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Abstract

Objective—In patients with peripheral artery disease (PAD) supervised exercise therapy is a first
line of treatment as it increases maximum walking distances comparable to surgical
revascularization therapy. Little is known regarding gait biomechanics following supervised
exercise therapy. This study characterized the effects of supervised exercise therapy on gait
biomechanics and walking distances in claudicating patients with peripheral artery disease.

Methods—~Forty-seven claudicating patients with PAD underwent gait analysis before and
immediately following 6 months of supervised exercise therapy. Exercise sessions consisted of a 5
min warmup of mild walking and stretching of upper and lower leg muscles, 50 min of
intermittent treadmill walking, and 5 min cooldown (similar to warmup) 3 times per week.
Measurements included self-perceived ambulatory limitations measured by questionnaire, ankle-
brachial index, walking distance measures, maximal plantarflexor strength measured by isometric
dynamometry, and overground gait biomechanics trials performed prior to and after the onset of
claudication pain. Paired t-tests were used to test for differences in quality of life, walking
distances, ankle-brachial index, and maximal strength. A two factor repeated measures ANOVA
determined differences for intervention and condition for gait biomechanics dependent variables.

Results—Following supervised exercise therapy, quality of life, walking distances, and maximal
plantar flexor strength improved, while ankle brachial index did not significantly change. Several
gait biomechanics parameters improved following intervention including torque and power
generation at the ankle and hip. Similar to previous studies the onset of claudication pain led to a
worsening gait, or gait that was less like healthy individuals compared with pain free gait.
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Conclusions—Six months of supervised exercise therapy produced increases in walking
distances and quality of life that are consistent with concurrent improvements in muscle strength
and gait biomechanics. These improvements occurred even though ankle brachial index did not
improve. Future work should examine the benefits of supervised exercise therapy used in
combination with other available treatments for peripheral artery disease.

Table of Contents Summary

Supervised exercise therapy significantly improved self-perceived ambulatory limitation, walking
distances, leg muscle strength, and gait biomechanics in 47 claudicating patients with peripheral
artery disease. The authors suggest walking performance and muscle strength can be improved
even if blood flow does not change.
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[. Introduction

Peripheral artery disease (PAD) is associated with an altered gait profile that is present from
the first step, before the onset of claudication pain. The altered gait profile found in patients
with PAD presents as decreased muscle power contributions at the ankle, knee, and hip
joints with marked weakness of the posterior compartment muscles of the hip and calf 1-7.

Supervised walking exercise therapy (SET) has been shown to significantly increase “pain-
free” walking time 8-16, and improve quality of life 9141617 SET achieves the best results
when the program lasts four months or longer with three sessions per week, lasting 30
minutes or more, at an intensity leading each patient to walk until near maximal pain 8-16,
SET has been found to achieve greater early functional status improvement for claudicating
patients with aortoiliac disease compared with surgery and increases in maximum walking
distances equal to or better than surgical revascularization, despite the fact that arterial
insufficiency remains 17.

Gait impairment at baseline confirms mechanisms other than ischemia contribute to limb
dysfunction in PAD. An improved understanding of how muscular strength and gait
mechanics contribute to increased walking distances following SET can provide insight into
why the SET intervention is effective. We hypothesized that SET for claudicating patients
with PAD improves walking distances and quality of life in association with improved
plantar flexor strength and gait biomechanics.

[I. Methods

The institutional review boards at Nebraska Western lowa Veteran Affairs Medical Center
and University of Nebraska Medical Center approved the study. All patients provided
informed consent prior to study participation.
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Participant inclusion and exclusion criteria

Patients with a positive history of exercise-limiting, chronic claudication were recruited from
the vascular surgery clinics of the aforementioned institutions (Table I). The study screened
patients for ambulation limiting cardiac, pulmonary, neuromuscular, or musculoskeletal
disease to ensure patients whose walking was limited by reasons other than claudication
were not included in the study. All patients had no previous history of revascularization and
had Fontaine Stage Il in the leg used for analysis (37 Bilateral Fontaine Stage 11, 10
Unilateral). Patient evaluation included resting ankle-brachial index (ABI; value <0.9),
detailed history, physical examination, and direct assessment and observation of the patients
walking impairment by a vascular surgeon.

Exercise Protocol

Patients participated in a 6 month, 3 times per week (72 session), SET program that
followed the American College of Sports Medicine recommendations in concordance with
previous studies that best produced increases in walking distances!?-18, The program was
conducted at the Center of Cardiovascular Disease Prevention and Rehabilitation of
Creighton University Medical Center or associated Rehabilitation centers of Nebraska and
Western lowa under a unified protocol. Each session included a 5-minute warm-up of mild
walking and static stretching of upper and lower body muscles, 50 minutes of intermittent
exercise on a treadmill, and 5 minutes of cool down activities similar to the warm-up.
Exercise was initiated at a workload of 2 mph, or lower if desired by the patient, and 0%
grade. Subjects walked until claudication pain reached a moderate/severe level and then
rested until claudication pain subsided, at which point they would walk again, up to 50
minutes. The SET program progressed after a patient could walk 8-10 continuous minutes at
the initial workload (2mph, 0% grade) by increasing the grade 1-2% or the speed by 0.5mph
as tolerated.

Experimental Procedure and Data Collection

Patients were evaluated at the Biomechanics Research Building at the University of
Nebraska at Omaha. The evaluations were performed before and after participation in SET.
The patients completed tests in the following order 1) the walking impairment questionnaire
and the timed up and go test, 2) graded treadmill test 19, 3) pain free overground walking
trials, 4) six minute walk test 20, 5) pain induced overground walking trials, and 6) maximal
isometric strength testing. During the overground walking trials, kinematics and Kinetics
were recorded as previously described 221 using a 12 high-speed infrared camera system (60
Hz, Motion Analysis Corp, Santa Rosa, Calif), and force platforms (600 Hz; AMTI). Each
patient walked across a 10 meter pathway containing a force platform set level with the
floor. Patients walked at a self-selected pace before (pain free) and after (pain) the onset of
claudication pain. A mandatory rest of at least one minute was required between each pain-
free walking trial to prevent the onset of claudication. Symptomatic claudication pain was
induced by completing the six-minute walk test between pain free and pain induced trials.
Once pain was induced patients immediately returned to the 10 meter pathway to perform
the additional walking trials for the pain condition, with no rest given between trials. All
patients experienced a “moderate to severe level of pain” in the leg used for analysis (more
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affected in bilateral claudicants; affected in unilateral claudicants) Five separate passes over
the force platform per condition were collected for analysis.

Measurements

Questionnaire—The Walking Impairment Questionnaire (WIQ) is a measure of
ambulatory limitation, measured by questionnaire that defines and detects changes in
claudication symptoms over four sub-scores: pain, distance, speed, and stair climbing. Each

question ranges in difficulty from 0 to 100, with O representing the most severe symptoms
22,23

Walking distance measures—~Patients performed a standardized graded treadmill test; a
protocol speed of 0.89 m/s (2.0mph) that begins at 0% grade, and increases by 2% grade
every two minutes 9. Initial claudication distance was recorded as the first indication of
claudication pain from the patient, and the total distance the patients were able to walk
before stopping because of pain was recorded as the absolute claudication distance. For the
six-minute walk test, two cones were placed 50 feet apart in the gait analysis laboratory.
Patients were instructed to cover as much distance as possible during six minutes; initial
claudication distance and total distance walked were recorded 20, The Timed Up and Go test
was performed as a measure of function as it has been associated previously with balance
and fall risk. Patients began seated in an armed chair and were instructed to stand up, walk
until both feet crossed a piece of tape (3m away), turn around, walk back and sit down 24,

Ankle brachial index (ABI)—The highest ABI value obtained during the patient’s
clinical evaluation was reported as the pre-SET value for the leg used in analysis. The post-
SET ABI values reported are from the same leg as in the baseline evaluation and obtained in
the patient’s clinical post-evaluation.

Maximal Strength—A ten second, isometric strength measurement of the ankle plantar
flexors was performed in a pain-free condition as previously described /. Area under the
curve, which is representative of work performed, and peak torque / body weight were
obtained from the resultant torque curves.

Biomechanics—Joint kinetics and kinematics were calculated for the sagittal plane during
the stance phase of walking (from heel contact to toe off) from the overground walking
trials. The stance phase was divided into the weight acceptance, single leg support, and
propulsion phases of stance. Ground reaction forces and joint angles, torques, and powers
for the ankle, knee and hip were analyzed using custom MATLAB (Mathworks, Inc., Natick,
MA\) and Visual 3D (C-Motion, Inc., Germantown, MD) software for the pain free and pain
conditions of patients with PAD before and after the SET.

The dependent variables for joint angles calculated include the maximum and the minimum
of each joint’s flexion and extension angles. Ankle plantarflexion, knee flexion, and hip
flexion occur during the weight acceptance phase of stance. Maximum knee extension takes
place during single support phase of stance, and ankle dorsiflexion and hip extension occur
during the propulsion phase of stance.
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Joint torque is the net result of all forces acting around a joint. The peak values for extensor
and flexor torques were identified for the ankle, knee, and hip joints. Ankle dorsiflexor
torque, knee flexor torque, and hip flexor torque were identified in weight acceptance. Ankle
plantarflexor torque, knee extensor torque, and hip extensor torque were identified in the
propulsion phase of stance.

A joint power is the product of the angular velocity and the net torque across a joint. It is the
rate of work produced by contracting to move or stabilize a joint. Peak values were
identified at the ankle, knee, and hip joints. In the weight acceptance phase power absorption
at the ankle and knee and generation at the hip were measured. In single support of stance
power absorption at the ankle and hip were assessed and power generation at the knee.
Power generation at the ankle and hip, and absorption at the knee were measured in
propulsion.

A ground reaction force represents the force exerted on the ground by the subject’s weight-
bearing limb to which the ground exerts an equal and opposite force. The force is extracted
into three orthogonal components (anterior-posterior, medial-lateral, and vertical). The
magnitude and direction of the forces were collected using AMTI force platforms sampling
at 600 Hz. Peak force values occurring in the weight acceptance phase include the impact of
vertical force, braking force, braking impulse, and lateral force. Vertical force at midstance
and medial force peaks occur during single support. The propulsion phase of stance includes
peak push-off vertical force, propulsive force, and propulsive impulse discrete points.

Statistical Analysis—Data was summarized in group means and standard deviations for
all variables. One leg, the more symptomatic for each patient, was used for analysis. Paired
t-tests were used to detect the effects of the SET on the questionnaire, walking distances,
ABI, and maximal strength dependent variables. A two factor, intervention (pre/post SET)
and condition (pain free/pain), repeated measures ANOVA was used for all biomechanics
dependent variables (p<0.05; SPSS version 22 software, IBM, Armonk, NY).

[1l. Results

Subjects

In forty-seven patients with PAD, body mass and ABI did not significantly change between
pre and post SET evaluations (Table I1). While the ABI decreased 7.1%, this was not
significant (p=.078).

Questionnaire

Three of the four subcategories of the WIQ (pain (20.3%, p=.008), distance (26.7%, p=.
043), and stair climbing (20.5%, p=.045)) showed significant increases after SET. Increased
scores on the WIQ correspond to the patient indicating less difficulty walking due to pain,
the perception that they walk farther and are able to climb more flights of stairs on average
following SET (Table II).
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Walking distances

Both initial (175.9%, p<.001) and absolute (110.6%, p<.001) claudication distances on the
standardized treadmill test significantly increased following SET (Table I1). For the six
minute walk test, initial claudication distance (63.1%, p=.046) improved but absolute
claudication distance was not significantly improved (-2.1%, p=.700; Table I1I). No effects
were observed for timed up and go (Table I1).

The increases in the initial claudication time results were consistent for the treadmill and the
six minute walk test. However because of the differences between the two walking tests,
including the ability to rest and select speed in the six minute test, the total distance walked
(six minute walk test) and the absolute claudication time (graded treadmill test) were not
consistent. To investigate why the total distance achieved during the six minute walk test did
not improve, we calculated the number of patients who stopped, the duration of each stop,
and the average speed walked during the six minutes (Table I11). Average speed during the
six minute walk test was an estimate of overall speed as it did not account for the turn
distance. Distance achieved was divided by the time each patient walked less time spent for
a stop. The duration of average stop time increased and so did the number of subjects who
stopped (non-significant) post SET. Only forty patients were included in this analysis
because six subjects completed their 6MWT and reported that they did not experience
claudication pain following SET.

Maximal isometric strength

Area under the curve (12.5%, p=.012) and peak torque/body weight (10.5%, p=.007)
significantly increased following SET. This indicated SET increased the capability of the
ankle plantarflexors to produce work and generate maximal force during an isometric
contraction (Table I1).

Biomechanics, Intervention Factor

Weight acceptance—~Patients significantly increased hip extensor torque (17.6%, p=.012)
and peak lateral force generation (11.4%, p=.021) during the weight acceptance phase of
stance following SET (Table 1V).

Single-limb support—The increase in peak lateral force during weight acceptance
resulted in a significant increase in ankle power absorption (7.5%, p=.023) during single-
limb support following SET. There were no other changes after SET for the single limb
support (Table V).

Propulsion—~Patients significantly increased power generation at the ankle (14.5%, p=.
003) and hip (14.3%, p=.003) during the propulsion phase of gait (Table V1) and these
improvements translated to a significant increase in peak propulsive force (12.1%, p=.006).
Therefore, following SET, patients were better able to propel themselves forward during
terminal stance.
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Biomechanics, Condition Factor

Early Stance—A significant effect of condition was found for ankle angle (-8.3%, p<.
001) and torque (—=7.8%, p-.023), knee angle (-27.0%, p=.030), and hip angle (—25.0%, p>.
001). At the ankle, the dorsiflexion angle increased and torque decreased in magnitude
during pain conditions. Both knee and hip extension angles decreased in magnitude during
pain. Main effects were also observed for peak forces in the braking impulse (—3.2%, p=.
041) and lateral force (—8.8%, p<.001), which decreased and increased in magnitude during
pain, respectively.

Mid-stance—A main effect was found for ankle power absorption (-7.5%, p<.001), where
absorption at the ankle increased when patients were in the pain condition.

Late Stance—Miain effects at the ankle included plantarflexion angle (=10.5%, p<.001),
plantarflexor torque (-6.3%, p<.001), and power generation (-12.2%, p<.001), knee power
absorption (-9.1%, p=.017), hip extensor torque (-4.4%, p=.046) and power generation
(-5.2%, p=.039), and peak push-off vertical force (-2.4%, p<.001) and propulsive force
(-5.6%, p=.002). Ankle plantar flexion angle increased during pain conditions while all
other effects decreased in magnitude during pain.

IV. Discussion

This study characterized and provided an in depth look at limb function in patients with
intermittent claudication before and six months following participation in SET as a first line
of treatment, before and after the onset of claudication. This study also evaluated whether
gait parameters improved in conjunction with questionnaire results, walking distances, ABI,
and ankle strength following the intervention. Other studies have utilized either joint
kinematics alone 25, or kinematics and partial peak forces 26. The current study provided a
more comprehensive functional evaluation of the effects of a standardized SET to increase
walking distances in patients with PAD. It also included evaluation of the primary deficits
previously identified as key factors underlying the gait adaptions in claudicating patients
with PAD 2-7:27,

Effect of intervention

Our hypothesis was partially supported; weakness in the posterior calf muscles was a
consistent and key factor underlying the gait abnormalities patients with PAD experienced
prior to pain onset. Improvements in isometric plantarflexion strength and ankle power
during the single support and propulsion phases of gait before and after the onset of
claudication pain reflected important improvements. Our data also demonstrated significant
improvements in absolute walking distances, pain-free walking time, and questionnaire-
based assessment of claudication symptoms which are in agreement and consistent with
preexisting literature in terms of percentage improvements 8-12.14,16,17.28-30,

Weight acceptance—Prior to therapy, patients with PAD demonstrated a decreased
ability of the hip and knee extensors to perform during weight acceptance and to control
forward momentum compared to healthy controls. Our findings in patients with PAD
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following SET demonstrated increased torque development by the hip extensors. These
changes represented an improvement in gait following SET, or gait pattern in PAD more
similar to gait of healthy subjects 2427 At the ankle during weight acceptance, the
dorsiflexors eccentrically control the movement of the foot until it makes complete contact
with the ground. Immediately after heel strike and during the downward movement of the
foot is when a brief (2-8%) lateral ground reaction force is produced, and is thought to be
directed by the gluteus maximus, adductors of the thigh, and vasti muscles 3. Patients with
PAD demonstrate a foot-drop, or impaired control of the downward motion of the foot
following heel strike 3. Although no improvements were found at the level of the ankle
dorsiflexors in this study, an increased lateral ground reaction force following SET was
found. This reflected improved synchronization of the ipsilateral adductors at heel strike to
accept weight transfer from the contralateral leg, and to permit greater control in the
upcoming phases of stance. Previously we found this force to be decreased as a pre-
compensatory step to increased medial force (greater than healthy controls), to allow for a
wider step and decreased single limb support time 4. Although the change in lateral ground
reaction force is minimal it appears SET may have promoted better coordination and
reduced a common compensatory action in patients with PAD.

Single-leg Support—Our data demonstrated an increase in ankle power absorption,
which indicated improved energy delivery to the leg and trunk by the plantarflexors during
this phase of stance. We have not previously identified this variable to be different from
healthy controls at baseline. This adaptation following SET could be the result of increased
muscle capacity and ability to utilize the energy generated during this phase.

Propulsion—Our data demonstrated significant improvements in ankle and hip power
generation that translated to increased propulsive ground reaction force. More specifically,
the plantarflexors improved their contribution to forward progression and support as did the
hip flexors in their assistive role in forward trunk acceleration.

Effect of condition: The onset of claudication affected biomechanics throughout stance
prior to and following SET. These differences corresponded to a worsening gait, or gait
pattern that moved further from healthy individuals compared with pain free gait 2. In
single-leg support, ankle power absorption increased in magnitude during claudication. In
propulsion, ankle plantarflexor angle increased, while torque and power decreased. Knee
flexor power decreased, and hip flexor moment and power decreased. The peak propulsive
and vertical push-off forces also decreased. Overall, the propulsion phase continued to be the
most affected by the onset of claudication, which could be due to purposeful adjustments by
the patient to minimize use of and pain felt in the more symptomatic limb.

Improvements in walking distances but not hemodynamics: Significant improvements in
initial and absolute claudication distances were observed on the graded treadmill protocol
following SET. Parallel improvements were not observed in maximum overground walking
distances, measured by the six minute walk test, or in resting ABI measurements. The
improvements in treadmill distances and lack thereof in resting ABI are in agreement with
previous literature32. Average ABI values decreased numerically from 0.56 to 0.52 following
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SET, which was not significant. Many previous SET studies do not report post SET ABI33,
One systematic review of randomized controlled trials evaluating the evidence for the effect
of exercise on lower limb hemodynamic measures report no significant change in the resting
ABI after SET in 28 of 29 trials. Our study was not designed or powered to explore a
potential change in the resting ABI but other studies evaluating the natural progression of
ABIs amongst patients with PAD report a decrease of .004 to .02/year as the expected
average change35-37. In these studies, degree of progressive decrease in ABI is found to be
associated with current smoking status, requirement for an intervention, older age, diabetes,
and severity of presenting symptoms. The SET protocol was similar to the maximal
treadmill test performed and may help explain why improvements in six minute walk
distance did not occur. Significant discussion exists in the literature regarding the pros and
cons of each type of maximum walking test, and this study further illustrates the points that
each test assesses slightly different outcomes (peak versus daily living walking
performance).

Our analysis of the findings of the six minute walk test and graded treadmill test suggested
that SET improved pain tolerance and walking endurance but it did not improve self-selected
average walking speed. The increased pain tolerance was seen in increased claudication
onset time during both six minute walk (self-paced) and the graded treadmill test
(controlled-intensity) and the higher score for the Pain category of the WIQ. Improvement in
endurance was demonstrated by increased peak walking time during the graded treadmill
test, improved ankle and hip power generation during propulsion, improved peak torque and
total work during maximum plantarflexion strength testing, and the higher scores for WIQ
distance. Our analysis of average walking speed during the six minute walk test
demonstrated that SET did not produce a change in the self-selected speed of our patients. It
is possible that if the instructions on the six minute walk test asked patients to maintain
speed and not to stop (similar to inherent demands of the graded treadmill test, which
controls the intensity), total walking distance would increase in a way that is parallel to that
see with the graded treadmill test. Instead, the patients seemed to adapt by slowing down
and/or resting, which was likely an attempt to avoid or decrease pain.

A limitation of this study is the modest sample size and additional subjects could strengthen
our findings. Our data, however show that SET produces partial restoration of the impaired
limb function of patients with PAD despite fixed arterial occlusive disease. The biological
pathways by which exercise improves walking performance, were not evaluated by the
present work, and their examination has been proposed as a top priority in a recent scientific
statement from the American Heart Association under the discussion on the future of
investigations of exercise intervention in patients with PAD38,

Overall, the biomechanical improvements found during weight acceptance and propulsion
were in line with the increased walking distances. Specifically, increased activation of the
hip extensors helped maintain momentum and walking speed after heel strike. In particular,
greater activation of the ankle during propulsion, led to a more efficient gait post SET.
Overall these improvements translated to an increased capacity on the graded treadmill test.
These increases were not seen on the six minute walk (self-paced) test, which means that
subjects may have had a greater maximal capacity due to SET, but lingering impairments in
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blood flow delivery and the structure and function of leg muscles led subjects to choose to
walk slower and/or rest during the self-paced test.

V. Conclusion

Six months of SET produced significant increases in the treadmill walking distances of
patients with claudication. These increases were consistent with concurrent improvements in
gait biomechanics at the level of the ankle and the hip. SET produced strengthening of the
hip extensor and the ankle plantarflexor muscles and this strengthening appears to be the
main mechanism producing the improvements of the walking ability of patients with
claudication.

Acknowledgements

This work was supported by the National Institutes of Health by the NIH grant ROLAG034995. Additional support
was provided by NIH grants ROIHD090333 and P20GM109090), the VA RR&D grant (1101RX000604), and the
National Aeronautics and Space Administration (NASA) Nebraska Space Grant.

References

1. Koutakis P, Johanning JM, Haynatzki GR, Myers SA, Stergiou N, Longo GM, et al. Abnormal joint
powers before and after the onset of claudication symptoms. J Vasc Surg. 8 2010;52(2):340-347.
[PubMed: 20670775]

2. Chen SJ, Pipinos I1, Johanning JM, Radovic M, Huisinga JM, Myers SA, et al. Bilateral Intermittent
claudication results in alterations in the gait biomechanics at the hip and ankle joints during gait.
Journal of Biomechanics. 2008;41(11):2506-2514. [PubMed: 18586253]

3. Celis R, Pipinos I, Scott-Pandorf MM, Myers SA, Stergiou N, Johanning JM. Peripheral arterial
disease affects kinematics during walking. J Vasc Surg. 1 2009;49(1):127-132. [PubMed:
19028062]

4. Scott-Pandorf MM, Stergiou N, Johanning JM, Robinson L, Lynch TG, Pipinos, Il. Peripheral
arterial disease affects ground reaction forces during walking. J Vasc Surg. 9 2007;46(3):491-499.
[PubMed: 17826236]

5. Wurdeman SR, Koutakis P, Myers SA, Johanning JM, Pipinos I, Stergiou N. Patients with
peripheral arterial disease exhibit reduced joint powers compared to velocity-matched controls. Gait
Posture. 7 2012;36(3):506-509. [PubMed: 22677467]

6. Myers SA, Johanning JM, Stergiou N, Celis RI, Robinson L, Pipinos, Il. Gait variability is altered in
patients with peripheral arterial disease. J Vasc Surg. 4 2009;49(4):924-931 e921. [PubMed:
19217749]

7. Schieber MN, Hasenkamp RM, Pipinos Il, Johanning JM, Stergiou N, DeSpiegelaere HK, et al.
Muscle strength and control characteristics are altered by peripheral artery disease. J Vasc Surg. 7
2017,66(1):178-186 e112. [PubMed: 28647034]

8. Bulmer AC, Coombes JS. Optimising exercise training in peripheral arterial disease. Sports Med.
2004;34(14):983-1003. [PubMed: 15571429]

9. Regensteiner JG, Steiner JF, Hiatt WR. Exercise training improves functional status in patients with
peripheral arterial disease. J Vasc Surg. 1 1996;23(1):104-115. [PubMed: 8558725]

10. Regensteiner JG, Hiatt W. Exercise in the management of peripheral arterial disease ACSM’s
Resource Manual for Guidelines for Exercise Testing and Prescription. 4th ed. Philadelphia, PA:
Lippincott Willaims and Wilkins; 2001:732.

11. Hiatt WR, Regensteiner JG, Hargarten ME, Wolfel EE, Brass EP. Benefit of exercise conditioning
for patients with peripheral arterial disease. Circulation 2 1990;81(2):602-609. [PubMed:
2404633]

J Vasc Surg. Author manuscript; available in PMC 2021 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Schieber et al.

12.

13.

14.

15.

16.

17.

18.

19.

20.
21.

22.

23.

24,

25.

26.

217.

28.

29.

Page 11

Hiatt WR, Wolfel EE, Meier RH, Regensteiner JG. Superiority of treadmill walking exercise versus
strength training for patients with peripheral arterial disease. Implications for the mechanism of the
training response. Circulation 10 1994;90(4):1866-1874. [PubMed: 7923674]

Creager MA, Belkin M, Bluth EI, Casey DE Jr, Chaturvedi S, Dake MD, et al. 2012
ACCF/AHA/ACR/SCAI/SIRISTSISVM/SVN/SVS Key data elements and definitions for
peripheral atherosclerotic vascular disease: a report of the American College of Cardiology
Foundation/American Heart Association Task Force on Clinical Data Standards (Writing
Committee to develop Clinical Data Standards for peripheral atherosclerotic vascular disease).
Journal of the American College of Cardiology. 2012;59(3):294-357. [PubMed: 22153885]
Stewart KJ, Hiatt WR, Regensteiner JG, Hirsch AT. Exercise training for claudication. N Engl J
Med. 12 12 2002;347(24):1941-1951. [PubMed: 12477945]

Gardner AW, Poehlman ET. Exercise rehabilitation programs for the treatment of claudication pain.
A meta-analysis. JAMA. 9 27 1995;274(12):975-980. [PubMed: 7674529]

Haas TL, Lloyd PG, Yang HT, Terjung RL. Exercise training and peripheral arterial disease.
Compr Physiol. 10 2012;2(4):2933-3017. [PubMed: 23720270]

Murphy TP, Cutlip DE, Regensteiner JG, Mohler ER 3rd, Cohen DJ, Reynolds MR, et al.
Supervised exercise, stent revascularization, or medical therapy for claudication due to aortoiliac
peripheral artery disease: the CLEVER study. J Am Coll Cardiol. 3 17 2015;65(10):999-1009.
[PubMed: 25766947]

American College of Sports M. ACSM’s guidelines for exercise testing and prescription. 9th ed.
Philadelphia: Lippencott Williams & Wilkins; 2013.

Gardner AW, Skinner JS, Cantwell BW, Smith LK. Progressive vs single-stage treadmill tests for
evaluation of claudication. Med Sci Sports Exerc. 4 1991;23(4):402-408. [PubMed: 2056896]
Enright PL. The six-minute walk test. Respir Care. 8 2003;48(8):783-785. [PubMed: 12890299]
Houck J, Yack HJ, Cuddeford T. Validity and comparisons of tibiofemoral orientations and
displacement using a femoral tracking device during early to mid stance of walking. Gait &
posture. 2004;19(1):76-84. [PubMed: 14741306]

Coyne KS, Margolis MK, Gilchrist KA, Grandy SP, Hiatt WR, Ratchford A, et al. Evaluating
effects of method of administration on Walking Impairment Questionnaire. J Vasc Surg. 8
2003;38(2):296-304. [PubMed: 12891111]

Tew G, Copeland R, Le Faucheur A, Gernigon M, Nawaz S, Abraham P. Feasibility and validity of
self-reported walking capacity in patients with intermittent claudication. J Vasc Surg. 5
2013;57(5):1227-1234. [PubMed: 23384490]

Barry E, Galvin R, Keogh C, Horgan F, Fahey T. Is the Timed Up and Go test a useful predictor of
risk of falls in community dwelling older adults: a systematic review and meta-analysis. BMC
Geriatr. 2 1 2014;14:14. [PubMed: 24484314]

Crowther RG, Spinks WL, Leicht AS, Sangla K, Quigley F, Golledge J. Effects of a long-term
exercise program on lower limb mobility, physiological responses, walking performance, and
physical activity levels in patients with peripheral arterial disease. J Vasc Surg. 2 2008;47(2):303—
309. [PubMed: 18241753]

King MD, Korter TM. Modified corrections for London forces in solid-state density functional
theory calculations of structure and lattice dynamics of molecular crystals. J Phys Chem A. 6 28
2012;116(25):6927-6934. [PubMed: 22646794]

Koutakis P, Pipinos I, Myers SA, Stergiou N, Lynch TG, Johanning JM. Joint torques and powers
are reduced during ambulation for both limbs in patients with unilateral claudication. J Vasc Surg.
12010;51(1):80-88. [PubMed: 19837536]

Gardner AW, Skinner JS, Bryant CX, Smith LK. Stair climbing elicits a lower cardiovascular
demand than walking in claudication patients. J Cardiopulm Rehabil. Mar-Apr 1995;15(2):134—
142. [PubMed: 8542517]

McDermott MM, Ades P, Guralnik JM, Dyer A, Ferrucci L, Liu K, et al. Treadmill exercise and
resistance training in patients with peripheral arterial disease with and without intermittent
claudication: a randomized controlled trial. JAMA. 1 14 2009;301(2):165-174. [PubMed:
19141764]

J Vasc Surg. Author manuscript; available in PMC 2021 February 01.



1duosnue Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Schieber et al.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Page 12

McDermott MM, Liu K, Guralnik JM, Crigui MH, Spring B, Tian L, et al. Home-based walking
exercise intervention in peripheral artery disease: a randomized clinical trial. JAMA. 7 3 2013;
310(1):57-65. [PubMed: 23821089]

Pandy MG, Lin YC, Kim HJ,. Muscle coordination of mediolaterla balance in normal walking. J
Biomech. 8 10 2010;43(11):2055-2064. [PubMed: 20451911]

Fakhry MA, El Shazly MI. Torsional ultrasound mode versus combined torsional and conventional
ultrasound mode phacoemulsification for eyes with hard cataract. Clin Ophthalmol. 2011;5:973—
978. [PubMed: 21792288]

Parmenter BJ, Raymond J, Dinnen P, Singh MA. A systematic review of randomized controlled
trials: Walking versus alternative exercise prescription as treatment for intermittent claudication.
Atherosclerosis. 9 2011;218(1):1-12. [PubMed: 21601857]

Parmenter BJ, Raymond J, Fiatarone Singh MA. The effect of exercise on haemodynamics in
intermittent claudication: a systematic review of randomized controlled trials. Sports Med. 5 1
2010;40(5):433-447. [PubMed: 20433214]

Bird CE, Criqui MH, Fronek A, Denenberg JO, Klauber MR, Langer RD. Quantitative and
qualitative progression of peripheral arterial disease by non-invasive testing. Vasc Med. 1999;4(1):
15-21. [PubMed: 10355865]

Fowkes FG, Lowe GD, Housley E, Rattray A, Rumley A, Elton RA, et al. Cross-linked fibrin
degradation products, progression of peripheral arterial disease, and risk of coronary heart disease.
Lancet. 7 10 1993;342(8863):84—86. [PubMed: 8100915]

Smith FB, Lee AJ, Price JF, van Wijk MC, Fowkes FG. Changes in ankle brachial index in
symptomatic and asymptomatic subjects in the general population. J Vasc Surg. 12 2003;38(6):
1323-1330. [PubMed: 14681636]

Treat-Jacobson D, McDermott MM, Bronas UG, Campia U, Collins TC, Crigui MH, et al. Optimal
Exercise Programs for Patients With Peripheral Artery Disease: A Scientific Statement From the
American Heart Association. Circulation. 1 22 2019;139(4):e10-e33. [PubMed: 30586765]

J Vasc Surg. Author manuscript; available in PMC 2021 February 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Schieber et al.

Page 13

ARTICLE HIGHLIGHTS
Type of Research
Single-site, prospective non-randomized cohort.
Key Findings

Six months of supervised exercise therapy significantly improved self-perceived
ambulatory limitation, walking distances, leg muscle strength, and gait biomechanics in
47 patients with peripheral artery disease.

Take home Message

Supervised exercise therapy concurrently increased walking performance and muscle
strength even though blood flow did not change. Supervised exercise therapy may be
beneficial if used in combination with therapies that increase blood flow.
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Sample demographics.

Table I.

Clinical Characteristic

Gender (Male)
Race
Caucasian
African American
Hispanic
Age
Ankle-brachial index Range
Disease duration, months
Level of disease (%0)
Aortoiliac
Femooropopliteal
Multi-level
Smoking
Current
Former
Never
Coronary Artery Disease
Obesity
Diabetes
Dyslipidemia

Hypertension

78.72
19.15
213
64.68(6.74)
0.16-0.89
55.7(51.6)

14.9
29.8
55.3

61.70
36.17
2.13
36.17
21.28
25.53
80.85
87.23

Continuous variables are presented as mean (standard deviation). Categorical variables are presented as %.
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Ankle-brachial index, walking distances, Walking Impairment Questionnaire, and plantarflexor strength before

and after supervised exercise therapy. Higher values for each of these categories suggest improvement.

Dependent Variable Pre Post P
Body Mass (kg) 89.38(18.7) 88.99(18.9) 460
Ankle-brachial index 0.56(0.17) 0.52(0.22) .078
Timed Up and Go (s) 11.14(1.45) 10.84(1.96) 300
Distances (m)

Initial claudication 99.20(74.5) 272.73(249.3) <.001

Absolute claudication 317.23(230.8)  668.22(566.4)  <.001

Six Minute Walk Distance 340.42(117.3) 333.11(123.3) .700
Walking Impairment Questionnaire

Pain 5455(21.99)  65.63(22.63)  .008

Distance 20.80 (25.49)  39.75(29.84)  .043

Walking speed 39.60 (24.91)  46.34(26.19)  .127

Stair climbing 4470 (29.04)  53.88(27.54)  .045
Isometric plantar flexor strength (N)

Area 697.77(264.03)  784.84(234.25)  .012

Peak torque / BW 0.95(0.34) 1.05(0.35) .007

Mean(standard deviation)
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Table Ill.

Walking performance characteristics from the 6 minute walk test (6MWT).

Dependent Variable Pre Post P

Initial claudication distance, 6MWT (m) 10807 (68.8) * 176.21 (83.1) * 046

Total number of stops 15 14 ns
Subjects who stopped (num) 9 (n=9) 12 (n=5)

Average stop time per six minutes 91.56 (47.4) 111.58 (53.9)
Overground speed 2.21(0.8) 2.2(0.7)

TM preferred speed 1.65 (0.6) 1.65 (0.6)

Mean(standard deviation)

*

Forty patients experienced pain during 6MWT and are included in the analysis. Six patients were excluded because they completed their 6MWT
without any claudication pain
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Dependent variables from the weight acceptance phase of stance. To support the trunk at heel strike, the hip
extensors, primarily gluteus maximum and the hamstrings 32, concentrically contract to extend the hip, while
the extensors at the knee eccentrically contract to permit slight flexion at the knee. The hip extensors stabilize
posture of the trunk by preventing it from flexing forward under the influence of a large posterior reaction
force at the hip, which helps the knee extensors to eccentrically contract and prevent collapse at the knee 33. A
positive torque value represents a flexor response while a negative torque value indicates an extensor response.
Positive power represents energy generation and is associated with concentric muscle contraction whereas
negative power indicates energy absorption and is associated with eccentric muscular contraction.

Joint and/or Variable Pain-free Pain
Pre Post Pre Post Pi Pc
Ankle
Dorsiflexion angle 12.89(4.7) 13.28(4.7) 14.15(4.7) 14.21(4.9) 677 <.001
Dorsiflexor torque -0.25(0.1) -0.26(0.1) -0.24(0.1) -0.23(0.1) .885 .023
Power absorption -0.48(0.2) -0.51(0.3) -0.48(0.3) -0.49(0.3) 514 554
Knee
Flexion angle 2.89(5.0) 2.41(5.1) 2.35(5.1) 1.52(5.5) 265 .003
Extensor torque 0.53(0.3) 0.56 (0.3) 0.56(0.3) 0.56(0.3) .695 404
Power absorption -0.66(0.5) -0.74(0.5) -0.81(0.8) -0.75(0.5) .861 .089
Hip
Flexion angle -2.86(4.9) -3.90(5.8) -2.00(5.2) -3.07(6.0) 281 <.001
Extensor torque 0.67(0.3) 0.81(0.2) 0.69(0.4) 0.79(0.3) 012  .963
Power generation 0.4(0.4) 0.44(0.4) 0.42(0.4) 0.43(0.4) .682 988
Peak forces
Vertical impact 1.09(0.1) 1.12(0.15) 1.09(0.12) 1.1(0.12) .253 529
Braking force -0.15(0.04)  -0.16(0.05)  -0.16(0.05)  -0.16(0.05)  .393 .219
Braking impulse -0.032(0.01) -0.030(0.01) =-0.031(0.01) -0.029(0.01) .559 .041
Lateral force -0.038 (0.02) -0.042(0.02) -0.041(0.02) -0.046(0.02) .021 <.001

Means(standard deviation); Pi: Intervention (pre/post Supervised Exercise Therapy ); Pc: Condition (pain free/pain)

Note: Angle (degrees), Torque (N*m), Power (Watts), Peak Forces (Body Weights), Impulse (N*s/kg )
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Table V.

Dependent variables from the single leg support phase of stance. During single-leg support, the plantarflexors
contract isometrically and produce a net effect of reaction forces to the leg and trunk which provide support
and enable subsequent transfer of body mass in forward progression.

Joint and/or Variables Pain Free Pain
Pre Post Pre Post Pi Pc
Power
Ankle absorption -0.83(0.3) -0.9(0.3) -0.9(0.3) -0.96(0.3) .023 <.001
Knee generation 0.32(0.3) 0.37(0.4) 0.4(0.3) 0.35(0.2) 937 332
Hip absorption -059(0.3)  -0.61(0.3)  -0.61(0.4)  -0.61(0.3) 804 485
Peak forces -059(0.3)  -0.61(0.3)  -0.61(0.4)  -0.61(0.3) 804 485
Vertical midstance 0.77(0.07)  0.79(0.11)  0.79(0.09)  0.79(0.11) 516 .118
Medial 0.062(0.002) 0.066(0.002) 0.061(0.002) 0.063(0.002) .128 .292

Means(standard deviation); Pi: Intervention; Pc: Condition

Note: Angle (degrees), Torque (N*m), Power (Watts), Peak Forces (Body Weights)
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Table VI.
Dependent variables from the propulsion phase of stance. The primary muscles contributing to propulsion are
the plantarflexors, where the gastrocnemius delivers energy to the leg and the soleus to the trunk for support

and forward progression 34. The hip pattern during propulsion includes contribution by the flexors and
hamstrings to achieve a greater energy level of the thigh leading into the swing phase of gait.

Joint and/or Variable Pain Free Pain
Pre Post Pre Post Pi Pc

Ankle
Plantarflexion angle  -7.34(4.6)  -7.38(4.7) -7.95(4.5) -8.31(4.4) 735 <.001
Plantarflexor torque  1.32(0.2) 1.37(0.3)  1.24(0.2) 1.28(0.2) 148 <.001
Power generation 2.15(0.5) 2.43(0.6) 1.86(0.7) 2.16(0.7) .003 <.001

Knee
Flexion angle 14.38(5.7)  14.14(6.5) 14.29(56) 13.81(6.8) 573 .476
Flexor torque -0.18(0.2) -0.2(02)  -0.18(0.2) -0.2(0.2) 656 .921
Power absorption -0.8(0.3) -0.85(0.4) -0.75(0.4)  -0.75(0.3) 705 .017
Hip
Extension angle 34.04(6.2) 34.12(7.0) 3454(6.9) 3455(75) .950 .055
Extensor torque -0.79(0.2) -0.8(0.3) -0.76(0.3)  -0.76(0.3) 946 .046
Power generation 0.71(0.2) 0.83(0.2) 0.69(0.2) 0.77(0.2) .003 .039
Peak forces
Vertical push-off 1.03(0.07)  1.07(0.14)  1.01(0.07)  1.04(0.13)  .130 <.001
Propulsive 0.17(0.03)  0.19(0.05)  0.16(0.04)  0.18(0.04)  .006 .002

Propulsive impulse ~ 0.031(0.01) 0.033(0.02) 0.031(0.01) 0.033(0.01) .412 .944

Means(standard deviation); Pi: Intervention; Pc: Condition

Note: Angle (degrees), Torque (N*m), Power (Watts), Peak Forces (Body Weights), Impulse (N*s/kg)
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