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A B S T R A C T   

Lower extremity peripheral artery disease (PAD) is a cardiovascular condition manifesting from narrowed or 
blocked arteries supplying the legs. Gait is impaired in patients with PAD. Recent evidence suggests that walking 
with carbon fiber ankle foot orthoses (AFOs) can improve patient mobility and delay claudication time. This 
study aimed to employ advanced biomechanical gait analysis to evaluate the impact of AFO intervention on gait 
performance among patients with PAD. Patients with claudication had hip, knee, and ankle joint kinetics and 
kinematics assessed using a cross-over intervention design. Participants walked over the force platforms with and 
without AFOs while kinematic data was recorded with motion analysis cameras. Kinetics and kinematics were 
combined to quantify torques and powers during the stance period of the gait cycle. The AFOs effectively reduced 
the excessive ankle plantar flexion and knee extension angles, bringing the patients’ joint motions closer to those 
observed in healthy individuals. After 3 months of the AFO intervention, the hip range of motion decreased, 
likely due to changes occurring within the ankle chain. With the assistance of the AFOs, the biological power 
generation required from the ankle and hip during the push-off phase of walking decreased. Wearing AFOs 
resulted in increased knee flexor torque during the loading response phase of the gait. Based on this study, AFOs 
may allow patients with PAD to maintain or improve gait performance. More investigation is needed to fully 
understand and improve the potential benefits of ankle assistive devices.   

1. Introduction 

The narrowing or blockages of the leg arteries resulting from 
atherosclerosis are responsible for developing lower extremity periph-
eral artery disease (PAD) [1]. As a result of PAD, the working leg muscles 
do not get an adequate oxygen supply during physical activity, and 
claudication occurs. Claudication is a pain in the legs that is brought on 
by physical activity and relieved with rest [2]. In the United States, 
approximately 25% of the population will experience PAD during their 
life [3]. 

PAD has a detrimental effect on walking performance even before 
the onset of claudication. During walking, reduced lower extremity joint 
powers [4], abnormal ankle and hip joint torques [5,6], and decrements 
in spatiotemporal gait parameters [7,8] were observed in patients with 
PAD compared to healthy counterparts. Changes in gait performance are 

likely driven by changes in muscle structure and function caused by PAD 
and its associated ischemia/reperfusion cycles. Smaller muscle area, 
increased muscle fat, and impaired energy production and utilization 
[9,10] are some of the ischemia-related adverse changes found in the 
calf skeletal muscles of patients with PAD [11]. Muscle changes manifest 
as reduced plantar flexor muscle strength in patients with PAD [12,13] 
and reduced torque and power during walking. We estimate that 
average reductions in lower limb joint torques during each phase of 
stance from all of our previous studies are as follows: a 24% decrease in 
hip power generation during early stance, a 39% decrease in knee power 
generation during midstance, and a 26% reduction in ankle plantar-
flexor power generation during late stance, compared with healthy 
controls [4,14,15]. Because of these reductions, individuals with PAD 
walk slower and can walk a shorter distance compared to individuals 
without PAD. 
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Supervised exercise and revascularization increase the distances that 
patients with PAD can walk [16], but these interventions do not lead to 
significant improvements in spatiotemporal or lower extremity torque 
and power gait characteristics [8,17]. Many patients encounter obsta-
cles such as lack of motivation, time constraints, limited access to re-
sources, financial constraints, and physical limitations, which impede 
their ability to adhere effectively to supervised exercise therapy. Exist-
ing interventions are designed to improve blood flow or cardiovascular 
efficiency but are not designed to support the weak calf muscles of pa-
tients with PAD. The preliminary data suggesting that an ankle foot 
orthosis immediately increased patients’ walking distance, similar to the 
effects of six months of medication, holds great promise. Additionally, 
the AFO appears to address both the deficits in ankle biomechanics 
identified in previous studies and the blood flow demand issues that 
contribute to muscular stress in the leg muscles of these patients. This 
project aims to expand upon the positive results observed in the pilot 
study and investigate additional improvements in walking performance 
after three months of using AFOs. AFOs can fill this gap by providing 
mechanical compensation through energy storage and return. The 
spring-like properties of carbon-composite AFOs allow energy storage at 
weight acceptance and return at the toe-off point when the ankle plan-
tarflexes, providing power to propel the body into the next step. AFO 
devices have stimulated excitement regarding their potential for 
improving walking performance in individuals with movement disabil-
ities. AFOs have been shown to restore walking performance in in-
dividuals with stroke, hemiplegia, and other motor disorders [18,19] 
that have similar, inadequate lower extremity torque and power gen-
eration ability during walking [20,21]. Off-the-shelf carbon composite 
AFOs are adjustable, affordable, and could be prescribed to overcome 
reduced propulsion [18,20,22,23]. 

Limited evidence exists regarding the specific benefits of various 

assistive devices for patients with PAD, with research often lacking focus 
on their unique challenges. More targeted studies are needed to assess 
the effectiveness of different devices, such as passive and powered or-
thotics, in improving walking distance, reducing pain, and enhancing 
overall mobility for patients with PAD. Moreover, existing studies pri-
marily offer short-term insights into assistive device usage, lacking 
longitudinal exploration of their extended benefits and potential com-
plications in patients with PAD. This study aimed to determine how a 
three-month AFO intervention improved gait performance, as assessed 
through lower extremity torques and powers in patients with PAD. We 
also compared gait performance between patients who completed an 
intervention with bilateral AFOs with a control group of patients with 
PAD who did not complete an intervention. We hypothesized that the 
AFO intervention would improve the gait performance of patients with 
PAD. 

2. Methods 

This study involves a secondary analysis of a primary dataset. The 
sample size determination was based on a variable (initial claudication 
walking distance) that is not present in this study. Forty-three patients 
with PAD were recruited from the claudication clinic at the Nebraska 
and Western Iowa Veterans Affairs Medical Center (VAMC) in Omaha, 
Nebraska. Participants were screened with detailed medical history 
questions, physical examinations, computerized tomographic angiog-
raphy, hemodynamic assessment, and direct evaluation and observa-
tional analysis of walking impairments. 

Patients were included if they had an ankle-brachial index (ABI) of 
less than 0.90 and claudication pain as a primary limiting factor during 
walking. Participants also had to demonstrate a positive history of 
chronic and exercise-limiting claudication, as determined through 

Fig. 1. In Fig. 1a, a patient with PAD is depicted walking on the force platforms with attached reflective markers. In Fig. 1b, a schematic view of the laboratory setup 
and the AFO utilized in this study is presented. 
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history and direct observation during a walking test screening. All tests 
were administered and/or reviewed by the evaluating vascular surgeon. 

Participants were excluded if they had rest pain or tissue loss due to 
PAD, an acute lower extremity ischemic event secondary to thrombo-
embolic disease or acute trauma, and/or walking capacity limited by 
anything other than claudication. The study was carried out in compli-
ance with the principles stated in the Declaration of Helsinki, and the 
research protocol received approval from the Ethics Committee of IRBs 
# 0485–16 and # 1576199. Written informed consent was obtained 
from each patient before any study-related procedures. 

2.1. Data collection 

Gait kinematics was measured using a seventeen-high speed-camera 
motion capture system (Motion Analysis Corp, Santa Rosa, CA; 100 Hz). 
Participants wore a form-fitting suit, and 33 retro-reflective markers 
were placed on specific anatomical landmarks on the subject’s pelvis, 
thighs, shanks, and feet according to the marker set protocol [24]. 
Participants wore bilateral AFOs and were instructed to walk with (AFO) 
and without AFOs (NAF) at a self-selected speed across a walkway with 
force plates embedded in the floor (AMTI, Watertown, MA, 1000 Hz). 
Participants repeated each walking trial until five successful trials were 
obtained for each foot in which heel-strike and toe-off events were 
within the boundaries of the force plate. Participants were instructed to 
walk forward naturally, so they did not intentionally target the force 
plates. Rest was required for a minimum of one minute between each 
trial or for as long as was required for the pain to completely subside. 
Fig. 1 illustrates the experimental setup. In Fig. 1A, a patient with PAD is 
depicted walking on the force platforms with attached reflective 
markers. In Fig. 1B, a schematic view of the laboratory setup and the 
AFO utilized in this study is presented. 

2.2. Study groups 

Participants were randomly divided into two groups. The first group 
was instructed to wear AFOs for the first three months, while the second 
group, referred to as the delayed intervention group, continued usual 
care without using AFOs during the same three-month period. For the 
subsequent three months, the participants crossed over to the other 
group. There were three total visits: baseline, three months, and six 
months after the initial visit (see Fig. 2). 

The intervention included using the AFO at home. During the three- 
month intervention period, the patients were asked to always wear the 
AFOs except when they were in bed or showering/bathing. Patients 
wore either Matrix Truelife or Ottobock Walk-on Reaction AFO models 
based on the collaborating Orthotist’s determination of best fit. These 
are carbon-composite designs that have been used in previous studies 
because of the potential to absorb energy in the strut with weight 
acceptance and return energy at push-off [20]. There was a risk of pa-
tients experiencing discomfort with the AFO and developing sores from 
the device. To reduce this risk, the device was properly fitted and 
adjusted during the baseline data collection period. Research personnel 
inspected patients’ feet after the data collection to ensure there was no 
evidence of the device rubbing the foot. Additionally, the nurse coor-
dinator educated patients on how to inspect their feet daily for signs of 
new sores developing. If subjects began to develop a sore, they were 
instructed to stop wearing the AFO immediately and to follow up with 
the research team to adjust the AFO. The experimental protocol was 
similar across the three visits. 

2.3. Data analysis 

We filtered marker trajectories using a low pass, fourth-order, zero 
lag Butterworth filter with cutoff frequencies of 6 Hz [25]. We calculated 
joint kinetics and kinematics during the stance phase of overground 

Fig. 2. Study design, group interpretation based on the cross over design of the study. The delayed intervention group had a baseline visit, followed by a three-month 
control period, then an AFO intervention for three months, ending with a six-month assessment. The immediate intervention group started with a baseline visit, 
followed by a three-month AFO intervention, then a three-month visit, and concluded with a six-month assessment after a three-month period with no intervention. 
Design (I) included the comparisons between the dependent variables at pre- vs. post-intervention. This design also included interactions for testing (Ankle foot 
orthosis (AFO) and no ankle foot orthosis (NAF) and group (delayed versus immediate) factors. This comparison showed changes as a result of the intervention. 
Design (II) included the comparisons between the dependent variables for at baseline vs. three months. This design also included interactions for testing (Ankle foot 
orthosis (AFO) and no ankle foot orthosis (NAF) and group (delayed versus immediate) factors. This comparison showed differences as a result of time regardless of 
control or intervention during that time period. 
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walking. We used custom MATLAB (Mathworks, Inc., Natick, Mass) and 
Visual 3D (C-Motion, Inc., Germantown, Md) software to calculate joint 
angles, torques, and powers for the ankle, knee, and hip [26]. We 
analyzed various joint angle variables, including peak flexion and 
extension angles, during the stance phase of walking. The net result of all 
forces acting around a joint was defined as joint torque. 

We identified the peak values of torque for the ankle, knee, and hip 
joints. We defined the negative and positive torques as extensor and 
flexor torques, respectively. In weight acceptance, ankle dorsiflexor, 
knee flexor, and hip flexor torques were measured, while ankle plantar 
flexor, knee extensor, and hip extensor torques were observed during 
propulsion. 

Joint power, reflecting muscle work was considered the product of 
the angular velocity and the net torque at a joint [4]. Peak power values 
were observed at the ankle, knee, and hip joints. Positive and negative 
powers were defined as generation and absorption, respectively. During 
weight acceptance, power absorption occurred at the ankle and knee, 
and power generation at the hip. During single leg support, power ab-
sorption was observed at the ankle and hip, and power generation 
occurred at the knee. In the propulsion phase, power generation was 
seen at the ankle and hip, and power absorption occurred at the knee. 

2.4. Statistical analysis 

Baseline data for the sample were summarized using medians and 
interquartile ranges (IQRs) and differences in baseline data between 
groups were assessed using Wilcoxon Rank Sum tests. The statistical 
analysis of biomechanics outcomes comprised two designs, illustrated in 
Figs. 2, respectively. The first design involved comparing the delayed 
intervention and immediate intervention groups before and after the 
intervention (i.e., three vs. six months for the delayed intervention 
group, and baseline vs. three months for the immediate intervention 
group). The second design compared the delayed intervention and im-
mediate intervention groups between baseline and three months, eval-
uating differences in the intervention versus the control standard of care 
periods. 

For each design analysis, only patients with measurements at both 
time points were included. Descriptive statistics for outcomes are pre-
sented as means and standard deviations based on the raw data. For 
statistical testing, linear mixed models were used to account for corre-
lated data and separate models were built for each outcome. The models 
incorporated factors for time (before vs. after-intervention in the first 
design, or baseline vs. three months in the second design), test condi-
tion (with AFOs vs. without AFOs), and group (delayed intervention vs. 
immediate intervention). 

The analysis also included the triple interaction between the three 
factors, along with all two-way interactions. Backward selection was 
employed to remove interactions one by one, starting with the highest 
ordered interaction and then those with the highest p-values, until only 
interactions with p-values less than 0.05 remained. Main effects were 
always retained in the model. Significant main effects were interpreted 
using model-adjusted means and associated standard errors (SEs). 

To assess significant three-way interactions, two separate models 
were generated for each group, investigating whether the two-way 
interaction between condition and time was significant. Subsequently, 
significant two-way interactions were examined using post hoc pairwise 
comparisons with Bonferroni adjustments, and model-adjusted means 
were presented. All the statistical analyses were performed using SAS 
software, version 9.4 (SAS Institute Inc., Cary, NC). 

3. Results 

A description of the demographic characteristics of the patients who 
participated in the study and completed all the required visits is pro-
vided in Table 1A and B. All participants included in this study were 
male, as recruitment was exclusively conducted at the claudication 
clinic at the Nebraska and Western Iowa Veterans Affairs Medical Center 
(VAMC) in Omaha. We performed two separate analysis designs, one 
comparing the pre and post intervention visits and the other comparing 
baseline visit to the three-month visit (Figs. 2). The results of the first 
design and then the second design are described below for each category 
of outcomes. 

3.1. Kinematics outcomes 

Pre vs. post intervention (Design I): A significant effect of condition 
was found for ankle joint angles. After adjusting for group and time, 
patients had a significantly greater magnitude of peak plantar flexion 
and dorsiflexion angles in the NAF (� 10.55, and 12.42, SE = 0.54 and 
0.57) vs. the AFO condition (� 8.26, and 9.34, SE = 0.57 and 0.56), p’s < 
0.01. A significant effect of intervention was found for hip peak joint 
flexion and extension angles. After three months of intervention with 
AFOs, both hip flexion and extension angles (36.59, and 0.70, SE = 0.85 
and 0.71) were significantly reduced compared to pre intervention 
(38.19, and 2.40, SE = 0.92 and 0.91), p = 0.02 and 0.04, respectively. 

Baseline vs. three months (Design II): Patients had a significantly 
greater magnitude of peak plantarflexion and dorsiflexion angles when 
walking in the NAF condition (� 10.43, and 12.42, SE = 0.56 and 0.49) 
vs. the AFO condition (� 8.37, and 9.45, SE = 0.56 and 0.49), p’s < 0.01. 
Moreover, walking with AFO led to reduced knee extension angle (0.29, 
SE = 0.71), compared to the NAF condition (1.39, SE = 0.71), p = 0.04. 

3.2. Kinetics outcomes 

Pre vs. post intervention (Design I): We observed reduced knee flexor 
torque in the NAF (� 0.05, SE = 0.04) vs. the AFO condition (� 0.12, SE 
= 0.04), p = 0.02. After AFO intervention, the hip flexor torque signif-
icantly increased (� 0.50, SE = 0.05) compared to pre intervention 
(� 0.41, SE = 0.04), p = 0.03. Ankle power absorption during the weight 
acceptance decreased in the AFO (� 0.33, SE = 0.04) vs. NAF condition 
(� 0.43, SE = 0.04), p = 0.01. Ankle power absorption during single 
support decreased in the AFO (� 0.78, SE = 0.03), compared to the NAF 

Table 1 
A. Demographic data for the participants used in the pre- and post-intervention 
analysis (Design I as shown in Fig. 2).   

Group   

A 
(N = 14) 

B 
(N = 5) 

P-value 

AGE   0.40 
Median (IQR) 71.5 (70.0, 77.0) 70.0 (68.0, 72.0)  

BMI   0.43 
Median (IQR) 29.7 (26.4, 32.2) 28.6 (22.1, 31.8)  

Height(cm)   0.58 
Median (IQR) 175.3 (171.5, 180.3) 177.2 (167.6, 177.8)  

ABI   0.40 
Median (IQR) 0.7 (0.5, 0.9) 0.6 (0.5, 0.7)    

B. Demographic data for the participants used at baseline and three-months for the 
analysis (Design II as shown in Fig. 2).  

Group   

A 
(N = 17) 

B 
(N = 5) 

P-value 

AGE   0.22 
Median (IQR) 72.0 (70.0, 79.0) 70.0 (68.0, 72.0)  

BMI   0.39 
Median (IQR) 30.0 (25.7, 32.8) 28.6 (22.1, 31.8)  

Height(cm)   0.66 
Median (IQR) 172.7 (171.5, 180.3) 177.2 (167.6, 177.8)  

ABI   0.42 
Median (IQR) 0.7 (0.5, 0.8) 0.6 (0.5, 0.7)  

P-values from Wilcoxon rank sum tests. 
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Table 2 
Dependent variables from design I. Estimates are based on the raw data. P-values derived from linear mixed models, where a separate model was run for each measure of interest, and included the variables group, time, and 
condition, as well as interactions between variables; interactions which were not significant were ultimately removed from the model, starting with the triple interaction. For measures in this table, none of the models 
included significant interactions. All values are written as mean (standard deviation).  

Joint and/or variable Pre intervention Pre intervention Post intervention Post intervention P-Values for main effects not included 
in a significant interaction 

Significant 
Interaction  

Immediate Start intervention 
group 

Delayed Start intervention group Immediate Start intervention 
group 

Delayed Start intervention group Group 
(Delayed 
vs. 
Immediate 
Start) 

Time (Pre vs. 
Post 
Intervention) 

Condition 
(AFO vs 
NAF) 

Variables 
Involved 

p- 
value 

Ankle AFO NAF AFO NAF AFO NAF AFO NAF      

Plantar flexion angle (Degrees) � 7.87 (2.64) � 9.78 (3.22) � 8.92 (2.35) � 10.29 (2.80) � 8.66 (2.59) � 10.87 (2.47) � 7.77 (2.35) � 10.69 (2.50) 0.95 0.95 0.001   
Dorsiflexion angle (Degrees) 9.95 (0.97) 12.36 (1.53) 9.27 (1.81) 13.30 (3.45) 9.16 (1.80) 11.08 (2.09) 9.72 (3.50) 12.11 (2.68) 0.68 0.29 <0.0001   
Dorsiflexor torque (N*m/kg) � 0.14 (0.04) � 0.16 (0.06) � 0.19 (0.09) � 0.18 (0.06) � 0.19 (0.05) � 0.21 (0.01) � 0.18 (0.06) � 0.20 (0.06) 0.73 0.43 0.37   
Plantar flexor torque 

(N*m/kg) 
1.30 (0.14) 1.33 (0.18) 1.23 (0.12) 1.25 (0.12) 1.26 (0.20) 1.24 (0.21) 1.20 (0.14) 1.24 (0.15) 0.34 0.35 0.34   

Power absorption early stance (W/kg) � 0.23 (0.05) � 0.47 (0.18) � 0.36 (0.14) � 0.41 (0.19) � 0.36 (0.13) � 0.43 (0.15) � 0.32 (0.12) � 0.44 (0.23) 0.84 0.86 0.01   
Power absorption mid stance (W/kg) � 0.86 (0.10) � 1.14 (0.23) � 0.73 (0.11) � 1.02 (0.24) � 0.81 (0.17) � 0.94 (0.16) � 0.72 (0.10) � 0.97 (0.14) 0.34 0.09 <0.0001   
Power generation late stance (W/kg) 1.33 (0.26) 2.03 (0.40) 1.45 (0.35) 1.98 (0.51) 1.55 (0.29) 1.89 (0.51) 1.50 (0.35) 2.13 (0.56) 0.72 0.36 <0.0001   
Knee              
Extension angle (Degrees) 0.59 (3.98) 1.32 (2.59) 0.90 (3.76) 2.28 (3.84) � 0.43 (2.69) 0.45 (2.81) 0.04 (4.95) 1.43 (3.37)  

0.65  0.23  0.06   
Flexion angle (Degrees) 11.61 (3.65) 12.62 (3.51) 10.81 (5.46) 10.80 (4.84) 10.60 (4.64) 10.52 (3.35) 9.86 (5.47) 10.69 (6.19)  

0.63  0.28  0.65   
Extensor torque (N*m/kg) 0.34 (0.03) 0.44 (0.06) 0.55 (0.20) 0.51 (0.27) 0.49 (0.06) 0.52 (0.15) 0.57 (0.24) 0.59 (0.21) 0.24 0.13 0.62   
Flexor torque(N*m/kg) � 0.29 (0.19) � 0.16 (0.17) � 0.05 (0.16) 5.37 (0.17) � 0.12 (0.24) � 0.59 (0.11) � 0.007 (0.19) 0.05 (0.16) 0.03 0.08 0.02   
Power absorption early stance (W/kg) � 0.33 (0.16) � 0.060 (0.19) � 0.62 (0.41) � 0.57 (0.47) � 0.51 (0.16) � 0.51 (0.26) � 0.64 (0.35) � 0.67 (0.41) 0.37 0.41 0.61   
Power generation early stance (W/kg) 0.15 (0.33) 0.26 (0.07) 0.35 (0.21) 0.34 (0.24) 0.27 (0.14) 0.31 (0.22) 0.34 

(0.23) 
0.38 (0.22) 0.21 0.43 0.31   

Power absorption late stance (W/kg) � 0.64 (0.65) � 0.68 (0.36) � 0.79 (0.39) � 0.88 (0.54) � 0.80 (0.59) � 0.85 (0.25) � 0.82 (0.24) � 0.95 (0.33) 0.58 0.35 0.08   
Hip              
Extension angle (Degrees) 4.64 (2.41) 3.04 (3.22) 1.53 (4.75) 1.51 (3.95) 0.61 (1.62) 1.41 (1.87) 0.17 

(3.65) 
0.28 (3.65) 0.37 0.02 0.29   

Flexion angle (Degrees) 39.04 (2.67) 39.90 (2.75) 37.24 (5.07) 37.22 (4.44) 36.73 (1.91) 37.57 (2.89) 35.22 (4.84) 36.55 (4.55) 0.42 0.04 0.86   
Extensor torque (N*m/kg) 0.74 (0.23) 0.75 (0.21) 0.69 (0.18) 0.71 (0.20) 0.65 (0.09) 0.59 (0.05) 0.65 

(0.16) 
� 0.56 (0.21) 0.87 0.15 0.85   

Flexor torque (N*m/kg) � 0.33 (0.16) � 0.40 (0.13) � 0.43 (0.18) 5.37 (0.17) � 0.45 (0.20) � 0.49 (0.18) � 0.50 (0.18) 0.64 (0.16) 0.36 0.03 0.11   
Power absorption mid stance (W/kg) � 0.18 (0.10) � 0.17 (0.16) � 0.33 (0.24) � 0.29 (0.23) � 0.29 (0.21) � 0.27 (0.17) � 0.40 (0.27) � 0.38 (0.28) 0.18 0.21 0.22   
Power generation early stance (W/kg) 0.74 (0.37) 0.75 (0.31) 0.65 (0.26) 0.64 (0.28) 0.064 (0.23) 0.53 (0.11) 0.54 

(0.21) 
0.50 (0.28) 0.42 0.08 0.42   

Power generation late stance (W/kg) 0.55 (0.23) 0.65 (0.17) 0.70 (0.25) 0.78 (0.31) 0.67 (0.11) 0.71 (0.13) 0.72 
(0.21) 

0.87 (0.36) 0.27 0.16 0.02    
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condition (� 1.01, SE = 0.03), p < 0.0001. Ankle power generation in 
late stance was also reduced in the AFO condition (1.46, SE = 0.09) 
compared to the NAF condition (2.02, SE = 0.09), p < 0.0001. Hip 
power generation in late stance was reduced in the AFO condition (0.66, 
SE = 0.06) compared with the NAF condition (0.76, SE = 0.06), p = 0.02 
(Table 2). 

Baseline vs. three months (Design II): We observed reduced knee 
flexor torque in the NAF condition (� 0.06, SE = 0.04) compared to the 
AFO condition (� 0.12, SE = 0.04), p = 0.03. We observed a two-way 
interaction between time and condition for ankle power absorption (p 
= 0.02; Table 3). Specifically, when walking with AFOs, ankle power 
absorption was significantly greater (� 0.29, SE = 0.04) than in the NAF 
condition (� 0.43, SE = 0.04) at baseline (p = 0.002), whereas there was 
no statistically significant difference in ankle power absorption between 
the NAF and AFO conditions at 3 months (p = 0.30). We observed a 
three-way interaction for ankle power generation (p = 0.01; Table 3). 
We ran two separate models, one for each group, investigating the 
interaction between time and condition. The no intervention (i.e. 
delayed) group had a significant main effect of condition, where ankle 
power generation was reduced when walking with AFOs (1.40, SE = 
0.10) compared to the NAF condition (1.87, SE = 0.10), p < 0.001. 
However, for the intervention (i.e. immediate) group, there were no 
significant effects of time or condition (p > 0.05). We observed a two- 
way interaction between time and condition for knee power absorp-
tion in early stance (p = 0.02), however, post hoc comparisons were not 
significant. 

4. Discussion 

The current study evaluated the effect of a three-month intervention 
with AFOs, used during daily activities, on gait biomechanics in patients 
with PAD. We also conducted a comparison of gait performance among 
patients who underwent an AFO intervention and those who did not, 
during their initial assessment and three-month follow-up visits. The 
utilization of AFOs, as opposed to not wearing them, resulted in a 
decreased ankle plantar flexion angle and diminished ankle power 
generation and absorption. This, in turn, would alleviate stress on the 
ankle muscles during plantar flexion. Patients with PAD showed 
improved ankle kinematics, as evidenced by a decrease in excessive 
ankle motion; however, the results for other lower limb joint kinetics 
were mixed. 

Prior literature has shown that patients with PAD demonstrate a lack 
of ability to control downward foot movement after a heel strike, which 
leads to the foot dropping quickly [27]. This disrupts the roll-over shape 
that leverage’s the body’s ability to roll forward during the single-limb 
support phase of walking, which in turn decreases the mechanical effi-
ciency of walking [28]. Using AFOs was effective in decreasing this 
excessive and rapid ankle plantar flexion following heel strike. This 
finding aligns with previous research, emphasizing the positive impact 
of AFOs [29]. In our prior research, we demonstrated that patients with 
PAD displayed significantly increased ankle plantar flexion in early 
stance and a more extensive range of motion in the ankle during stance 
compared to other cohorts (p < 0.05) [27]. Reducing the range of mo-
tion in ankle movement could potentially align the ankle motion more 
closely with the patterns observed in healthy controls. Excessive ankle 
plantar flexion is often attributed to ankle dorsiflexor muscles or the 
plantar flexor muscles contracting. These factors contribute to an 
inability to control foot lowering after a heel strike [15]. In our study, 
the AFO seemed to support normal foot lowering in these patients. 

Using AFOs resulted in decreased joint power generation in the ankle 
during the late stance phase. The reported restriction of ankle range of 
motion when walking with AFOs has been linked to a diminished ability 
to generate ankle power [20,30]. Ankle plantar flexors generate as much 
as 50% of the total mechanical power during late stance [31]. Therefore, 
it is important that any assistive device contributes to late stance kinetics 
if a goal is improving the efficiency of walking. The spring-like 

properties of carbon-composite AFOs allowed energy storage at weight 
acceptance and return at the point of toe-off when the ankle plantar 
flexors are supposed to propel into the next step. The reduced ankle 
power absorption observed during single support and weight acceptance 
phases when using AFO can be attributed to decreased energy delivery 
by the plantar flexor muscles. This decrease in energy generation during 
stance limits the energy available for absorption and redistribution, 
leading to diminished ankle power absorption. Thus, employing AFOs 
might offer compensation for weakened muscles, albeit at the expense of 
reduced power generation during push-off [32–34]. 

At the knee, walking with AFOs reduced the peak knee extension 
angle. During the stance phase of walking, the knee typically undergoes 
extension (straightening) during single-limb support as weight is 
transferred from one leg to the other. Although AFOs are designed to 
provide support and control to the ankle and foot, they can limit ankle 
movement, leading to altered movement at other joints [35]. With 
limited ankle movement, the knee did not fully extend during the stance 
phase of walking. Specifically, the limited ankle movement tends to keep 
the foot in a neutral position and keeps the foot from achieving typical 
dorsiflexion, which led to an earlier toe-off, prior to the knee straight-
ening [36]. Decreased dorsiflexion, leading to earlier toe-off, may yield 
varied outcomes depending on individual factors and walking me-
chanics. While it can assist in foot clearance for individuals with foot 
drop and enhance energy efficiency, it may also prompt compensatory 
movements and potentially adverse impacts on the muscles and joints 
involved. The constrained knee range of motion linked with AFOs could 
result in adverse long-term consequences, such as the risk of knee 
extensor muscle atrophy due to disuse. Nevertheless, AFOs that permit a 
degree of knee movement may improve the muscle activity balance of 
the vastus medialis [37]. Additionally, extended AFO usage may impact 
joint stiffness and tendon shortening [38]. The muscle activity levels in 
users are intricately influenced by compensatory walking patterns and 
the positioning of ground reaction forces relative to lower limb joints, all 
of which are contingent upon the characteristics of the AFO. 

The knee not extending fully during single-limb support would lead 
to increased knee flexor torque, as individuals seek to transfer weight to 
the next step. This is consistent with Kobayashi et al. (2016) [39], who 
observed that restricting ankle plantar flexion using steel springs led to 
an increase in knee flexor torque. This increased knee flexor torque is 
what we observed when walking with AFOs. Individuals may rely more 
on knee flexion as a compensatory strategy to generate forward pro-
pulsion or to compensate for limited ankle movement allowed by the 
AFOs. Moreover, AFO often possess a certain degree of stiffness to pro-
vide support and stability. The AFO stiffness can affect the biomechanics 
of the lower limb and influence muscle activation patterns. Increased 
knee flexor torque may be necessary to compensate for the resistance 
provided by the AFO’s stiffness. When the AFOs are excessively rigid, it 
leads to an increased knee flexor torque during the weight acceptance 
phase, which can contribute to instability during walking [40]. 

Hip range of motion reduced after the AFO intervention. The 
reduction in excessive ankle plantar flexion likely led to the changes in 
the hip angle during walking with AFOs after the intervention period. 
Patients with PAD were able to preserve the natural foot rocker shape 
when walking with AFOs, facilitating efficient mechanical propulsion 
into the swing phase of the opposite leg. As a result, the hip’s involve-
ment in aiding limb swing was reduced, and hip range of motion also 
decreased [41]. 

In previous studies, there were no reported effects on hip kinematics 
and kinetics when using various types of AFOs [36,42]. In this study, hip 
flexor torque increased after the three-month intervention. The con-
trasting results could be attributed to previous studies using different 
patient populations than PAD, or because we investigated the long-term 
effect of AFOs. Over time, individuals wearing AFOs may undergo 
functional adaptations to the device. This adaptation process involves 
neuromuscular changes and motor learning to accommodate wearing 
AFOs. As the hip flexors play a crucial role in maintaining stability and 
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Table 3 
Dependent variables from design II. Estimates are based on the raw data. P-values derived from linear mixed models, where a separate model was run for each measure of interest, and included the variables group, time, 
and condition, as well as interactions between variables; interactions which were not significant were ultimately removed from the model, starting with the triple interaction. Detailed interpretations of interactions can be 
found in the results section.  

Joint and/or variable Baseline Baseline Three months Three months P-Values for main effects not included in a 
significant interaction 

Significant 
Interaction  

Immediate intervention group Delayed intervention group (i.e. No 
intervention) 

Immediate intervention group Delayed intervention group 
(i.e. No intervention) 

Intervention 
Group 
(Intervention vs. 
No Intervention) 

Time 
(Baseline 
vs. Three 
Months) 

Condition 
(AFO vs 
NAF) 

Variables 
Involved 

p- 
value 

Ankle AFO NAF AFO NAF AFO NAF AFO NAF      

Plantar flexion angle (Degree) � 7.87 (2.64) � 9.78 (3.22) � 7.71 (2.74) � 10.97 (3.19) � 8.66 (2.59) � 10.87 (2.47) � 8.70 (2.32) � 10.24 (2.77) 1.00 0.45 0.003   
Dorsiflexion angle (Degree) 9.95 

(0.97) 
12.36 (1.53) 9.65 (2.44) 12.46 (2.69) 9.16 (1.80) 11.00 (2.09) 9.45 

(1.79) 
13.18 (3.14) 0.71 0.82 <0.0001   

Dorsiflexor torque (N*m/kg) � 0.14 (0.04) � 0.16 (0.06) � 0.19 (0.08) � 0.18 (0.07) � 0.19 (0.05) � 0.21 (0.01) � 0.18 
(0.08) 

� 0.17 (0.06) 0.95 0.80 0.96   

Plantar flexor torque (N*m/kg) 1.30 (0.14) 1.33 (0.18) 1.19 (0.17) 1.21 (0.16) 1.26 (0.20) 1.24 (0.21) 1.21 
(0.14) 

1.23 (0.13) 0.34 0.98 0.44   

Power absorption early stance 
(W/kg) 

� 0.23 (0.05) � 0.47 (0.18) � 0.29 (0.18) � 0.40 (0.19) � 0.36 (0.13) � 0.43 (0.15) � 0.33 
(0.15) 

� 0.37 (0.19) 0.69 – – Time x 
Condition 

0.02 

Power absorption mid stance (W/ 
kg) 

� 0.86 (0.10) � 1.14 (0.23) � 0.70 (0.12) � 0.97 (0.17) � 0.81 (0.17) � 0.94 (0.16) � 0.74 
(0.09) 

� 0.01 (0.22) – – <0.0001 Group x 
Time 

0.04 

Power generation late stance (W/ 
kg) 

1.33 (0.26) 2.03 (0.40) 1.39 (0.46) 1.79 (0.60) 1.55 (0.29) 1.89 (0.51) 1.43 
(0.35) 

1.92 (0.49) – – – Group x 
Time x 
Condition 

0.01 

Knee              
Extension angle (Degree) 0.59 (3.98) 1.32 (2.59) 0.82 (3.77) 1.63 (4.77) � 0.43 (2.69) 0.45 (2.81) 0.40 

(3.31) 
2.06 (3.57) 0.44  

0.91  0.049   
Flexion angle (Degree) 11.61 (3.65) 12.62 (3.51) 9.78 (6.23) 9.84 (6.30) 10.60 (4.68) 10.52 (3.35) 10.19 (5.42) 10.44 (4.55)  

0.62  0.98  0.76   
Extension torque (N*m/kg) 0.34 (0.03) 0.44 (0.06) 0.51 (0.20) 0.54 (0.26) 0.49 (0.06) 0.52 (0.15) 0.57 

(0.17) 
0.51 (0.25) 0.44 0.47 0.96   

Flexor torque (N*m/kg) � 0.29 (0.19) � 0.16 (0.17) � 0.04 (0.16) 0.01 (0.13) � 0.12 (0.24) � 0.05 (0.11) � 0.01 
(0.17) 

0.008 (0.16) 0.03 0.29 0.03   

Power absorption early stance 
(W/kg) 

0.15 (0.03) � 0.60 (0.19) � 0.52 (0.34) � 0.58 (0.47) � 0.51 (0.16) � 0.51 (0.26) � 6.63 
(0.37) 

� 0.55 (0.43) 0.65 – – Time x 
Condition 

0.02 

Power generation early stance 
(W/kg) 

0.74 (0.37) 0.26 (0.07) 0.30 (0.20) 0.33 (0.23) 0.27 (0.14) 0.31 (0.22) 0.35 
(0.19) 

0.32 (0.21) 0.38 0.50 0.40   

Power absorption late stance (W/ 
kg) 

� 0.64 (0.65) � 0.68 (0.36) � 0.76 (0.25) � 0.82 (0.23) � 0.80 (0.59) � 0.85 (0.25) � 0.83 
(0.36) 

� 0.88 (0.48) 0.50 0.32 0.28   

Hip              
Extension angle (Degree) 4.64 (3.41) 3.04 (3.22) 0.69 (4.18) 1.83 (3.15) 0.61 (1.62) 1.41 (1.87) 1.31 

(5,14) 
1.57 (4.02) 0.08 0.98 0.16   

Flexion angle (Degree) 19.04 (2.67) 39.90 (2.75) 34.31 (5.53) 35.82 (3.21) 36.73 (1.91) 37.57 (2.89) 35. 82 (6.17) 35.95 (5.04) 0.32 0.48 0.44   
Extension torque (N*m/kg) 0.74 (0.23) 0.75 (0.21) 0.58 (0.20) 0.62 (0.22) 0.65 (0.09) 0.59 (0.05) 0.69 

(0.16) 
0.67 (0.20) 0.86 0.60 0.93   

Flexor torque (N*m/kg) � 0.33 (0.16) � 0.40 (0.13) � 0.50 (0.16) � 0.49 (0.11) � 0.45 (0.20) � 0.49 (0.18) � 0.44 
(0.19) 

� 0.45 (0.17) 0.47 0.73 0.51   

Power absorption mid stance (W/ 
kg) 

� 0.18 (0.10) � 0.17 (0.16) � 0.42 (0.22) � 0.38 (0.14) � 0.29 (0.21) � 0.27 (0.17) � 0.34 
(0.25) 

� 0.30 (0.25) 0.08 0.55 0.10   

Power generation early stance 
(W/kg) 

0.74 (0.37) 0.75 (0.31) 0.51 (0.32) 0.51 (0.22) 0.64 (0.23) 0.53 (0.11) 0.61 
(0.27) 

0.58 (0.29) 0.52 0.79 0.47   

Power generation late stance (W/ 
kg) 

0.55 (0.23) 0.65 (0.17) 0.68 (0.21) 0.71 (0.14) 0.67 (0.11) 0.71 (0.13) 0.69 
(0.24) 

0.74 (0.29) 0.48 0.51 0.06    
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generating propulsion during walking, hip flexor activation and torque 
may have increased to compensate for the altered mechanics introduced 
by the AFOs. These findings align with previous research that suggests 
walking with AFOs can impede the smooth motion of plantarflexion 
before toe off [40] phase. As a result, patients may need to adjust rapidly 
hip flexion, leading to increased hip angular velocity while pulling the 
trailing leg forward. This compensatory action aims to offset the limited 
ankle plantarflexion during before toe off [43]. 

Using AFOs seemed to be beneficial overall in supporting patients 
with PAD, who have muscles that are weakened from myopathy due to 
chronic cycles of ischemia and reperfusion [13,15,44–46]. However, if 
the AFO is too stiff, it may hinder ankle function during stance, resulting 
in a restricted dorsiflexion, and a reduced ability to perform work 
around the ankle joint. The kinematics analysis revealed that wearing 
AFOs reduced ankle dorsiflexion during walking due to the device’s 
limited ankle articulation. This restriction helped patients with PAD to 
use their foot-ankle complex more effectively as a rocker during gait, but 
it also constrained overall ankle motion. While AFOs can provide sta-
bility and improve gait efficiency, AFO design and prescription should 
be carefully considered in relation to specific functional needs and ac-
tivities. This is discussed in more details in the limitations of this study 
[47]. 

Limitations of the study include baseline differences in biomechanics 
values between groups, a limited number of female participants, and 
unequal group sizes. Furthermore, healthy individuals were not 
included in this study. Further research is necessary to verify the influ-
ence of different AFO materials and stiffnesses on walking performance. 
Moreover, a significant number of participants did not return for follow- 
up visits, and research indicates poor intervention adoption rates are 
due to weaknesses in AFO design and function [48,49]. Participants who 
did not adopt the AFO tended to have negative perceptions early in the 
intervention. It is plausible that individuals who chose to withdraw 
might have more medical complexities and could potentially derive 
greater benefits from the intervention. Therefore, developing devices 
more compatible with completing daily activities warrants further 
research. Little is known about the mechanical contribution of AFOs 
with different levels of stiffness, which is another potential area of 
investigation. 

Conclusion: In conclusion, the use of AFOs shows potential positive 
effects on gait kinematics and kinetics, with some variables approaching 
levels observed in healthy individuals. It is important to note that the 
effects may vary and cannot be universally categorized as improvement. 
These initial findings generate enthusiasm for further research on as-
sistive devices aimed at improving the gait of patients with PAD. 
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