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Introduction: People with Parkinson’s Disease (PD) often experience deviations in gait including freezing of gait, decreased step lengths, and a shuffling step pattern that may lead to falls. Despite the known deficits in spatiotemporal aspects of gait, relatively little is known about limb and joint kinetics in people with PD during ambulation.   
Purpose: We sought to understand limb and joint kinetics associated with gait in people with PD, and examine whether deficits (and a concurrent reserve) in push-off or leg swing might contribute to the development of shortened step lengths for people with PD. We hypothesized that people with PD will have reduced hip flexor torque (during swing) and reduced ankle plantar flexor torque during push-off compared to unimpaired individuals yet be able to take longer steps through an increase in both hip flexor and ankle plantar flexor torque.
Methods: We recruited 11 older participants without a history of neurologic involvement, and 9 participants with idiopathic PD with a Hoehn & Yahr stage of 1 - 3 for a single session.  All participants walked on an instrumented treadmill for 1 minute each at their comfortable and fast gait speed. They then walked with posterior resistance applied to the pelvis by a long elastic tubing. The resistance force was systematically increased from 0 to 10% bodyweight resistance in 2.5% increments to challenge push-off/propulsion. We then asked participants to walk with ankle resistance at 2.5% body weight to challenge leg swing. Spatiotemporal, kinematic, and force data were collected and compared between groups and conditions.
Results: We did not observe differences between the Control and PD groups for most spatiotemporal and kinetic outcomes (step length, propulsive impulse, trailing limb angle (TLA), plantarflexion (PF) impulse, and hip flexor (HF) impulse). However, the PD group exhibited significantly less hip extension (HE) impulse (p=0.005) compared to controls. When challenging limb propulsion at the pelvis, participants in the PD group increased their propulsive impulse (p<0.001) PF impulse (p<0.001), and HE impulse (p<0.001), as they decreased the HF impulse (p<0.001). With 2.5%BW resistance at the ankle, participants with PD were able to increase step length (p<0.001), ankle PF (p<0.001), and HE impulse (p<0.001), but did not alter HF impulse.  
Conclusions: These data suggest that in early-stage PD, gait kinetics are not as disrupted as originally thought. However, the presence of reduced HE torque might be an early indicator of gait degeneration in this neuroprogressive disease. Our participants with PD were able to increase HE torque in response to needed demands, yet exhibited difficulty increasing HF torque when challenged. Given the deficits in HE, it is encouraging that HE seemed to be the source of increased force with substantial increases against resistance, providing a possible target for interventions.  Likewise, we found that challenging leg swing appeared easily surmountable by our participants with PD, possibly indicating that our resistance force was not large enough. Nevertheless, participants with PD were able to increase leg swing against resistance, suggesting a reserve in leg swing mechanics.


Introduction: 
Parkinson’s disease (PD) is a progressive neurodegenerative disease1 that disrupts motor processing and planning and elicits altered gait. Specific gait impairments include decreased step length and increased cadence, which lead to the hallmark “shuffling” pattern commonly termed Parkinsonian gait.2 Additionally, the presence of rigidity/stiffness suggests diminished joint movements, whereas the presence of a flexed trunk (i.e., stooped posture) implies a redistribution of joint moments.3 Despite extensive evidence of spatiotemporal gait changes with Parkinson disease, there is considerably less known about the mechanics that underlie these changes. There is also ample evidence regarding the neurologic contributions to altered movement in PD. For example, evidence from primates suggests neurons in the globus pallidus discharge at the end of each movement within a sequence, thus initiating automatic sub movements during performance tasks like locomotion.4 The damage to basal ganglia and globus pallidus neurons with PD can disrupt movement sequences, which are believed to affect the timing and amplitude of successive steps.5,6 Moreover, due to reduced automaticity and rhythmicity, individuals with PD may also experience episodes of ‘freezing’, which are brief moments of absent or reduced forward progression despite the intention of movement.7 Although the observations of reduced forward progression are often considered to be a problem of ‘automaticity’, there is likely a mechanical contribution. In fact, reduced limb propulsion is common in many other patient populations that present with loss of muscle strength.8 Indeed, reduced limb propulsion has been closely associated with reduced step lengths, which is a common occurrence in people with PD.9,10 Understanding the joint and limb kinetics associated with these known differences in spatiotemporal parameters for people with PD would allow for successful treatment targets. 
Several authors have proposed a distal to proximal redistribution of joint torques in PD however, this redistribution is a commonly observed phenomenon in otherwise healthy older adults (Franz, Hortobagyi/Devita) and may not be a consequence of PD. During both level and inclined walking, older adults demonstrated this “age-related biomechanical plasticity”, which is reported as a shift in joint torque to the hip from the ankle, and is thought to be affected by strength, power and exercise capacity.11,12 Those with greater capacity and strength demonstrated higher levels of plasticity allowing them to better adapt to challenging conditions.13 Nevertheless, ankle plantarflexion moments are reduced compared to age-matched controls, when people with PD are walking OFF medication.14 Importantly, PD medication can impact spatiotemporal, kinematic, and kinetic aspects of gait in people with PD. Baudendistel and colleagues noted increased step lengths, gait speed, limb propulsion, and ankle and hip kinetics when walking ON medication compared to OFF medication.15 Studies have found an increase in the neuromuscular activity of distal musculature with the use of anti-Parkinson’s medication such as Levodopa.16 But, even when patients are on “optimal prescription levels,” there is still a notable decrease in gastrocnemius activation with an increase in proximal muscle activation compared to healthy older adults.17 	Comment by Lewek, Michael David: I started a new paragraph with what little evidence regarding limb kinetics I could find. Please add more that you can come up with. Either additional references that support what I’ve written here, or things that add to this, or even things that refute these findings.	Comment by Lewek, Michael David: https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4198166/	Comment by Casnave, Stephanie: Not sure if this sentence still fits in considering the evidence found, but would love to hear your feedback	Comment by Lewek, Michael David [2]: This is great!
The potential combination of deficits in limb mechanics and amplitude of movement introduces safety concerns during gait and balance tasks for people with PD.18 Due to the progressive nature of PD, symptoms worsen over time and can increase the risk of falls.19 Falls often come with debilitating consequences that not only impact activity levels and quality of life, but also increase the risk of mortality.20,21 Although there is no cure for PD, dopaminergic agents such as Levodopa and Carbidopa are commonly used by people with PD to improve motor complications. However, due to the pharmacokinetics and sensitivity to dosages of the medications, there is an on/off phenomenon noted by worsening or fluctuating motor function as the medication wears off.22,23 Furthermore, there is limited research that supports medication’s efficacy in improving gait and balance deficits, indicating a need for additional focus towards non-pharmacological treatment approaches.24
The potential presence of mechanical deficits in gait is tempered by the fact that these deficits may be overcome. A variety of physical therapy interventions can successfully mitigate the consequence of gait and balance effects for people with PD.25 Interventions targeting improved step lengths have been a particular focus of therapy to address balance and falls. Gait training using auditory and visual cues for individuals with PD can induce longer steps.26  The relationship between step lengths and limb propulsion15,27 may suggest that individuals with PD can increase propulsive forces during gait. This mutability of gait in people with PD provides an opportunity to examine the underlying kinetics associated with impaired gait, as well as identify potential targets for therapeutic intervention.
Given the known presence of spatiotemporal aspects of gait, the purpose of this study is to develop an understanding of the limb and joint mechanics associated with reduced step lengths in people with PD. Because shortened step lengths can be due to both reductions in push-off force (stance limb) or reductions in swing leg advancement, we carefully designed a series of experiments to assess each of these potential mechanical contributions. First, we hypothesized that people with PD would exhibit diminished step lengths and gait speeds compared to unimpaired control subjects due to diminished limb propulsion arising from reduced plantarflexion and hip extension moments. Additionally, we hypothesized that the reduced step lengths will also be due to decreased hip flexion (swing) moments. Finally, we hypothesized that people with PD would have the capacity to take longer step lengths through an increase in hip flexor moment (swing) and ankle plantar flexor moments during push-off. 

Methods
Recruitment of Participants 
We recruited participants with PD through outpatient neurology and physical therapy clinics as well as local PD support groups. All participants had a clinical diagnosis of idiopathic PD characterized by asymmetrical onset of at least 2 of the 3 cardinal signs (tremor, bradykinesia, or rigidity) as well as the presence of mild to moderate gait or balance impairment characterized by a rating of 1-2 on MDS Unified Parkinson’s Disease Rating Scale (MDS-UPDRS) item 10. Additionally, participants had to be classified as mild to moderate severity level (i.e., Hoehn and Yahr 1 – 3). To determine how participants walk in their daily lives, we chose to perform all measurements ‘ON’ medication. We also recruited a group of similarly aged older adults who met all additional criteria. Due to the nature of the study, participants were only included if they self-reported the ability to walk at least 5 minutes at their comfortable gait speed on a treadmill. Participants were excluded if they presented with any of the following: uncontrolled cardiorespiratory or metabolic disease, vestibular dysfunction that affects gait and/or balance, implanted deep brain stimulator, dementia (MOCA score <21), history of traumatic brain injury, difficulties with vision or hearing that would impair ability to hear cues from researchers or ambulate safely, communication impairments which could impact understanding of experimental procedures, a recent orthopedic surgery (within the last 6 months), or other neurological or orthopedic issues that would affect gait. All participants signed an informed consent form approved by the University of North Carolina at Chapel Hill IRB prior to participation.
Procedures
Testing began with the collection of outcome measures intended to describe the PD group: Montreal Cognitive Assessment (MoCA), Freezing of Gait Questionnaire (FOGQ), and Mini-Best test. The Movement Disorder Society -Unified Parkinson’s Disease Rating Scale (MDS-UPDRS) was completed by a neurologist. All participants then performed walking passes on a 20’ (6.1 m) Zeno mat (Protokinetics, Havertown, PA), during which they were cued to walk “at a comfortable speed” for two passes, and “as fast as possible while still being safe” for two additional passes. We used PKMAS software to measure comfortable (CGS) and fast (FGS) gait parameters that were used to set the treadmill during testing. 
All gait testing was completed on a dual-belt instrumented treadmill (Bertec FIT, Columbus, OH) as participants wore an overhead harness that prevented falls but did not provide body weight support. Participants were given a few minutes to accommodate to the treadmill as we slowly increased speed to reach their comfortable overground speed. In cases where participants were unable or unwilling to complete the treadmill trials at their baseline speed, we adjusted the treadmill to 85% of their baseline speed. During trials, participants were instructed to not use handrails, but if needed, they were asked to only use them for balance (PD group: N=4). We made all attempts to keep handrail use consistent throughout all trials. Rest breaks were provided as needed between test conditions. 
To comprehensively assess potential biomechanical subcomponents associated with shuffling steps (commonly observed as shortened steps and rapid cadence), we designed a series of experiments to systematically vary walking conditions to probe push-off forces or swing limb advancement. Participants began testing by completing comfortable speed walking on the treadmill for one minute. All participants with PD then walked at their fast speed for 60 seconds. After a brief rest break, participants with PD then walked at their comfortable speed with a posterior impeding force applied to either the pelvis (to resist limb propulsion) or the ankles (to resist anterior leg swing). Such resistance during gait is intended to alter internal joint moments and muscle activation magnitudes.28 The pelvis and ankle resistance conditions were counterbalanced between subjects with at least a two-minute washout period provided between them. 
Propulsion Restraint: We used an impeding force applied to the pelvis (i.e., center of mass) through the application of manual resistance using black elastic tubing (Thera-Band, Akron, OH) fixed to a gait belt.29   The tubing was in line with a tension load cell (MLP-100, Transducer Techniques, Temecula, CA) sampling at 960 Hz to verify the load in real-time. Care was taken to ensure that force was horizontal to provide a true posterior force. The magnitude of the resistance was set relative to the participant's body weight (%BW) and was applied for 15-second intervals (ascending 0 to 10%BW in 2.5%BW increments, followed by descending from 10 to 0%BW). Prior modeling work has suggested that such a posterior resistance at the pelvis results in an increased hip extension moments during gait.28 Participants were instructed to remain in the center of the treadmill to minimize changes in the impeding force that might occur by drifting forwards or backwards on the treadmill.
Swing Limb Advancement Restraint: We attached black elastic tubing to the posterior aspect of each ankle via a padded ankle cuff. To achieve bilateral leg swing restraint the ankle resistance was set to peak at 2.5%BW for each leg (just prior to heel strike). A similar impeding force has been suggested to strategically increase hip flexion moments during gait.28 Because we were concerned that this impeding force would create artificially shortened steps, we included a condition which required participants to step to a metronome set to 85% of their typical overground cadence.30 To ensure that the metronome did not influence stepping, we also included a second control condition with participants stepping to a metronome set to 100% of overground cadence. Therefore, we had three randomized conditions that employed the posterior impeding force at the ankles (i.e., no metronome, metronome set to 85%, and metronome set to 100% of overground cadence). 	Comment by Lewek, Michael David: https://pubmed.ncbi.nlm.nih.gov/32344358/

Data Collection
During all conditions, we recorded segment kinematics by tracking 14-mm retroreflective markers placed on both limbs and pelvis. Namely, we placed anatomical markers on the second metatarsal head, 5th metatarsal head, center of posterior calcaneus, medial and lateral malleoli, medial and lateral femoral condyles, greater trochanter, iliac crest, radial styloid, acromioclavicular joint, and the sternoclavicular joint. Clusters of four markers were adhered to the posterolateral thigh and shank, and a cluster of three markers was fixed to the posterior pelvis to serve as tracking markers. All medial lower extremity anatomical markers were removed after performing a standing calibration, and prior to recording walking trials. The 3-dimensional locations of the markers were collected using an 8-camera motion capture system (Vicon, Los Angeles, CA), recording at 120 Hz. Additionally, ground reaction forces, and the restraining force recorded via the load cell were recorded at 960 Hz. We low-pass filtered the marker trajectories and ground reaction forces using a 6 Hz and 20 Hz Butterworth filter, respectively. We used Visual3D software (C-Motion, Germantown, MD) to compute joint angles as Euler angles and joint moments using inverse dynamics. From these time series curves, we computed a series of spatiotemporal and kinetic outcome measures using custom code (Labview, National Instruments, Austin, TX). Step length was measured as the anteroposterior distance between heel markers at each heel strike. Cadence was computed from the inverse of step time. We measured the propulsive impulse as the integral of the anterior directed GRF. Hip extension (early stance), hip flexion (late stance/swing), and ankle plantarflexion impulses were computed as the integral of the respective joint moment curves. All measures were computed bilaterally and averaged across limbs. 
Data Analysis
	We used SPSS (v27, IBM, Aramonk, NY) for all statistical analyses. First, we evaluated the difference between the PD group and Control group by performing paired samples t-tests. Next, we sought to determine the capacity to modulate limb propulsion in the PD group, as well as ascertain kinetic alterations associated with control of limb propulsion. Specifically, we used separate repeated measures ANOVAs (repeated for impeding force level) for limb propulsion and joint impulses. In the presence of significant main effects, we performed planned post-hoc tests consisting of paired samples t-tests between each restraining force condition and the 0% control condition. Although we report the findings of the descending forces, these were not analyzed. Finally, we intended to evaluate the ability of people with PD to maintain or extend their step length against swing limb resistance. We therefore used separate repeated-measures ANOVAs (repeated for condition) to assess differences in step length and related joint impulses. When significant main effects were observed, we performed paired samples t-tests with a Bonferroni correction as post-hoc analysis. We used effect sizes (ηp2 and Cohen’s d), as appropriate, and an α=0.05 to determine significance.

Results
We recruited a total of nine participants with idiopathic PD (__ female and __ male) and 11 Control (__ female and ___ male) participants. None of the participants reported using assistive devices for household or community mobility. The distribution of the 11 participants’ Hoehn &Yahr Stages were __, ___, and ___, in stages 1-3 respectively which indicated mild to moderate levels of disability. The average age of participants was ___ years, while the average height and weight were 66.22 inches and 140 pounds respectively. Additionally, the average number of years since diagnosis was ___ in the PD participant group. Lastly, their baseline overground comfortable gait speed was 1.17 ± 0.17m/s and fast gait speed was 1.52 ± 0.24 m/s. 
In terms of the control group, there were ___ participants (__ female and ___ male), with an average age of __ years while the average height and weight was ___ inches and ___ pounds respectively. Their baseline overground CGS was ____ and their FGS was _____. 
PD vs Control 
We observed minimal differences in spatiotemporal and kinetic gait parameters between our participants with PD and unimpaired older adults (see Table 2). In particular we noted comparable gait speeds step lengths, and cadence between the groups (all p≥0.454). Additionally, there was no difference between groups for propulsive impulse, plantarflexion impulse, or hip flexion impulse (all p≥0.302). However, we did note a significantly smaller hip extension impulse in people with PD compared to the control group (p=0.005; d=1.44).
Propulsion Restraint
In response to a posterior impeding force to the center of mass, intended to require greater limb propulsion, participants with PD significantly increased their propulsive forces with each successive increase in resisting force (p<0.001; ηp2=0.97).  Notably, when faced with 10% BW resistance, the participants with PD produced 204% of their typical propulsive impulse. Despite the increase in limb propulsion, we did not note any change in step length (p=0.550; ηp2=0.07) or cadence (p=0.546; ηp2=0.07) in response to the application of impeding force to the pelvis. Throughout the pelvic ladder, as propulsion restraint increased, participants consistently increased their hip extension impulse. There were limited significant changes seen in hip flexion and plantarflexion impulses, particularly at higher resistances.
Qualitatively, we observed that participants adopted a slight anterior trunk lean that increased with increasing force, and a more notable arm swing when walking with pelvis resistance. 
Swing Leg Advancement Restraint
We observed a significant main effect of condition for the influence of the ankle resistance on step length in our participants with PD (p<0.001; ηp2=0.74, Figure 4). Specifically, we noted that participants took significantly longer steps when walking with swing leg resistance and the metronome set to 85% of typical cadence (p=0.004; d=xxx). However, the resistance itself did not appear to alter step lengths when walking with (i.e., 100%) or without the metronome (both p=1.000).  In evaluating joint kinetics (see Table 4), we observed a main effect for condition in hip flexion impulse (p=0.043; ηp2=0.28). Nevertheless, the significant main effect did not reveal any differences in post-hoc evaluations (all p>0.415). In contrast, the plantar flexor impulse was also influenced by the swing leg resistance (p<0.001; ηp2=0.76), but was only larger when paired with the 85% metronome (i.e., enforced long steps) (p=0.002). Finally, the swing leg restraint influenced the hip extension impulse (p<0.001; ηp2=0.82), with greater values observed in all swing leg restraint conditions (all p<0.002)

Discussion
Our hypothesis that people with PD would walk with short, rapid steps due to decreased limb propulsion and swing leg advancement compared to unimpaired older adults was not supported by our data. Although we hypothesized that the expected altered spatiotemporal parameters would be due to underlying joint kinetic changes (i.e., less hip flexor torque (during swing) and less ankle plantar flexor torque during push-off compared to unimpaired individuals), we only observed deficits in hip extension moments in participants with PD. Additionally, we found that individuals with PD relied on the hip extensors to increase limb propulsion (as the first strategy), rather than increase hip flexor or plantar flexor torques, except at higher resistance levels. This data provides valuable information about gait in people with PD and has implications for rehabilitation strategies. 
The presence of altered joint kinetics in people with PD has been understudied, with a clear emphasis on spatiotemporal characteristics. Here, we report that people with mild to moderate PD (H&Y stage 1-3), do not exhibit characteristic spatiotemporal alterations, yet exhibit robust reductions in hip extension torque at baseline. The fact that our participants with PD demonstrated no significant differences in spatiotemporal parameters and limited differences in joint kinetics suggests that gait kinetics in early-stage PD are perhaps not as disrupted as originally thought. Although others have shown alterations in joint kinetics, the focus was on a change in gait speed and evaluated total joint work, rather than separating flexion and extension components.12 Nevertheless, in that prior work Kuhman and colleagues noted that compared to older adults without neurological deficits, individuals with PD show little ability to alter joint-level kinetics with greater gait speed demands. 
Our finding of reduced hip extension torque in the PD group during typical walking may serve as an early indicator of the neuroprogressive disease. Our participants were early in the progression of PD and were on medication during testing. In more advanced stages of PD, postural instability is common, regardless of medication, and often produces a forward trunk lean which subsequently increases the hip extension moment.31 We postulate that this increase in forward trunk lean may serve as a compensatory strategy to overcome the decreased hip extension torque by shifting the ground reaction force anteriorly. Perhaps targeting the reduced hip extension torque early in the disease progression could minimize or eliminate the development of other impairments that commonly arise (e.g., forward trunk lean) as the disease progresses. Such an approach might also minimize any increased tone in the hip flexors from a stooped posture, ultimately improving the hip-to-trunk torque ratio.32,33 	Comment by Lewek, Michael David [2]: https://pubmed.ncbi.nlm.nih.gov/32452386/
People with PD were capable of eliciting substantial increases in limb propulsion, driven primarily by increased hip extension torque.  That participants opted to increase hip extension torque with each increase in resistance to the center of mass, suggests that there remains considerable capacity for increasing torque when challenged or required, and offers the possibility of a focus for rehabilitation. This finding is somewhat consistent with prior work done in people post-stroke, which suggested that altering propulsive limb forces by increasing the trailing limb angle can help direct the ground reaction force more anteriorly.34,35 Somewhat surprisingly, we only observed a change in plantarflexion torque when participants were challenged with a resistance force of 10%BW. This finding suggests that deficits in PF did not exist, and instead participants responded by increasing torque across the joint (i.e., hip) that did show deficits, so as to make them appear more ‘normal’. Interestingly, though, participants significantly reduced the hip flexion moment when faced with greater resistance (≥ 7.5%BW) which can provide a basis for optimal prescription of the resistance magnitude needed to improve hip extension torque without compromising the hip flexors. This is consistent with previous literature that supports an inverse relationship between hip flexor and plantarflexion power generation.36 It has been suggested that the concentric activation of hip flexors to initiate leg swing can inhibit the production of ankle power generation needed for limb propulsion, and thus as participants attempted to increase propulsion in response to resistance, they subsequently reduced the hip flexion impulse.37	Comment by Lewek, Michael David [2]: Use this one instead:
https://pubmed.ncbi.nlm.nih.gov/30558525/
	Comment by Lewek, Michael David: This is good insight. I want to think about mechanically why they reduced hip flexion impulse. Why would they need less hip flexion when being pulled backwards? 	Comment by Lewek, Michael David: Perhaps the reduced hip flexor impulse is a result of less need to decelerate the hip extension movement due to the posterior pulling force on the pelvis accomplishing the same task?!?	Comment by Casnave, Stephanie: https://pubmed.ncbi.nlm.nih.gov/22661059/

I found this article to support increased hip flexor activity while walking on an incline but only during the swing phase. If thinking about the incline eliciting similar body mechanics to our impeding force, since this pelvis condition was more so targeting propoulsion rather than leg swing, could that be why it started to decrease? Sort of as a method to stop deceleration from hip flexors and allow hip extension to work to it's fullest capacity as a compensatory strategy since PFs aren't activiating as they should, like what the literature from the introduction discusses? Or is my thought process totally incorrect :/
The resistance at the ankle was intended to challenge swing limb advancement and demonstrated that individuals with mild-to moderate symptoms of PD can increase step lengths. The resistance at the ankle is believed to require greater hip flexor torque during swing, 28 but our findings instead showed that participants decreased their hip flexion torque. Rather, they responded to the resistance at the ankle by increasing hip extension torque. Importantly, participants were able to increase their step length when challenged with a slow metronome. Previous evidence shows that a slower cadence metronome can enforce a longer step length, which demonstrated in our participants.26 In this condition, step length was challenged with both a resisting force to the leg, as well as the presence of the slow tempo metronome on a fixed speed treadmill.30 Given the lack of increased step length in other conditions, it appears that the slow tempo metronome was required to increase step length. Importantly, our PD participants did not have a deficit in step length at baseline compared to healthy controls. This may account for some of the lack of changes when challenged without a metronome, and at the 100% cadence trial. Nevertheless, it is encouraging that participants could increase their step length with an additional resistance impeding their swinging leg. We propose that such a technique may provide the means to train for increased step lengths with resistance. Interestingly, participants increased step length through increased plantar flexor and hip extensor torque. This could indicate an inability to increase hip flexor torque to overcome challenges. Furthermore, it may also suggest that the increase in step length is achieved through enhanced limb propulsion, rather than increasing swing limb mechanics. Nevertheless, reduced hip flexion kinetics are well known to accompany increased limb propulsion demands38,32 and thus may simply be a consequence of the task requirement, rather than a functionally limiting impairment. Furthermore, research shows that hip extension and ankle plantarflexion kinetics are primary factors in dictating step length in older adults.27 These data do not support our hypothesis that participants with PD would increase the hip flexor moment to increase step length. 	Comment by Lewek, Michael David [2]: https://pubmed.ncbi.nlm.nih.gov/32344358/	Comment by Lewek, Michael David [2]: Also add in:
https://pubmed.ncbi.nlm.nih.gov/18606419/

Treadmill and gait training are common tools used during PD rehabilitation.39 Functionally relevant strengthening may be a valuable addition to rehabilitation for people with PD. Previously, this idea has been incorporated into gait training on an incline, such that gravity becomes the applied resistance during gait. For people with chronic stroke, walking on an inclined treadmill leads to improved paretic step lengths, and increased gait speed.40 Direct gait resistance training has shown benefit in other neurological populations and can result in neuromuscular adaptations. Individuals post-incomplete spinal cord injury can increase the amplitude of their hip flexor muscle activity when assisted in swing phase.41 Individuals following a stroke in their paretic limb, have demonstrated a propulsive reserve while walking against resistance at the waist, which continued after removal of the impeding force.35 The data found during this study suggests that using an impeding force to gait train can elicit upregulation of joint torques that are reduced in PD participants compared to healthy controls (i.e., hip extension impulse). As an intervention, this could be both a functional activity and targeted strengthening. 	Comment by Lewek, Michael David [2]: interesting that this pulls the other way and finds the opposite finding as us.
Limitations	Comment by Lewek, Michael David: https://pubmed.ncbi.nlm.nih.gov/8914503/
There were several limitations that need to be acknowledged. First, we recruited individuals with mild-moderate PD (Hoehn & Yahr stage 1-3) and performed all testing ON medication. As a result, these results cannot be extended to more advanced stages, or circumstances in which people with PD are OFF medication. Next, we did not have the control participants undergo trials in which we systematically challenged biomechanical subcomponents of gait, leaving us unable to interpret our findings in this regard. Additionally, it is possible that the resistance applied to the ankle to impede swing limb advancement was insufficient to adequately challenge some of the participants. We selected 2.5%BW based on our pilot testing but acknowledge that it is possible that a larger resistance could have resulted in different findings. Nevertheless, we chose a magnitude that was twice the value used previously in people with stroke.42	Comment by Lewek, Michael David [2]: https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5012177/













Tables/Figures
Table 1. Parkinson’s Group Demographics
	PD Results Demographics

	
	CGS (m/s)
	FGS (m/s)
	CGS Cadence (bpm)
	Hoehn & Yahr
	MDS UPDRS
	MOCA 
	FOG
	Minibest Test
	Age

	1
	0.89
	1.00
	105
	
	
	25
	5
	23
	

	2
	1.14
	1.56
	121
	
	
	30
	2
	26
	

	3
	1.49
	1.73
	113
	
	
	30
	4
	27
	

	4
	1.2
	1.62
	103
	
	
	27
	0
	26
	

	5
	1.2
	1.74
	121.5
	
	
	30
	4
	26
	

	6
	1.28
	1.69
	112.6
	
	
	27
	3
	25
	

	7
	1.06
	1.43
	102.3
	
	
	28
	0
	26
	

	8
	1.04
	1.29
	101
	
	
	30
	9
	28
	

	9
	1.22
	1.6
	108.16
	
	
	30
	1
	25
	

	Average
	
	
	
	
	
	28.6 ± 1.88
	3.1 ± 2.85
	25.8 ± 1.39
	







Table 2. PD vs. Control Group Results 

	
	Control Group
	PD Group
	p-value

	CGS	Comment by Lewek, Michael David: Lets move all Table to the bottom of the document. Some journals want them on separate pages, some want them in the text like this, and some want the in different documents. For ease, right now, lets just move them to the bottom so it is easier to read the text.
	1.20 +/- 0.18
	 1.14 +/- 0.19
	.508

	Propulsive Impulse
	0.030 +/- 0.005
	0.028 +/- 0.005
	.444

	Step Length
	0.58 +/- 0.07
	0.55 +/- 0.10
	.454

	Cadence
	117.2 +/- 12.1
	113.7 +/- 8.1
	.467

	PF Impulse
	-0.25 +/- 0.07
	-0.28 +/-0.05
	.302

	Hip Ext Impulse
	-0.11 +/- 0.05
	-0.05 +/- 0.03
	.005*

	Hip Flex Impulse 
	0.06 +/- 0.03
	0.07 +/- 0.04
	.345



















Table 3. PD Pelvic Restraint Condition Results
	
	0% BW
	2.5% BW
	5% BW
	7.5% BW
	10% BW

	Hip Ext
	-0.044+/-0.027
	-0.052+/-0.028*† (p=0.001)
	-0.063+/-0.036* (p=0.01)
	-0.075+/-0.035*† (p=0.001)
	-0.091+/-0.039*† (p<0.001) 

	Hip Flex
	0.080+/-0.037
	0.077+/-0.037
	0.076+/-0.038
	0.070+/-0.035*†(p=0.046)
	0.065+/-0.033* (p=0.011)

	PF
	-0.272+/-0.048
	-0.269+/-0.049
	-0.275+/-0.050
	-0.281+/-0.050
	-0.294+/-0.047* (p=0.012) 


Key: *= significantly (P<.05) different from 0% condition; †= significantly different from preceding condition















Table 4. PD Ankle Restraint Condition Results
	
	CGS
	Ankle (no metronome)
	Ankle 100
	Ankle (85% metronome) 

	Propulsive Impulse
	0.281+/-.00535

	.0302 +/- .00535* (P=.020)
	.0336 +/- .00495* (P=.001)
	.0429+/- .00949* (P=.002)

	HF Impulse
	.0746 +/- .0415
	.0656 +/- .0311
	.0629 +/- .0343
	.0603 +/- .0264

	PF Impulse
	-.282 +/- .051
	-.280 +/- .0491
	-.293 +/- .0389
	-.341 +/- .0634* (P=.002) 

	HE 
Impulse
	-.0451 +/- .0282
	-.0659 +/- .0327* (P=.002)
	-.0788 +/- .0431 (P=.002)
	-.0934+/- .0435 (P=.000)


Key: *= significantly (P<.05) different from CGS condition
 

 








Figure 1. PD vs. Control Hip Kinematics 
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Figure 2. PD Vs. Control Ankle Kinematics 
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Figure 3. PD vs. Control GRF 
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Figure 4. Propulsive Impulse 
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Figure 5. Step Length with Swing Resistance 
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