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Abstract

Purpose—The purpose of this study was to determine the feasibility of muscle BOLD (mBOLD) 

imaging at 7T by comparing the changes in R2* of muscle at 3 and 7T in response to a brief period 

of tourniquet-induced ischemia.

Methods—Eight subjects (3 male), aged 29.5 ± 6.1 years (mean ± standard deviation, SD), 167.0 

± 10.6 cm tall with a body mass of 62.0 ± 18.0 kg, participated in the study. Subjects reported to 

the lab on four separate occasions including a habituation session, two MRI scans, and in a subset 

of subjects, a session during which changes in blood flow and blood oxygenation were quantified 

using Doppler ultrasound (U/S) and near-infrared spectroscopy (NIRS) respectively. For statistical 

comparisons between 3T and 7T, R2* rate constants were calculated as R2* = 1/T2*.

Results—The mean pre-occlusion R2* value was greater at 7T than at 3T (60.16 ± 2.95 vs 35.17 

± 0.35 s−1 respectively, p <0.001). Also, the mean ΔR2*END and ΔR2*POST values were greater for 

7T than for 3T (−2.36 ± 0.25 vs. −1.24 ± 0.39 s−1, respectively, Table 1).

Conclusion—Muscle BOLD contrast at 7T is as much as six-fold greater than at 3T. In addition 

to providing greater SNR and CNR, 7T mBOLD studies may offer further advantages in the form 

of greater sensitivity to pathological changes in the muscle microcirculation.
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INTRODUCTION

Blood oxygenation-level dependent (BOLD) contrast in skeletal muscle was first described 

more than 15 years ago [1–3]. Since that time, the applications of muscle BOLD (mBOLD) 
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contrast have been advanced in several ways. For example, function-based mBOLD contrast 

has been used to infer small vessel function following isometric contractions [4–8], arterial 

occlusion in patients with peripheral artery disease patients [9], and the infusion of 

vasoactive compounds [10]. Also, the dependence of the rate of RF-reversible dephasing on 

blood deoxyhemoglobin content has allowed the use of mBOLD-based methods to estimate 

blood O2 extraction during exercise [11,12]. Therefore, mBOLD contrast is extremely useful 

for studying skeletal muscle physiology and pathophysiology.

Like BOLD contrast in other organs, the mechanisms of BOLD contrast in skeletal muscle 

may operate through intravascular (IV) and/or extravascular (EV) relaxation mechanisms. 

Intravascular BOLD contrast refers to the effects of hemoglobin content and oxygen 

saturation on the relaxation of intravascular spins, while EV BOLD contrast refers to the 

effects of hemoglobin content and oxygen saturation on the relaxation of extravascular 

spins. However, a salient difference between BOLD contrast in skeletal muscle and organs 

such as the brain is the vascular structure. While brain capillaries may be considered to be a 

collection of randomly oriented structures, more than 90% of capillary length is parallel to 

the muscle fibers [13,14]. Typical subject positioning in the MRI system causes muscle 

blood vessels to lie generally parallel to B0. Because the EV BOLD effect depends partly on 

the angle formed by the blood vessels and B0, modeling studies have predicted that the EV 

mBOLD effect would be very small at B0 field strengths of 3T and below [4,10,15]. This 

hypothesis was tested experimentally in the tibialis anterior muscle and found to be tenable 

for typical leg positions and muscle fiber orientations [16]. Consequently, mBOLD-

dependent relaxation effects or contrast changes from 3T or below can be interpreted with 

respect to IV contrast mechanisms only.

When compared to studies at lower field strength, mBOLD studies at ultra-high fields may 

differ in several fundamental ways. One advantage to 7T MRI is an improved signal-to-

noise ratio (SNR) due to greater spin polarization, which may be used in imaging studies to 

improve spatial and/or temporal resolution. Another potential advantage is improved 

contrast, including an improved contrast-to-noise ratio (CNR) and/or new or more 

physiologically specific sources of contrast. In particular, the rapid transverse relaxation of 

blood at 7T [17] is expected to favor EV BOLD contrast. A final general advantage is 

improved SNR and spectral dispersion for MR spectroscopy studies. These possibilities 

have promoted the use of 7T MRI for studies of human brain structure and function. 

However, during this same period, there have been very few musculoskeletal MRI studies at 

7T and even fewer have been dedicated to skeletal muscle [18–22].

Presuming that the difficulties associated with ultra-high field MRI studies of skeletal 

muscle can be successfully overcome, ultra-high field MRI may afford distinct advantages 

for mBOLD studies. As an initial step toward this goal, and to test the hypothesis that the 

magnitude of mBOLD-dependent responses would be greater at 7T than at 3T, we studied 

the responses of the effective transverse relaxation time constant (T2*) to proximal arterial 

occlusion at 3T and 7T. To provide an enhanced physiological context with which to 

interpret these data, we further obtained Doppler ultrasound (U/S) measures of blood flow 

and near infrared spectroscopy (NIRS) measures of oxyhemoglobin saturation (%HbO2) and 
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total hemoglobin concentration ([THb]) as well. The outcome of this study supports the 

continued development of mBOLD methods for 7T.

METHODS

Subjects and Testing Protocol

Eight subjects (3 male), aged 29.5 ± 6.1 years (mean ± standard deviation, SD), 167.0 ± 10.6 

cm tall with a body mass of 62.0 ± 18.0 kg, participated in the study. Their mean systolic 

and diastolic blood pressures were 114 ± 10 and 66 ± 8 mmHg, respectively. All subjects 

gave written informed consent in accordance with the Institutional Review Board prior to 

participation. All subjects were free from physician-diagnosed chronic disease with an ankle 

brachial index (ABI) greater than 1.0 (1.08 ± 0.12).

Subjects reported to the lab on four separate occasions. Visits were scheduled at 

approximately the same time of day (± 1 hr) and each visit was separated by at least 1 week. 

To limit the influence of diet and exercise on study outcome variables, subjects were asked 

to refrain from: 1) vigorous exercise for at least 24 hours prior to the testing; 2) consuming 

caffeinated food or beverages for at least 6 hours prior to testing; and 3) taking any over-the-

counter medication 24 hours prior to each testing session. A pre-test questionnaire was 

completed by each subject prior to testing to confirm compliance with pre-test conditions. 

Any subject not in compliance was rescheduled for testing at a later date.

On the initial visit, the subjects read and signed the informed consent document and 

completed a health-history questionnaire and a magnetic materials safety screening form. In 

addition, each subject’s height and weight were measured and recorded. The subject then 

rested quietly on a patient table for 15 minutes after which time his/her blood pressure was 

measured in the brachial artery using a standard arm blood pressure cuff and a 

sphygmomanometer. Blood pressure in the posterior tibial artery was measured using a leg 

blood pressure cuff and a portable hand-held U/S device (Nicolet, Elite Model 200, Madison 

WI). The ABI was calculated as the ratio of systolic blood pressure (mmHg) in the posterior 

tibial artery to the systolic blood pressure in the brachial artery. Experimental days 2 and 3 

included MRI scans on either the 3 or 7 tesla system (in randomized block design). On 

experimental day 4, in a subset of subjects, changes in blood flow and blood oxygenation 

were quantified using U/S and NIRS respectively.

Reactive Hyperemia Protocol

A 24×122.5 cm2, thigh-specific vascular cuff (Model CC22, Hokanson, Bellevue WA) was 

placed around the thigh proximal to the knee joint. The cuff was rapidly inflated (within ~1 

s) to a pressure of 250 mmHg using a rapid cuff inflator (Model E20, Hokanson, Bellevue 

WA) and was maintained at this pressure for 5 minutes. This same reactive hyperemia 

protocol was implemented for all testing sessions (MRI, NIRS and U/S).

MRI Procedures

Subjects were positioned supine in the scanner with both legs extended. The subject’s left 

leg was positioned at heart level and the largest portion of the left calf was centered in an 
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extremity coil. Padding was placed around the leg to allow the cuff to inflate and deflate 

without altering the position the leg in the coil. As an additional precaution against motion, 

the subject’s leg was secured to the patient table using nylon straps with Velcro® closures. 

Care was taken to position the subject in the same manner for all testing sessions; the knee 

angle and the positions of the calf in the coil were measured and standardized across the 

visits. The location of the imaging slice was marked with a permanent marker and the 

position of this mark relative to the distal border of the patella was measured. This 

measurement was used to replicate the imaging at each field strength and the position of the 

NIRS probe head.

3T procedures—Images were acquired using a Philips Intera Achieva (Philips 

Healthcare), whole-body scanner and an 8-channel receive only knee coil. The quadrature-

body coil was used for RF field transmission. High-resolution anatomical images (turbo 

spin-echo, FOV = 200×200 mm2, 11 slices, 5 mm slice thickness, 3 mm gap) centered at 

mid-calf were acquired for planning purposes. Following localized shimming over the 

posterior muscle compartment of the leg, functional images were acquired continuously for 

14 minutes (including 2 minutes of baseline, 5 minutes of ischemia, and 7 minutes of 

reactive hyperemia). The image acquisition/reconstruction parameters were: six-shot, multi-

echo turbo field echo, echo-planar images (TFE-EPI) with TR=1000 ms, 15 echoes with 

minimum TE=4.43 ms and echo spacing=6.14 ms, acquisition matrix of 64×64 

(reconstructed to 128×128), and a single 200×200 mm2, 10 mm thick slice. At both 3T and 

7T, cuff inflation and deflation were timed as nearly as possible to correspond to the time 

between the completion of one multi-shot image acquisition and the start of the subsequent 

one.

7T procedures—Scanning was performed on a Philips 7T scanner (Philips Healthcare) 

using a 3 element transmit/receive partial-volume extremity coil, which provided excellent 

coverage of the soleus and the medial and lateral heads of the gastrocnemius muscle. All 

images were acquired as near to the same anatomical location as in the 3T study as possible. 

High-resolution anatomical scans (turbo spin-echo, FOV = 200×200 mm2, 11 slices, 5 mm 

slice thickness, 3 mm gap) were acquired for localization. A 3D ΔB0 map was obtained 

using: TR = 9 ms, TE= 2.9/3.9 ms, a 200×200×75 mm3 field of view with an 80×80×15 

matrix. The ΔB0 map was used to verify the performance of localized shimming in the 

posterior compartment. The functional imaging sequence was nearly identical to the 

sequence at 3T: six-shot, multi-echo TFE-EPI with TR=1000 ms, 15 echoes with minimum 

TE=4.32 ms and echo spacing=6.04 ms, an acquisition matrix of 64×64 (reconstructed to 

128×128), and a single 200×200 mm2, 10 mm thick slice. During pilot testing B1 maps were 

acquired to ensure the appropriate flip angle was being achieved in the medial 

gastrocnemius.

MR images were analyzed in MATLAB (The MathWorks®, Natick MA) using custom 

written code. Regions of interest (ROIs) 2–3 cm2 were drawn in the medial gastrocnemius 

muscle in the same anatomical location as the center of the NIR sampling volume. Care was 

taken when positioning the ROI to exclude connective tissue and resolved vessels. Images 

were inspected for motion on an individual basis and the ROI was repositioned as needed. 
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T2* values were calculated from exponential fitting of the signal decay curve assuming a 

mono-exponential decay. For statistical comparisons between 3T and 7T, R2* rate constants 

were calculated as R2* = 1/T2*. The data were characterized with the mean pre-occlusion 

value, the mean end-occlusion value (the average of the last 30 s of occlusion), and with the 

peak post-occlusion value (R2*PRE, R2*END, and R2*POST, respectively). The differences of 

the end-ischemia and peak post-occlusion R2* values from the pre-occlusion mean value 

(ΔR2*END and ΔR2*POST, respectively) were calculated. Also, the time at which R2*POST 

occurred (tR2*, POST) was calculated.

U/S and NIRS Procedures

In addition to the MRI procedures, a subset of subjects completed simultaneous U/S and 

NIRS studies during arterial occlusion (n = 6). The positioning of the subject for this portion 

of the study was replicated as nearly as possible as that during the MRI portion of the study.

Ultrasound—Blood velocity data were acquired using an 8-MHz linear probe (Model 8L-

RS) mounted to a portable U/S system (GE LOGIQ e, GE Medical Systems, Milwaukee 

WI). The U/S probe was positioned along the popliteal fossa to visualize the popliteal artery 

(PA). Interleaved brightness-mode (B-mode) and pulse wave-mode (PW-mode) images 

were acquired continuously from the PA. The sampling depth and gate were optimized for 

each subject to acquire velocity data from the center of a 2–3 mm region of the vessel. The 

probe was held securely in place and data were acquired at an insonation angle between 45 

and 60°. Data were acquired in bins of 45-s cinematic (CINE) loops, stored and analyzed 

using software available on the GE LOGIQ e system. Blood flow was calculated by 

multiplying the cross-sectional area of the popliteal artery mean blood velocity over the 

duration of the pulse-waveform (time average mean, VTAMEAN) according to the equation:

[1]

Resting blood flow was calculated from the average of 10 velocity waveforms and 10 vessel 

diameter measurements. Vessel diameter measurements were made on the B-mode images 

at the end of diastole. The highest blood flow following the release of the arterial cuff is 

reported as the peak blood flow. However, on two occasions movement of the subject or the 

arterial cuff upon cuff deflation resulted in missing the first few seconds of reactive 

hyperemia and potentially the true peak.

Tissue-oxygenation data were collected using a frequency domain, multi-distance NIRS 

oximeter (Model 96208, ISS, Inc.) and its accompanying software as discussed in further 

detail previously [15]. The NIRS probe was positioned over the medial head of the 

gastrocnemius muscle, at the same anatomical location where the MR images were acquired 

during visits 2 and 3. The probe-head was secured to the leg using a nylon elastic strap with 

Velcro© closures. To limit contamination of the NIRS signal by ambient light, a black cloth 

was wrapped around the NIRS probe head and calf muscles of the leg. Prior to securing the 

NIRS probe-head to the skin the subjects skin was cleaned with a 70% isopropyl alcohol 

solution and the oximeter was calibrated using a muscle tissue-like phantom according to the 
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manufacturer’s instructions. The %HbO2 and [THb] were determined using the 

manufacturer’s algorithms.

Data were analyzed using MATLAB version 8.0.0.783. The raw data were sampled at 5.16 

Hz and smoothed with a seven-point (1.37 s) moving average. Discreet analysis of the 

%HbO2 data consisted of calculating the average value over the final 12 s prior to occlusion 

and during the last 5 s of occlusion (%HbO2,PRE and %HbO2,END, respectively); the 

corresponding values for [THb] were also calculated and are denoted with similar subscripts. 

The post-occlusion data were analyzed as continuous data by fitting them in a least squares 

manner to a sixth-order polynomial and recording the maximum post-occlusion value and 

the earliest time at which that value occurred (%HbO2,POST and [THb]POST, respectively).

Statistical Analysis

Data are presented as mean ± standard error. Tests of mean values at 3T vs. 7T were made 

using a paired Student’s t-test. The significance of variables reflecting changes from pre-

occlusion baseline was determined by forming 95% confidence intervals (95% CI’s) around 

the mean value. Statistical significance was accepted at p < 0.05.

RESULTS

MRI Data

Figure 1 shows sample anatomical images obtained at 3T (panel A) and 7T (panel B). 

Consistent with the use of the partial volume coil, there is substantial signal dropout from 

the anterior compartment in the image obtained at 7T. The images also reflect the similarity 

of axial slice location within the leg in the two studies.

Sample T2* curve-fitting results from the data obtained during the pre-occlusion period at 

3T and 7T are provided in Figure 2. Sample T2* maps for pre-occlusion, end-occlusion, and 

post-occlusion time points are shown in Figure 3. Sample R2* time courses for 3T and 7T 

studies are shown in Figure 4. A ~50 s period of pre-occlusion data is shown. At the onset of 

occlusion, artifacts associated with cuff inflation are seen in the figure and marked by a 

dotted line. On occasion, application of the cuff resulted in a brief upward or downward 

spike in signal intensity, which quickly returned to baseline. The 5 minutes of cuff-induced 

ischemia caused the R2* to increase slightly at 3T and to a greater extent at 7T. A rapid 

increase in R2* occurred at 3T immediately after deflation of the cuff; this effect was not 

present at 7T likely. The mean values for R2* at pre-occlusion, end-occlusion, and peak 

post-occlusion are shown in Table 1 for 3T and 7T. The mean pre-occlusion R2* value was 

greater at 7T than at 3T (p <0.001). Also, the mean ΔR2*END and ΔR2*POST values were 

greater for 7T than for 3T (Table 1). The average tR2*, POST values for 3T and 7T are also 

given in Table 1.

U/S and NIRS Data

Figure 5 shows sample NIRS data. Both %HbO2 (panel A) and [THb] (panel B) decreased 

upon cuff inflation. Upon cuff release, both %HbO2 and [THb] recovered to and then 

transiently exceeded the pre-occlusion value. The group-mean data are found in Table 2. 
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Also indicated are the times at which the peak %HbO2 and [THb] responses occurred and 

the 95% CI’s surrounding the Δ%HbO2END and Δ%HbO2POST mean values. The CI’s 

indicate a significant decrease in %HbO2 to below the pre-occlusion mean value at end-

occlusion and a significant increase in %HbO2 to above the pre-occlusion mean value during 

the post-occlusion period. Similar behaviors are noted for the group-mean [THb] data.

Figure 6 shows a sample color Doppler image, B-mode image of the vessel and a sample 

pulse waveform. Across all subjects, the mean pre-occlusion flow was 45.6 ± 14.6 ml/min. 

The mean peak post-occlusion flow was 535.6 ± 67.6 ml/min, a difference of more than 11-

fold (p < 0.001). In four subjects, a distinct post-occlusion maximum was observed at an 

average post-occlusion time of 11.1 ± 2.6 s. A larger increase in blood flow during reactive 

hyperemia was associated with a larger increase in [THb] (r = 0.60) and a longer time-to-

peak [THb] (r = −0.65).

DISCUSSION

In this study, we have described human muscle BOLD contrast at 7T, and we have 

compared the R2* responses to a brief period of tourniquet-induced ischemia at 7T to those 

from 3T. This is the first such study of which we are aware. Below, we describe the 

attendant technical challenges to these studies, interpret the responses, and propose possible 

advantages of these studies for physiological characterization of skeletal muscle physiology 

and pathophysiology.

Technical Challenges to Skeletal Muscle Studies at 7T

Previous authors have described the technical challenges of ultra-high field MRI studies of 

skeletal muscle [18,19]. Among these, B0 and B1 inhomogeneities are well-recognized 

difficulties for human studies at ultra-high magnetic field strengths. In these studies, we used 

localized B0 shimming routines over the posterior compartment of the leg to improve the 

field homogeneity in the medial gastroc (Figure 1C). Although the partial volume coil that 

we used had limited coverage for the entire cross-section of the calf, it provided high signal 

in the medial gastroc, as reflected by the image in Figure 1B and the high SNR of the T2*-

dependent signal decay data in Figure 2B. Furthermore, B1 maps acquired during pilot 

testing were used to ensure a robust B1 profile in the medial gastroc. Motion artifacts were 

controlled in the multi-shot functional imaging sequences by the use of padding and 

strapping to restrict subject motion and by timing the inflation and deflation of the arterial 

cuff events to fall between separate image acquisitions. Consequently, the multi-shot 

sequences were able to provide high quality images with very small echo spacing for robust 

characterizations of T2*. Other challenges of ultra-high field studies include a general 

pattern of lengthening of T1, shortening of T2, and disproportionate shortening of T2*; here, 

we show that the T2* of skeletal muscle at 7T is ~17 ms (R2* ~60 s−1) at rest.

Physiological Responses to Arterial Occlusion

Proximal arterial occlusion is frequently used to study vascular physiology, pathology (e.g, 

[23–28]), and the biophysical basis of muscle BOLD contrast [4,11,13,14,22]. Here, we 

performed simultaneous U/S and NIRS studies of the responses to arterial occlusion. (We 
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note that in two subjects, it was not possible to obtain Doppler U/S data during the first few 

cardiac cycles following cuff release, so the comments pertaining to the arterial responses 

(vessel diameter, flow) pertain only to the remaining four subjects.) Consistent with other 

studies, the NIRS data collected in this study revealed a slight decrease in [THb] during 

occlusion, as well as %HbO2 changes that were characterized by a linear decrease as a 

function of occlusion duration. Following occlusion, there was an 11-fold increase in blood 

flow that peaked ~11 s following release of the cuff a recovery and overshoot of [THb] that 

peaked at ~54 s following cuff release and a recovery and overshoot of %HbO2 that peaked 

~72 s following cuff release. The longer time to peak [THb] is consistent with flow-

mediated dilation (FMD), which can occur more than 60 s following the release of the cuff. 

A higher peak flow during reactive hyperemia was associated with a longer time-to-peak 

[THb] and a larger increase in [THb] and agrees with previous findings [26,27]. In a clinical 

setting, a low peak hyperemia and delayed time-to-peak hyperemia indicate reduced FMD 

and peripheral artery disease; however, the values seen in this study are consistent with 

healthy young individuals with an ABI in the normal range, as defined in Ref. [29].

It should be noted that absolute quantification of blood flow using U/S is difficult and there 

are some well-established limitations. For example, although we attempted to include the 

entire caliber of the popliteal vessel within the sampling gate, this was not always possible. 

This would result in over estimation of the VTAMEAN. For this reason we have expressed 

blood flow as a relative change (fold increase) in addition to the more typical absolute 

changes (ml/min).

Muscle BOLD Contrast at 3T and 7T

Predictably, the R2* responses to occlusion included an increase in R2* during occlusion and 

a decrease in R2* following occlusion (Table 1). By the end of occlusion, %HbO2 had 

dropped from ~70% to ~52%, producing an R2* increase at 7T that was almost six-fold 

greater than at 3T. Following occlusion, the %HbO2 increased from ~70 at rest to ~78%, 

producing R2* decreases at both field strengths that were almost two-fold greater at 7T than 

at 3T. This also is expected to translate to an improved CNR in studies of the post-

contraction BOLD response at 7T and a greater dynamic range of responses for the detection 

of differences among subject groups.

The transverse relaxation properties of blood at 7T differ from those at 3T in several ways. 

The first is the well-established observation that the R2* of blood is several-fold greater at 

7T than at 3T: for the %HbO2 values encountered here, the blood R2* would be expected to 

range from 150–250 s−1 at 7T [17] and from 32–64 s−1 at 3T [30]. Another salient 

difference is that the relationship between blood and tissue R2* differs for 3T vs. 7T. For all 

%HbO2 levels observed, the expected 7T blood R2* values [17] are uniformly greater than 

the corresponding muscle R2* values (Table 1). At 3T the expected blood R2* value of 32 

s−1 [30] is lower than the observed muscle value of ~34 s−1 at %HbO2 ~78%. Conversely, 

for %HbO2 ~52%, the expected blood R2* value of 64 s−1 [30] is greater than the observed 

muscle value of ~35 s−1. As noted by Towse et al. [8], whether IV BOLD contrast 

contributes positively or negatively to signal changes will depend on the relative values for 
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R2* in muscle and blood. Thus the nature of the IV BOLD contribution to signal (positive or 

negative) varies with %HbO2 for 3T studies, but is uniformly negative for 7T studies.

As another consequence of the extremely rapid transverse relaxation of whole blood at 7T, 

IV BOLD contrast mechanisms are expected to be relatively unimportant at 7T. As a result, 

EV mechanisms should dominate BOLD contrast. This may explain why the R2*increased 

significantly during ischemia at 7T but not at 3T. The progressive increase in R2* during 

ischemia at 7T is consistent with a primary, “real time” sensitivity of BOLD phenomena to 

the microcirculation (which is the site of oxygen transfer from the blood to the tissues). 

Although we had anticipated larger R2* changes at 3T [4,10,15,16], there was a large 

increase in R2* immediately after the release of the cuff (see Fig. 4). This finding is 

consistent with IV BOLD effect’s being the predominant source of mBOLD contrast at 3T, 

as the post-ischemia increase in R2* would represent the transit of deoxygenated capillary 

blood to the venous system (the primary site of observation of IV BOLD effects). One 

particular advantage of this is that with EV BOLD contrast and in the spin-echo condition, a 

refocusing pulse rephases spins in the vicinity of vessels with diameters greater than ~30 μm 

[31]. As a result, spin-echo mBOLD signal changes at 7T would be expected to have greater 

specificity to the muscle microcirculation [31–39], whereas mBOLD contrast changes at 3T 

reflect a mixed contribution of all unresolved blood vessels. Inasmuch as the 

microcirculation is a known site of dysfunction in conditions such as obesity [40] and 

diabetes [41], 7T mBOLD studies may thus afford particular advantages in studies of 

persons with these conditions.

Conclusions

Muscle BOLD contrast studies are feasible at 7T and result in as much as six-fold greater 

responses than at 3T. In addition to providing greater SNR and CNR, 7T mBOLD studies 

may offer further advantages in the form of greater sensitivity to pathological changes to the 

muscle microcirculation.
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Figure 1. 
Sample images from 3T and 7T. Panels A and B show anatomical images from 3T and 7T, 

respectively. The 7T anatomical image has substantial signal dropout from the anterior 

compartment. The images reflect the similarity of axial slice location within the leg. Panel C 
shows a sample ΔB0 map from 7T. Excluding the chemical shift artifact, the SD of the ΔB0 

map in the poster muscle compartment is 16.4 Hz. All sample data are from this subject.
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Figure 2. 
Sample curve-fitting results from 3T (A) and 7T (B), from the first pre-occlusion image. The 

T2* values corresponding to these data were 23.8 ms (3T) and 15.7 ms (7T). Both plots 

share the same units on the y-axis.

Towse et al. Page 14

Magn Reson Med. Author manuscript; available in PMC 2017 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
Sample T2* maps from 3T (A) and 7T (B). The T2* maps reflect the T2* distribution prior to 

occlusion (left), at the end of occlusion (middle), and at the time of the peak T2* value 

following occlusion (right). The colorbars at right indicate the T2* in ms. A signal threshold 

was set so as to exclude curve-fitting in the noise regions of the original images. Due to the 

sensitivity profile of the partial volume coil used at 7T, this signal threshold also excluded 

data from areas of low signal in the leg.
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Figure 4. 
Sample R2* time courses from arterial occlusion experiments at 3T (A) and 7T (B). Time 

values are referenced to the start of the occlusion period = 0 s and air pressure in the cuff 

was released at 300 s; both plots share the same time axis.
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Figure 5. 
Sample NIRS data. Data indicate the %HbO2 (A) and [THb] (B) time courses from arterial 

occlusion experiments. Dashed lines indicate the application and the release of the cuff. 

Time values are referenced to the start of the occlusion period = 0 s; both plots share the 

same time axis.
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Figure 6. 
Sample U/S data, including a B-mode image illustrating the placement of the window in the 

vessel and PW-mode image showing sample pulse velocity waveforms in the popliteal 

artery at rest. The tri-phasic waveform is characteristic of the velocity waveform in the 

peripheral vasculature.
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