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Abstract: This study aimed to investigate the effects of supervised exercise training (SET) on spa-
tiotemporal gait and foot kinematics parameters in patients with symptomatic lower extremity
peripheral artery disease (PAD) during a 6 min walk test. Symptomatic patients with chronic PAD
(Fontaine stage II) following a 3 month SET program were included. Prior to and following SET, a
6 min walk test was performed to assess the 6 min walking distance (6MWD) of each patient. During
this test, spatiotemporal gait and foot kinematics parameters were assessed during pain-free and
painful walking conditions. Twenty-nine patients with PAD (65.4 ± 9.9 years.) were included. The
6MWD was significantly increased following SET (+10%; p ≤ 0.001). The walking speed (+8%) and
stride frequency (+5%) were significantly increased after SET (p ≤ 0.026). The stride length was
only significantly increased during the pain-free walking condition (+4%, p = 0.001), whereas no
significant differences were observed during the condition of painful walking. Similarly, following
SET, the relative duration of the loading response increased (+12%), the relative duration of the
foot-flat phase decreased (−3%), and the toe-off pitch angle significantly increased (+3%) during the
pain-free walking condition alone (p ≤ 0.05). A significant positive correlation was found between
changes in the stride length (r = 0.497, p = 0.007) and stride frequency (r = 0.786, p ≤ 0.001) during
pain-free walking condition and changes in the 6MWD. A significant negative correlation was found
between changes in the foot-flat phase during pain-free walking condition and changes in the 6MWD
(r = −0.567, p = 0.002). SET was found to modify the gait pattern of patients with symptomatic PAD,
and many of these changes were found to occur during pain-free walking. The improvement in
individuals’ functional 6 min walk test was related to changes in their gait pattern.

Keywords: intermittent claudication; vascular rehabilitation; 6 min walking test; functional walking

1. Introduction

Lower extremity peripheral artery disease (PAD) is a chronic atherosclerotic vascular
morbidity that leads to the narrowing and/or occlusion of lower-limb arteries [1]. PAD
affects more than 200 million people worldwide [2]. Intermittent claudication—a pain
occurring in the lower limbs during exercise and resolving with rest—is one of the typical
manifestations of PAD [1]. Intermittent claudication has a huge impact on patients’ daily
life activities, leading to reduced quality of life for these individuals [3,4].

Beyond the well-known manifestations of reduced walking capacities, physical func-
tion, altered muscular characteristics, and impaired balance [5–9], gait abnormalities have
also been documented in patients with PAD [10–17]. Previous investigations reported a
reduction in walking speed and cadence, smaller step length, and greater stance phase
duration in patients with PAD compared to age-matched non-PAD individuals [13,17,18].
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These changes were also observed during pain-free walking conditions [13,15,18]. The
attributes of slower gait speed and stride frequency and shorter stride length were recently
associated with higher levels of circulating biomarkers of inflammation and endothelial
cell oxidative stress [19].

Cardiovascular risk management, pharmacological treatment, and exercise therapy are
the main pillars of the treatment of PAD [1]. Following supervised exercise training (SET),
greater treadmill walking performance has been well documented, with an improvement of
~82 m and ~120 m in treadmill pain-free and maximal walking distance, respectively [20].
Although less investigated, the 6 min walk test (6MWT)—an overground submaximal
functional walking test—is also an effective tool that had been used to assess walking
performance following interventions in patients with PAD [21,22]. A meta-analysis showed
a mean improvement of ~35 m in 6 min walking distance (6MWD) following SET in
individuals with PAD [23].

The question of whether SET induces gait changes, and whether the latter are
related to treadmill performance in symptomatic patients with PAD, remains contro-
versial [24–30]. To the best of our knowledge, the recent study by Lanzi et al. [29] is the
only study to have assessed this relationship. Their study [29] showed that SET reduced
the duration of the push-off and extended the duration of the foot-flat during a constant-
speed treadmill exercise. Interestingly, in treadmill tests, gait changes were found to
be significantly related to the delayed onset claudication distance [29]. However, the
question of whether gait changes following SET are also related to functional walking
improvements assessed by the 6MWT remains to be investigated. The investigation
of this issue would be clinically relevant, as the 6MWT is representative of the type of
walking one commonly partakes in daily life [21]. Following SET, a greater distance
covered during the 6MWT is observed alongside an obvious increase in average walking
speed. As spatiotemporal gait parameters (such as stride frequency and length) are
influenced by walking speed [31], it is expected that gait pattern changes should be
observed following SET during the 6MWT.

Previous investigations showed that the durations of the inner-stance phases (e.g.,
foot-flat and push-off) were altered during an acute treadmill exercise performed at
a constant speed in patients with symptomatic PAD [29,32]. These findings showed
that, compared to the pain-free walking condition, the duration of foot-flat phase in-
creased and the duration of the push-off phase decreased with the onset of claudication
pain [29,32]. The extended duration of the foot-flat phase during exertion may ameliorate
the balance between oxygen supply and demand in the active ischemic calf muscula-
ture [13,29]. On the other hand, the reduced duration of the push-off phase during the
transition from pain-free to painful walking may be related to exercise-induce ischemia,
which may lead to calf muscle strength deficit and affect forward propulsion [8]. No-
tably, even if the onset of the claudication distance was delayed following SET, similar
evolutions were observed during a constant-speed treadmill test regarding temporal
gait parameters [29]. This suggests that once claudication is established and it worsens
to moderate-to-maximal levels, similar gait adaptations occur during an acute bout of
exercise before and following SET [29]. However, the evolution of spatiotemporal gait
parameters during acute exercise in the form of the 6 min walk test following SET remain
to be investigated in these individuals.

The primary aim of this study was to determine the spatiotemporal gait and foot kine-
matics parameters during an acute bout of 6MWT (acute adaptations) and in response to
3 month SET (chronic adaptations) in patients with symptomatic PAD. It was hypothesized
that (1) SET would improve the 6 min walking distance (chronic adaptations); (2) SET
would increase walking speed, and as well stride frequency and length (chronic adapta-
tions); and (3) during the transition from pain-free to painful walking, similar acute gait
adaptations would be observed during the 6MWT before and after SET.
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2. Methods
2.1. Participants

Symptomatic patients with chronic lower extremity PAD were recruited from the
Division of Angiology of the University Hospital of Lausanne, Switzerland. As described
elsewhere, all the participants were enrolled in the Angiofit study and took part in the
SET program [29,33]. For the purpose of this study, we included data regarding all the
patients’ spatiotemporal gait and foot kinematics parameters during the 6MWT before
and following SET. This study was approved by the local ethics committee (study number:
2016-01135) and was conducted in accordance with the Declaration of Helsinki. Before
participation, the patients provided written, voluntary, informed consent.

2.2. Experimental Design

Each participant underwent (i) a pre-SET vascular medicine examination; (ii) a pre-
SET 6MWT with gait assessment; (iii) a 3-month SET program; (iv) a post-SET 6MWT with
gait assessment; and (v) a post-SET vascular medicine examination.

2.2.1. Vascular Medicine Examination

The medical history of each individual was assessed, and physical and vascular
evaluations were performed. The ankle–brachial index (ABI) and toe–brachial index (TBI)
were measured in accordance with the guidelines [1]. ABI and TBI values related to the
most symptomatic leg were considered for the analyses.

2.2.2. Six Min Walk Test

In an indoor 50 m corridor, the patients were asked to walk as far as possible within
6 min to determine their 6MWD [34]. The patients were told that they were allowed to
stop during the test and/or lean against the wall. If they did so, they were instructed to
resume walking as soon as they could. During the test, standard phrases of encouragement
were used in accordance with the guidelines [34]. The pain-free walking time (PFWT6min)
and distance (PFWD6min) during the 6MWT was recorded during the test. These values
correspond to the time or distance covered by the patients until the onset of pain. At
the end of the test, the rate of perceived exertion on Borg’s scale (6: “very very light”;
20: “maximal effort”) [35] and the claudication pain severity on the visual analogue scale
(VAS; 0: “no pain”; 10: “maximal pain”) were also recorded. In the post-SET condition, the
6MWT was performed at least 48 h following the last training session.

2.2.3. Multimodal SET

The patients participated in the clinical multimodal SET program, as previously
described [29,33,36,37]. Briefly, the patients performed Nordic walking twice weekly and
exercises to strengthen the lower limbs once a week. Each exercise session’s duration was
60 min. However, this was the total time available for each training session and does not
represent the actual exercising time performed by the patients. Indeed, depending on the
exercise tolerance and the baseline functional status of the patient, the actual exercising
time at the beginning of the program was around 15–25 min, which increased progressively
up to 30–45 min at the end of the program. Each training session started with a 5–10 min
warm-up and ended with a 5 min cool down. A clinical exercise physiologist supervised
all of the training sessions.

During the outdoor Nordic walking sessions, the patients were asked to walk until
they experienced moderate-to-severe claudication leg pain. Subsequently, the patients
were asked to rest until they experienced complete (or almost complete) resolution of the
pain. To enable complete supervision over the training sessions, patients were asked to
walk back and forth over a 100–200 m section of level ground. In addition, the training
intensity of the exercise sessions was also monitored using Borg’s scale [35]. During
the first few weeks of training, patients were asked to exercise at a low intensity (9–11
on Borg’s scale). Subsequently, if feasible and safe, the exercise intensity was increased
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to a moderate or moderate-to-vigorous intensity (12–16 on Borg’s scale). The duration
of each walking bout depended on the exercise intensity and the induced claudication
pain. In general, walking bouts 5–10 min in duration were performed when the exercise
intensity (assessed by Borg) was set at a low-to-moderate intensity. On the other hand,
walking bouts 1 to 4 min in duration were performed when the exercise intensity was set
at a moderate-to-vigorous intensity. The latter, despite inducing a higher cardiovascular
stimulation, usually elicits a rapid increase in, and high levels of, claudication pain in
these individuals.

The strengthening of the lower limbs was performed indoors with circuit training
composed of 5–6 stations. Each station consisted of (1) a different type of walking, such
as toe/heel, high knees, side-to-side, or backward walking, or (2) lower-limb resistance
exercises (calf/heel raise, lunges, or squats) using body weight, dumbbells, or elastic bands.
During the first few weeks of training, the patients were asked to perform 5–15 repetitions
of each exercise using their body weight, interspersed with 30 to 60 s of recovery. The
exercise training intensity was mainly set at a low level. In the following weeks, the patients
were encouraged to exercise at a moderate intensity (12–14 on Borg’s scale). To that end,
the patients were asked to increase the number of repetitions (20–30 repetitions using their
body weight) or to exercise using dumbbells or elastic bands (10–20 repetitions).

During the program, the patients received 6 h of therapeutic workshops on cardiovas-
cular risk factors and a healthy lifestyle (regarding nutrition, physical activity, and tobacco).
Compliance with the SET program was defined by the percentage of attended sessions out
of the total number of sessions [29].

2.3. Spatiotemporal Gait and Foot Kinematics Parameters

During the 6MWT, the patients wore two Physilog® (GaitUp, Lausanne, Switzerland)
inertial sensor units (dimensions: 50 mm × 40 mm × 16 mm, weight: 36 g) [38,39]. These
sensors were used to evaluate spatiotemporal gait and foot kinematics parameters [38,39].
Physilog® units integrate a microcontroller, a memory unit, a three-axial accelerometer
(range ±3 g), a 3-axial gyroscope (range ±800◦ s−1), and a battery [38,39]. The inertial
sensors displayed good accuracy and precision parameters and showed excellent test–retest
reliability [39]. Physilog® units have been validated in young [39] and older adults [38,39].
In addition, these sensors were also validated in individuals affected by stroke [40] and
in children with cerebral palsy [41]. Finally, these sensors were previously used in other
clinical populations, such as patients with Parkinson’s disease [42] and in patients with
PAD [29].

The spatiotemporal gait and foot kinematics parameters were recorded during the
whole 6MWT. For the analyses, ten consecutive strides were selected 1 min after the
beginning of the test (pain-free walking: pain-free) and before the end of the 6 min walk
test during the painful walking condition (pain).

During the 6MWT, walking speed, spatiotemporal gait, and foot kinematics parame-
ters were assessed. Stride length was the only spatial parameter. The temporal parameters
were stride duration and frequency (i.e., cadence) and the relative duration of the swing,
stance, and double support phases (% of gait cycle duration). In addition, the relative
duration of the inner-stance phases (i.e., loading response, foot-flat and push-off) were
also reported [38,39]. The foot kinematics parameters were the heel-strike pitch angle (the
positive angle formed between the level ground and the foot during heel-strike), the toe-off
pitch angle (the negative angle formed between the level ground and the foot during
toe-off), and the foot clearance (the foot’s height during the swing phase). Details regarding
the estimation of the spatiotemporal gait and foot kinematics parameters are presented in
the supplementary materials.

The symmetry between the legs was assessed by dividing the values of the most
symptomatic leg by those of the less or non-symptomatic leg [29].
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2.4. Statistical Analysis

The sample size was estimated using our previous data [36], showing that 23 patients
were necessary (power 80%; α = 5%). The Kolmogorov–Smirnov test was used to assess
the normality of the distribution. First, a two-way repeated measures analysis of variance
(ANOVA) (time (before SET vs. after SET) × duration (pain-free vs. pain)) was used to
evaluate the symmetry of the spatiotemporal gait and foot kinematics parameters between
legs. Second, a two-way ANOVA was also used to compare the gait pattern in the most
symptomatic leg alone. If the ANOVAs showed a significant main effect (time or duration)
or interaction effect (time × duration), multiple comparison analyses with Bonferroni
adjustments were performed to detect the differences. Paired t-tests were used to compare
the 6MWT and vascular parameters before and following the multimodal SET program. To
determine the relationship between the spatiotemporal gait and foot kinematics changes
(i.e., delta; post- minus pre-training values) and changes in 6MWD following SET, partial
correlations, controlled for gait baseline values, were performed. The data are expressed
as the mean ± SD. The level of significance was set at p ≤ 0.05. SPSS 27 software (IBM
Corporation, Armonk, NY, USA) was used for the statistical analyses.

3. Results
3.1. Participants

Twenty-nine symptomatic patients with chronic PAD were included. All the patients
completed the 3 month SET program. Their general characteristics are reported in Table 1.
A similar pharmacological therapy was observed before and after SET, except that one
patient started antidiabetic therapy during SET. The compliance of the participants with
the SET program was 98 ± 4%.

Table 1. Characteristics of the participants.

Variables Mean ± SD or n (%)

Number of included patients 29
Men 15 (52)

Women 14 (48)
Age—years 65.4 ± 9.9

BMI—kg·m−2 28.7 ± 6.2
Cardiovascular risk factors

Hypercholesterolemia 23 (79)
Hypertension 24 (83)

Smoking (current) 12 (41)
Smoking (former) 13 (45)
Smoking (never) 4 (14)

Family history of CVD 13 (45)
Type 2 diabetes mellitus 8 (28)

Type 1 diabetes 1 (3)
Prior history of CVD

Cardiac 8 (28)
Cerebrovascular 2 (7)

Prior arterial revascularisation 13 (45)
Ongoing treatment

Antiplatelet 28 (97)
Antihypertensive 24 (83)

Lipid lowering 23 (79)
Antidiabetic 9 (31)

BMI: body mass index; CVD: cardiovascular disease.

3.2. Vascular Parameters

The values regarding the ABI (before SET: 0.79 ± 0.14 after SET: 0.78 ± 0.14;
p = 0.829) and TBI (before SET: 0.60 ± 0.15, after SET: 0.60 ± 0.18; p = 0.971) were un-
changed following SET.
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3.3. Six Min Walk Test

Following SET, a significant increase was observed in the 6MWD values (+10%;
Table 2). The values regarding PFWT6min and PFWD6min did not change significantly
(Table 2). The RPE at the end of the 6MWT was significantly higher after SET (Table 2).
Values relating to claudication pain at the end of the 6MWT were unchanged (Table 2).

Table 2. 6 min walk test before and after supervised exercise training.

Variable Before After p Value

6MWD—m 425.5 ± 70.3 468.7 ± 84.3 ≤0.001
PFWT6min—s 125.1 ± 55.4 123.3 ± 54.0 0.869

PFWD6min—m 162.5 ± 67.4 179.2 ± 77.6 0.245
6MWTRPE 12.3 ± 2.5 13.2 ± 2.2 0.043
6MWTVAS 6.8 ± 2.2 7.1 ± 1.8 0.432

6MWD: 6 min walking distance; PFWT6min: pain-free walking time during the 6 min walk test; PFWD6min:
pain-free walking distance during the 6 min walk test; 6MWTRPE: rate of perceived exertion at the end of the
6 min walk test; 6MWTVAS: claudication pain at the end of the 6 min walk test. Bold p value is statistically
significant (p ≤ 0.05).

3.4. Spatiotemporal Gait and Foot Kinematics Parameters: Acute and Chronic Adaptations

The symmetry of the spatiotemporal gait and foot kinematics parameters between
legs showed no significant time, duration, or time × duration interaction effect (data not
shown). This suggests that similar acute and chronic adaptations were present in both
legs of the participants. Therefore, for sake of clarity, only the results regarding the most
symptomatic leg were presented.

3.4.1. Spatiotemporal Gait Parameters (Acute Adaptations)

During the 6MWT, a significant duration effect was observed for all the spatiotemporal
gait parameters (Table 3). Multiple comparison analyses demonstrated that walking
speed, stride duration, stride frequency, stride length, duration of swing, loading response
duration, and push-off phase duration significantly decreased during the transition from
the pain-free to painful walking condition, whereas the duration of the stance, foot-flat,
and double support phases significantly increased during the 6MWT (Table 3).

3.4.2. Spatiotemporal Gait Parameters (Chronic Adaptations)
Walking Speed

A significant time and time × duration interaction effect was found with regard to the
walking speed (Table 3). Multiple comparison analyses revealed that walking speed was
significantly increased following SET during the pain-free and painful walking conditions
(p ≤ 0.026, Table 3).

Stride Length

A significant time and time × duration interaction effect was found regarding the
stride length (Table 3). Multiple comparison analyses showed that stride length was
significantly increased following SET (time effect: p = 0.013). Compared to the values
recorded before SET, stride length was significantly increased following SET during the
pain-free walking condition alone (p = 0.001), whereas no significant differences were
observed during the painful walking condition (p = 0.569).

Stride Duration and Frequency

Following SET, stride duration and frequency significantly increased (time effect:
p ≤ 0.001) with no significant time × duration interaction effect (Table 3).
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Table 3. Spatiotemporal gait parameters in the most symptomatic leg during the 6 min walk test before and after supervised
exercise training (SET).

Before SET After SET Two-Way ANOVA p-Values

Variable Pain-Free Pain Pain-Free Pain Time Effect Duration Effect Time×Duration

Walking speed—m·s−1 1.3 ± 0.2 1.2 ± 0.2 * 1.5 ± 0.2 # 1.3 ± 0.2 *,# ≤0.001 ≤0.001 0.031

Spatial Parameter

Stride length—m 1.4 ± 0.2 1.3 ± 0.2 * 1.4 ± 0.2 # 1.3 ± 0.2 * 0.013 ≤0.001 0.020

Temporal Parameters

Stride duration—s 1.0 ± 0.1 1.1 ± 0.1 1.0 ± 0.1 1.0 ± 0.1 ≤0.001 ≤0.001 0.502

Stride frequency—Hz 1.0 ± 0.1 0.9 ± 0.1 1.0 ± 0.1 1.0 ± 0.1 ≤0.001 ≤0.001 0.297

Stance duration—% 60.1 ± 2.0 60.5 ± 1.9 59.6 ± 2.3 60.5 ± 2.4 £ 0.431 0.017 0.033

Swing duration—% 39.9 ± 2.0 39.5 ± 1.9 40.4 ± 2.3 39.5 ± 2.4 £ 0.431 0.017 0.033

Loading response—% 12.5 ± 3.1 11.0 ± 2.7 * 14.0 ± 3.2 # 11.3 ± 3.0 * 0.013 ≤0.001 0.019

Foot-flat—% 55.2 ± 6.3 59.8 ± 6.3 * 53.2 ± 6.4 # 60.4 ± 6.3 * 0.139 ≤0.001 0.011

Push-off—% 32.3 ± 4.9 29.2 ± 4.8 32.7 ± 5.5 28.3 ± 5.0 0.706 ≤0.001 0.098

Double support—% 20.9 ± 3.5 22.9 ± 3.7 19.5 ± 4.0 21.9 ± 3.9 0.057 ≤0.001 0.413

Ten consecutive strides were analyzed during pain-free walking (pain-free) and during painful walking at the end of the 6 min walk test
(pain). Bold p value is statistically significant. * p ≤ 0.05 for significant difference compared to pain-free. # p ≤ 0.05 for significant difference
compared to before SET. £ p ≤ 0.05 for significant difference to pain-free within after SET condition.

Stance and Swing Phase

After SET, the relative duration of the stance and swing phase was unchanged (time
effect: p = 0.431); however, a significant time × duration interaction effect was observed
(Table 3). Multiple comparison analyses revealed a significant increase in the relative
duration of the stance phase during the painful condition compared to the pain-free
condition following SET alone (p = 0.008). Similarly, a significant decrease in the relative
duration of the swing phase was observed during the painful condition compared to the
pain-free walking condition following SET alone (p = 0.008).

Inner-Stance Phases

A significant time and time × duration interaction effect was observed regarding the
relative duration of the loading response (Table 3). Multiple comparison analyses revealed
a significant increase in this parameter following SET (time effect: p = 0.013). After SET,
there was a significant increase in the relative duration of the loading response during
the pain-free walking condition alone (p = 0.001), whereas no significant differences were
observed during the painful walking condition (p = 0.523).

The relative duration of the foot-flat phase was unchanged after SET (time effect:
p = 0.139); however, a significant time × duration interaction effect was observed (Table 3).
Multiple comparison analyses revealed a significant decrease following SET during the
pain-free walking condition alone (p = 0.002), whereas no significant differences were
observed during the painful walking condition (p = 0.420).

No significant time and time × duration interaction effect was observed for the relative
duration of the push-off or for the double support phases (Table 3).

3.5. Foot Kinematics Parameters (Acute Adaptations)

During the 6MWT, all the foot kinematics parameters showed a significant duration
effect, except for the first maximal toe clearance (Table 4). Multiple comparison analyses
showed that the heel-strike pitch angle, toe-off pitch angle, maximal heel clearance, second
maximal toe clearance, and minimal toe clearance significantly decreased during the
transition from the pain-free to the painful walking condition during the 6MWT (Table 4).
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Table 4. Foot kinematics in the most symptomatic leg during the 6 min walk test before and after supervised exercise
training (SET).

Before SET After SET Two-Way ANOVA p-Values

Variable Pain-Free Pain Pain-Free Pain Time Effect Duration Effect Time × Duration

Heel-strike pitch
angle—◦ 26.9 ± 6.8 24.4 ± 6.2 27.8 ± 5.9 24.2 ± 5.0 0.463 ≤0.001 0.080

Toe-off pitch
angle—◦ −68.8 ± 6.4 −65.2 ± 8.1 * −70.5 ± 6.3 # −65.1 ± 7.2 * 0.356 ≤0.001 0.047

Max heel
clearance—cm 30.1 ± 5.4 28.9 ± 5.6 30.5 ± 4.5 29.2 ± 5.1 0.517 0.003 0.476

First max toe
clearance—cm 7.8 ± 4.1 7.6 ± 4.2 7.9 ± 3.2 7.7 ± 3.5 0.837 0.252 0.895

Second max toe
clearance—cm 18.1 ± 4.1 16.7 ± 3.4 17.5 ± 4.2 15.6 ± 3.6 0.082 ≤0.001 0.210

Min toe clearance—cm 2.4 ± 0.9 2.1 ± 0.8 2.4 ± 1.1 2.2 ± 1.1 0.800 0.013 0.933

Ten consecutive strides were analyzed during pain-free walking (pain-free) and during painful walking at the end of the 6 min walk test
(pain). Bold p value is statistically significant. * p ≤ 0.05 for significant difference compared to pain-free. # p ≤ 0.05 for significant difference
compared to before SET.

3.6. Foot Kinematics Parameters (Chronic Adaptations)

The toe-off pitch angle was unchanged after SET (time effect: p = 0.356); however, a
significant time × duration interaction effect was observed (Table 4). Multiple comparison
analyses revealed that, compared to before SET, the toe-off pitch angle significantly increased
following SET during the pain-free walking condition alone (p = 0.05), whereas no significant
differences were observed during the painful walking condition (p = 0.938). No significant
time and time × duration interaction effect was observed regarding the heel-strike pitch angle,
maximal heel clearance, second maximal toe clearance, or minimal toe clearance (Table 4).

4. Correlations

The relationships between gait pattern changes during the pain-free walking condition
and changes in 6MWD following SET are displayed in Table 5. A significant positive cor-
relation was found between changes in stride length, stride frequency, and second max toe
clearance during the pain-free walking condition and changes in 6MWD (Table 5). On the
other hand, a significant negative correlation was found between changes in the duration of
the foot-flat phase during the pain-free walking condition and changes in 6MWD (Table 5).

Table 5. Relationship between spatiotemporal gait and foot kinematics changes during pain-free
walking condition and changes in 6 min walking distance following supervised exercise training.

Gait Pattern Changes Relationship with the 6 min Walking Distance Changes p Value

Stride length—m r = 0.497 0.007
Stride frequency—Hz r = 0.786 ≤0.001
Stance duration—% r = −0.261 0.180
Swing duration—% r = 0.261 0.180

Loading response—% r = 0.320 0.097
Foot-flat—% r = −0.567 0.002
Push-off—% r = 0.303 0.116

Double support—% r = −0.356 0.060
Heel-strike pitch angle—◦ r = 0.313 0.105

Toe-off pitch angle—◦ r = −0.100 0.614
Max heel clearance—cm r = −0.112 0.570

First max toe clearance—cm r = 0.035 0.858
Second max toe clearance—cm r = 0.424 0.025

Min toe clearance—cm r = −0.117 0.553
Bold p value is statistically significant (p ≤ 0.05). All correlations were controlled for gait baseline values.
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5. Discussion

The results of this study partially confirm our hypotheses: (1) SET improved the
6MWD in patients with symptomatic PAD; (2) following SET, walking speed, stride
frequency and stride length were significantly greater during the 6MWT. However,
stride length was significantly increased following SET during the pain-free walking
condition alone, whereas no significant differences were observed during the painful
walking condition. Similarly, changes in the relative duration of the inner-stance
phases (loading response and foot-flat) and the toe-off pitch angle following SET
were observed during the pain-free walking condition alone; (3) during the transition
from the pain-free to the painful walking condition, the spatiotemporal gait and foot
kinematics parameters were shown to undergo a similar evolution before and after
SET during the 6MWT. Finally, our results showed that changes in stride length and
frequency and in the relative duration of the foot-flat phase during the pain-free
walking condition were related to changes in functional walking performance during
the 6MWT following SET.

The results of the present investigation confirm previous findings, which showed
that SET improves 6MWD in symptomatic patients with PAD [9,23]. We observed a
~43 m improvement in 6MWD, which was greater than the substantial meaningful
change of +20 m [43] or +35 m [44] previously observed in these individuals. The
greater improvement in 6MWD observed in the present investigation may have been
related to the training characteristics of the multimodal SET program. Indeed, the
patients combined the strengthening of the lower limbs with Nordic walking, which
are both functional training modalities. This type of training likely led to better
improvements in functional walking performance. The greater improvement in 6MWD
could also be related to the 50 m course length, as previous studies showed that
longer course lengths were associated with greater walking distances [45]. By contrast,
this improvement was similar to the minimal detectable change of >46 m recently
observed in patients with claudication [46]. Taken together, these results suggest that
multimodal SET is effective at improving functional walking performance in patients
with symptomatic PAD [33,36,37].

During the transition from the pain-free to painful walking conditions, similar
acute adaptations were observed for the spatiotemporal gait and foot kinematics
parameters during the 6MWT before and after SET. These results extend previous
findings observed during constant-speed treadmill exercises in patients with symp-
tomatic PAD [13,29] and highlight that similar acute gait adaptions also occur during
the 6MWT, which is a more functional form of walking that represents daily life more
accurately [21]. Previous studies have shown that, when compared to aged-matched
individuals, gait abnormalities exist from the first step taken (pain-free), suggesting
muscle metabolic myopathy in patients with PAD [15,47,48]. Gait worsening was also
documented once leg claudication pain was established, highlighting the role of muscle
ischemia on gait pattern changes during exertion in these individuals [15]. Our results
are in line with these findings. We observed that the walking speed, stride duration,
stride frequency, stride length, relative duration of swing, loading response duration,
and push-off phase duration decreased (pain-free > end), whereas the duration of the
stance, foot-flat and double support phases significantly increased (pain-free < end)
during the transition from the pain-free to the painful walking condition during the
6MWT. The extended duration of the stance and the foot-flat phases during exertion
may ameliorate the balance between oxygen supply and demand in the active ischemic
calf musculature [13,29]. It is also possible that patients adopt this pattern to improve
their stability during painful walking [13,29]. The reduced duration of the push-off
phase during the transition from the pain-free to the painful walking condition may be
related to exercise-induced ischemia, which may lead to calf muscle strength deficit
and affect forward propulsion [8]. Consequently, this may also affect walking speed,
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stride frequency and stride length, and foot kinematics, especially during the 6MWT,
where patients are allowed to choose their own walking pace.

In current research, there are a limited number of studies regarding gait pattern
changes following exercise interventions in patients with symptomatic PAD, and the
findings are inconsistent. Indeed, some studies [27,29,30,49], but not others [24,25,28],
observed significant gait changes following SET. The results of the present investiga-
tion showed that gait pattern was modified in patients with symptomatic PAD during
the 6MWT following multimodal SET. It is, however, interesting to note that many
of these changes occurred during the pain-free walking condition alone. Indeed, al-
though walking speed and stride frequency increased following SET, stride length
was significantly increased following SET during the pain-free walking condition
alone, whereas no significant differences were observed during the painful walking
condition. These findings indicate that the increased walking speed observed dur-
ing the painful walking condition following SET is mainly related to an increased
stride frequency rather than increased stride length. Similarly, the relative duration
of the loading response phase increased, and the relative duration of the foot-flat
phase decreased following SET during the pain-free walking condition alone. The
toe-off pitch angle was also increased following SET, but again, during the pain-free
walking condition alone. These observations are in contrast to previous findings that
show the relative duration of the foot-flat phase was increased during constant-speed
maximal treadmill exercises following SET in patients with symptomatic PAD [29].
A possible explanation is that this may have been due to the testing protocol used
to assess gait changes following SET. Indeed, compared to the constant-speed tread-
mill test, walking speed during 6MWT exhibited different values before and after
SET. Following SET, the patients demonstrated an improved dynamic balance, which
allowed them to walk faster during the 6MWT, causing a reorganization of the du-
rations of the loading response (increased) and foot-flat (decreased) phases during
the pain-free walking condition. This is in line with previous observations, which
showed that the duration of the foot-flat phase was negatively correlated to walking
speed in both PAD and non-PAD individuals [13]. Once claudication pain began and
worsened to moderate-to-maximal levels, the walking speed decreased during the
6MWT. Interestingly, the relative durations of the loading response and the foot-flat
phases returned to the pre-SET values despite the greater walking speed in the post-
SET condition. This suggests that factors other than the walking speed are related to
gait pattern changes. These findings indicate the potential role of exercise-induced
ischemia and claudication pain on gait adaptations during exertion in patients with
symptomatic PAD.

The use of non-invasive inertial sensors with the aim to investigate gait pattern
during physical assessment has potential applications with regard to the optimization
of the prescription of training in patients with PAD. Indeed, these inertial sensors may
easily assess gait pattern evolutions during functional acute exercise performed before
and following an exercise training program. This technology allows one to evaluate
the gait changes in the transition from the pain-free to painful walking condition, and
therefore produces a valid description of daily-life walking pattern in these individuals.
In addition, by evaluating the potential correlation between gait pattern and functional
performance changes following rehabilitation, specific training approaches could be
conceived to optimize patients’ benefits. Interestingly, our results showed that the
changes in stride length and frequency during the pain-free walking condition were
positively correlated to changes in 6MWD. In addition, the changes in the relative
duration of the foot-flat phase during the pain-free walking condition were negatively
correlated with changes in 6MWD. These findings suggest a link between changes in
gait pattern during the pain-free walking condition and improved functional walking
performance in patients with symptomatic PAD. These results feature important clini-
cal implications and indicate the need for further investigations regarding the effects
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of specific gait training modalities on gait pattern and its relation to functional walking
performance in these individuals. A previous meta-analysis showed that walking
training with cueing of cadence improves spatiotemporal gait parameters more than
walking training alone in older patients with cardiovascular disease [50]. Walking
training with cueing of cadence, which was usually 5–10% greater than comfortable
cadence, improves walking speed, stride length and frequency, and walking symme-
try in patients who have experienced a stroke [50]. Based on the gait abnormalities
previously observed in patients with PAD [13,15,17,18], these specific gait training
modalities could be promising with regard to improving gait pattern and (functional)
walking performance in these individuals.

This study featured some limitations. First, the present investigation lacked a
control group that did not participate in the 3 month SET. Even though previous
findings showed no difference in gait pattern over time in patients with PAD who
did not participate in a vascular rehabilitation program [24], future randomized
controlled trials are needed to better investigate gait changes following training
interventions in these individuals. Second, because of the descriptive nature of our
results, it was not possible to elucidate the mechanisms related to our observations.
More detailed kinetics and kinematics gait analyses are needed to better describe gait
pattern before and after SET. Third, even though it was used in previous works, the
inertial system used in the present investigation has never been validated in patients
with PAD.

In conclusion, these results show that multimodal SET modifies gait pattern dur-
ing the 6 min walk test in patients with symptomatic PAD. However, many of these
changes (stride length, the relative duration of the loading response and foot-flat
phases, and toe-off pitch angle) only occurred during the pain-free walking condi-
tion, highlighting the role of claudication pain in gait pattern in this population. In
addition, changes in stride length and frequency and in the relative duration of the
foot-flat phase during the pain-free walking condition were correlated with changes
in 6 min walking distance. These findings suggest that new rehabilitation strate-
gies, including specific gait training modalities, should be further investigated in
this population.
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