vertical peak GRF has been shown to be greater in stair ascent compared to descent (Stacoff, Diezi et al. 2005; Protopapadaki, Drechsler et al. 2007). In addition, peak braking GRF has been shown to be greater in descent compared stair ascent and level-walking (Hamel, Okita et al. 2005). Finally, in stair descent, the impact peak vertical GRF is much greater (1.40 to 1.50 BW) compared to the vertical push-off peak (0.93 to 0.97 BW) GRF (Christina and Cavanagh 2002). 
Several studies have investigated knee kinematic and kinetic variables during stair negotiation but statistical outcomes are highly inconsistent.  Nonetheless, several distinct knee variables are consistent amongst research studies on stair negotiation.  Peak knee flexion (Salsich, Brechter et al. 2001) and knee flexion ROM (Riener, Rabuffetti et al. 2002) have both been shown to be greater in stair descent compared to ascent. Peak internal knee extensor moment is commonly reported to be greater in stair descent compared to ascent (McFadyen and Winter 1988; Kowalk, Duncan et al. 1996; Novak and Brouwer 2011). In the frontal plane, peak knee adduction angle is typically greater in ascent compared to descent (Yu, Stuart et al. 1997).  In addition, peak internal knee abductor moment is typically greater in stair descent compared to ascent in healthy young and older adults (Kowalk, Duncan et al. 1996; Novak and Brouwer 2011). 
In summary, the literature on stair negotiation provides important comparisons of knee joint biomechanical variable between stair ascent and descent.  Several knee joint variables associated with knee OA are significantly different during stair descent compared to ascent in healthy adults.  Specifically, stair descent yields greater loading response vertical peak GRF, greater loading response braking peak GRF, greater stance phase peak knee flexion and range of motion, greater internal peak extensor knee moment and greater internal peak knee abduction moment compared to stair ascent and level-walking.  Stair descent appears to yield greater loading response knee joint variables compared to stair ascent which could potentially lead to disease progression in knee OA patients.  Therefore, stair descent may be a more important gait task to consider when investigating knee joint loads in stair climbing.  Biomechanical comparisons of healthy individuals between level-walking, stair descent and stair ascent are important, but researchers should also investigate how different population groups such as knee OA patients negotiate stairs to establish potential risk factors for disease progression. 
2.3.2 Age-Related Lower Limb Biomechanical Variables during Stair Negotiation in Healthy Adults
	Differences in gait variables between young and older healthy adults in stair negotiation indicate how natural physical changes associated with aging require older adults to alter gait strategies when negotiating stairs.  Stair negotiation has been shown to significantly increase the magnitude of certain knee joint variables compared to level-walking in healthy young adults. Such a demanding task would be expected to have an even greater effect on knee variables of older adults.  Aging is one of the many factors associated with onset of knee OA.  Therefore, it is important to review the effects of aging on lower limb biomechanical variables during stair walking in healthy older adults in order to understand potential variables associated with knee OA.  The following section focuses on age-related differences on knee joint biomechanical variables during stair negotiation in healthy adults. 
Reeves et al. (2008) studied knee joint angles and, absolute and normalized internal knee extensor moments relative to maximal knee extensor moment capacities in young (24.6 ± 4.1 years) and older adults (74.8 ± 2.8 years) during stair descent at self-selected velocities. The staircase consisted of three steps with a rise of 17.0 cm, a run of 28.0 cm and a width of 60.0 cm all bolted via a steel platform onto independent ground based Kistler force platforms, with an additional force platform on the ground in front of the staircase. A top platform was mounted atop the staircase. A handrail was available but participants were instructed to only use the handrail if needed and trials where participants used the handrail were excluded. A nine-camera motion capture system was used to collect position data.  Subjects performed three trials for stair ascent and descent with only the third trial used in the analysis.  Footwear used in the study was not mentioned. The stride cycle from left foot contact on the 2nd force platform on the staircase to the same foot contact on the 4th platform on the ground made up the analyzed portion.  The peak internal knee extensor moment was measured using an isokinetic dynamometer at 60, 120, 180 and 240 º/s and was defined as maximum knee joint extensor capacity.   Older adults worked at a higher capacity compared to the younger adults for internal knee extensor moment during stair descent.  In 2009, the same group assessed older and younger adults during stair ascent (Reeves, Spanjaard et al.). The same equipment used in the 2008 study was used in the 2009 study and participants were asked to ascend the staircase at a self-selected speed.  The stride from the first step off the ground to the third step off the ground was used for analysis.  Kinematic variables did not show any age differences during stair ascent.  However, internal peak knee extensor moment was lower in older compared to younger adults.  When normalized to maximal capacity, internal peak knee extensor moment was greater in older compared to younger adults.  Results from these studies indicate that relative to their maximal knee extensor capacity, healthy older adults exhibit greater knee extensor involvement through higher internal knee extensor moment compared to younger adults during stair descent and ascent.  However, these researchers did not control or report walking speed and therefore, age-related differences may be attributed do differences in walking speed.  
Karamanidis and Arampatzis (2009) examined external lower limb joint moments between younger (28 ± 3 years) and older adults (64 ± 3 years) during stair ascent on a two-step staircase at self-selected walking speed.  The steps of the staircase had a rise of 17 cm, a run of 29 cm and a width of 39 cm.  One Kistler force platform was used to collect GRF data but the authors did not mention the specific staircase mounting method over the force platform.  Three valid trials were used for each walking condition and the first step on the staircase was used for analysis. Gait velocity was not reported but gait cadence was not different between age groups and due to the step length restrictions during stair ascent, gait velocity was likely similar between age groups.  External knee joint moments were calculated using both GRF data and position data collected using a 12-camera motion capture system.  Gait variables during ramp ascent were also investigated in this study.  Age main effects reported in this study included combined stair and ramp data but based on the joint angle and moment curves reported in the manuscript, both tasks yielded very similar results.  Older adults showed lower external knee flexion moment (i.e. internal knee extension moment) in early stance compared to younger adults.  In the frontal plane, early stance external peak knee adduction moment was greater in older compared to younger adults.  The knee joint moment arms in the frontal plane were more medial in older compared to their younger counterparts during stance.  However, impact GRF was smaller in older compared to younger adults.  Therefore, the more medial knee joint moment arm appears to be the most important contributor to the greater frontal plane knee moment observed in older adults.  Karamanidis and Arampatzis (2011) also analyzed knee joint variables during stair descent at self-selected speeds in young and older adults using the same methods as in the ascent study (Karamanidis and Arampatzis 2009).  However, stair descent speed or cadence was not reported.  The first external peak knee extensor and adduction moments were not different between age groups but the second peaks (i.e. mid to late stance) were both greater in older adults compared to younger adults.  These external knee joint moment findings may indicate that older adults increase their knee joint demands during mid to late stance compared to younger adults during stair descent .  In addition, knee adduction angular impulse (i.e. total adduction moment) during stance was significantly greater in older adults compared to younger adults in stair descent.  Therefore, the total knee joint demand in the frontal plane appears to be greater in older adults during stair descent.  
Recently, a group of researchers studied sagittal and frontal plane internal lower extremity joint internal moments during stair negotiation in healthy older (> 55 years) and younger (< 30 years) adults (Novak and Brouwer 2011).  A 4-step staircase was used in this study with each step having a rise of 15 cm and a run of 26 cm.  An AMTI force platform was mounted on concrete blocks to make up the second step from the floor. A two-camera (e.g. 3 lens per camera for a total of 6 lens) active marker motion capture system (Optotrak) was used to capture position data in sync with the GRF data from the force platform. Both the position and GRF data were filtered using a dual low-pass Butterworth filter with a cut-off frequency of 6 Hz.  In this study, data were collected when subjects ascended and descended the staircase in the same sequence (i.e. combining both ascent and descent) and, participants were instructed to employ a self-selected walking speed during stair negotiation. Three successful trials were collected per stair condition and leg.  Young adults employed a faster cadence than older adults, and cadence was greater in descent compared to ascent.  Thus, due to step length restrictions in stair negotiation, faster cadence indicates faster walking speeds in younger adults compared to older adults. During impact response, young adults produced a greater internal knee extensor moment compared to older adults in stair ascent.  However, internal knee extensor moment was greater in older adults compared to younger adults in stair descent.  No age-related differences were observed for knee variables in the frontal plane.  Interestingly, some older adults only showed only one internal peak knee abductor moment in stair ascent and descent instead of the typical two peak knee moments observed in stair descent.  These different peak knee abduction moment profiles  may indicate a strategy used by older adults to alter frontal plane knee loading during stair negotiation to avoid uncomfortable motions.  However, perhaps the presence of only one internal peak knee abductor moment may increase the peak pressures at the knee joint in healthy older compared to younger adults during impact response.  
The findings summarized in this section provide information on lower-limb biomechanical variables during stair negotiation.  However, this summary does not include data from different types of interventions to optimize or understand the role of training and walking manipulations in stair negotiation.  Therefore, other experimental considerations could potentially provide additional information regarding stair negotiation between healthy young and older adults. 
2.3.3 Other Considerations in Stair Negotiation
Stair negotiation is a common daily locomotor task.  Some individuals may be more capable of walking up and down stairs without getting fatigued or experiencing pain solely because they are more active or physically fit.  In addition, some people may be utilizing more efficient stair negotiation strategies to reduce lower limb loading and pain.  And finally, use of external aids such as handrails and walking aids may also facilitate stair ambulation but may not always be available.  
In stair ascent and descent, the step-over-step (i.e. alternating steps) method is typically used in research studies.  However, a step-by-step method (i.e. one step at a time) can also used when negotiating stairs, especially in some populations.  Reid et al. (2007) compared the step-over-step and step-by-step of lead leg methods in young healthy adults (23.71 ± 2.37 years) as they ascended and descended a three step staircase with a top platform.  In stair ascent, gait velocity, peak knee flexion, knee range of motion and both anterio-posterior GRF peaks were greater in step-over-step compared to step-by-step.  In stair descent, gait velocity, negative knee power, peak knee flexion, knee flexion range of motion, both AP GRF peaks, and both external knee flexion peak moments were greater in step-by-step compared to step-over-step.  No stair ambulation differences were observed in stair ascent and descent in the frontal plane. These findings indicate that a step-by-step stair negotiation pattern produces smaller knee joint motions and loads compared to the more common step-over-step method in young healthy adults and therefore, this method may be more beneficial in older healthy individuals and in older diseased individuals.  
In most buildings, handrails are available in stairwells.  The influence of a handrail on GRF, knee joint kinematics and kinetics during stair negotiation in older adults (74.9 ± 2.9 years) has previously been investigated (Reeves, Spanjaard et al. 2008).  The staircase consisted of three steps with a platform mounted on top of the staircase and each step had a rise of 17 cm, a run of 28 cm and a width of 90 cm.  A light handrail was present on both sides of the staircase and Kistler force platforms were imbedded and secured with a steel frame in the first three steps to collect GRF during stair negotiation.  Participants were asked to ascend and descend the stairs unaided using a step-over-step method and, to perform both stair tasks with the use of the handrails. All conditions were performed at a self-selected walking speed. However, participants were instructed to not pull during ascent or to accept weight on the handrail during descent to ensure only a light use of the handrails. However, the investigators had no means of confirming that participants followed these instructions.  The analyzed phases included the middle third step during ascent and the first step during descent for GRF and kinetic data and, their respective stride for kinematic data. Three trials were performed for each stair condition but only one trial was used in the analysis. In stair ascent, peak lateral GRF was greater in the unaided condition but internal peak knee extensor moment was greater in the handrail condition compared to unaided.  In stair descent, the impact peak vertical GRF and the internal second peak knee extensor moment were greater in the unaided condition compared to the handrail condition.  Based on these differences between aided and unaided stair descent in young healthy adults, it is clear that the use of a handrail would be beneficial to reduce the knee joint demand during stair descent.  It appears that use of handrail and altering the stepping strategy during stair negotiation reduces the loads placed on the knee joint.  However, older individuals with or without knee OA may not necessarily experience knee pain during stair walking, especially patients with less severe OA. These individuals may not feel the need to use a handrail.  Therefore, the greater knee joint loads associated with unaided stair walking may not be reflected by perceived pain and over time, may lead to onset of joint diseases such as knee OA.  
Biomechanical variables reported in the literature must be interpreted with care due to the wide range of methodological differences between studies.   Gait speed and stair dimensions are two of the most important methodological components to consider when comparing research findings.  A more in depth discussion on methodological differences in stair negotiation studies will be addressed when discussing stair walking research in knee OA patients.  In order to understand how a more complex gait task such as stair negotiation may affect gait patterns of knee OA patients, the following section focuses on biomechanical factors associated with knee OA during stair walking. 
2.3.4 Stair Negotiation in Adults with Knee Osteoarthritis
Based on the review of literature of the biomechanical factors associated with knee OA during level-walking, it is clear that certain biomechanical variables are highly associated with knee OA onset and progression.  Stair negotiation has been shown to significantly alter knee biomechanics compared to level-walking.  In addition, certain knee variables related to knee OA are increased during stair negotiation.  Specifically, such biomechanical changes during stair negotiation are more evident in healthy older adults compared to younger adults. Therefore, this section will summarize literature findings and other potential considerations for the study of knee biomechanics during stair negotiation in patients with knee OA.
Several research studies have been conducted on lower limb biomechanics during stair negotiation in knee OA patients (Shrader, Draganich et al. 2004; Guo, Axe et al. 2007; Liikavainio, Isolehto et al. 2007; Asay, Mundermann et al. 2009; Liikavainio, Bragge et al. 2010; Hicks-Little, Peindl et al. 2011; Lessi, Serrao et al. 2011; Hicks-Little, Peindl et al. 2012; Sacco, Trombini-Souza et al. 2012). However, the many methodological differences (i.e. stair dimensions, knee OA severity, walking speed) between research studies make it difficult to interpret reported findings.  Therefore, the review of literature provided in this section will address study protocols and methods along with findings of GRF variables, knee joint kinematics and kinetics during stair negotiation in knee OA patients. 
Hinman et al. (2002) studied sagittal plane knee joint motion during stair ascent and descent in knee OA patients and healthy controls.  In this study, 14 men and 11 women with knee OA (aged 68.0 ± 8.9 years, BMI 28.2 ± 3.4 kg/m2) and, 33 age and sex-matched healthy controls (BMI 27.5 ± 5.0 kg/m2) were recruited.  Knee radiographs were performed to confirm knee OA and its severity using the Kellgren-Lawrence (K/L) scale in the patient population.  The staircase used in this study consisted of 3 steps with a rise of 15 cm and a depth of 32 cm.  The third step was a 65 cm long platform.  During the stair negotiation trials, subjects walked at a self-selected speed because controlling walking cadence with a metronome was deemed impossible for the knee OA population.  Knee OA patients showed smaller peak knee flexion during stair descent compared to healthy controls.  However, knee flexion ROM was not different between groups.  The reduced peak knee flexion angle could translate into greater knee joint reaction forces in knee OA patients during stair descent due to reduced impact attenuation at the knee.  
Liikavainio et al. (2007) studied kinematic step parameters, and GRF variables during level and stair walking in older adults (age 66.2 ± 7.6 years, BMI 26.4 ± 3.9 kg/m2) who showed asymptomatic but radiographic bilateral knee OA.  Anterior-posterior and medial-lateral standing radiographs from both knees were taken for all participants.  During level-walking trials, subjects walked at self-selected and maximal speeds, while only negotiating the stairs at a self-selected speed.  The self-selected speeds were not reported in this study.  The stairs consisted of four steps with a rise of 20 cm, a depth of 30 cm and an inclination angle of 33.7 °.  However, the method used to mount the force platforms on the stairs or where the platforms were located on the steps was not reported.  The authors found that impact GRF was greater in stair descent compared to level-walking and stair ascent.  The loading rate of the impact peak vertical GRF was significantly greater in stair descent compared to level-walking. These findings are consistent with previous results that the impact peak GRF and its loading rate are greater in stair descent compared to ascent and level-walking in healthy adults (Riener, Rabuffetti et al. 2002; Hamel, Okita et al. 2005).  In this study, this finding is not surprising as participants did not show any knee OA symptoms (i.e. pain) and thus, may have exhibited gait variables similar to healthy adults (Liikavainio, Isolehto et al. 2007). 
A different study by Liikavainio and colleagues (2010) investigated GRF and knee joint “loading” using accelerometers  in 54 male knee OA patients (age 59.0 ± 5.3 years, BMI 29.7 ± 4.7 kg/m2) during level and stair walking.  A group of sex and age-matched (age 59.2 ± 4.7 years, BMI 27.1 ± 3.1 kg/m2) healthy participants were included as a control group .  Knee OA severity was measured based on AP tibial-femoral radiographs using the K/L scale (0–4).  Subjects were further divided into four subgroups (KL grades of 1,2,3,4).  Pain scores were also recorded using a visual analogue scale (VAS) with a range of 0 (no pain) to 100 mm (unbearable pain) for both limbs before gait measurements. Accelerometers were secured over the skin above and below the symptomatic knee joint to measure horizontal and vertical peak leg accelerations and, acceleration attenuation (i.e. vertical acceleration of accelerometer above knee divided by vertical acceleration of accelerometer below knee).  The same staircase was used as in the 2007 study (Liikavainio, Isolehto et al. 2007).  Three stair ascent and descent walking trials were performed at 0.5 m/s and 0.8 m/s ± 5 %, and task (i.e. level, stair ascent and stair descent) order was randomized to minimize order effects.  In general, stair walking for knee OA patients showed greater peak horizontal knee acceleration while stair descent at 0.8 m/s yielded a significant reduction in acceleration attenuation compared to healthy controls.   Impact GRF was greater in the more severe knee OA groups compared to less severe knee OA and healthy controls.  The loading rate of the impact GRF was greater in controls compared to all knee OA patients.  The higher loading rate may explain their findings of larger resultant and downward initial peak knee acceleration in knee OA patients during stair descent at higher gait speeds compared to controls.  The peak propulsive GRF was also greater in healthy compared to knee OA patients and may explain the findings of reduced horizontal peak acceleration with increasing knee severity. To date, this is the only study that has controlled stair negotiation speed in knee OA patients.  Most stair walking study protocols include self-selected walking speeds for knee OA groups as some patients with more severe knee OA may not be able to maintain certain set speeds outside their comfort range for walking speed.  For some individuals, chosen speeds by the researchers may lead to knee pain preventing participants from performing stair negotiation. Thus, self-selected walking speeds ensure that knee OA patients can complete the experimental task and, that their gait behavior is representative of their habitual lower limb biomechanics. One study conducted an in depth analysis of lower limb kinematic and kinetic analyses between knee OA patients and healthy control during stair ascent (Asay, Mundermann et al. 2009).  Sagittal plane knee and hip kinematic and kinetic variables along with trunk lean angles have been compared in 23 knee OA patients (age 61.8 ± 7.3 years) with 20 age and sex-matched healthy controls during stair ascent at their self-selected speed. However, self-selected speeds were not reported.  Knee OA patients were separated in less (K/L ≤ 2.0, age 60.6 ± 7.0, height 166 ± 7 cm, weight 72.0 ± 15.1 kg) and more severe (K/L ≥ 3.0, age 63.2 ± 7.8 years, height 166 ± 10 cm, weight 71.9 ± 16.1 kg) knee OA groups.  The authors used a two-step staircase with a rise of 20.5 cm for the first step and 22 cm for the second step.  A force platform was imbedded in the first step to obtain GRF for inverse dynamics computations.  During the stance phase of stair ascent, peak trunk flexion was greater in patients with more severe knee OA compared to controls.  Peak external knee flexion moment was reduced in the more severe knee OA groups compared to controls.  Finally, peak trunk flexion angle was negatively correlated to peak external knee flexion moment in the more severe knee OA group.  These findings indicate that knee OA severity has a significant effect on peak external knee moment during stance and, that greater peak trunk flexion angles during stair ascent reduce external peak knee flexion moment.  Therefore, knee OA severity and trunk flexion should definitely be accounted for when investigating lower limb biomechanics of knee OA patients during stair ascent, especially when studying sagittal plane knee variables.  However, trunk flexion angle is a sagittal plane variable and its effect on frontal knee joint moment during stair ascent may not be as important as for sagittal plane knee variables.  In addition, no study has investigated the effects of trunk flexion angle on knee joint variables during stair descent..  
External peak knee adduction moments have been reported to be different between stair descent and ascent compared to level walking and, with changes in foot progression angle (i.e. toe-out angle) in knee OA patients (Guo, Axe et al. 2007).  Six male and four female subjects with an average age of 64 ± 8 years were recruited for the study (BMI 29.0 ± 5.6 Kg/m2).  All subjects were diagnosed with mild to severe knee OA by an orthopaedic surgeon but, were pain free at the time of testing.  Stair negotiation was performed at a self-selected speed (stair descent: 0.44 ± 0.15 m/s, stair ascent: 0.45 ± 0.15 m/s) on a two step staircase with a rise of 22 cm, depth of 29 cm and an inclination angle of 37.8 °.  An AMTI force platform was bolted underneath the first step of the staircase to record GRF during stair negotiation. Consistent with previous findings, the authors found that the first and second external peak knee adduction moments were greater in stair descent compared to stair ascent and level-walking. Foot progression angle (FPA) is defined as the angle to which the longitudinal axis of the foot during gait deviates from its natural position in the transverse plane (i.e. top view).  When required to increase their FPA during stair walking, a greater first peak knee adduction moment was found during stair ascent compared to self-selected FPA.  However, the second peak knee adduction moment was reduced when FPA was increased during stair ascent.  However, FPA did not alter knee joint variables during stair descent.  Foot progression angle of knee OA patients appears to be an important factor associated with external peak knee adduction moments during stair ascent but does not appear to be as important in stair descent.
Sagittal and frontal plane kinematics of lower limb joints of male (age 62.3 ± 8.2 years, BMI 30.0 ± 6.2 kg/m2) and female (age 58.8 ± 1.1 years, BMI 33.0 ± 5.0 kg/m2) knee OA patients have been compared to male (age 62.1 ± 8.3 years, BMI 29.6 ± 6.0 kg/m2) and female (age 59.1 ± 12.1 years, BMI 27.5 ± 4.4 kg/m2) healthy controls during stair negotiation (Hicks-Little, Peindl et al. 2011).  Participants performed five stair ascent and descent trials at an unreported self-selected speed on a four step staircase with step height of 18 cm and step depth of 28.5 cm.  Average knee flexion angle at foot contact and peak knee flexion angle during stance were smaller in knee OA patients compared to controls during stair ascent. Reductions in these two knee flexion variables strongly suggest that knee flexion ROM during stance was reduced in knee OA patients compared to controls during stair ascent.  A smaller knee ROM has been shown to be significantly correlated to higher pain scores in knee OA patients during level-walking (Maly, Costigan et al. 2008).  In addition, time to peak knee flexion angle was achieved later in stance in knee OA patients compared to controls during stair ascent and descent.  This delayed peak knee flexion in knee OA patients could indicate a strategy to reduce peak eccentric loading of the quadriceps or, that the quadriceps were loaded for a longer period of time (i.e. greater angular impulse). However, it is possible that the knee OA patients walked slower compared to the control which would have increased their stance time and likely delayed peak knee flexion. At the hip, the knee OA group used smaller average hip adduction angle at foot contact and, peak hip adduction angle occurred later in stance compared to controls during stair ascent.  From these findings, it is possible that, along with other factors, the knee OA patients could have used smaller hip adduction angles compared to controls leading to increased step width.  An increase in step width could increase the base of support and in turn, dynamic stability during stair ascent.  In addition, alterations in step width may change frontal plane knee angle and consequently, frontal plane moment arm to alter knee moments during gait.
Many other activities of daily living can produce elevated knee joint loads that can be detrimental to knee joint health.  Stair descent has been reported to produce the greatest loads at the knee joint compared to walking, chair rise, standing and bending over in 132 community dwelling older adults (age 74.96 ± 6.56 years, height 162 ± 9 cm, weight 70.04 ± 12.58 kg) (Luepongsak, Amin et al. 2002). The stairs used this study consisted of 4 steps with a rise of 19 cm with Kistler force platforms in the 2nd and 3rd steps.  Stair descent speed was not reported.  The inverse dynamic method was used to compute joint kinetic and knee joint reaction force values.  Knee (4.67 % BW·Ht) external peak adduction moments, and external peak knee flexion moment (7.14 % BW·Ht) were greater in stair descent compared to all other daily activities. In addition, stair descent yielded greater compressive knee forces (123.6 % BW·Ht) and shear knee forces (51.2 % BW) compared to walking, standing, rising from a chair and bending down.  However, the joint reaction forces in this study were estimated using inverse dynamics and although this technique is widely used, it does not consider muscle contributions and therefore, significantly underestimates the actual loading experienced at the knee joint.
In summary, stair negotiation appears to alter lower limb biomechanics in knee OA patients compared to healthy controls and, different results are observed between stair descent and ascent.  Typically, knee OA patients tend to choose slower speeds compared to healthy controls during stair negotiation but unfortunately, studies that do not control walking speed often do not report the self-selected speeds.  Impact GRF is generally greater in stair descent and in patients with more severe knee OA compared to less severe.  Loading rate to the impact peak GRF has been shown to be greater in knee OA during stair descent compared to ascend and level-walking. Knee OA patients typically yield smaller peak knee flexion during stair ascent and descent compared to healthy controls.  In stair ascent, external peak knee flexion moment  is typically reduced in individuals with more severe knee OA compared to controls.  Knee OA severity is therefore an important variable to consider when studying lower limb kinetics of knee OA patients during stair negotiation.  The peak external knee adduction moment, an important variable linked with knee OA, is typically greater in stair descent compared to ascent in knee OA patients.  Finally, estimated knee compressive forces and knee shear forces using the inverse dynamics method have been shown to be greater during stair descent compared to other activities of daily living.  
The current scientific literature provides important insight in knee joint mechanics and loading during stair negotiation in knee OA patients.  Several methodological differences between studies affect the biomechanical findings and make it difficult to interpret and compare results.  Thus, many factors must be considered when studying lower limb biomechanics of knee OA patients during stair negotiation.  More studies on stair negotiation in knee OA patients with more stringent experimental controls are required to provide more consistent, reliable, and comprehensive findings.  Research methods that deserve more attention include marker placement and how to deal with obese patients, stair case specifications (i.e. step dimensions and number of steps) and construction (i.e. potential errors to GRF variables due to poor construct), gait speed, instructions given to participants, footwear and finally, radiographically diagnosed knee OA severity. 

2.4 STEP WIDTH DURING GAIT
	The previous sections of this literature review have focused on GRF, and knee joint kinematic and kinetic variables related to level-walking in knee OA patients and during stair negotiation in healthy and knee OA adults.  Studies on level-walking in healthy older adults and older fallers have suggested that step width may be a good measure of balance control during gait (Blanke and Hageman 1989; Maki 1997). A greater step width increases the base of support during single support and reduces the medial-lateral (ML) whole-body center of mass (COM) acceleration which in turn, may increase ML gait stability (Powell 1994).  The goals of this dissertation are to investigate the effects of increased step on GRF and knee kinematic and kinetic variables in healthy and knee OA older adults during stair descent.   The following section discusses normative values of step width in older adults and, the effects of step width duri... :)ng level-walking which will provide information to be used as a guide for understanding step width during stair walking.
	Several methods have been used to measure step width during gait. Typically, the medial-lateral distance between the heel of two consecutive steps using motion capture is used to define the step width in gait (Blanke and Hageman 1989; Dean, Alexander et al. 2007; Paquette, Fuller et al. 2008; Schrager, Kelly et al. 2008). Others have used the GaitMat II system to measure the medio-lateral distance in meters between the outermost borders of each step (Brach, Berthold et al. 2001; Wert, Brach et al. 2010).  Helbostad et al. (2003) fixed soft heel counters with inserted ink pads that left ink marks at every step during level-walking over a white paper walkway. The medial-lateral distance measured in centimeters between ink marks of two consecutive marks defined the step width.  Other researchers have measured step width as the medial-lateral distance between the left and right foot COP during level-walking (Donelan, Kram et al. 2001; Donelan, Shipman et al. 2004; Browning and Kram 2007). Absolute step width values are well documented in the literature but the step width computation methods must be considered when comparing literature findings. 
When step width is measured as the distance between heel marker location of consecutive steps, mean values range between 7.4 cm to 11.2 cm (Helbostad and Moe-Nilssen 2003; Wert, Brach et al. 2010; Hollman, Youdas et al. 2011).  The step width measures from Hollman et al. (2011) were taken from 294 older men and women and step width ranged between 10.1 cm to 12.2 cm.  This large sample size provides reliable step width values of older adults during walking.  Schrager et al. (2008) conducted a regression analysis to understand the relationship between age and step width but unfortunately, step width values are not reported.  From a regression analysis figure, it would be estimated that step width values ranged from 2 cm to 18 cm (Schrager, Kelly et al. 2008). Brach et al. (2001) measured a step width value of 22 cm in older adults using the outermost borders of the feet to define step width.  This larger step width value is attributed to the measuring technique and would be measured at approximately 12 cm assuming a foot width of 10 cm. These reported step widths in the literature provide a good range of typical step width values during walking. 
2.4.1 Factors Affecting Step Width
	Several factors explaining differences in step width during level-walking have been reported in the literature. Schrager et al. (2008) reported increases in step width with increasing age in community-dwelling older adults between the ages of 54 and 92 years during level-walking at a self-selected speed.  Mean step widths were not reported with increasing age but based on a regression figure of step width and age provided in text, step width values ranged between 2 and 12 cm for the youngest age (55 to 60 years) and between 8 to 18 cm for the oldest age (85 + years).  However, reductions in step width with increasing age have also been previously reported (Blanke and Hageman 1989; Helbostad and Moe-Nilssen 2003).  It is important to note that age comparisons between these previous studies were not consistent.  Some compared younger and older adults (Blanke and Hageman 1989; Dean, Alexander et al. 2007) while older adults of different ages were compared in the other studies (Helbostad and Moe-Nilssen 2003; Schrager, Kelly et al. 2008).  Differences in age group comparisons and in natural changes of structural and neuromuscular characteristics associated with aging may be responsible for these different findings.  In addition, women have been shown to use smaller step width compared to men during level-walking at self-selected (Helbostad and Moe-Nilssen 2003; Hollman, McDade et al. 2011) or fast walking speeds (Helbostad and Moe-Nilssen 2003).  Another factor to consider when studying step width is gait speed.  Helbostad et al. (Helbostad and Moe-Nilssen 2003) found a U-shape relationship between step width and speed.  Step width was not different at slow speeds compared to very fast speed and was also not different at preferred speed compared to fast speed.  The step width at slow and very fast speeds was greater compared to preferred and fast speeds.  Unfortunately, the mean step width values at different speeds were not compared statistically.  However, this U-shape relationship between step width and gait speed may explain the inconsistent previously reported age comparisons of step width between studies.  Finally, obesity has also been reported to play a role in changing step width during gait (Browning and Kram 2007).  Individuals with body mass indeces (BMI) above 34 kg/m2 increased their step width significantly compared to individuals with BMI under 25 kg/m2during walking at slow (0.50 m/s) to fast speeds (1.75 m/s).    
	When comparing spatial variables such as step width, it is important to consider anthropometric measures of subjects.  For instance, a taller person is likely to have longer legs and consequently, may be using a larger step width during gait compared to a shorter person.  Normalizing step width values to greater trochanter height to allow inter-subject comparison by accounting for height differences is a common method (Donelan, Kram et al. 2001; Dean, Alexander et al. 2007).  
2.4.2 Step Width Alterations
Only a few studies have investigated the effects of step width alterations during level-walking (Donelan, Kram et al. 2001; Dean, Alexander et al. 2007; Schrager, Kelly et al. 2008).  Donelan et al. (2001) studied the effects of step width during walking at 1.25 m/s.  Step width normalized to greater trochanter height (L) was controlled using thin strings tightly stretched along the walkway for participants to step on during experimental trials.  Medial-lateral peak GRF increased with step width but no lower limb joint variables were compared between step widths.  The authors found that subjects preferred a step width of 0.13L and that the minimal metabolic cost was found at a step width of 0.12L.  Therefore, adults appear to choose a step width that minimized metabolic cost during walking.  
	Dean et al. (2007) investigated the effects of preferred normalized step width and zero step width on step parameter variability and metabolic cost of younger and older adults during level-walking.  Although the main purpose of the study was to understand the effects of lateral stabilization using elastic cords, mean normalized step width values were also reported during normal walking.  Preferred step widths were 0.10L and 0.14L for young and older adults, respectively.  The authors did not statistically compare the effects of changing step width on other step variables and metabolic cost but based on their reported graphs, no changes are apparent.  The effects of guided walking (i.e. stepping on both sides of a centerline) on GRF and lower extremity joint kinematics compared to free walking have been studied (Chow, Hemleben et al. 2009). Although this study did not directly investigate the effects of increased step width on gait variables, results showed increased step width during guided walking (0.17m) compared to free walking (0.13m).  Thus, lower extremity joint variable differences between guided and free walking may be used to predict the effects of increased step width during gait. Their findings showed greater peak medial GRF and smaller peak hip adduction-abduction angle in guided walking compared to free walking. However, guided walking did not alter knee joint kinematics compared to free walking.  Schrager et al. (2008) required older adults to walk with a narrow step width and a self-selected step with over level ground.  The narrow step width was computed as 50 % of the lateral distance separating the anterior superior iliac spines (ASIS).  Linear regression analysis indicated that during narrow step width walking, age associated changes included greater step width, smaller step length and slower stride velocity.  Therefore, these findings suggest that age-related changes in step parameters are more evident during narrow step width walking.   
 
2.4.3 Potential Effects of Step Width Alterations on Knee Joint
	Greater step widths have been shown to increase the lateral peak GRF in adults (Donelan, Kram et al. 2001) and medial compartment knee OA patients have been shown to walk with greater lateral peak GRF (Mundermann, Dyrby et al. 2005).  In addition to the greater lateral peak GRF in early stance, greater external early stance hip abduction moments (i.e. internal hip adduction moment) have been shown in knee OA patients compared to controls (Mundermann, Dyrby et al. 2005).  A greater lateral peak GRF would move the resultant GRF moment arm to the knee joint center to a more lateral position and thus, potentially decreasing the external knee adduction moment in knee OA patients. However, if a greater medial peak GRF is observed during stair negotiation, the resultant GRF vector will travel more medial to the knee joint center, increasing its medial moment arm.  A greater medial moment arm to the knee joint would increase the external knee adduction moment peaks and in turn, the internal abduction moment required from the knee abductors.  A greater external knee adduction moment would increase the loading to medial compartment and could place older adults at a higher risk of developing knee OA and increase knee joint pain in knee OA patients.  To date, only one study has investigated the effects of increased step width on lower limb joints and specifically, the knee joint loading during level-walking (Zhao, Banks et al. 2007). Zhao et al. (2007) measured knee adduction moment and knee contact forces during level-walking using an instrumented knee implant, GRF and motion capture in one older male.  The participant walked at normal, fast, and slow speeds and, with a wider step width and a greater toe-out angle at normal speed.  Their findings showed that the peak knee adduction moment was smallest in the wide SW walking condition.  Thus, this study provides some evidence that increasing step width can reduce the peak knee adduction moment.  However, at this time it is difficult to formulate one-sided hypotheses on the effects of step width alterations in knee OA patients in stair descent has no studies have investigated this topic.  In addition, because step width is a frontal plane step parameter, it is difficult to speculate on the effects of step width on sagittal plane knee kinematic and kinetic variables.  However, step width is likely to have minimal effects on sagittal plane variables.   
2.4.4 Step width during stair negotiation
To my knowledge, a few studies have reported step width during stair negotiation (Mian, Thom et al. 2007; Ramstrand and Nilsson 2009; Zietz, Johannsen et al. 2011; Hicks-Little, Peindl et al. 2012).  Mian et al. (2007) studied kinematics of young and older adults during stair descent on a four step stair case at self-selected speed.  Step width values were not different between age groups at 20.7 ± 3.1 cm for young adults and 19.9 ± 3.0 for older adults.  Ramstrand et al. (2009) reported step width values 12 ± 4 cm during stair descent of a 5-step staircase in able-bodied healthy adults at self-selected walking speeds.  Hicks-Little et al. (2012) compared spatio-temporal variables during barefoot stair ascent and descent between healthy and radiographically diagnosed knee OA patients.  They reported an absolute SW value of 14.3±4.4cmm in healthy adults during stair descent.  All three studies did not report how step width was computed and thus, it is possible that differences in step width between studies are attributed to different step width measures.  Finally, another study reported a step width of 18.0±2.3 cm in healthy older adults during stair descent (Zietz, Johannsen et al. 2011). Step width was measured as the medial-lateral distance between ankle markers but, the specific ankle marker used was not mentioned. No studies have studied the effects of increased step width on gait variables during stair negotiation.  Based on the speculations of altered external knee adduction peaks in knee OA with changes in step width provided in the previous section, the external knee adduction moment peaks of knee OA patients may be reduced with increasing step width during stair negotiation.  This may especially be the case during descent where vertical GRF peaks have been shown to be much greater compared to stair ascent and level-walking.  Once again, the lack of previous research makes it challenging to formulate one-sided hypotheses on the effects of increased step width on knee joint variables of knee OA patients during stair descent.  
2.5 CLOSING STATEMENT
	The current literature review highlights important knee joint variables associated with knee OA and stair negotiation that were useful in formulating research questions and hypotheses for this dissertation work.  However, the lack of research on the effects of increased step width in level-walking and during stair negotiation in healthy and knee OA adults make it difficult to formulate one-sided hypotheses.


CHAPTER III
METHODS
3.1 PARTICIPANTS
Twenty-one medial compartment knee OA older adults (Table 1) from a database of knee OA patients from a previous study conducted in the Biomechanics/Sports Medicine Laboratory.  Participants that qualified for the study after a pre-screening phone interview (Appendix A) were asked to attend an X-ray session at UT Medical Rheumatology Division. A rheumatologist performed three X-rays to confirm and evaluate knee OA severity using the Kellgren-Lawrence scale (Kellgren and Lawrence 1957). A frontal plane (posterior view) X-ray including both knees was performed for each participant as they stood with their knees slightly flexed.  A sagittal plane (side view) X-ray for each knee was performed one at a time for each participant during standing. After the X-ray session, participants who qualified for the study based on the inclusion criteria for knee OA were then scheduled to attend one test session in the Biomechanics/Sports Medicine Laboratory on The University of Tennessee campus.  
A control group consisting of twenty healthy older adults (Table 1) was included in Study One to investigate the effects of increased step width on lower extremity biomechanics of healthy individuals and, in Study Two to compare the effects of increased step width on lower limb biomechanics between knee OA and healthy adults.  The healthy adults were recruited and screened via a phone interview (Appendix B).  Prior to participating in data collection, all participants read and signed an informed consent document approved by the Institutional Review Boards of the University of Tennessee and the UT Medical Center.  

3.2 INSTRUMENTATION
A nine-camera motion analysis system (240 Hz, VICON Motion Analysis Inc., Oxford, UK) was used to obtain the three-dimensional (3D) lower limb kinematics during testing.  Reflective anatomical markers were placed on the following landmarks: toes (i.e. most anterior aspect of the shoes), 1st and 5th metatarsal heads, medial and lateral malleoli, medial and lateral femoral epicondyles, greater trochanters, iliac crests, and acromion processes of both limbs. A cluster of four reflective tracking markers were placed on the following locations via semi-rigid thermoplastic shells on both limbs: lateral aspect of the shank, lateral aspect of the thigh, lateral aspect of pelvis between greater trochanter and iliac crest and, posterior-inferior trunk.  Five individual markers were placed on the lateral, medial and posterior aspects of each foot using double-sided tape and duct tape to track foot movements during stair descent (Figure 2).  An instrumented 3-step staircase (FP-Stairs, American Mechanical Technology Inc., Watertown, MA, USA) was used during the stair negotiation trials. A wooden structure not touching the instrumented steps or the force platforms was used to add the fourth and fifth steps (Figure 3). The first three steps were bolted independently to two force platforms (1200 Hz, BP600600 and OR-6-7, American Mechanical Technology Inc., Watertown, MA, USA) and used to measure the ground reaction forces (GRF) and the moments of forces during stair walking.  The fifth step served as the top platform of the staircase and was surrounded by a wooden rail to prevent any potential falls from the top of the staircase, at the start of each descending trial and at the end of each ascending trial. Each step had a rise of 17.8 cm, a width of 60.0 cm, and depth of 29.9 cm. A handrail was available on the right side of stairs during ascent and left side during descent in case of a trip but participants were instructed to not use the handrails during testing unless necessary. Two pairs of photo cells (63501 IR, Lafayette Instrument Inc., IN, USA) and two electronic timers (54035A, Lafayette Instrument Inc., IN, USA) were used to monitor walking speed between the 1st and 4th steps (from the ground).  

3.3 EXPERIMENTAL PROCEDURES
Each participant in the knee OA group was administered the Knee injury and Osteoarthritis Outcome Score (KOOS, Appendix C) survey to obtain each participant’s own opinion on both knee pain and function, and associated problems during common daily activities including stair walking (Roos and Toksvig-Larsen 2003). Each participant in the healthy group was administered the KOOS survey for their dominant limb only. Before markers were placed on the participants, three descent practice trials were performed using a wider step width in order to establish each participant’s preferred speed to be used during the testing trials.  These practice trials were performed to also allow participants to familiarize themselves with the staircase negotiation task.  Participants wore a standardized laboratory cushioned running shoe (Noveto, Adidas, USA) to avoid any shoe effects during the experiment. Upon completion of practice trials and marker placement, participants were asked to perform five trials for each of the following conditions at their self-selected speed for stair descent:
1. Stair descent using self-selected step width (C1)
2. Stair descent using wide step width (C2)
3. Stair descent using wider step width (C3)
The same step width conditions were also tested during stair ascent as part of a larger research study but the current work focuses only on stair descent conditions.  At the start of each stair descent trial, participants stood on the top platform and took one step on the platform before initiating stair descent and continued to walk for at least two steps once they stepped on the laboratory floor.  The wide and wider step widths were standardized as 26% and 39% of each participant’s leg length for the wide and wider step width conditions, respectively. The leg length was measured as the distance between the anterior superior iliac spine (ASIS) on the pelvis and the medial malleolus on the ankle with the participant in a standing position. The step width conditions were randomized in order to reduce any testing condition order effect.  Before each new condition, participants were given additional practice trials to get familiar with the new step width condition. Marks were placed on a step wide masking tape line using black ink on each step and over the approximate location of the two footsteps taken on the ground to control step width during the stair walking trial (Figure 4). These marks required participants to look down in order to successfully place their feet on the tape marks during the practice trials. We instructed participants to perform the stair walking trials using the three different step widths to the best of their ability, while only using the SW marks as guidance to control step width. After two or three practice trials, participants became more familiar with the task and were able to perform the wide and wider SW stair walking trials as they would for the self-selected SW condition.  A research assistant was standing at a distance of approximately four meters in front of the staircase to visually confirm that participants were placing the middle of their feet (medial-lateral direction) on the ink marks for both the wide and wider SW conditions.  Following each step width condition, participants were given a rest period of at least two minutes, or more if requested, to avoid fatigue and, rated pain of both knees using a visual analogue scale (VAS; Appendix D).  
3.4 DATA ANALYSES  
The Visual3D biomechanical analysis software suite (C-Motion, Inc., Germantown, MD, USA) was used to compute the 3D kinematic and kinetic variables. Visual3D uses anthropometric data (Dempster 1955) to compute segmental masses  along with a mathematical model to define segmental center of gravity locations and moments of inertia (Hanavan 1964) for each participant. A right-hand rule with a Cardan rotational sequence (X-y-z) was used for the 3D angular computations. A customized computer program (VB_V3D) was also used to determine critical events of the interested 3D kinematic and kinetic variables from the output of Visual3D, and compute additional parameters. Kinematic and GRF data were both filtered using a fourth-order Butterworth low-pass filter at a cut-off frequency of 8 Hz (Kristianslund, Krosshaug et al. 2012).  GRF were normalized to each individual participant’s body weight (BW) with a resulting unit of BW.  Joint moments were normalized to body mass resulting in a unit of Nm/Kg.  Early stance phase variables were analyzed for the second step (from ground) of stair descent from the most affected limb based on the K/L grade for medial compartment knee joint space narrowing in knee OA patients and from the dominant limb in healthy controls.
In order to address the research question of Study One, a one-way repeated measures analysis of variance (ANOVA) was performed to detect any differences between the three step widths in healthy adults during stair descent (Version 19.0, SPSS, Chicago, IL).  To address the first research question of Study Two, a one-way repeated measures ANOVA was performed to detect any differences between the three step widths in knee OA adults during stair descent.  Finally, to address the second question of the second study, a 2 x 3 (Group x Step Width) mixed design ANOVA was performed to detect any differences between the two groups and three step widths during stair descent. When interactions were observed, post hoc comparisons were performed using paired t-tests. The alpha level was set at 0.05.
3.4.1 Dependent Variables
Primary Variables
Ground Reaction Forces (Figure 5) 
1. Impact peak vertical ground reaction force (GRF) (Fz1), 
2. Loading rate to impact peak GRF (LR), 
3. Peak medial GRF (Fx1). 
Knee Angles (Figure 6)
1. Knee flexion range of motion (KROM),
2. Peak knee adduction angle (KADD). 
Knee Moments (Figure 7)
1. Internal peak knee extension moment (KEM), 
2. Internal peak knee abduction moment (KAM), 
Knee Pain (Appendix D)
1. Visual Analogue Scale (VAS) subjective pain score
Controlled Variables 
1. Step Width (SW; Figure 8),
2. Stair Descent Velocity (Vel).

3.4.2 Independent Variables
1. Group (2): medial compartment knee OA and healthy control older adults,
2. Step width (3): self-selected, wide and wider. 


CHAPTER IV
Effects of increased step width on frontal plane knee joint biomechanics in healthy adults during stair descent

Abstract
Purpose Investigate the effects of increased step width on knee joint kinematics and kinetics in healthy older adults during stair descent. 
Methods 
Results 
Conclusion 

Key Words: knee joint, stair descent, step width, kinetics, kinematics, healthy adults.

Introduction
	Older adults deem stair negotiation one of the most challenging locomotor tasks of daily living (Williamson and Fried 1996).  Stair negotiation has been shown to alter involvements and controls of lower limbs compared to level-walking (McFadyen and Winter 1988). The challenging nature and high incidence of trips and falls (Startzell, Owens et al. 2000) during stair negotiation has led to research studies investigating ground reaction forces (GRF), step parameters, and lower limb joint kinematic and kinetic variables during stair ascent and descent in older adults (Costigan, Deluzio et al. 2002; Riener, Rabuffetti et al. 2002; Lee and Chou 2007; Mian, Thom et al. 2007; Protopapadaki, Drechsler et al. 2007; Larsen, Sorensen et al. 2009; Novak and Brouwer 2011).  In healthy adults, stair descent has been shown to yield greater peak  impact GRF, greater loading rate of impact GRF, and greater internal peak knee abduction moment compared to stair ascent and level-walking during loading response of stance (McFadyen and Winter 1988; Kowalk, Duncan et al. 1996; Yu, Stuart et al. 1997; Salsich, Brechter et al. 2001; Riener, Rabuffetti et al. 2002; Hamel, Okita et al. 2005; Novak and Brouwer 2011).  
Aging is an important factor associated with development of knee osteoarthritis (OA) and over 40% of adults over the age of 65 may exhibit symptoms of knee OA (Dawson, Linsell et al. 2004).  The peak internal knee abduction moment during walking is one of the most common variables associated with medial compartment knee contact forces (Zhao, Banks et al. 2007) and knee OA in gait (Schipplein and Andriacchi 1991; Sharma, Hurwitz et al. 1998; Kaufman, Hughes et al. 2001; Mundermann, Dyrby et al. 2005; Andriacchi, Koo et al. 2009).  Step width (SW) alterations could lead to changes in lower extremity limb alignment in the frontal plane and, would likely alter frontal plane movement patterns of lower extremity joints.  Increasing SW could shift the direction of the GRF vector closer to the knee joint center and potentially reduce peak knee adduction angle and peak internal knee abduction moment.  In fact, Zhao et al. (2007) reported smaller peak knee adduction moment and medial compartment knee contact force values in wide SW during level-walking in a case study of an older male subject using an instrumented knee implant. Normative absolute SW values have been reported during level and stair walking in healthy adults (Brach, Berthold et al. 2001; Donelan, Kram et al. 2001; Moe-Nilssen and Helbostad 2005; Ramstrand and Nilsson 2009; Hurt, Rosenblatt et al. 2010; Hollman, McDade et al. 2011; Zietz, Johannsen et al. 2011). SW reported in absolute values make it difficult to compare SW between studies due to leg length differences in participants.  In level-walking, preferred SW in healthy adults has been shown to be equivalent to 12 percent of leg length  (Donelan, Kram et al. 2001).  Normalizing SW values relative to leg length allows comparisons to be made between participants of different heights.  Previous studies have reported absolute SW values ranging from 0.12 to 0.20m in stair descent (Mian, Narici et al. 2007; Ramstrand and Nilsson 2009; Zietz, Johannsen et al. 2011; Hicks-Little, Peindl et al. 2012). 
Frontal plane knee moment reductions may have implications to help the prevention of medial compartment knee OA onset in older healthy individuals during a high impact gait task such as stair descent.  Only one study has examined the effects of altered step width on gait variables during level-walking (Donelan, Kram et al. 2001). Results showed increased peak medial GRF as step width was increased.  Guided walking (i.e. stepping on both sides of a centerline) has been shown to increase step width (0.17m) compared to free walking (0.13m) and increased peak medial GRF as well as reducing peak hip adduction-abduction angle (Chow, Hemleben et al. 2009). Although this study did not directly investigate the effects of increased step width on gait variables, the findings suggest that increased step width can affect some gait variables during level-walking. To date, no information is available regarding the effects of increased step width on lower extremity joint biomechanics of healthy adults during stair descent. 
The purpose of the current study was, therefore, to investigate the effects of increased step width on knee joint kinematic and kinetic variables during stair descent in healthy older adults.  We hypothesized that increased step width would reduce peak knee adduction angle and peak internal knee abduction moments during stair descent. 

Methods
Participants
Twenty healthy adults (10 women and 10 men) were recruited through flyers and online forums to participate in the study (Table 1). An a priori power analysis using previously reported loading rate values of healthy adults during level-walking at three different speeds (Zeni and Higginson 2009) showed that 12 to 16 participants were needed to obtain a statistical power of 0.80.  Interested participants were screened via a phone interview to see if they met the exclusion criteria.  The exclusion criteria included prior knee pain for at least 6 months during daily activities including stair negotiation, diagnosed with any type of lower extremity joint osteoarthritis, any lower extremity joint replacement, lower extremity joint arthroscopic surgery or intra-articular injection within past 3 months, BMI greater than 35, inability to ascend or descend stairs without use of handrails, and, lower back pain referred to the lower limbs.  Prior to participating in data collection, all participants read and signed an informed consent document approved by the Institutional Review Board of the University of Tennessee.  
Instrumentation
A nine-camera motion analysis system (240 Hz, Vicon Motion Analysis Inc., Oxford, UK) was used to obtain three-dimensional (3D) kinematics during testing.  Reflective anatomical markers to define joint centers were placed on the following landmarks: toes (i.e. anterior most aspect of the shoes), 1st and 5th metatarsal heads, medial and lateral malleoli, medial and lateral femoral epicondyles, greater trochanters, iliac crests, and acromion processes of both sides. Clusters of four reflective markers on semi-rigid thermoplastic shells were used as tracking markers and placed on: lateral aspect of the shank, lateral aspect of the thigh, lateral aspect of the pelvis and posterior-inferior trunk.  Individual markers used to track the feet were placed on the medial, posterior, and lateral aspects of the shoe heel-counter and, on the dorsal-lateral aspects of each foot using double-sided and duct tape.  An instrumented 3-step staircase (FP-stairs, American Mechanical Technology Inc., Watertown, MA, USA; 1st, 2nd and 3rd steps) with two additional customized wooden steps (4th and 5th steps) was used in the study.  The FP-Stairs bolted independently to two force platforms (1200 Hz, BP600600 and OR-6-7, American Mechanical Technology Inc., Watertown, MA, USA) were used to measure the ground reaction forces (GRF) and the moments of forces during stair walking (Figure 1a).  
Experimental Procedures
Upon completion of marker placement, participants were asked to perform five trials for each of the following conditions at their established self-selected speed: stair descent at preferred SW (C1), stair descent at wide SW (C2), and stair descent at wider SW (C3).  The wide and wider SW were standardized as 26% and 39% of each participant’s leg length (L), respectively. Leg length was defined as the vertical distance between the anterior superior iliac spine (ASIS) and the medial malleolus of the tested limb measured during a standing position.   SW conditions were randomized in order to reduce any testing condition order effect.  All participants performed three stair descent practice trials before the experimental trials using the wider SW in order to establish each participants’ average preferred descent speed (i.e. monitored at the descent inclination angle).  A speed range (average ± 5%) was then used to control each participants’ walking speed during the experimental trials.  Two pairs of photo cells (63501 IR, Lafayette Instrument Inc., IN, USA) set at shoulder height and two electronic timers (54035A, Lafayette Instrument Inc., IN, USA) were used to monitor walking speed.  Participants wore a standardized laboratory cushioned running shoe (Noveto, Adidas, USA) to avoid any shoe effects during the experiment. At the start of each descent trial, participants stood on the top platform and took one step on the platform before initiating stair descent and continued to walk for at least two steps once they stepped on the laboratory floor.  Before each new condition, participants were given practice trials to get familiar with the new SW condition.  Black ink marks on a step wide masking tape strip were placed on each step to control SW during the stair walking trials (Figure 1b). For the wide and wider SW conditions, participants were instructed to step over the ink marks with their foot on each step but no other instructions on foot placement were given to avoid changes in their normal stair walking gait pattern. Participants were also instructed to not use the handrail unless needed.  If participants used the handrail, a new trial was collected. Each participant was instructed to descend the stairs one foot at a time (i.e. the two feet were never on the same step). Following each test condition, all participants were given a rest period of at least two minutes, or more if requested, to avoid fatigue.  
Data Analyses
Visual3D biomechanical analysis software suite (C-Motion, Inc., Germantown, MD, USA) was used to compute the 3D kinematic and kinetic variables. A right-hand rule with a Cardan rotational sequence (X-y-z) was used for the 3D angular computations and a right hand rule was used to define the conventions of angular kinematic and kinetic variables. Kinematic and GRF data were both filtered using a fourth-order Butterworth low-pass filter with the same cut-off frequency of 8 Hz (Novak and Brouwer 2011; Kristianslund, Krosshaug et al. 2012).  The GRF were normalized to each individual participant’s body weight (BW) with a resulting unit of BW.  Joint moments were normalized to body mass resulting in a unit of Nm/Kg.  SW was measured as the ML (medial-lateral) distance between the center of gravity (CoG) position of each foot at testing limb touchdown on the step of interest.  GRF and joint variables were analyzed from the dominant limb on the second step off the ground to capture the middle portion of the stair descent task to ensure that participants were not accelerating or decelerating.  
A one-way repeated measures analysis of variance (ANOVA) was performed for each selected variable to detect any differences between the three SW in healthy adults during stair descent (Version 19.0, SPSS, Chicago, IL).  When the ANOVA revealed a main effect of SW, paired t-tests were used to compare means between conditions. The alpha level was set at 0.05.

Results
The average self-selected stair descent speed for all participants was 0.57±0.06m/s.  
Step Width
The ANOVA confirmed that absolute step width was smaller in preferred (0.17±0.04m) compared to wide (0.22±0.03m; p=0.001) and wider SW (0.32±0.04m; p=0.001) and smaller in wide compared to wider SW (p=0.001, Figure 2).  Normalized step width was also significantly smaller in preferred (0.20±0.04L) compared to wide (0.25L±0.02; p=0.001) and wider SW (0.37L±0.03; p=0.001) and smaller in wide compared to wider SW (p=0.001).
Ground reaction forces
The impact GRF was smaller in wide compared to preferred (p=0.013) and wider SW (p=0.05, Table 2). The loading rate of the impact GRF was greater in wider compared to wide (p=0.001) and preferred SW (p=0.001; Table 2).  The peak medial GRF was smaller in preferred compared to wide (p=0.001) and wider SW (p=0.001) and smaller in wide compared to wider SW (p=0.001; Table 2).   
Knee Joint
Stance phase knee flexion range of motion (ROM) was smaller in wider compared to preferred (p=0.005) and wide SW (p=0.019; Table 2).  First peak knee adduction angle was greater in preferred compared to wide (p=0.006) and wider SW (p=0.007; Table 2).  Second peak knee adduction angle was greater in preferred compared to wide (p=0.015) and wider SW (p=0.003) and greater in wide compared to wider SW (p=0.001; Table 2). One participant (#7) demonstrated knee abduction motion for all SW conditions.  Therefore, both peak knee adduction angles of this participant were not included in the statistical analyses (N=19).  First peak knee abduction moment was greater in preferred compared to wide SW (p=0.006). Second peak knee abduction moment was greater in preferred compared to wide (p=0.012) and wider SW (p=0.001) and greater in wide compared to wider SW (p=0.001). Figure 3 shows representative ensemble average knee adduction angle and knee abduction moment curves for each step width condition.  
Ankle and Hip Joint
Ankle and hip joint variables were analyzed in order to better understand overall lower extremity joint mechanisms responsible for changes in knee joint biomechanical variables (Table 3). Peak ankle eversion angle was greater in preferred compared to wide (p=0.001) and wider SW (p=0.001), and greater in wide compared to wider SW (p=0.001).  Peak ankle plantarflexion (PF) moment was greater in preferred compared to wide (p=0.005) and wider SW (p=0.009).  Peak ankle inversion moment was also greater in preferred compared to wide (p=0.002) and wider SW (p=0.001), and greater in wide compared to wider SW (p=0.001).  Peak hip adduction angle was significantly greater in preferred compared to wide (p=0.008) and wider SW (p=0.001), and in wide compared to wider SW (p=0.001). Peak hip abduction moment was greater in preferred compared to wide (p=0.029) and wider SW (p=0.003).
Discussion
	The purpose of the current study was to investigate the effects of increased SW knee joint kinematics and kinetics in healthy adults during stair descent.  
Step Width
 	Our results confirm that absolute and normalized SW were increased from preferred to wider SW conditions.  The average normalized SW for the wide and wider conditions were 0.25L and 0.37L, respectively.  These findings indicate that our method of controlling SW to 26L and 39L using ink marks was successful.  In addition, our SW results indicate that preferred SW in healthy adults during stair descent is approximately 0.20L.  Research has shown that preferred SW during-level walking is 0.12L (Donelan, Kram et al. 2001) and thus, the results of our study suggest that preferred SW is typically greater in stair descent compared to level-walking.
Previous studies have reported absolute SW values in healthy adults during stair descent of 0.20m (Mian, Narici et al. 2007), 0.12m (Ramstrand and Nilsson 2009), 0.18m (Zietz, Johannsen et al. 2011) and 0.14m (Hicks-Little, Peindl et al. 2012). Our reported absolute preferred SW value of 0.17m falls within the range of these previously reported SW in healthy adults during stair descent.  The variability in SW values may be explained by differences in methods used to compute SW.  Previous studies have measured SW as the ML distance between heel markers of consecutive steps (Blanke and Hageman 1989; Schrager, Kelly et al. 2008), ML distance between outer border of the feet (Brach, Berthold et al. 2001), ML distance between unspecified ankle markers (Zietz, Johannsen et al. 2011) and, ML distance between the average COP position of each foot (Donelan, Kram et al. 2001; Browning and Kram 2007).  The ML difference between the heel markers does not account for foot positioning (i.e. toes out or in) while the ML difference between the average COP of each foot is dependent on weight distribution under the feet (i.e. high and low arched feet will yield different COP locations).  In the current study, SW was measured as the ML distance between the center of gravity (CoG) position of each foot at testing limb touchdown on the step of interest.  The foot COG position is the vertical line of action of the center of mass (COM) position of the foot.  The foot COM provides a better description of the overall foot positioning.  We believe that the ML difference between the COG position of consecutive feet is a more appropriate method of calculating SW.  However, we did not compare SW measurements between different methods of calculating SW.  
Knee Joint Variables
Knee flexion ROM was smaller in wider compared to preferred and wide SW.  Previous studies on stair descent in older adults have reported stance phase knee flexion ROM values between 84.1º (Jevsevar, Riley et al. 1993), 77.7º (Hinman, Bennell et al. 2002) 81.2º (Mian, Thom et al. 2007), ~ 80º (Hicks-Little, Peindl et al. 2011), and 86.98º (Lessi, Serrao et al. 2011).  Our knee flexion ROM value of 86.4º during preferred SW falls within the higher range of previously reported flexion ROM during stair descent. Differences in stair descent speed and step of interest are likely responsible for flexion ROM variations.  Knee flexion ROM does not appear to play a role in attenuating the greater loading rate also found in wider SW.  Peak ankle dorsiflexion, hip extension and hip extension moment were not different between SW conditions while peak plantarflexor moment was smaller in wide and wider SW compared to preferred SW.  Thus, our findings suggest that sagittal plane joint kinematics and kinetics do not play a role in attenuating the greater loading rate in wider SW.  
One of the primary hypotheses of this study was that increasing SW would decrease peak knee adduction angle and peak abduction moment during stair descent.  As hypothesized, our results showed reduced 1st peak knee adduction angle in wide and wider SW compared to preferred SW.  In addition, 2nd peak adduction was reduced in wide and wider SW compared to preferred SW and in wider compared to wide SW.  The first peak (5.91±2.55º) and second peak (8.43±4.50º) adduction angles during preferred SW were considerably larger than previously reported peak knee adduction angle of 3.4±4.0º in older healthy adults during stair descent (Hicks-Little, Peindl et al. 2011).  Speed (unreported) and footwear (shod vs barefoot) differences between studies may be responsible for the different peak adduction values. The smaller knee adduction angles may be caused by a more medial position of the knees relative to the feet which would explain the reduction in peak ankle eversion angle in wide and wider SW.  
Reported values of peak knee adduction angles during stair descent are sparse as most studies have focused on sagittal plane knee joint kinematics (Jevsevar, Riley et al. 1993; Hinman, Bennell et al. 2002; Mian, Thom et al. 2007; Lessi, Serrao et al. 2011).  However, the peak external knee adduction moment (i.e. internal knee abduction moment) has received more attention in stair descent research (Kowalk, Duncan et al. 1996; Luepongsak, Amin et al. 2002; Guo, Axe et al. 2007; Novak and Brouwer 2011) as there is a high correlation between peak adduction moment and medial compartment loading of the knee as reported in a case study using an instrumented implant (Zhao, Banks et al. 2007).  As expected, 1st peak internal knee abduction moment was reduced in wide compared to preferred SW.  Although smaller, 1st peak moment was not significantly different in wider SW compared to preferred SW.  Similar to the 2nd peak adduction angle, 2nd peak abduction moment was reduced in wide and wider SW compared to preferred SW and, in wider compared to wide SW.  Studies have reported 1st peak knee abduction moment values in healthy adults during stair descent of ~0.69Nm/kg (Kowalk, Duncan et al. 1996), ~ 0.58Nm/kg (assuming a mean body height of 1.75m) (Yu, Stuart et al. 1997), ~ 0.77Nm/kg (Luepongsak, Amin et al. 2002), ~0.50Nm/kg (Karamanidis and Arampatzis 2011), 0.36Nm/kg (Novak and Brouwer 2011).  The 2nd peak knee abduction moment in stair descent has been reported with values of ~0.63Nm/kg (Kowalk, Duncan et al. 1996), ~0.30Nm/kg (Karamanidis and Arampatzis 2011) and 0.23Nm/kg (Novak and Brouwer 2011). Variations in peak abduction moments are likely related to differences in walking speed but previous studies often fail to report walking speed or choose to report stair walking cadence in steps per minute which makes it difficult to compare moment values between studies.  
In level-walking, wide SW has been shown to yield a smaller 1st peak external knee adduction moment (~ 0.42Nm/kg) compared to normal walking (~ 0.44Nm/kg) in one older male 8 months after receive knee implant surgery (Zhao, Banks et al. 2007).  SW values in normal and wide walking were not reported and one subject with knee implant does not represent a healthy population. Nonetheless, this finding suggests that increasing SW may reduce external knee adduction moment.  In the current study, peak knee abduction moment was computed using inverse dynamics and thus, the reduced abduction moment may be related to the reduced ankle inversion moment found with greater SW during stair descent.  The smaller peak knee abduction moments with greater SW do not appear to be caused by a shift of the result GRF towards the knee joint center as peak medial GRF was significantly increased compared to preferred SW.  The increase in SW had the same effect on the 1st peak knee adduction and knee abduction moment and, on the 2nd peak knee adduction and knee abduction moment.  Reductions in knee adduction angles may be a more plausible explanation for the reduced knee abduction moments.  In addition, regression analysis has shown that a greater ankle eversion angle is a good predictor of knee abduction moment (Barrios, Higginson et al. 2009).  Our finding of reduced peak ankle eversion angle may also be attributed to reduced knee abduction moments with increased SW.  
Implications for Knee Osteoarthritis
Aging is an important factor associated with onset of knee OA and increased peak knee abduction moment has been associated with medial compartment knee OA gait (Andriacchi, Mundermann et al. 2004; Mundermann, Dyrby et al. 2005; Andriacchi and Mundermann 2006; Hunt, Birmingham et al. 2006).  In addition, peak knee abduction moment has been linked to reductions in medial femoral cartilage thickness in osteoarthritic knees (Andriacchi, Koo et al. 2009).  Thus, our findings of reduced knee abduction moment in healthy aging adults with greater SW during stair descent may be of importance in helping to reduce medial compartment knee loads in a high impact gait task such as stair descent.  However, the increased loading rate in wider SW may translate to the knee joint as joint kinematics and kinetics were mostly reduced with increased SW.  This could potentially be detrimental to knee joint cartilage health.  
Conclusion
The findings of the current study indicate that increased step width during stair descent reduces peak knee adduction angles and peak internal knee abduction moments in healthy adults. These findings may be of importance reducing medial compartment knee loads in a high impact gait task such as stair descent in healthy adults to potentially prevent onset of medial compartment knee osteoarthritis.  The effects of increased step width on knee joint variables should be investigated in individuals with medial compartment knee OA to find out if this gait strategy can also be useful in potentially slowing down progression of knee OA.  Studies computing knee joint contact forces using simulation methods to include muscle contributions are necessary to obtain more accurate depictions of forces generated within the knee joint.


CHAPTER V
Does increasing step width alter ground reaction forces and knee biomechanics differently in knee osteoarthritis and healthy adults during stair descent? 
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Introduction

Osteoarthritis (OA) is the most common type of arthritis and millions of Americans are affected by the disease (Felson, Lawrence et al. 2000).  High physical stresses on the knee and its surrounding connective tissue lead to wearing and deterioration of articular cartilage and menisci.  Over time, wearing of these knee joint structures can further lead to bone on bone contact and subchondral bone deterioration and physical damage to these structures is known as knee OA (Grossman and Nicholas 1977; Darrow 2002). In 2002, approximately 40 % of adults over the age of 65 years might have been affected by symptomatic knee OA (Dawson, Linsell et al. 2004). Epidemiological data from 1982-1984 showed that 9% of men and 18% of women aged 65 years or older suffered from radiographic osteoarthritis (Davis, Ettinger et al. 1991).  Hootman and Helmick (2006) predicted that by the year 2030, activity limitations cause by arthritis will increase considerably and will significantly impact the health care system and society.  Researchers have reported that older adults deem stair negotiation as one of the most challenging locomotor tasks of daily living (Williamson and Fried 1996).  In addition, one of the first complaints from older adults suffering knee OA is difficulty in stair ambulation (Costigan, Deluzio et al. 2002).   
Several studies on lower extremity biomechanics of knee OA patients during stair negotiation have been conducted (Shrader, Draganich et al. 2004; Guo, Axe et al. 2007; Liikavainio, Isolehto et al. 2007; Asay, Mundermann et al. 2009; Liikavainio, Bragge et al. 2010; Hicks-Little, Peindl et al. 2011).  Changes in biomechanical variables of knee OA patients compared to healthy adults during stair descent include greater impact GRF, smaller loading rate of impact GRF (Liikavainio, Isolehto et al. 2007), smaller peak knee flexion (Hinman, Bennell et al. 2002), smaller peak external knee flexion moment (Asay, Mundermann et al. 2009), greater peak knee adduction angle (Hicks-Little, Peindl et al. 2011) and higher external knee adduction moment (Sacco, Trombini-Souza et al. 2012).  Although many studies have investigated biomechanical variables in knee OA patients during stair negotiation, many methodological differences exist between studies such as population groups, walking speeds, group comparisons (ie. no healthy control group, ascent versus descent) and instrumentation (ie. number of steps used in the staircase, force plate mounting).  Therefore, it is difficult to compare literature findings and generalize the results.  
Specific treatments for knee OA are chosen based on several factors such as the severity of the disease, whether an individual is affected by uni- or bilateral knee OA and the age of the patient (Ronn, Reischl et al. 2011).  Several non-pharmaceutical treatments and interventions for medial compartment knee OA during level-walking such as in-shoe lateral wedges (Kerrigan, Lelas et al. 2002; Reeves and Bowling 2011), use of unstable footwear (Nigg, Emery et al. 2006), valgus knee braces (Pollo, Otis et al. 2002; Gaasbeek, Groen et al. 2007) and various types of training interventions (Rogind, Bibow-Nielsen et al. 1998; van Baar, Dekker et al. 1998; Maurer, Stern et al. 1999; Talbot, Gaines et al. 2003; Fitzgerald, Piva et al. 2011) have also been suggested.  These interventions for knee OA all focus on level-ground walking and require patients to either adhere to a training regime for a period of time or wear different footwear and braces.
One study investigated changes in foot progression angle (i.e. toe-out angle) as a potential gait strategy to reduce pain and certain knee joint variables associated with knee OA during stair walking (Guo, Axe et al. 2007).  Greater foot progression angles during stair ascent led to reductions in the second peak external knee adduction moment but did not alter other variables.  Changes in foot progression angles did not cause any significant changes of lower extremity variables in stair descent. Step width alterations could potentially be another simple gait strategy to reduce pain and peak values of frontal plane knee kinematics and kinetics during stair descent.  Changes in frontal plane knee joint variables such as greater knee adduction angle and peak external knee adduction moment are commonly reported in knee OA patients during level-walking (Schipplein and Andriacchi 1991; Kaufman, Hughes et al. 2001; Mundermann, Dyrby et al. 2005).  Changes in step width could change the direction of the GRF vector relative to the knee joint and thus, alter frontal plane knee joint kinematics and kinetics. Hicks-Little et al. (2012) reported greater step width in knee OA patients compared to healthy adults during stair descent but they did not study lower extremity joint variables. 
To date, no studies have investigated the effects of step width changes on knee pain and knee joint motion and loading in knee OA patients in stair descent.  The purpose of this study is to examine the effects of increased step width on ground reaction forces, knee biomechanics and subjective knee pain in medial compartment knee OA patients compared to healthy adults during stair descent. We hypothesized that increased step width during stair descent would increase the peak medial GRF and reduce the 1st and 2nd peak knee adduction angles and, reduce the 1st and 2nd internal knee abduction moment in medial compartment knee OA patients.

Methods
Participants
Twenty-one adults were recruited to attend an X-ray session based on a pre-screening phone interview.  These participants were recruited via flyers, online forums and from a database of knee OA patients that participated in a previous study conducted in the Biomechanics/Sports Medicine Laboratory.  A rheumatologist performed three X-rays of all participants to diagnose medial compartment knee OA and to assess knee OA severity using the Kellgren-Lawrence (K/L) scale (Kellgren and Lawrence 1957).  A frontal plane (posterior view) X-ray including both knees was performed for each participant as they stood with their knees slightly flexed.  A sagittal plane (side view) X-ray for each knee was performed one at a time for each participant during standing.  Fourteen participants qualified for the study based on the X-ray evaluation and inclusion/exclusion criteria (Table 2) but data of thirteen participants were analyzed as one participant used a side-ways stepping strategy to descend the stairs (Table 1). A control group of healthy adults was recruited through flyers and online forums for a phone interview.  Fifteen interested participants met the exclusion criteria and were invited to participate in the study (Table 1).  An a priori power analysis using previously reported loading rate values of healthy and knee OA patients during level-walking at three different speeds (Zeni and Higginson 2009) showed that 12 to 16 participants in each group were needed to obtain statistical power of 0.80.  Knee OA patients signed an informed consent document approved by the Institutional Review Boards of the University of Tennessee and the UT Medical Center prior to the X-ray session while the healthy participants read and signed the document prior to the biomechanics testing session in the laboratory.  
Instrumentation
A nine-camera motion analysis system (240 Hz, Vicon Motion Analysis Inc., Oxford, UK) was used to obtain three-dimensional (3D) kinematics during testing.  Reflective anatomical markers to define joint centers were placed on the following landmarks: toes (i.e. anterior most aspect of the shoes), 1st and 5th metatarsal heads, medial and lateral malleoli, medial and lateral femoral epicondyles, greater trochanters, iliac crests, and acromion processes of both sides. Clusters of four reflective markers on semi-rigid thermoplastic shells were used as tracking markers and placed on: lateral aspect of the shank, lateral aspect of the thigh, lateral aspect of the pelvis and posterior-inferior trunk.  Individual markers used to track the feet were placed on the medial, posterior, and lateral aspects of the shoe heel-counter and, on the dorsal-lateral aspects of each foot using double-sided and duct tape.  An instrumented 3-step staircase (FP-stairs, American Mechanical Technology Inc., Watertown, MA, USA; 1st, 2nd and 3rd steps) with two additional customized wooden steps (4th and 5th steps) was used in the study.  The FP-Stairs bolted independently to two force platforms (1200 Hz, BP600600 and OR-6-7, American Mechanical Technology Inc., Watertown, MA, USA) were used to measure the ground reaction forces (GRF) and the moments of forces during stair walking (Figure 1a).  

Experimental Procedures
Upon completion of marker placement, participants were asked to perform five trials for each of the following conditions at their established self-selected speed: stair descent at self-selected step width (C1), stair descent at wide step width (C2), and stair descent at wider step width (C3).  The wide and wider step widths were standardized as 26% and 39% of each participant’s leg length (L), respectively. Leg length was defined as the vertical distance between the anterior superior iliac spine (ASIS) and the medial malleolus of the tested limb measured during a standing position.   The step width conditions were randomized in order to reduce any testing condition order effect.  All participants performed three stair descent practice trials before the experimental trials using the wider step width in order to establish each participants’ average preferred descent speed (i.e. monitored at the descent inclination angle).  A speed range (average ± 5%) was then used to control each participants’ walking speed during the experimental trials.  Two pairs of photo cells (63501 IR, Lafayette Instrument Inc., IN, USA) set at shoulder height and two electronic timers (54035A, Lafayette Instrument Inc., IN, USA) were used to monitor walking speed. Participants wore a standardized laboratory cushioned running shoe (Noveto, Adidas, USA) to avoid any shoe effects during the experiment. At the start of each descent trial, participants stood on the top platform and took one step on the platform before initiating stair descent and continued to walk for at least two steps once they stepped on the laboratory floor.  Before each new condition, participants were given practice trials to become familiar with the new step width condition.  Black ink marks on a step wide masking tape strip were placed on each step to control step width during the stair walking trials (Figure 1b). For the wide and wider SW conditions, participants were instructed to step over the ink marks with their foot on each step but no other instructions on foot placement were given to avoid changes in their normal stair walking gait pattern. Participants were also instructed to not use the handrail unless needed.  If participants used the handrail, a new trial was collected. Each participant was instructed to descend the stairs one foot at a time (i.e. the two feet were never on the same step). Following each test condition, all participants were given a rest period of at least two minutes, or more if requested, to avoid fatigue.  During this rest period, all participants rated their right and left knee pain using a visual analogue scale (VAS; 0 indicating no pain and 10 indicating most possible pain). 
Data Analyses  
Visual3D biomechanical analysis software suite (C-Motion, Inc., Germantown, MD, USA) was used to compute the 3D kinematic and kinetic variables. A right-hand rule with a Cardan rotational sequence (X-y-z) was used for the 3D angular computations and a right hand rule was used to define the conventions of angular kinematic and kinetic variables. A customized computer program (VB_V3D) was also used to determine critical events of the kinematic and kinetic variables of interest from the outputs of Visual3D. Kinematic and GRF data were both filtered using a fourth-order Butterworth low-pass filter with the same cut-off frequency of 8 Hz (Novak and Brouwer 2011; Kristianslund, Krosshaug et al. 2012).  The GRF were normalized to each individual participant’s body weight (BW) with a resulting unit of BW.  Joint moments were normalized to body mass resulting in a unit of Nm/Kg.  Step width was measured as the medial-lateral distance between the center of gravity (CoG) position of each foot at the instant of testing limb touchdown.  GRF and joint variables were analyzed on the second step off the ground to capture the middle portion of the stair descent task to ensure that participants were not accelerating or decelerating.  The knee OA limb, or the most affected limb based on the K/L grade for medial compartment joint space narrowing, was analyzed during stance while the dominant limb was analyzed in the healthy control group.  
A 2 x 3 (Group x Step Width) mixed design analysis of variance (ANOVA) for each selected variable was performed to detect any differences between the two groups and three step widths during stair descent (Version 19.0, SPSS, Chicago, IL). When interactions were observed, post hoc comparisons were performed using Paired t-tests.  A univariate ANOVA was performed to detect any differences in participant characteristics, descent speed and KOOS ratings between groups. The alpha level was set at 0.05.
Results
Participant Characteristics
The univariate ANOVA indicated greater body mass for the knee OA group compared to the healthy group (F=4.8).  In addition, the ANOVA indicated lower KOOS scores for all five subscales (pain, symptoms, activities of daily living, sport and recreation, and quality of life) in knee OA patients compared to the healthy group indicating greater knee joint impairments (Table 2). The radiographic assessments of each participant using the K/L scale (0 to 4) are reported in Table 3.  The medial compartment joint space narrowing of all thirteen participants were graded between 1 and 3 on the K/L grade and none of the participants showed joint space narrowing in the lateral compartment.  
Knee Pain
The ANOVA showed a Group main effect (F=11.5, p=0.002) where knee OA patients reported greater knee pain (1.4 ± 1.6 cm) compared to healthy participants who did not report any knee pain at all. 
Speed and Step Width
The univariate ANOVA showed slower self-selected average stair descent speed across all SW conditions in knee OA (0.57±0.06 m/s) compared to healthy adults (0.45±0.08 m/s; F=18.1, p=0.001).   The ANOVA confirmed that absolute step width was significantly different between SW conditions (F=215.7, p=0.001, Figure 2A).  Absolute step width was smaller in preferred (healthy: 0.16±0.04, knee OA: 0.18±0.04m; p=0.001) compared to wide (healthy: 0.21±0.03m, knee OA: 0.21±0.03m; p=0.001) and wider SW (healthy: 0.31±0.03 m, knee OA: 0.30±0.04 m; p=0.001) and smaller in wide compared to wider SW (p=0.001).  Normalized step width showed a Step Width × Group interaction (F=3.6, p=0.033, Figure2B).  Paired t-tests showed that the wider SW condition yielded greater normalized SW in healthy adults (0.37±0.03%L) compared to knee OA (0.34±0.03%L; p=0.002).  Normalized SW was significantly smaller in preferred SW (healthy: 0.19±0.04%L, knee OA: 0.20±0.05%L) compared to wide (healthy: 0.25±0.02%L; p=0.001, knee OA: 0.24±0.02%L; p=0.009) and wider SW (healthy: 0.37±0.03%L; p=0.001, knee OA: 0.34±0.03%L; p=0.001) and smaller in wide compared to wider SW (healthy: p=0.001, knee OA: p=0.001). 
Ground reaction forces
The loading rate of impact GRF showed a Step Width main effect (F=10.2, p=0.001, Table 4).  It was significantly greater in wider compared to wide (p=0.002) and preferred SW (p=0.001).  The peak medial GRF showed a Group ×Step Width interaction (F=12.0, p=0.001).  Paired t-tests showed that healthy adults yielded greater peak medial GRF in wide SW (p=0.002) and wider SW (p=0.001) compared to knee OA.  Both healthy and knee OA adults had greater peak medial GRF in wide (healthy: p=0.001, knee OA: p=0.007) and wider SW (healthy: p=0.001, knee OA: p=0.001) compared to preferred and greater peak medial GRF in wider (healthy: p=0.001, knee OA: p=0.001) compared to wide SW.  
Knee Joint
Stance phase knee flexion range of motion showed a Group main effect (F=8.9, p=0.006, Table 4) with smaller values in knee OA compared to preferred. However, no Step Width main effect was found. The 1st peak knee adduction angle yielded a Step Width main effect (F=8.3, p=0.001, Table 4).  It was greater in preferred compared to wide (p=0.006) and wider SW (p=0.002). In addition, it occurred earlier in wide (p=0.004) and wider SW (p=0.001) compared to preferred SW (F=6.5, p=0.005, Table 4). The 2nd peak knee adduction angle also yielded a Step Width main effect (F=34.5, p=0.001, Table 4).  It was greater in preferred compared to wide (p=0.001) and wider SW (p=0.001) and greater in wide compared to wider SW (p=0.001).  It occurred significantly earlier in wide (p=0.001) and wider SW (p=0.001) compared to preferred SW, and earlier in wide (p=0.002) compared to wider SW (F=22.6, p=0.001, Table 4).  In addition, the 2nd peak knee adduction angle occurred significantly later for knee OA compared to healthy adults (F=11.4, p=0.002, Table 4). No significant differences in 1st peak knee abduction moment between groups or SW conditions.  However, it occurred significantly later for knee OA compared to healthy adults (F=5.8, p=0.024, Table 4). The 2nd peak knee abduction moment showed a Step Width × Group interaction (F=5.6, p=0.007; Table 4).  Paired t-tests indicated that it was greater in preferred compared to wide (p=0.005) and wider SW (p=0.001) and greater in wide compared to wider SW (p=0.001) in healthy adults only.  It occurred significantly earlier in wide (p=0.001) and wider SW (p=0.001) compared to preferred SW, and earlier in wide (p=0.023) compared to wider SW (F=10.7, p=0.001, Table 4). Finally, the 2nd peak knee abduction moment occurred significantly later in knee OA compared to healthy adults (F=8.7, p=0.007, Table 4). Figure 3 shows representative ensemble average knee adduction angle and knee abduction moment curves of both groups in each step width condition.
Ankle and Hip Joints
Ankle and hip joint variables were analyzed in order to better understand overall lower extremity joint mechanisms responsible for changes in knee joint biomechanical variables (Table 5).  However, the primary focus of this study was on knee joint variables and thus, statistical analyses were not performed for ankle and hip joint variables.  
Discussion
NOT DONE YET
Conclusion
NOT DONE YET
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