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Abstract

PURPOSE—To evaluate the dynamic characteristics of T2*-weighted signal change in 

exercising skeletal muscle of healthy subjects and peripheral artery disease (PAD) patients under a 

low-intensity exercise paradigm.

MATERIAL AND METHODS—Nine PAD patients and nine age- and sex-matched healthy 

volunteers underwent a low-intensity exercise paradigm while MRI (3.0 T) was obtained. T2*-

weighted signal time-courses in lateral gastrocnemius, medial gastrocnemius, soleus and tibialis 

anterior were acquired and analyzed. Correlations were performed between dynamic T2*-

weighted signal and changes in heart rate, mean arterial pressure, leg pain, perceived exertion.

RESULTS—A significant signal decrease was observed during exercise in soleus and tibialis 

anterior of healthy participants (p = 0.0007 to 0.04 and 0.001 to 0.009, respectively). In PAD, 

negative signals were observed (p = 0.008 to 0.02 and 0.003 to 0.01, respectively) in soleus and 

lateral gastrocnemius during the early exercise stage. Then the signal gradually increased above 

the baseline in the lateral gastrocnemius during and after exercise in 6 of the 8 patients who 

completed the study. This signal increase in patients’ lateral gastrocnemius was significantly 

greater than in healthy subjects’ during the later exercise stage (two-sample t-tests, p = 0.001 to 

0.03). Heart rate and mean arterial pressure responses to exercise were significantly higher in PAD 

than healthy subjects (p = 0.036 and 0.008, respectively) and the patients experienced greater leg 

pain and exertion (p = 0.006 and p = 0.0014, respectively).

CONCLUSION—During low-intensity exercise, there were different dynamic T2*-weighted 

signal behavior in the healthy and PAD exercising muscles.
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INTRODUCTION

First applied in the brain (1), blood-oxygen-level-dependent (BOLD) magnetic resonance 

imaging (MRI) contrast using T2*-weighted imaging has become a powerful tool for the 

study of physiology and function in normal and disease conditions in vivo. Of note, similar 

to the BOLD contrast in the brain, the dynamic changes of T2*-weighted contrast is also 

present in exercising skeletal muscles; however, the application of T2*-weighted contrast for 

the study of the function of skeletal muscle has been limited (2). One limiting factor of the 

use of this method is the dynamic coupling between the muscle T2*-weighted signal and 

systemic physiologic changes during exercise. The major physiologic contributors to the 

T2*-weighted signal in the tissue are blood flow, blood volume and oxygenation. The latter 

depends on the ratio of the oxygenated and deoxygenated hemoglobin in blood in the tissue 

being observed. This, in turn, depends on systemic cardiovascular modulations in response 

to local metabolic activity in the muscle (3, 4).

Unlike the brain, where metabolic processes are normally high and relatively stable, the 

regulation of blood flow and oxygenation in skeletal muscle is very complex. Indeed, 

skeletal muscle has a very low metabolic rate at rest and this can increase >10 fold in 

response to muscle contraction. During exercise, heart rate (HR) and blood pressure (BP), as 

systemic variables, yet are influenced by the metabolic milieu within the skeletal muscle (5). 

Thus, the T2*-weighted signal in muscle is highly dependent on the workload, the muscle 

length and local metabolism in the muscle (6). For these reasons, the T2*-weighted signal 

should be an informative tool for the investigation of systemic blood flow regulation in 

health and disease.

One potential clinical application of T2*-weighted contrast MRI is in the assessment of 

patients with peripheral artery disease (PAD). Affecting more than 200 million people 

worldwide, PAD causes high morbidity and mortality (7, 8), it is reported that PAD patients 

are more risky of myocardial infarction and stroke than healthy people (9). In PAD, a classic 

clinical presentation is the development of intermittent pain (claudication) in the lower 

limbs. Claudication is exercise induced and is relievable after a brief period of rest (10). The 

contributors to functional limitation (intermittent claudication or other atypical symptoms) 

include ischemia due to the narrowed vascular lumen and the subsequent metabolic changes 

within the muscle. In such cases, patients usually start to complain of muscle pain and 

discomfort at low-intensity daily activity such as walking. Exercise impairment can worsen 

and patients can develop rest pain and eventually tissue necrosis necessitating limb 

amputation. However, the outcome of conventional treatments such as exercise training and 

peripheral revascularization (angioplasty, stent, or bypass surgery) on oxygenation of leg 

skeletal muscle are mixed (11–13). As evaluated with MRI, percutaneous intervention is 

shown to improve the blood supply (measured with rest ABI) as well as ATP metabolism 
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(measured with 31P magnetic resonance spectroscopy) in PAD patients with symptomatic 

claudication, while the change of tissue perfusion (measured with first-pass Gd-enhanced 

MRI) was not significant (14). On the other hand, a recent study has shown that blood-

oxygen-level-dependent MRI can be a promising tool for detection of perfusion deficits in 

the PAD (15).

In order to address the technical and physiological issues of using T2-weighted contrast in 

skeletal muscle in PAD, our primary purpose was to evaluate the dynamic characteristics of 

T2*-weighted signal change in exercising skeletal muscle of healthy participants and PAD 

patients under a low-intensity exercise paradigm (2 kg for 14 min), simulating the rhythmic 

pattern of exercise as would be seen with walking. Our experiment is driven by following 

hypotheses: 1) The low-intensity paradigm will evoke a hemodynamic steady state in the 

exercising muscles that can be observed in T2*-weighted imaging and 2) such a steady state 

in the exercising muscles could be disrupted in PAD.

MATERIAL AND METHODS

Human Participants

All study protocols were approved by the Institutional Review Board (IRB). Written 

informed consent was obtained from all volunteers prior to participation in accordance with 

IRB guidelines. Nine PAD patients and nine age- and sex-matched healthy participants were 

recruited into this study (Table 1). According to our inclusion criteria, the participants in the 

healthy group were normotensive and non-smokers. As previously reported, activity level 

could impact T2*-weighted signal (16), our healthy subjects were recreationally active who 

exercise regularly (mostly walk or bike) but not competitive athletes. Their height, weight, 

and body mass index were within normal limits, and their ankle branchial index (ABI) was 

between 1.0 and 1.4. The ABI is the ratio of the blood pressure at the ankle to the blood 

pressure in the upper arm (brachium), the PAD participants were diagnosed clinically with 

the ABI of affected limb < 0.9 (17). Two PAD participants had stents in peripheral or 

coronary arteries. All participants were told to avoid nicotine or caffeine consumption for 12 

hours prior to the study. For patients with bilateral disease, both legs were imaged but only 

data from the leg with worse symptoms and/or a greater exercise impairment were used in 

the analyses.

Plantar Flexion Exercise Paradigm

The MRI-compatible exercise device was placed next to the examination bed behind the 

magnet for MRI scanning. Baseline HR was obtained by a pulse oximeter on the finger and 

BP was measured in the supine position using an MRI compatible device (Precess MRI 

Compatibility, Invivo Corporation). These measurements were performed after a 15-min rest 

period. The foot of the exercising leg was secured to a wooden pedal connected to a rotary 

lift device allowing isolated plantar flexion exercise (18).

The exercise workload (2 kg) for use here was determined in a separate study as it produced 

relatively low intensity exercise for 14 min without causing any discernible fatigue for the 

healthy participants. As shown in Figure 1, the paradigm lasted 20 min and consisted of a 1-
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min rest period (baseline) followed by a 14-min dynamic plantar flexion exercise and a 5-

min recovery period. During exercise, 280 contractions were performed at a rate of 1/3 Hz. 

For two patients with stents previously placed in peripheral or coronary arteries, the exercise 

period was shortened to 12-min followed by a 2-min recovery. This modification was made 

due to data quality and safety considerations.

In order to reduce motion-related image artifacts, the exercise was paced by the cue of the 

scanner noise during image acquisition. The participants performed one plantar-flexion only 

during the 2211-ms “quiet” time of each time of repetition (TR), during contractions no MRI 

images were acquired. A familiarization period was conducted prior to image acquisition to 

ensure the participants could maintain the cadence. Two investigators stayed in the scanning 

room during data collection to ensure the participants were exercising in between the 

scanning and their legs were completely still while being scanned. A potentiometer attached 

to the shaft of the rotary lift device sensed the angle of rotation and the signal was collected 

into PowerLab (ADInstruments Inc.) along with the sound of the MRI scanner. To assess the 

reliability of our experimental procedures, paradigm and exercise device, a pilot test-retest 

study was first performed on five healthy normal subjects with three subjects using the same 

leg and two using opposite legs for each test. Both tests produced consistently negative 

responses of T2*-weighted “BOLD” signal change in muscles during the exercise paradigm. 

Based on linear mixed-effect model with random intercept, the intraclass correlation 

coefficient between the two sets of time-series of T2*-weighted signal in the lateral 

gastrocnemius was 0.60 for all five subjects and 0.67 for the three subjects with the tests on 

the same legs, which is considered as fair reliability in general.

Data acquisition

All MRI data were acquired on a 3T scanner (Siemens Magnetom Trio, Siemens Medical 

Solutions, Erlangen, Germany). The participants were supine with their calf muscle fitted 

into an 8-channel knee coil. Padding was carefully arranged around the calf muscle in order 

to minimize motion without constricting blood flow. Gradient-echo T2*-weighted echo 

planar imaging (EPI) was used to acquire time-course images of calf muscle with a voxel 

size = 2.5 × 2.5 mm2, 10 axial slices, slice thickness = 5.0 mm, field of view = 160 × 160 

mm2, flip angle = 70°, TR = 3 s, and echo time = 25 ms). In each TR, the participants 

performed one plantar flexion movement during the 2211-ms quiet interval with no MRI 

noise, and stayed still during the next 789-ms while one set of MRI images were acquired.

Measurements of HR and BP of upper arm were logged into PowerLab every 2 min. At the 

end of each exercise session, the subject provided subjective rating of leg pain on a scale of 

0 to 10 (0—no pain, 10—worst possible pain) and rating of perceived exertion (Borg scale 

from 6–20, 6—very, very light, to 20—fatiguing) (19). Furthermore, for subjects who rated 

leg pain higher than 0, they were asked to describe the exact place in the leg where pain was 

noted. For participants who rated effort higher than 12 on the Borg scale, subjects were 

asked to describe the exact part of muscle groups that worked hardest during the paradigm. 

One patient’s data were excluded in statistical analysis due to a significant artifact from a 

knee replacement.
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Data processing, analysis, and statistics

The time-course EPI data were first motion-corrected using a self-written program based on 

wavelet analysis (20). The timing of each slice was adjusted using SPM8 (The Wellcome 

Trust Centre for Neuroimaging, University College London, UK). Regions of interest (ROIs) 

within the lateral head of the gastrocnemius, the medial head of gastrocnemius, the soleus, 

and the tibialis anterior muscle from each subject were manually segmented on EPI images 

with MRIcron (Neuropsychology Lab, Columbia, SC, USA) as shown in Figure 2. Care was 

taken to avoid large blood vessels, nerves, epimysium, and subcutaneous fat tissue. For each 

individual subject, the mean signal intensity for each ROI (400 data points for healthy 

controls and 6 PAD patients, and 300 data points for 2 PAD patients with stents) were 

obtained. Average T2*-weighted signal for the one minute baseline, every minute of 

exercise, and recovery were calculated for data analyses. Percent change of T2*-weighted 

signal intensity (SI) as compared to the baseline during every minute of exercise and 

recovery (ΔSI) were calculated as below:

(1)

where n = 1, 2, 3…, denoting the n-th minute of the exercise paradigm. Group comparisons 

of the T2*-weighted signal changes in each ROI between PAD and healthy were analyzed 

with two-sample t-test. Ratings for pain and perceived exertion were compared with the 

Mann-Whitney nonparametric test. Exploratory bivariate correlations were conducted 

between physiology and perceptual variables. Data are shown as mean ± SEM and p-values 

< 0.05 were considered statistically significant.

For statistics, ANOVA (Bonferroni corrected) was used for comparing the signal change of 

each time point during exercise to baseline level, paired t-tests (Bonferroni corrected) were 

used for comparing the signal, HR and MAP change over exercise stage to baseline level, 

Mann-Whitney nonparametric tests (two-tailed) was used for comparing leg pain rating and 

Borg value to baseline (0 as the baseline of leg pain rating and 12 as the baseline of Borg 

value), two-sample t-tests were used for comparing T2*-weighted signal temporal patterns 

during exercise between healthy participants and PADs.

RESULTS

Figure 3 shows the T2*-weighted signal time-course of the four muscle groups in healthy 

and PAD participants during our low-intensity exercise paradigm. During the exercise 

paradigm most ROIs showed significant T2*-weighted signal changes as compared to 

baseline (p = 0.0007 to 0.04). In general, there was a T2*-weighted signal decrease after 

exercise started. Significant T2*-weighted signal decreases during exercise were observed in 

the soleus and tibialis anterior of healthy participants (p = 0.0007 to 0.04 and 0.001 to 0.009, 

respectively), and in the soleus and lateral gastrocnemius of PAD patients during the early 

phase of exercise (p = 0.008 to 0.02 and 0.003 to 0.01, respectively).

After the initial signal drop during the first 2–3 mins of exercise, the T2*-weighted signal in 

lateral gastrocnemius started to increase gradually above the baseline level (positive T2*-
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weighted signal change) during exercise and recovery periods in 6 of the 8 PAD patients that 

successfully completed the study. This T2*-weighted signal increase in PADs was 

statistically greater than baseline during the 5-min recovery period (p = 0.04). The average 

BOLD signal in lateral gastrocnemius of the PAD group was significantly greater than that 

in the healthy group during the last 6 min of exercise and during the 5 min of recovery (p = 

0.001 to 0.03).

Figure 4 shows the HR and mean arterial pressure (MAP) changes from baseline during and 

after exercise. The HR in both healthy and PAD participants significantly increased during 

exercise (p < 0.048 for healthy participants and p < 0.012 for PAD). Accordingly, The MAP 

also increased significantly (p < 0.015 for healthy participants and p < 0.038 for PAD 

subjects). The HR and MAP increase in PADs were significantly higher than those in 

healthy participants (two-sample t-tests, p = 0.036 and 0.008, respectively).

In Figure 5 we present the correlation data between the mean positive T2*-weighted signal 

change  in the exercising calf muscles and mean  and  in the PAD 

patients. These mean values of T2*-weighted signal, MAP and HR for each PAD subjects 

were calculated over the time period where the T2*-weighted signal change was positive. 

The positive T2*-weighted signal changes during this stage of exercise in PAD participants 

were positively correlated with the concurrent increase of HR and MAP but did not reach 

statistical significance (r = 0.596, p = 0.119 for HR change, and r = 0.657, p = 0.077 for 

MAP change). However, the maximum T2*-weighted signal change in the calf muscles 

during exercise in the PAD participants was significantly correlated with the MAP change (r 
= 0.843, p = 0.009). In contrast, no significant correlations were found in the healthy 

participants during exercise (r = 0.023, p = 0.859 for HR change, and r = 0.112, p = 0.412 

for MAP change).

The rating of leg pain for the PAD participants ranged from no pain to some pain, whereas 

the perceived level of exertion ranged from very light to fatiguing. In contrast, the ratings 

from the healthy participants were significantly lower than those from the patients: no pain 

to little pain (p = 0.006); and very light to fairly light (p = 0.014, Borg scale).

The T2*-weighted signal-time-course varied greatly across subjects in both PAD and healthy 

group, with the inter-subject variability significantly larger in the PAD group (maximum 

−7.3% to 12.4%) as compared to the healthy participants (maximum −3.3% to 3.9%). We 

were able to detect significantly different T2*-weighted signal temporal patterns during our 

low-intensity exercise paradigm between healthy and PAD participants in the later phase of 

exercise (p = 0.016 for exercise time point 12 min, n = 17, Cohen’s d = 1.30; p = 0.001 for 

exercise time point 14 min, n = 15, Cohen’s d = 2.03).

DISCUSSION

In this work we invested hypotheses that a low-intensity exercise paradigm that could be 

sustained for long time without involvement significant sympathetic activities will evoke a 

hemodynamic steady-state in the exercising muscles, and that such a steady-state could be 

disrupted in PAD. With the low-intensity paradigm, our data (Figure 3) revealed that the 
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exercising muscles evoked in a state during which a negative T2*-weighted signal change 

was observed. The time-course of T2*-weighted image seemed paradoxical at first glance, 

as one would expect to see more decreases in T2*-weighted signal with PAD subjects than 

healthy subjects during exercise because of known impaired hyperemic responses in PAD 

patients (21–23). Evidently our data revealed a different aspect of PAD impairment from that 

was obtained previously with hyperemia studies. Our paradigm evoked a steady-state that 

likely simulates an exercise conditions that we do in our daily life such as slow-paced 

walking during which the exercising muscles can sustain for long period time without the 

feeling of fatigue in the normal conditions. Under such a state, the T2*-weighted signal was 

negative in normal subjects, while, in PAD subjects, a higher sympathetic tone and stronger 

hyperemia activity were evoked to maintain the task demand. In general, at the beginning of 

low-intensity exercise, the T2*-weighted signal in exercising muscles decreased in both 

groups. The observation of negative T2*-weighted signal change in the muscles of the 

healthy participants might seem counterintuitive as it is known that the arterial blood flow is 

a contributing factor to the T2*-weighted signal and flow increases during the transition 

from rest to exercise (24–29). In the brain, an increase in flow causes an increase in the T2*-

weighted signal (30, 31). However, in skeletal muscle, both flow and oxygen extraction 

increase during exercise in order to meet the increased metabolic demand (32–34) and 

deoxygenation in the exercising muscles produces a negative T2*-weighted signal (35, 36). 

Poole et al. has demonstrated that the partial oxygen pressure in the active muscle decreases 

rapidly (37), depending on the intensity of the workload. During exercise these two 

competing factors contribute to the T2*-weighted signal change. Under the current low-

intensity exercise paradigm, the observed negative T2*-weighted signal is likely due to 

increased muscle oxygen extraction that lead to a net negative T2*-weighted signal change 

to a degree without involving significant increases in sympathetic activates.

Later in exercise, the T2*-weighted signal in lateral gastrocnemius of the PAD participants 

steadily increased above baseline. For those muscle groups exhibiting positive T2*-weighted 

signal change in PAD, it is important to note that the positive T2*-weighted did not start at 

the beginning of exercise, but during later stages of the exercise period. Clinically 

claudication is not usually seen right after walking started. As stated above, at the later stage 

of exercise both MAP and HR increased to a greater extent in PAD than in controls. These 

findings suggest greater sympathetic nervous system activation and possibly greater muscle 

recruitment in the PAD patients as compared to the controls. The positive T2*-weighted 

signals during this stage of exercise in PAD participants were positively correlated with HR 

and MAP increase, with the maximum T2*-weighted signal change in the calf muscles 

during exercise significantly correlated with the MAP change. In contrast, no significant 

correlations were observed in healthy participants during exercise. Of note, our PAD patient 

data resemble the data for a higher intensity calf workload in normal subjects published by 

Schmid et al. (38). In that study, the exercise consisted of plantar flexion with 30% of 

individual maximum voluntary contraction force for 5 min, which is a greater workload but 

shorter duration compared to our paradigm. In that report a brief negative T2*-weighted 

signal was first observed at exercise onset (SI dropped to minimum within 1 min) which 

then increased to a level of 20% above the baseline at exercise end. Another important 

finding in Schmid’s study is the strong correlation between T2*-weighted signal and pH 
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kinetics during exercise. Based on the similarity in the T2*-weighted signal change, it is 

likely that our PAD participants under the low-intensity exercise condition also experienced 

acidosis during the later part of exercise. Under such conditions, the sensations of fatigue 

and limb pain are not surprising.

We suspect that at this low workload PAD patients did not effectively utilize oxygen 

throughout the entire lateral gastrocnemius and this lead to the late rise in the T2*-weighted 

signal. In other words, an underutilization or a mismatch of oxygen utilization is likely the 

key factor for the positive T2*-weighted signal change observed in PAD. Whether the data 

in this study is reflective of mitochondria dysfunction, oxidative stress or changes in muscle 

fiber type cannot be determined from these data (39–41).

Previous studies have shown that there was a delay in patients’ oxygen saturation washout 

during reactive hyperemia (42, 43). This may help explain why T2*-weighted signal 

increase in the exercising muscles remained positive even after the exercise stopped. 

Another contributing factor to the positive T2*-weighted signal could be the delayed 

phosphocreatine recovery seen in PAD patients during post-exercise (38, 44).

For PAD patients, intermittent claudication is frequently seen during low intensity daily 

activity such as slow-paced walking. For healthy people, such activities are unlikely to 

activate the sympathetic nervous system, but in PAD we believe the sympathetic nervous 

system is activated with low-intensity exercise. As compared to previous studies that used 

higher workloads (20–30% maximum voluntary contraction force), our paradigm produced 

distinctive dynamic T2*-weighted signal patterns in PAD subjects in the lateral 

gastrocnemius.

In most prior studies, a cuff-induced ischemia-reperfusion model (postischemic reactive 

hyperemia) has been used to assess the skeletal muscle microcirculation function with MRI 

(45, 46). Quantitative models of exercising calf muscle T2*-weighted signal under ischemic 

conditions have also been performed, which showed an increase of signal intensity after cuff 

release (47). A recent normative study at 7.0 T (48) showed that in gastrocnemius, T2*-

weighted signal decreased during exercise, while after exercise both T2*-weighted signal 

and perfusion increased. The above studies on muscle T2*-weighted signal dynamics did not 

study low-intensity exercise which would more closely simulate the walking induced 

intermittent claudication in PAD. Under our paradigm, a stable negative T2*-weighted 

signal was found in the active calf muscles during exercise for the healthy group while in 

PAD patients, a more dynamic T2*-weighted signal-time-course was found in the lateral 

gastrocnemius.

The inter-subject variability of T2*-weighted signal-time-course in the PAD group was 

significantly larger than the healthy group. The inter-subject variability in PAD group could 

be due to several factors, including disease severity, differences in muscle mass and strength, 

and the overall physical condition of the subjects. Prior studies have also shown that patients 

with different severities of PAD exhibited different muscle recruitment strategies to 

accomplish a given exercise task (49). Future studies should be carried out with a larger 

cohort and more comprehensive concurrent physiological and clinical measurements to 
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delineate these confounding variables. Nevertheless, we were able to detect significantly 

different T2*-weighted signal temporal patterns in the healthy participants and the PAD 

subjects in the later phases of a low intensity exercise paradigm. With all these 

considerations, we speculate that the positive T2*-weighted signal change during exercise in 

PAD is due to impaired oxygen utilization. The higher variance in the dynamic T2*-

weighted signal in the PAD patients during exercise could reflect differences in disease 

severity.

There are several limitations for the current study. A single workload (2-kg) was used for 

every subject. Although the 2-kg load was experimentally determined as a “low” intensity 

via a preliminary tests using healthy participants, it may not reflect the workload for the 

PAD subjects. Future studies should verify that the PAD patients and healthy subjects are 

performing the same relative workload during exercise, for which the duration of the 

exercise must be also considered as indicated in this study. Because the workload is 

generally low for the most of the participants, in order to characterize the dynamic 

physiological behavior of PAD over time, the duration of the paradigm was relatively long, 

which is inefficient. Thus, more studies should be carried out to find an optimal combination 

of workload and exercise duration in the future. Lastly, the clinical sample size of the current 

study is relatively small. For further application of this low-intensity exercise paradigm to 

PAD studies, a systematic evaluation of the methodology on larger and better characterized 

human subject samples of both normal healthy and PAD subjects will be needed.

In conclusion, we developed a low intensity plantar flexion exercise paradigm that allows for 

measurements of the dynamic T2*-weighted signal change during the paradigm. In healthy 

participants, negative T2*-weighted signal changes were found in exercising muscles with 

minimal sympathetic activities during this exercise paradigm. In PAD patients, the lateral 

gastrocnemius showed a positive T2*-weighted signal during the later stages of exercise, 

accompanied with higher HR, MAP, perceived pain and fatigue. The positive T2*-weighted 

signal characteristics in these exercising muscles in PAD is likely a presentation of the poor 

oxygen utilization in the tissue under low-intensity exercise. We demonstrated that, with 

innovative exercising paradigm designs, T2*-weighted signal dynamics can be an 

informative avenue for investigating skeletal muscle physiology in this common and 

important disease.
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Figure 1. 
Exercise paradigm. The paradigm consisted of a 1-min baseline followed by a 14-min 

exercise period then a 5-min recovery. Due to safety considerations for 2 PAD patients with 

stents placed in coronary or peripheral arteries, the exercise and recovery periods were 

shortened to 12 min and 2 min, respectively.
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Figure 2. 
Regions of interest (ROIs) of calf muscle groups. ROIs were manually drawn for four 

muscle groups: lateral gastrocnemius (blue) and medial gastrocnemius (red), soleus (green), 

and tibialis anterior (purple).
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Figure 3. 
T2*-weighted signal time courses of four calf muscles. % signal change comparing to the 

one-minute baseline (mean ± SEM) in a temporal resolution of one minute from healthy 

participants (n = 9, blue diamonds) and PAD patients (n = 8, red squares). †, significant 

signal change comparing to the baseline of the PAD participants, paired t-tests with 

Bonferroni correction, p < 0.05; ‡, significant signal change comparing to the baseline of the 

HC participants, paired t-tests with Bonferroni correction, p < 0.05; *, T2*-weighted signal 
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in PAD patients significantly higher than that in HC participants, two-sample t-tests, p < 

0.05.
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Figure 4. 
Heart rate (HR) and mean arterial pressure (MAP) change from the baseline during exercise 

paradigm (mean ± SEM). The * symbol, indicates the change of HR and MAP in the PAD 

patients were significantly higher than those in the healthy participants (two-sample t-tests, p 
< 0.05).
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Figure 5. 
Relationship between T2*-weighted signal change and heart rate and blood pressure change 

during the phase of positive T2*-weighted signal change in PAD. The value of 

and  from each PAD patient were obtained by averaging the corresponding 

measurements over the time period with positive T2*-weighted signal.

Li et al. Page 18

J Magn Reson Imaging. Author manuscript; available in PMC 2018 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Li et al. Page 19

Table 1

Demographics and clinical status of participants

Healthy PAD

Number of participants (male/female) 9 (7/2) 9 (7/2)

Age (years) 64 ± 2.3 67 ± 2

Ankle-brachial index 1.1 ± 0.0 0.6 ± 0.0*

Body mass index (kg/m2) 25 ± 2 28 ± 2.3

Current smoker 0 2

Diagnosed hypertension 0 5

Diagnosed diabetes 0 3

Resting Heart Rate (beats/min) 59 ± 2 65 ± 3

Resting Systolic Blood Pressure (mmHg) 121 ± 4 135± 3

Resting Diastolic Blood Pressure (mmHg) 71 ± 3 69 ± 2

Resting Mean Arterial Pressure (mmHg) 91 ± 3 95 ± 3

Data are shown as Mean ± SEM.

*
indicates p < 0.05 between groups
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