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Abstract

Purpose—Although it is known that peripheral arterial disease (PAD) is associated with chronic
myopathies, the acute muscular responses to exercise in this population are less clear. This study
used diffusion tensor imaging (DTI) to compare acute exercise-related muscle damage between
PAD patients and healthy controls.

Methods—Eight PAD patients and seven healthy controls performed graded plantar flexion in
the bore of a 3T MRI scanner. Exercise began at 2 kg and increased by 2 kg every 2 min until
failure, or completion of 10 min of exercise. DTI images were acquired from the lower leg

pre- and post-exercise, and were analyzed for mean diffusivity, fractional anisotropy (FA), and
eigenvalues 1-3 (11_3) of the medial gastrocnemius (MG) and tibialis anterior (TA).

Results—Results indicated a significant leg by time interaction for mean diffusivity, explained
by a significantly greater increase in diffusivity of the MG in the most affected legs of PAD
patients (11.1 x 104 + 0.5 x 104 mm?2/s vs. 12.7 x 104 + 1.2 x 10~4 mm?/s at pre and post,
respectively, 2= 0.02) compared to healthy control subjects (10.8 x 10 £ 0.3 x 10~* mm?/s vs.
11.2 x 1074 + 0.5 x 10~4 mm?/s at pre and post, respectively, 2= 1.0). No significant differences
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were observed for the TA, or 11_3 (all P=0.06). Moreover, no reciprocal changes were observed
for FA in either group (all #=0.29).

Conclusion—These data suggest that calf muscle diffusivity increases more in PAD patients
compared to controls after exercise. These findings are consistent with the notion that acute
exercise results in increased muscle damage in PAD.
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Introduction

Peripheral arterial disease (PAD) is a systemic atherosclerotic vascular disease that affects
over 200 million people worldwide (Benjamin et al. 2017; Shu and Santulli 2018). While
disease severity can range from patients being asymptomatic to having critical limb
ischemia, the most common manifestation of PAD is pain in the lower legs during light

to moderate intensity work. This classic symptom is termed intermittent claudication.

Over time, the progression of PAD leads to skeletal muscle atrophy (Regensteiner et al.
1993), myopathy (Ha et al. 2016; Makitie and Teravainen 1977; Mitchell et al. 2007),

and mitochondrial dysfunction (AlGhatrif et al. 2017; Pipinos et al. 2003). While it may
seem logical that this would be caused by the repeated ischemic insults associated with
chronic PAD (Gratl et al. 2020; Signolet et al. 2018), there is stronger evidence linking
skeletal muscle atrophy (Belavy et al. 2017; Dirks et al. 2016; Reimers et al. 1998)

and mitochondrial dysfunction (Distefano et al. 2018) to reductions in physical activity

and exercise tolerance. Indeed, many of the functional impairments associated with PAD
are not entirely explained by limited blood flow delivery (Gardner and Killewich 2001).

For example, maximal torque production, which is not dependent on convective oxygen
transport, is reduced in the plantar flexors of PAD patients (Schieber et al. 2017). Moreover,
the mitochondrial impairments that are observed in simulated PAD models persist in ex vivo
preparations (Bhat et al. 1999; Schmidt et al. 2017), where in vivo perfusion limitations are
no longer a contributing factor. Taken together, these findings illustrate the important role of
skeletal muscle physiology in the pathophysiology and progression of PAD.

While the chronic myopathies associated with PAD are well established, the effects of acute
exercise on skeletal muscle in this population are less clear. In healthy adults, moderate to
high-intensity exercise (particularly eccentric muscle actions) often results in acute damage
to skeletal muscle (Beaton et al. 2002; Burt et al. 2014; Chen et al. 2014), which is primarily
attributed to dissolution of sarcomeres and disruption of the muscle cell’s plasma membrane
(Friden and Lieber 1992; McHugh et al. 1999; Morgan 1990; Saxton and Donnelly 1996).
While the term ‘damage’ may be most commonly associated with a detrimental effect,

acute exercise-related skeletal muscle damage has been associated with hypertrophy and
strength adaptations to resistance training in humans (Douglas et al. 2017). This occurs

in conjunction with an acute immune response, characterized by transient increases in
recruitment of neutrophils (Nieman et al. 2005) and cytokines (Jajtner et al. 2016, 2018).
Considering the limited exercise tolerance and recurrent exposure to ischemic insults during
lower body activity (i.e. locomotion) in PAD patients, combined with a well-documented
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impairment in skeletal muscle function (Regensteiner et al. 1993; Gardner et al. 1992;
Schieber et al. 2017; McDermott et al. 2004), it would be reasonable to suspect that this
skeletal muscle damage response would be augmented after acute exercise of a matched
workload (and intensity) in PAD patients compared to their healthy counterparts. However,
to our knowledge, no studies have directly examined this issue. This information would be
particularly useful for prescribing exercise intensity in this population, which is an area of
significant debate among researchers and clinicians (Haas et al. 2012; Murrow et al. 2019;
Parmenter et al. 2015).

A common method of evaluating skeletal muscle fiber structure and integrity is by excising
tissue with a muscle biopsy (Becker et al. 2017; Lindegaard Pedersen et al. 2017). While
this procedure is useful for acquiring tissue samples from live subjects, it is also invasive
and relies on the interpretation of a very small sample of tissue, which may not always
represent changes observed across the entire muscle (Dwyer et al. 1999). Therefore, in

lieu of muscle biopsies, diffusion tensor imaging (DTI) is a valuable method of assessing
skeletal muscle in vivo, and across the entire muscle (or limb, for that matter). DTI works
by exploiting the diffusive properties of cellular structures, such as neurons (Li et al. 2016)
and skeletal muscle fibers (Schenk et al. 2013). This technique can be used to evaluate

the threedimensional organization of skeletal muscle (tractography), or to quantify changes
in skeletal muscle integrity. Specifically, increases in mean diffusivity (and reciprocal
decreases in fractional anisotropy) of skeletal muscle has been linked to muscle damage
and inflammation (Esposito et al. 2013; Fan and Does 2008; Yanagisawa et al. 2011), an
effect that appears to be augmented when exercise is performed under ischemic conditions
(Heemskerk et al. 2006). DT is also useful for quantifying changes in the cross-sectional
geometry (ellipticity) of muscle fibers (Karampinos et al. 2009), which can provide valuable
insight regarding myocyte integrity (Andersen 2003). The aim of this study was to use DTI
to compare acute exercise-related muscle damage between patients with PAD and healthy
controls. We expected that a single bout of exercise would elicit significant increases in
mean diffusivity of the active muscle in PAD patients compared to healthy controls. In
contrast, we expected factional anisotropy to significantly decrease in response to exercise in
PAD patients compared to healthy controls.

Participants and study design

All data were collected at the Penn State Hershey Center for Nuclear Magnetic Resonance
Research and the Penn State Hershey Clinical Research Center in the Clinical and
Translational Science Institute, and all experiments were approved by the Penn State
Hershey College of Medicine Institutional Review Board. A total of 15 participants
completed this study, including 8 PAD patients (defined by an ankle brachial index [ABI] <
0.9) and 7 healthy controls (CON). Participant demographics are presented in Table 1. Data
from 14 of these participants (7 PAD and all controls) were included in a recent publication
(Stavres et al. 2019) that examined oxygen transport during exercise, but did not report DTI
data. A preliminary analysis of these data was also prepared for presentation at the 2020
American College of Sports Medicine Conference (Stavres et al. 2020).
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Participation in this study involved a single visit to the research lab, with the exception of
bilaterally diseased patients, who participated in two research visits (one for each diseased
leg). Each visit consisted of two bouts of exercise, and the imaging coil remained on the
same leg throughout the duration of the visit. In the first bout, the leg that was imaged
performed exercise. Afterwards, the plantar flexion device was moved to the opposite
leg, while the imaging coil remained on the resting leg. The order of visits was also
counterbalanced between imaging of the most symptomatic and least symptomatic legs
for bilaterally diseased patients (/7= 5). The most symptomatic leg was identified as the
leg which patients described as experiencing more pain during typical daily activities and
being most prone to claudication related discomfort. In cases where patients were unable
to distinguish a most symptomatic leg, the leg with the lowest ABI was recorded as the
most symptomatic leg. Participants were not instructed to withhold medications prior to
participation (Table 1), which included assessment of resting ABI and blood pressure.

Experimental protocol

In each visit, participants performed dynamic graded plantar flexion in the bore of a

3T MRI scanner (Magnetom PrismaFit, Siemens Healthineers, Erlangen, Germany). This
was achieved using a custom-built non-ferromagnetic plantar flexion device, as previously
described (Stavres et al. 2019). In brief, this plantar flexion device allows for dynamic
contractions, which is achieved via a wooden lever system affixed to a bin. The resistance
is applied by adding weighted sandbags to this bin, and the force required is calibrated

at the footplate. This device permits participants to perform exercise within a comfortable
range of motion at a 1:1 work-rest duty cycle. Each condition began with a baseline DTI
scan, followed by 2 min of perfusion imaging (described in the “Measurements” section).
Perfusion data were collected pre- and post-exercise to account for any potential influence
of pseudodiffusion on DTI data, which may influence DTI parameters. After baseline data
were collected, participants performed plantar flexion beginning at 2 kg, and increasing by
2 kg every 2 min until failure (identified by voluntary termination), or until the end of 10
kg. A metronome was also used to maintain a contraction frequency of 30 contractions per
minute. To limit any potential carryover effects, ~ 10 min of rest separated the exercising
leg and resting leg conditions within each session. Perfusion data were collected again
immediately after exercise, during which time leukocyte infiltration has been reported to be
acutely elevated (Fortunato et al. 2018). This perfusion scan was followed by a second (post)
DTI scan.

Measurements

In the first visit, resting hemodynamic and anthropometric data were recorded by clinical
staff at the Penn State Hershey Clinical Research Center. This included height, weight,
resting blood pressure, heart rate, and bilateral ABI. Leg pain was also recorded immediately
following exercise using the Numeric Rating Scale (Williamson and Hoggart 2005).

DTI images were collected at baseline and 5 min after the end of exercise with a 15-channel
transmit-receive coil. A small cross-shaped fiducial marker made of fish oil was placed on
the anterior of the tibia to indicate the position of the thickest part of the calf (isocenter).
DTI images were acquired using a spin-echo echo-planar DTI sequence with repetition time
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= 2.8 s, echo time = 70.40 ms, flip angle = 90°, 32 4-mm-thick transverse slices, field of
view = 204 mm x 171 mm, scan matrix = 112 x 94, image resolution = 1.8 mm x 1.8 mm,
multi-band acceleration factor = 2, A-value = 0, 200, 400, 600 s/mm?2, 30 angular diffusion
gradient directions, four b0 images interleaved with the diffusion-weighted images with 1 b0
image per 10 diffusion-weighted images.

The DTI data were processed with Diffusion Toolkit 0.6.4.1 and TrackVis 0.6.1 (http://
trackvis.org/dtk). For quality control of the motion artifact, the four b0 images acquired from
the beginning to the end of each DTI data acquisition were realigned using SPM12 (The
Wellcome Centre for Human Neuroimaging, University College London) with a threshold of
movement < 1 mm and rotation < 1°. The majority of the medial gastrocnemius (MG) and
tibialis anterior (TA) at the level of the fiducial marker were manually labeled as the seed

for fiber-tracking of the muscle fibers for each participant. Diffusion parameters, including
mean diffusivity (MD), fractional anisotropy (FA), and eigenvalues 1 (11) 2 (1), and 3 (13)
of the muscle fiber bundle were recorded.

Perfusion images were also acquired immediately post-exercise using a modified version

of the PIVOT sequence (Englund et al. 2013). These data were collected to account

for the potentially confounding influence of capillary perfusion on measures of skeletal
muscle diffusivity, termed “pseudodiffusion” (Le Bihan et al. 1986; Oudeman et al. 2016;
Yanagisawa et al. 2009). Specifically, by comparing perfusion between groups immediately
prior to collection of DTI data, we were able to account for any potential differences in
muscle perfusion. Arterial spin labeling images were acquired with a single-shot echo-planar
imaging readout, with echo time = 9.6 ms, scan matrix = 64 x 64, resolution = 2.75

mm x 2.75 mm, slice thickness = 8.0 mm, partial Fourier factor 5/8, excitation flip angle
=90°, and a spectral-spatial pulse (Meyer et al. 1990) for fat suppression. The entire
sequence repetition time was 3.25 s, and also included multi-echo gradient-echo acquisition,
which was interleaved into the post-labeling delay of the arterial spin labeling sequence.
However, those data were not included in this analysis. After all DT and perfusion data
were collected, regions of interest were used to isolate the MG and TA of each participant.
These specific muscles were selected due to their roles as the primary agonist (MG) and
antagonist (TA) to dynamic plantar flexion.

Statistical approach

Based on an estimated effect size of 0.45 (calculated from pilot data comparing DTI
responses pre- and post-exercise), a power analysis [G*Power 3.1 (Faul et al. 2007)]
indicated that 12 participants (6 per group) would be required to reach statistical significance
at a desired power of 0.8. After all data were collected, MD, FA, 1,_3 were compared
across time (pre-post) and between legs (most symptomatic leg vs. least symptomatic leg vs.
healthy control leg) for each muscle using a linear mixed models’ approach. This analysis
was performed for each condition (exercising leg and resting leg). Also, to account for the
potentially confounding influence of pseudodiffusion, a Pearson’s correlation analysis was
used to examine the relationships between muscle perfusion (pre- and post-exercise) and all
DTI parameters. This analysis indicated that perfusion was significantly correlated to MD
and A1_3 in the MG of the exercising leg (Table 2). Based on this, perfusion was included
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as a covariate in each linear mixed models’ analysis for MD and A,_3 in both the MG and
the TA. Any significant interactions or main effects of time were further analyzed using

a Sidak correction. Lastly, one-way analyses of variance (ANOVA) were used to compare
limb-specific exercise data (end-exercise leg pain, rating of perceived exertion [RPE], time
of exercise in seconds, and peak workload) of the most symptomatic legs to the least
symptomatic legs of PAD patients, as well as healthy control legs. Significance was accepted
at P< 0 0.05, and all data are presented as mean + standard deviation (SD). All statistical
analyses were performed using SPSS version 27 (IBM Corp., Armonk, NY).

Exercising leg

After including perfusion as a covariate, results indicated a significant leg (most
symptomatic vs. least symptomatic vs. healthy control leg) by time (pre and post-exercise)
interaction for MD (/1,23) = 3.4, P=0.04) of the MG. When analyzed further, MD of the
medial gastroc (MG) significantly increased in response to exercise in the most symptomatic
legs of PAD patients (11.1 x 1074 + 0.5 x 104 mm?/s vs. 12.7 x 1074 + 1.2 x 10~ mm?/s at
pre and post, respectively, Z=0.02), which was not observed in either the least symptomatic
legs of PAD patients or healthy control legs (all 2= 1.0; Fig. 1). In contrast, no significant
leg by time interactions were observed for any of the individual eigenvalues (1,_3) when
perfusion was included as a covariate (All = 0.09; Fig. 2). However, significant effects

of time were observed for each of the individual eigenvalues (All A< 0.02; Fig. 2), and
posthoc analyses indicated that this was explained by a significant increase in A;_3 in the
most affected legs of PAD patients (P< 0.02; Fig. 2). Significant effects of leg were also
observed for A, (f2,17) = 4.5, P=0.02) and A; (#2,30) =, P=0.01; Fig. 2) in the MG of the
exercising leg. Contrary to our original hypothesis, no significant interactions or main effects
leg or time were observed for FA of the MG (22.4 x 102 + 1.5 x 1072 AU vs. 22.4 x 1072
+5.3x 1072 AU in the symptomatic legs of PAD patients, 21.4 x 102+ 1.0 x 1072 AU vs.
21.3 x 102+ 3.2 x 1072 AU in the least symptomatic legs of PAD patients, and 21.4 x 102
+0.8x 1072 vs. 19.6 x 1072 + 0.6 x 1072 AU in the healthy control legs at pre and post,
respectively, all > 0.29).

In contrast to the MG, no significant leg by time interactions were observed for mean
diffusivity of the TA when perfusion was included as a covariate, nor did we observe

any significant main effects of leg or time (all 7= 0.17; Fig. 3). Likewise, no significant
differences were observed for FA (26.2 x 102+ 1.9 x 102 AU vs. 27.0 x 102 + 3.2 x 1072
AU in the most symptomatic legs of PAD patients, 24.5 x 1072 + 9.8 x 1072 AU vs. 25.8 x
1072 + 1.4 x 1072 AU in the least symptomatic legs of PAD patients, and 26.1 x 1072 + 1.8 x
1072 AU vs. 26.4 x 1072 + 2.1 x 1072 AU in the legs of healthy control subjects at pre- and
post-exercise, respectively, all = 0.13) or for any of the eigenvalues (all 7= 0.06; Fig. 4) in
the TA during the exercising leg condition.

Lastly, plantar flexion exercise elicited an augmented pain response in the symptomatic legs
of PAD patients compared to controls (6 + 2 [on a 10-point scale] vs. 0 = O, respectively,
P=0.001) in the exercising leg, whereas no significant differences were observed between
the most and least symptomatic legs of PAD patients (P= 0.57; Table 3). All healthy
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participants achieved 720 s of continuous exercise, ending with a peak workload of 10 kg,
while two patients in the PAD group failed reach the final 720 s of exercise. Surprisingly,
RPE was not different between the most symptomatic legs of PAD patients, the least
symptomatic legs of PAD patients, or the healthy control legs (15+ 1, 13+ 3,and 12 + 1,
respectively, P=0.08). All exercise data are presented in Table 3.

Contrary to the exercising leg condition, no significant main effects or leg by time
interactions were observed for FA (all #=0.11), MD (all £=0.11), A4 (all £=0.24),

or A, (all P=0.052) of the MG or TA in the resting leg condition. Significant effects of time
were observed for A3 in both the MG (9.0 x 104 £ 0.6 x 107* mm?2/s vs. 8.9 x 104+ 0.4

x 10~* mm?/s in the most symptomatic legs of PAD patients, 9.2 x 1074 + 0.5 x 1074 mm?/s
vs. 9.0 x 1074 + 0.4 x 10~4 mm?/s in the least symptomatic legs of PAD patients, and 8.8 x
1074+ 0.5 x 1074 mm?/s vs. 8.8 x 1074 £ 0.5 x 104 mm?/s in the legs of healthy control
subjects at pre and post, respectively, [main effect of time] 2= 0.02) and the TA (8.3 x 10~*
+0.5x 1074 mm?/s vs. 8.1 x 1074 + 0.5 x 10~% mm?/s in the most symptomatic legs of
PAD patients, 8.2 x 1074 £ 0.1 x 10~ mm?/s vs. 8.1 x 10 £ 0.2 x 10~* mm?/s in the least
symptomatic legs of PAD patients, and 8.2 x 1074 + 0. x 104 mm?/s vs. 8.0 x 1074 + 0.4 x
10~4 mm?/s in the legs of healthy control subjects at pre and post, respectively, [main effect
of time] £=0.02). Despite this, no significant leg by time interactions were observed for 13
in either the MG or TA during the resting leg condition (all A= 0.37).

Exercise in the resting leg condition elicited a similarly augmented pain response in PAD
patients, characterized by significantly elevated pain responses in the both legs of PAD
patients compared to healthy controls (4 + 2 [on a 10-point scale] in the most symptomatic
legs of PAD patients, 5 + 3 in the least symptomatic legs of PAD patients, and 0 £ 0 in the
legs of healthy control subjects, < 0.04). This is notable, as the mean pain response in the
least symptomatic legs of PAD patients appears to be higher than the mean pain response
in the legs classified as most symptomatic. However, this mean difference is not statistically
significant (P=0.74), and is likely reflective of the variability of symptomology within our
sample of PAD patients. In contrast to the pain response, no differences were observed for
RPE, time of exercise, or peak workload between the most and least symptomatic legs of
PAD patients or the legs of healthy control subjects in the resting leg condition (Table 3).

Discussion

The data presented here collectively suggest that markers of acute exercise-related muscle
damage are augmented in PAD patients. Specifically, mean diffusivity of the active muscle
increased more in the most symptomatic leg of PAD patients compared to healthy controls
in response to plantar flexion (Fig. 1), and this response was not observed during opposite
leg exercise (Fig. 3). This is also depicted in Figs. 5 and 6, which illustrate the exercise-
related MD changes in the active and inactive legs of a representative PAD patient (S12).
These findings are consistent with prior studies that report significant increases in muscle
diffusivity after sterile muscle trauma (Esposito et al. 2013) and edema (Fan and Does
2008). Notably, we did not observe any changes in FA. This does not support our initial
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hypothesis, and is not consistent with the typical observations of reciprocal decreases in FA
with increases in MD. However, non-inverse and dissociated changes in MD and FA have
been reported elsewhere. Bryant and colleagues (Bryant et al. 2014) reported significant
increases in MD but not FA after A-carrageenan induced muscle inflammation in mice, and
McMuillan and colleagues (McMillan et al. 2011) reported concurrent increases in MD and
FA after muscle damaging eccentric exercise in mice. Considering our present findings,

it seems likely that the typical inverse relationship between MD and FA is fundamentally
altered by exercise-related muscle damage.

There are a number of potential mechanisms that could explain this observed increase in
markers of exercise-related skeletal muscle damage in PAD patients. For instance, these
patients are exposed to demand ischemia during light to moderate intensity exercise. As
noted in the introduction, muscular contractions performed in ischemic conditions have been
reported to evoke significant increases in MD. Heemskerk and colleagues (Heemskerk et al.
2006) demonstrated this by comparing changes in DTI parameters in the hind limbs of mice
(MD, A4_3, and FA) in response to ischemic insults with and without electrically stimulated
dorsiflexion. The authors reported that the mean diffusivity and T, signal intensity of the
tibialis anterior (the primary dorsiflexor) were augmented immediately following stimulated
contractions performed under ischemic conditions as compared to non-stimulated muscle
groups, and these increases persisted for 24 h after the experiment. The authors also reported
significant relationships between histological indices of muscle damage and changes in

Ay, A3, MD, FA, and T5 signal intensity. Based on these findings, it is reasonable to

suspect that the ischemia associated with PAD would augment acute exercise-related muscle
damage in this population. However, it is also worth noting that there were no significant
differences observed between the most symptomatic and least symptomatic legs of PAD
patients. Therefore, more research is needed to better understand the influence of ischemia
on markers of acute muscle damage in PAD patients.

In addition to demand ischemia, the chronic skeletal muscle myopathies associated with
PAD are also likely to contribute to an augmentation of acute exercise-related muscle
damage. One of the proposed mechanisms for exercise-induced sarcomere dissolution in

a healthy adult is “popping” of the contractile element (Morgan 1990). This is explained

by a complete decoupling of the actin and myosin myofilaments during a lengthening
contraction, leading to Z~band disruption (Friden and Lieber 1992; McHugh et al. 1999).
Considering the chronic muscle atrophy associated with PAD, it is likely that the number of
“popped” sarcomeres is higher at the same absolute workload in these patients compared to
heathy controls, especially as the relative intensity at the same absolute workload is likely
to be augmented in PAD patients. This is supported by evidence of increased sarcomere
disorganization (including Z-band disorganization) at rest in the affected muscles of PAD
patients (Makitie and Teravainen 1977; Pipinos et al. 2007).

Lastly, it is notable that neither total exercise time, peak workload nor RPE were
significantly different between the most and least symptomatic legs of PAD patients or
between the most symptomatic legs of PAD patients and healthy controls, despite significant
differences in the pain response. This contrast could be related to an increased familiarity
with exercise-related muscle pain in PAD patients, allowing many (6/8) of the patients in
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this cohort to complete the entire plantar flexion protocol with their most symptommatic
leg (Table 3). Future studies may consider extending the workload through fatigue or failure
in all subjects to determine if these observations (augmented muscle-specific diffusivity in
PAD patients compared to healthy controls) extend to maximal exercise.

While it may not be surprising that PAD patients express elevated markers of acute exercise-
related muscle damage, this information has important implications for the mechanisms of
accelerated muscle myopathies in PAD patients, as well as optimizing exercise prescription
in this population. Specifically, our data would suggest that PAD patients are more
susceptible to exercise-related muscle damage compared to healthy controls. While regular
eccentric exercise is known to elicit improvements in muscle strength and hypertrophy in
the absence of muscle pathology (Douglas et al. 2017), this increased exposure to skeletal
muscle damage should be investigated further within the context of PAD patients. More
research is needed to understand the influence of acute exercise on muscle function in PAD.

Limitations

The ASL method of measuring skeletal muscle perfusion is subject to a “low-flow”
limitation. That is, this technique requires an increase in perfusion to detect a measurable
value. This means that baseline perfusion values may have been different between groups.
Despite this, pseudodiffusion would still not account for the observed group by time
interactions, as perfusion was included as a covariate in the primary statistical analyses.
Therefore, we remain confident that this had very little, if any effect on our final outcomes.
We should also note that the exercise modality used in this study was not relative to each
participant’s functional capacity, but rather, was based on absolute workloads. Because of
this, the relative intensities (% of maximum work) were likely much greater in the PAD
group. While this does not detract from our current findings, differences in relative exercise
intensity may help explain any differences in DTI markers of acute muscle damage. This
would be a valuable focus for future research. Lastly, the present study only focuses on
acute responses to a single bout of plantar flexion exercise. It does not provide insight into
the chronic adaptations to exercise training or chronic walking protocols for PAD patients.
Understanding how regular exercise training influences these acute muscular responses
would have significant implications for treatment and rehabilitation.

Future directions

As noted above, the present study is limited to describing the acute muscular responses to
exercise. Future investigations may consider performing follow-up studies at 24 and 48 h,
during which time delayed onset muscle soreness (DOMS) typically peaks (Gleeson et al.
1995). Likewise, future studies may consider testing the effects of chronic exercise training
on these acute muscular responses to exercise. It would also be valuable to know which
muscle fibers, fast glycolytic (Type I1x) or slow oxidative (Type 1), are more susceptible to
acute muscle damage in these patients. DTI could potentially be used to segment muscle
fibers on the basis of fiber diameter (smallest diameter = Type | and largest diameter =

Eur J Appl Physiol. Author manuscript; available in PMC 2023 August 23.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Stavres et al. Page 10

Type 11x), and the exercise-related changes in diffusivity and geometry could be compared
between these fiber types.

Conclusions

In conclusion, our data suggest that markers of acute exercise-related muscle damage are
augmented in PAD patients compared to healthy controls. This is driven by a greater
increase in the mean diffusivity of the active skeletal muscle in PAD patients, without

a reciprocal decrease in fractional anisotropy. Future studies should evaluate the effects
of chronic exercise training on acute skeletal muscle response to exercise in the affected
muscles of PAD patients.
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Fig. 1.

Mean diffusivity (MD) of the medial gastrocnemius compared between baseline and post-
exercise in the most symptomatic legs (MSL; 7= 8) and least symptomatic legs (LSL; n=15)
of PAD patients, as well as healthy control legs (HCL; 7= 7). TSignificant change compared
to baseline, and *significant interaction across time compared to the healthy control legs.
Significance accepted at £< 0.05
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Eigenvalues A1 Ay, and A3 of the medial gastrocnemius (MG) in the most symptomatic legs
(MSL; n=8) and least symptomatic legs (LSL; 7= 5) of PAD patients, as well as healthy
control legs (HCL; 7= 7). TSignificant change compared to baseline. Significance accepted

at P<0.05
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Mean diffusivity (MD) of the tibialis anterior (TA) compared between baseline and post-
exercise in the most symptomatic legs (MSL; /7= 8) and least symptomatic legs (LSL; n=
5) of PAD patients, as well as healthy control legs (HCL; n= 7). No significant differences
were observed for mean diffusivity of the TA
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Eigenvalues A1 Ay, and A3 of the medial gastrocnemius (MG) in the most symptomatic legs
(MSL; n=8) and least symptomatic legs (LSL; = 5) of PAD patients, as well as healthy
control legs (HCL; 7= 7). No significant differences were observed for 11 A,, or A3 of the

TA
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Mean diffusivity (MD) of the medial gastrocnemius (MG) compared between the exercising

and resting legs of a single representative PAD patient (S12) before and after exercise
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Fig. 6.
Mean diffusivity (MD) of the tibialis anterior (TA) compared between the exercising and

resting legs of a single representative PAD patient (S12) before and after exercise
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Table 1

Participant characteristics compared between groups

CON PAD

Male/female (1) 6/1 711
Age (years) 647 66+ 6
Height (cm) 1748+76 173.3+9.6
Weight (kg) 81.7+115 859+94
BMI (kg/m?) 266+22 285%20
ABI-right 110£0.09 754020*
ABI-left 1.05£010 gg2+024%
Medications (/)

Aspirin 1 6

Statins - 8

Plavix - 2

Antihypertensives - 4

B-blockers - 2

Cilostazol/Pentoxyfiline - 3
Interventions (1)

Angioplasty - 3

Stent placement - 3

Femoral bypass - 3

*
P<0.05
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Table 2

Pearson’s correlation analyses comparing the linear relationships between perfusion, fractional anisotropy,
mean diffusivity, and each individual eigenvalue (11_3)

FA (AU) MD (mm?/s) Aq (mm?/s) A, (mm?/s) Az (mm?/s)

Perfusion (mL/100 g/min)
Exercising leg
MG r=0.07, P=0.64 r=0.69, P<0.01 r=0.61, P<0.01 r=0.69, P<0.01 r=0.71, P<0.01
TA  r=028,P=0.07 r=0.53, P<0.01 r=0.24, P=0.12 r=-021,P=0.18 r=0.09, P=0.56
Resting leg
MG r=0.27,P=0.08 r=053P=<001 r=0.19, P=0.24 r=-0.14,P=0.36 r=0.34,P=0.02
TA  r=0.10,P=051 r=0.47, P<0.01 r=-0.10,P=050 r=-0.36,P=0.02 r=-0.04,P=0.79

Sci. Not. scientific notation, MD mean diffusivity (mm2/s), FA fractional anisotropy (AU), A 7—3eigenvalues 1-3 (mm2/s), Perfperfusion (mL/
100g/min)
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