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Abstract

Duchenne muscular dystrophy (DMD) is characterized by a progressive replacement of muscle by fat and fibrous tissue, muscle
weakness, and loss of functional abilities. Impaired vasodilatory and blood flow responses to muscle activation have also been
observed in DMD and associated with mislocalization of neuronal nitric oxide synthase mu (nNOSμ) from the sarcolemma. The
objective of this study was to determine whether the postcontractile blood oxygen level-dependent (BOLD) MRI response is
impaired in DMD and correlated with established markers of disease severity in DMD, including MRI muscle fat fraction (FF) and
clinical functional measures. Young boys with DMD (n = 16, 5–14 yr) and unaffected controls (n = 16, 5–14 yr) were evaluated
using postcontractile BOLD, FF, and functional assessments. The BOLD response was measured following five brief (2 s) maximal
voluntary dorsiflexion contractions, each separated by 1 min of rest. FFs from the anterior compartment lower leg muscles were
quantified via chemical shift-encoded imaging. Functional abilities were assessed using the 10m walk/run and the 6-min walk
distance (6MWD). The peak BOLD responses in the tibialis anterior and extensor digitorum longus were reduced (P < 0.001) in
DMD compared with controls. Furthermore, the anterior compartment peak BOLD response correlated with function (6MWD r =
0.87, P < 0.0001; 10m walk/run time r = �0.78, P < 0.001) and FF (r = �0.52, P = 0.05). The reduced postcontractile BOLD
response in DMD may reflect impaired microvascular function. The relationship observed between the postcontractile peak
BOLD response and functional measures and FF suggests that the BOLD response is altered with disease severity in DMD.

NEW & NOTEWORTHY This study examined the postcontractile blood oxygen level-dependent (BOLD) response in boys with
Duchenne muscular dystrophy (DMD) and unaffected controls, and correlated this measure to markers of disease severity. Our
findings indicate that the postcontractile BOLD response is impaired in DMD after brief muscle contractions, is correlated to dis-
ease severity, and may be valuable to implement in future studies to evaluate treatments targeting microvascular function in
DMD.

blood oxygenation level dependent; Duchenne muscular dystrophy; magnetic resonance imaging; microvascular; skeletal muscle

INTRODUCTION

Duchenne muscular dystrophy (DMD) is an X-linked re-
cessive disorder affecting approximately one in 3,600–6,000
male births, and is characterized by progressive muscle
degeneration, loss of functional abilities, and reduced life ex-
pectancy (1). DMD is caused by a mutation in the gene
encoding dystrophin (2), a key protein within the dystro-
phin-glycoprotein complex that not only provides structural
stabilization, but also localizes neuronal nitric oxide syn-
thase mu (nNOSμ) to the sarcolemma to signal nitric oxide
(NO) production (3–6). NO derived from nNOS plays an im-
portant role in the regulation of blood flow in contracting
skeletal muscle by inhibiting the vasoconstrictor response to
activation of a-adrenergic receptors (7). In dystrophic mus-
cle, nNOS mislocalization may result in inadequate blood

flow relative to demand during muscle contraction (termed
functional ischemia), attenuating oxygen and nutrient sup-
ply and blunting removal of accumulated metabolites (8, 9).
This impaired vasodilatory response during and after muscle
contraction accelerates damage after contractions (10) and
causes exaggerated fatigue during and after exercise in mdx
mice, a common model of DMD (11, 12). Thus, development
of effective treatment strategies may need to target both the
vascular/microvascular and cellular impairments associated
with dystrophin deficiency (13).

The postcontractile blood oxygen level-dependent (BOLD)
response may offer a method to noninvasively infer micro-
vascular function using MRI. Although BOLD has been
extensively used to study the brain’s neural activity and
response after a stimulus, it is increasingly being applied to
skeletal muscle to examine the response following muscle
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contractions (14–19). A transient increase in BOLD signal in-
tensity is elicited within muscle after performing a brief
muscle contraction (e.g., 1–2 s), reflecting increased small
vessel oxygen saturation and blood volume in response to
muscle contraction (18). Thus, the postcontractile change in
skeletal muscle BOLD signal intensity may provide a mea-
sure of peripheral microvascular health. However, in order
to be a reflection of microvascular function and obtain a
maximum BOLD response, a minimum intensity of contrac-
tion must be performed. Wigmore et al. (20) observed that
the peak BOLD response increased with contraction inten-
sity up to �70% of maximal voluntary contraction. Another
factor potentially influencing the postcontractile BOLD
response is altered muscle structure and composition, such
as fatty tissue infiltration, which may influence the intra-
muscular pressure during muscle contractions. During a
maximal isometric contraction, the intramuscular pressure
results in the compression of small vessels, ejecting blood
from the venous circulation and restricting blood flow in the
arterioles, and following a contraction there is a refilling of
the small vessels and a transient increase in blood flow
and volume, reflecting the postcontractile BOLD response
observed (16). Indeed, the magnitude of the postcontractile
BOLD response has been shown to vary across a spectrum of
health and disease; where it is decreased in older adults (17),
in patients with peripheral artery disease (21), and in individ-
uals with diabetes (16, 22), whereas it is greater in endur-
ance-trained adults compared with sedentary adults (23).
Although postcontractile BOLD has not yet been applied to
patients with DMD, it has been shown to effectively detect
differences between a dystrophic mouse model (mdx) and
wild-typemice (24).

The purpose of this study was to evaluate the postcontrac-
tile BOLD response as a potential marker to infer microvas-
cular function in boys with DMD, and to examine its
relationship with known markers of disease severity. We
have previously shown increases in MRI fat fraction (FF) to
be a sensitive marker of disease severity and progression in
DMD (25–27). Here, we compare postcontractile BOLD
response measurements with muscle FF measured with
chemical shift-encoded MRI (also known as Dixon imaging)
and other standard ambulation measures of functional abil-
ity in a group of boys with DMD and unaffected controls.
Reproducibility of the BOLD response was also assessed. We
hypothesize that 1) boys with DMD would have a reduced
postcontractile peak BOLD response compared with unaf-
fected controls and 2) the postcontractile BOLD response
would be associated with muscle FF and functional assess-
ments of walking/running performance.

METHODS

Subjects

Boys with DMD (n = 16) and unaffected controls (n = 16)
participated in a 1) MRI protocol to evaluate the postcontrac-
tile BOLD response and fat fraction and 2) clinical functional
tests. All subjects were between the ages of 5 and 14yr and
ambulatory, defined as the ability to walk for at least 75m
without an external assistive device. All participants were
confirmed to have DMD based on 1) clinical history with

features before the age of five, 2) physical examination, 3)
elevated serum creatine kinase level, and 4) absence of dys-
trophin expression, as determined by immunostaining or
Western blot (<2%) and/or DNA confirmation of dystrophin
mutation. Subjects taking PDE5a inhibitors (e.g., sildenafil
citrate or tadalafil), or other medications known to modulate
blood flow or muscle metabolism or control subjects who
were participating in sport specific training 2 times or more
per week were excluded. This study was approved by the
institutional review board at the University of Florida and
conducted in compliance with the Health Insurance
Portability and Accountability Act (HIPAA). Informed writ-
ten consent and assent were obtained from a guardian and
subject, respectively, before participation. The postcontrac-
tile BOLD responses were collected from a total of 32 subjects
and a subset of subjects from each group were asked to
repeat the BOLD protocol to examine reproducibility (n = 4
controls; n = 7 DMD).

MR Imaging Acquisition

All MR images were acquired using a 3-Tesla whole body
scanner (Achieva Quasar Dual or Ingenia Elition MRI,
Philips, Best, The Netherlands) at the Advanced Magnetic
Resonance Imaging and Spectroscopy (AMRIS) Facility at
the University of Florida. Each participant was positioned
supine with the right leg in a slightly flexed position with the
right foot secured to a custom-built exercise apparatus for
isometric dorsiflexion contractions (footplate fixed at 110�).
The participants legs and hips were also secured using straps
and supports adjacent to each of the legs and torso region to
minimize accessory muscle movement. A transmit/receive
radiofrequency knee coil (InVivo, Gainesville, Florida) was
centered over the midbelly of the calf, corresponding to the
largest cross section of the tibialis anterior (TA). Initial sur-
vey (gradient echo) images with minimum echo time (TE) =
3.54ms, repetition time (TR) = 7.22ms, and 12 slices (2.5mm-
thick and 7.5mm-spacing) (27) with a field of view (FOV)
250 � 250 � 43 mm3 and a 20� flip angle, 512 data points per
signal average and 1 signal average were acquired to locate
muscle groups for further MRI sequences. Following the sur-
vey scan, a three-point chemical shift encoded imaging
(Dixon) sequence was run using a fast field echo (FFE) pulse
sequence with a 20� flip angle at 3 different echo times (TR/
TE=430/8.06 ms, 9.21 ms, 10.36ms) over 25 axial slices (4-
mm slice thickness, 1mm gap) with a 20� flip angle using
mDixon (Philips) and FOV adjusted depending on subject
anatomy (28, 29). Water and fat maps were reconstructed
using the standard Philips in-line processing (mDixon) with
the fat map derived using a 7 peak fat model (30).

After images were obtained at rest, BOLD images were
acquired during an isometric dorsiflexion exercise protocol
recruiting the TA and extensor digitorum longus (EDL).
Participants were asked to perform 5maximal voluntary con-
tractions (MVCs), where each isometric contraction was 2 s
in duration and separated by 1 min of rest. Force measures
were obtained for each contraction using a force transducer
(Interface Force Measurement Solutions; INF-USB2 Load
Cell) mounted to the underside of the footplate. The force
measurement was sampled at 200Hz (5ms) and recorded on
a separate computer. Force was measured at rest and during
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each of the 5 maximal contractions. Dynamic BOLD images
were acquired using a single shot echo planar imaging
(ssEPI) sequence with a 90� flip angle, TR of 1,000ms, TE of
35ms, 1 signal average, eight 10mm-thick slices with no
gap, with fat suppression (spectral presaturation with
inversion recovery, SPIR), and an optimized FOV (�140 �
140 � 80 mm3; acquisition/reconstruction matrix �80 �
80). The slices were acquired sequentially in the distal to
proximal direction. As a result, 360 dynamic scans were
acquired over a total of 6min, with a brief maximal isometric
dorsiflexion contraction performed once eachminute.

MRData Analysis

Initially, the images acquired were examined by experi-
enced investigators to ensure they met quality assurance
guidelines, including evaluating motion artifacts precluding
the identification of muscle boundaries, ringing or aliasing
artifacts contaminating the area of interest, and signal drop-
out inmuscles of interest. In order tominimize any potential
movement artefacts from the measures, a registration align-
ment procedure (“Register Virtual Stack Slices”) using
ImageJ software was utilized (https://imagej.net/Register_
Virtual_Stack_Slices). The TA and EDL were traced using the
water images generated by mDixon images and then copied
to the ssEPI images using OsiriX software (Fig. 1). The TA
and EDL regions of interest (ROI’s) were inspected to ensure
that only the muscle was included during the entire BOLD
sequence (with no significant shifts due to movement arte-
facts), and that large blood vessels (e.g., anterior tibial ar-
tery/vein) were not included in the ROI. The high-
resolution water/fat maps and in- and out-of-phase dixon
images provided an opportunity to visualize the structure
and location of the large vessels, which were excluded
from the ROI’s (Fig. 1).

The BOLD responses that corresponded with the highest
force contractions (>70% MVC) without excessive subject
motion were averaged together, typically incorporating two
to four postcontractile responses (17, 20) (Fig. 2). Force meas-
urements were analyzed using MATLAB with a Gaussian-
weighted moving average filter with a smoothing factor to
remove MRI radio-frequency pulse generated artefact from
the raw force data signal. Force data was converted to
Newtons (N) based on the linear calibration of the force
transducer.

To ensure maximal contractions were performed during
the contractions, an investigator was in the MR suite during
the protocol and they observed the subject and contractions
during the protocol to encourage a maximal volitional effort.
Also, before going into the magnet, practice contractions
were performed outside the magnet and standardized
instructions were given before starting the protocol for the
participant to become familiar with the set-up and contrac-
tions required. There was at least 15min separating the
warm-up/practice contractions with the protocol. Finally, a
minimum specific force (N/nonfat area) value was required
to be obtained for the data to be utilized. The minimum
value was determined for each group (controls and DMD)
based on the lower 95% confidence interval of the group
mean of the peak specific force, and then a minimum of 70%
of this value was used as the threshold for acceptable effort,
since this intensity has been shown to be the minimum force
required to reach a maximum peak BOLD response (20).
That is, if at least 70% of the lower 95% confidence interval
of the specific force was not reached, then the subject was
excluded. This analysis resulted in the exclusion of 1 control
subject who had a disproportionately low force relative to his
muscle size, suggesting hemay not have performedmaximal
effort during any of his contractions.

Figure 1. Representative high-resolution water Dixon
image used for drawing of region of interest (ROI) for
blood oxygen level-dependent analysis (BOLD), and
corresponding echo planar image (image 1/360)
acquired to measure dynamic BOLD response in a
control (A) and a participant with Duchenne muscular
dystrophy (DMD; B). EDL, extensor digitorum longus;
TA, tibialis anterior.
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The BOLD response analysis included time to peak (TTP)
as determined from time of the first point after the contrac-
tion (t = 0) to the maximum signal intensity following the
contraction, the half-recovery time or time for the signal in-
tensity to decrease to half of the maximum intensity, and
the peak BOLD response (% change from initial), determined
as a change in signal intensity relative to the signal intensity
at rest. These parameters were determined after fitting the
BOLD response using a six to nine order polynomial fitting
algorithm similar to that described previously (Fig. 3) (16, 31,
32). To account for any drift of the BOLD signal intensity
during the entire experiment, potentially due to instrument
heating/stability, linear correction was performed and the
signal intensity was normalized to a baseline value set to
100% signal intensity (SI) at rest. In an additional analysis, to
account for the potential impact of muscle fat due to, for
example, lack of BOLD response in the fat tissue or the fat
content resulting in altered intramuscular pressure, we also
normalized BOLD response of the anterior compartment (TA
and EDL) relative to the fraction of the fat free area of that
region. This was accomplished by dividing the peak BOLD
response (percent change in SI) by fat freemass (i.e., 1-FF), to
better reflect the BOLD response relative tomusclemass.

FF from the Dixon images was determined by drawing
regions of interest for the TA and EDL on the vendor gener-
ated fat/water maps (28, 33). Care was taken to avoid

inclusion of extramuscular tissue such as bone, subcutane-
ous fat, large blood vessels, or other muscles in the outlined
segment. Three consecutive slices in or near the center of
the muscle belly were analyzed for each muscle, and the
pixel-by-pixel FF values were averaged to give a mean FF for
each muscle (27, 28, 34). Trained analyzers selected 3 contig-
uous slices for analysis using predefined anatomic land-
marks that ensured slice selection consistency among
participants. The slices selected were the most distal slice in
which the popliteus muscle was first visible and the 2 slices
distal to it, which corresponded to the largest girth of the
lower leg and the location of the BOLDmeasures (27, 28, 34).

Functional Assessments

Clinical function tests were performed by each participant
within 24h post MRI acquisitions and included a 10-m walk/
run (10-mW/R) and 6-min walk test (6MWT). The functional
tests have been described previously (25, 35–37), and incor-
porate simple standardized instructions with appropriate
rest breaks, performed by trained evaluators. Briefly, for the
10-m W/R subjects were instructed to stand at the beginning
of a measured 10 m length of an indoor walkway marked
with tape, and starting with hands by their side told to walk
or run as fast as they can from the start to finish. The 10-m
W/R were repeated three times, and the fastest time was uti-
lized for analysis and a maximal time of 45s to complete

Figure 2. Example force (control: A; DMD: B) and post-
contractile blood oxygen level-dependent (BOLD)
responses in a control and in a participant with
Duchenne muscular dystrophy (DMD) of the tibialis
anterior (control: C; DMD: D) and extensor digitorum
longus (control: E; DMD: F). Five isometric maximal
voluntary dorsiflexion contractions were performed
separated by 1min of rest.
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each test was allowed. Also, the 6MWT was performed
indoors along a walkway marked with a 25-m tape-line. A
cone was positioned at each end of the course. Each subject
was instructed to walk at a self-selected pace to cover as
much distance as possible, over 6 min. Two functional eval-
uators monitored the test to ensure the subject stayed on the
marked path without stopping. One evaluator walked behind
the subject to provide encouragement, and one observer
timed, tallied the laps, and calculated the distance traveled.

Statistical Analysis

Welch’s unpaired two-tailed t test was used to compare
DMD and unaffected controls with the demographics, fat frac-
tion, cross-sectional area, force, and BOLD response parame-
ters. Spearman’s correlation was performed to examine the
relationship between BOLD response between the anterior
compartment (AC; weighted average of the TA and EDL based
on muscle size) and functional measures and corresponding
FF in the same region as the BOLDmeasures. Statistical analy-
sis was performed using MATLAB (R2019a) with Statistics
Toolbox, The MathWorks, Inc., Natick, Massachusetts and
GraphPad Prism v8.0.0 for Mac OS, GraphPad Software, San
Diego, California. For all comparisons, P � 0.05 was consid-
ered significant. Data are reported asmeans ± SD.

RESULTS

Demographics

Participants with DMD and unaffected control subjects
were of similar age (P = 0.497) and body weight (P = 0.216),

and DMD subjects were shorter (P < 0.001) than controls
(Table 1). Two participants with DMD were corticosteroid
naïve, and the remainder were being administered cortico-
steroids. All participants (n = 32) completed the MRI proto-
col, and 7 of the DMD subjects and 4 of the control subjects
repeated the MRI protocol to examine test-to-test reproduci-
bility. One control subject was excluded due to uncertainty
whether maximal effort was performed during the contrac-
tions (due to excessively low specific force) and one DMD
subject was excluded due to noncompliance with the con-
traction protocol. Of the remaining 30 subjects, force values
were not accurately obtained in 5 of the subjects due to tech-
nical difficulties of the force acquisitions in the bore of the
magnet resulting in excessive noise to the force traces. All
subjects completed the functional testing, with the exception
of one participant with DMD who declined to participate in
the 6MWD exercise. Overall, the protocol was well tolerated

Figure 3. Postcontractile BOLD responses of each
contraction and the responses are averaged for an
overall average BOLD response of the tibialis ante-
rior (control: A; DMD: B) and extensor digitorum lon-
gus (control: C; DMD: D). Contraction artifacts were
omitted from the BOLD analysis. The peak BOLD
response, time to peak, and half-recovery time were
evaluated after fitting the postcontractile BOLD
response using a polynomial fitting algorithm. BOLD,
blood oxygen level-dependent; DMD, Duchenne
muscular dystrophy.

Table 1. Demographics of participants with Duchenne
muscular dystrophy and unaffected controls

Controls DMD P Value

n 16 16 NA

Age, yr 9.0 ± 2.7 9.0 ± 2.1 0.497
Range, yr 5.8–14.9 5.5–12.3 NA
Corticosteroids, n NA 14/16 NA
Weight, kg 33.0 ± 12.7 29.7 ± 11.3 0.216
Height, cm 135.1 ± 18.7 119.2 ± 6.3 <0.001

Welch’s unpaired t test was used to compare DMD and unaffected
controls. Values are expressed as means ± SD. DMD, Duchenne mus-
cular dystrophy; NA, not applicable.
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by both DMD and control participants without any adverse
events being reported.

Postcontractile BOLD Response in DMD Versus
Controls

We observed a positive BOLD response (signal intensity
increased relative to rest) following isometric dorsiflexion
contractions in all participants (Fig. 2). The magnitude of the
response was reduced (P< 0.001) in the TA and EDL of DMD
compared with controls (Fig. 4). The half recovery time was
shorter (P < 0.05) in the TA and EDL of DMD than controls,
whereas the time to peak was not different between groups
(Fig. 4). Furthermore, when we examined the peak BOLD
response after contractions relative to the nonfat region, we
also observed clear differences (P = 0.002) between DMD
and controls in the TA (controls 4.4± 1.7%; DMD: 2.3 ± 1.1%)
and EDL (controls 5.6± 2.2%; DMD: 2.3 ±0.8%).

We obtained force measures in the majority of subjects (13
controls and 12 DMD) during the muscle contractions with
theMR imaging acquisition, and we did not observe a signifi-
cant difference in the peak force or specific force (normal-
ized to nonfat muscle cross-sectional area) obtained during
the isometric dorsiflexion contractions between controls and
DMD (Table 2). Notably, when we only included the subjects
with valid force data in our BOLD comparisons (i.e., the 5
subjects without accurate force data were excluded), our
main findings were the same; the peak BOLD response and
half time to recovery were reduced in DMD compared with
controls for both the TA and EDL.

Reproducibility of BOLD and Force Measures

To test reproducibility of the postcontractile BOLD
response following maximal dorsiflexion contractions, sev-
eral of the subjects repeated this portion of the MRI protocol
(n = 4 controls, n = 7 DMD). Adequate reproducibility of the
TA was observed when evaluated using Bland–Altman plots,
with intraclass correlation coefficients (ICC) of 0.94 for the
peak BOLD response (Fig. 5), 0.88 for the time to peak, and
0.96 for the half recovery time. Similarly, the BOLD response
was observed to be reproducible for the EDL analysis (peak
BOLD response ICC=0.96, time to peak ICC=0.82, and half
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Figure 4. Parameters of the postcontractile blood
oxygen level-dependent (BOLD) response were
compared between unaffected controls (n = 15) and
participants with Duchenne muscular dystrophy
(DMD; n = 15), including the peak BOLD response
(A), time to peak (B), and the half recovery time (C)
for the tibialis anterior and the peak BOLD
response (D), time to peak (E), and half recovery
time (F) for the extensor digitorum longus. Welch’s
unpaired two-tailed t test was used to compare
DMD and unaffected controls. Box and whisker
plots represent median, 10/90 percentile, and mini-
mum/maximum. �P< 0.05, ��P< 0.001.

Table 2. Force measurements in control and subjects
with DMD during isometric dorsiflexion contractions

Controls DMD P Value

n 13 12 NA

MVC, N 71.3 (47.8, 94.8) 53.1 (41.3, 64.9) 0.300
MVC, N/cm2 17.2 (12.8, 21.7) 13.6 (10.0, 17.2) 0.148
MVC, % 90.5 (85.1, 95.8) 91.1 (85.6, 96.6) 0.821

Maximum voluntary contraction (MVC) was defined as the maxi-
mum force obtained during isometric dorsiflexion contractions
and was normalized to the nonfat cross-sectional area of the ante-
rior compartment of the lower leg (tibialis anterior and extensor
digitorum longus). The average relative Welch’s unpaired two-
tailed t test was used to compare DMD (n = 15) and unaffected con-
trols (n = 15). Values are expressed as means (lower and upper 95%
confidence interval; C95). DMD, Duchenne muscular dystrophy;
EDL, extensor digitorum longus; NA, not applicable; TA, tibialis
anterior; 6MWD, 6-min walk distance.
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recovery time = 0.87). Also, the maximum force levels
were reproducible between testing sessions (ICC 0.98),
with no systematic differences (P > 0.05) between the
testing sessions (test 1: 66 ± 55N; test 2: 62 ± 42N; coeffi-
cient of variation (CV) = 7.6 ± 5.9 N). Also, the force pro-
duced during the contractions within the BOLD protocol
was similar among the 5 contractions in both DMD and
controls, indicating recovery between contractions was
adequate and no fatigue was observed with the BOLD
protocol. For example, in DMD, compared with the ini-
tial contraction, the peak force levels were, on average,
98.6% (contraction 2), 102.9% (contraction 3), 99.2%
(contraction 4), and 100.1% (contraction 5) in the subse-
quent contractions. Similarly, the forces observed in
control subjects were 101.4% (contraction 2), 94.7% (con-
traction 3), 98.2% (contraction 4), and 99.4% (contrac-
tion 5) relative to the initial contraction during the
BOLD protocol.

We also tested the BOLD multislice acquisition versus a
single slice acquisition in 3 control subjects due to the poten-
tial of inflow effects with the multislice acquisition due to
the possible contribution of blood entering the slice and
magnetization transfer effects. We observed no differences
when comparing these scans in the peak BOLD response
when matching the slices for analysis of the AC (multislice
acquisition: 103.8± 1.1%; single slice acquisition: 103.7 ±
1.2%), time to peak (multislice acquisition: 5.7 ± 1.5 s; single
slice acquisition: 5.0 ± 1.0 s), and half recovery time (multi-
slice acquisition: 7.3 ± 4.9 s; single slice acquisition:
6.3 ± 4.0 s).

Relationship of BOLD Response to Function and Fat
Fraction

Participants with DMD had greater fatty tissue infiltration
in the TA and EDL and lower functional scores on standard
clinical walking/running tests compared with unaffected
controls (Table 3). The peak BOLD response of the AC was
correlated with these indices of disease severity in DMD (Fig.
6). A positive correlation was observed between the peak
BOLD response and 6MWD (r = 0.87, P < 0.0001, Fig. 6).
Furthermore, there was a negative correlation between the
peak BOLD response and the time to complete the 10-mW/R

(r = �0.78, P < 0.001) and AC FF (r = �0.52, P = 0.05, Fig. 6).
Specific force obtained during the maximal contractions was
not significantly correlated to the AC peak BOLD response in
DMD (r = �0.41, P = 0.15). In contrast to DMD, the peak
BOLD response of the AC in control subjects was not corre-
lated to 10-m W/R (r = 0.40, P = 0.15), 6MWD (r = 0.10, P =
0.73), and AC fat fraction (r =�0.32, P = 0.12).

DISCUSSION

This study evaluated the postcontractile BOLD response
in ambulatory participants with DMD and unaffected con-
trols between 5 to 14yr of age. We observed that the peak
BOLD response after maximal isometric dorsiflexion con-
tractions was impaired in participants with DMD compared
with unaffected controls with no differences in force of con-
tractions. These findings are consistent with the notion of
impaired microvascular function in DMD, possibly due to
lack of nNOSμ. Furthermore, we observed that the peak post-
contractile BOLD response was correlated with functional
walking/running performance and FF of the AC of the lower
leg muscles (TA, EDL).

The application of BOLD to skeletal muscle to infer micro-
vascular function is only beginning to be exploited with
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Table 3. Clinical functional measures and muscle fat
fraction of participants with Duchenne muscular dystro-
phy and unaffected controls

Controls DMD P Value

Functional test
6MWD, m 514 (469, 558) 389 (203, 375) <0.0001
10m walk/run, s 2.8 (2.6, 3.0) 9.0 (3.7, 14.3) <0.0001

Muscle CSA, cm2

TA 3.25 (2.57, 3.92) 3.26 (2.73, 3.78) 0.430
EDL 1.43 (1.16, 1.70) 1.54 (1.16, 1.92) 0.602

Fat fraction, %
TA 8.9 (7.4, 10.5) 16.3 (11.6, 21.0) <0.0001
EDL 7.7 (6.6, 8.7) 17.1 (11.2, 23.0) <0.0001

Values are expressed as mean (lower and upper 95% confidence
interval; C95). Welch’s unpaired two-tailed t test was used to com-
pare DMD (n = 15) and unaffected controls (n = 15). CSA, cross-sec-
tional area; DMD, Duchenne muscular dystrophy; EDL, extensor
digitorum longus; TA, tibialis anterior; 6MWD, 6-min walk distance.
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clinical applications (14–19, 38). The muscle BOLD response
is affected by changes in oxygen saturation and blood vol-
ume of small vessels (18), and reflects the balance between
oxygen delivery and utilization; therefore a positive BOLD
response (increase in signal relative to rest) indicates
that the delivery of oxygen is in excess of oxygen consump-
tion. Vascular responses after a single brief contraction have
been proposed to arise primarily from rapid arteriole vasodi-
lation (39) and a number of factors can modulate the

postcontractile BOLD response, including local arterial vaso-
dilatory mechanisms, comprising of both endothelial de-
pendent and independent processes, vasoconstriction
modulation, sympathetic responses, and mitochondrial
function (18, 40). Importantly, the BOLD response is depend-
ent on contraction intensity and requires an increase in
intramuscular pressure causing occlusion of the vasculature,
which then establishes the postcontractile BOLD response
(16). The peak BOLD response after muscle contraction
increases approximately linearly until �60% of MVC and
plateaus at �70% MVC (20). Therefore, it is critical that a
near maximal volitional effort during the contractions is
made to obtain an accurate measure of the peak BOLD
response. In order to help verify subjects were providing a
maximal effort, specific force levels (relative to muscle cross-
sectional area) were utilized in this study to ensure adequate
intensity of contractions were performed. Our approach
resulted in reproducible BOLD responses, with comparable
reproducibility to that observed previously using a similar
protocol in adults (41). For example, in that study, the ICC
for the TA muscle at MVC condition was 0.88 (P = 0.005),
whereas we observed an ICC of 0.94 for the TA and the
Bland–Altman plots revealed repeatability coefficients (RCs)
of 1.4 for MVC conditions in the TA muscle, whereas we
observed an average of 1.8. Some previous studies have uti-
lized a single slice acquisition approach, which would avoid
the potential of inflow effects (16, 18). In this study, we uti-
lized a multislice acquisition with an EPI sequence, TR 1 s,
and acquired the axial slices in a distal to proximal direction;
we expected this sequence and parameters would have a rel-
atively small effect of inflow effects inmultislice acquisitions
(42, 43). In order to confirm this, we directly compared the
BOLD response in multislice versus single slice in controls
(n = 3) and observed no differences in peak BOLD response,
time to peak, and half recovery time.

To the best of our knowledge, this is the first study to
show that the postcontractile BOLD response is reduced in
DMD compared with unaffected controls. Previously, we
have observed an impaired BOLD response in dystrophic
mice following brief stimulated contractions, and this
response was improved following the administration of a
phosphodiesterase type 5a (PDE5a) inhibitor (24). PDE5
inhibitors prolong the half-life of cGMP, a downstream target
of NO in vascular smoothmuscle, whichmay partly compen-
sate for the lack of subsarcolemma localization of nNOSμ in
dystrophic muscle (3–6). Lack of nNOSμ has been attributed
to impair vascular function due to an inability to blunt sym-
pathetic vasoconstriction post exercise (9), and detriments
in vascular function have been previously described during
and following exercise in dystrophic mice models and boys
with DMD (5, 8, 12). Furthermore, Nelson et al. (8) observed
blunted brachial artery blood flow in DMD compared with
controls after 7min of handgrip contractions, and more
recently, it was observed that changes in blood flow esti-
mated using power Doppler sonography in the anterior fore-
arms and TA following 1 min of maximal contractions was
reduced in Duchenne and Becker muscular dystrophy (D/
BMD) (44). Our findings are consistent with these previously
reported impairments and suggest that the postcontractile
peak BOLD responsemay provide a quantitative index of mi-
crovascular function with high spatial resolution that can be
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reproducibility administered to participants with DMD,
including young subjects.

Along with microvascular function influencing the post-
contractile BOLD response, it is also possible that the fat con-
tent of the muscle could affect the BOLD response by, for
example, altering the intramuscular pressure. An increase in
muscle fat fraction in DMD is a common characteristic of
disease progression in DMD (45), with the increase in fat
fraction in DMD reflecting predominantly extracellular fat
stores, although intracellular fat content also tends to be ele-
vated when overall muscle fat fraction is evaluated in DMD
(46). However, both the TA and EDL (and hence the AC) fat
fraction are relatively low in DMD compared with other
muscles (46), and there were 4 DMD subjects with fat frac-
tion levels at or below the mean of control subjects (0.09).
Even in these DMD subjects with low fat fraction comparable
with controls, the peak BOLD response was reduced (P =
0.02) in DMD (2.5 ± 1.1%) compared with controls (4.3± 1.6%).
This suggests that factors other than fat fraction (and associ-
ated potential reductions in intramuscular pressure) contrib-
ute to the impairment in peak BOLD response observed in
DMD.

The effect of corticosteroids on microvascular function in
DMD is not clear, and may depend on a number of factors
including dosing regimen (daily vs. weekly), corticosteroid
type (Emflaza vs. prednisone), and length of time the partici-
pants have been administered corticosteroids (47). Previous
studies have generally shown corticosteroids to have benefi-
cial effects on clinical functional tests, ambulation, andmus-
cle strength (plantar flexion and knee extension) in DMD
and this is generally attributed to reduced inflammation
(34). Although studies examining the effects of corticoste-
roids on microvascular function in DMD are limited, other
conditions characterized by inflammation, such as inflam-
matory rheumatic diseases, have shown improvements in
vascular function following corticosteroid interventions
(48). However, there is also considerable evidence to suggest
that corticosteroids can have detrimental effects on micro-
vascular function in certain circumstances, such as impair-
ing vascular reactivity by altering 11 b-hydroxysteroid
dehydrogenase expression in vascular endothelial and
smooth muscles (49, 50). The majority of participants with
DMD in this study were taking corticosteroids long-term
(greater than 6mo). The 2 DMD subjects who were not taking
corticosteroids in this study did not have an altered BOLD
response compared with those on corticosteroids; both par-
ticipants not taking corticosteroids (ages 6 and 9yr; 6min
walk distance of 295 m and 345 m) had an AC peak BOLD
response of 102.3%, versus the DMD group average of
101.9%, range of 100.8%–103.8%), but clearly more research
is needed in this area to examine age and drug interactions.

As well as the peak BOLD response being impaired in
DMD, we observed the half time to recover following the
peak BOLD response was shorter in DMD than controls.
Consistent with this, some studies have observed that a
reduced postcontractile peak BOLD response coincides with
a faster half recovery time (e.g., Ref. 23). We also observed a
positive relationship between the peak BOLD response and
half recovery time, although this was not a strong relation-
ship (r = 0.27, P = 0.04). Other studies have also shown evi-
dence that the peak BOLD response and the half recovery

time may not be tightly coupled. For example, Larsen et al.
(51) observed a similar peak BOLD response but a longer half
recovery time following eccentric contractions compared
with baseline. The different half recovery times may reflect
alterations in the balance between oxygen delivery and utili-
zation. It has been well established that oxygen consumption
in muscle begins without any appreciable delay during mus-
cle contractions (52), and oxygen is also utilized to resynthe-
size phosphocreatine (PCr) after contractions (53). Therefore,
it is likely that muscle oxygen utilization also occurs during
and after the brief contractions implemented in this study
(54), and oxygen utilization has previously been incorpo-
rated as an important component of a model of the postcon-
tractile BOLD response (18). The faster decrease of the BOLD
signal intensity after reaching peak values may reflect a rela-
tively greater oxygen utilization than delivery, and faster off-
transient kinetics of measures reflecting the balance
between oxygen delivery and utilization (e.g., microvascular
PO2) after muscle contractions have been observed under
conditions in which microvascular circulation is impaired
(55). Therefore, the faster recovery time could indicate a rela-
tively reduced oxygen delivery in DMD compared with con-
trols after the peak BOLD response.

Notably, there was considerable heterogeneity of the
BOLD responses among participants with DMD, as well as
controls. In this study we observed a significant relationship
between the peak postcontractile BOLD response and func-
tional walking/running performances and muscle FF in
DMD, suggesting the BOLD response measure is associated
with disease severity. As the disease progresses, there are
several structural changes that occur that may contribute to
an impaired BOLD response, including fibrosis and altered
capillary density (56, 57). Several factors may also contribute
to the heterogeneity of the postcontractile BOLD response
among controls, including physical activity patterns and
fitness levels, consistent with previous reports of the
postcotractile BOLD response being related to endurance
performance and physical activity level (14, 23). In controls,
we did not observe a significant relationship between peak
BOLD response and 10-m W/R, 6-min walk distance, and fat
fraction, but this may be due to the relative homogenous
group of control subjects (e.g., limited range for 10-m
W/R=2.1–3.1 s; 6-min walk distance=400–666 m; fat frac-
tion: 0.05–0.15). Despite a relationship observed in this study
with the peak BOLD response and ambulatory function in
DMD, further larger cross-sectional and longitudinal studies
should be performed to better understand how the BOLD
response changes with disease progression in DMD.

Limitations and Future Directions

This study focused on the TA and EDL muscles during
dorsiflexion contractions, and this model was straightfor-
ward to interpret since the TA and EDL are the primary
muscles recruited during this contraction. The TA and EDL
are also relatively sparedmuscles in DMD, have less fatty tis-
sue infiltration, and allow for adequatemuscle to be sampled
over a wide range of ages. However, muscles involved in
other movements may be affected differently, such as the
soleus, gastrocnemius, or vastus lateralis muscles, which
tend to be affected earlier and to a greater extent (45), and
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owing to this, the impairments we observed in this study
may underestimate the impairments in other muscles. Also,
our analysis was limited to the muscle midbelly, but there is
considerable heterogeneity along the length of the muscles
and the proximal and distal ends of the muscles are often
more affected (58). Furthermore, there are other relatively
minor dorsiflexor muscles of the ankle and foot that should
be considered to be examined using the BOLD response
in future studies (59). Overall, future studies should consider
incorporating other muscles and examining different
regions withinmuscles. Also, other approaches of examining
the BOLD response have been implemented, such as investi-
gating the response after cuff occlusion (60, 61). For exam-
ple, the BOLD response was observed to be different after
cuff occlusion in sedentary than athletes of college age (61).
Since examining the hyperemic response after occlusion
likely has different contributing mechanisms than after con-
tractions (e.g., may be more independent of nNOS), this
approach may provide additional insight into the deficits of
the BOLD response observed in this study in DMD.

Summary

To the best of our knowledge, this was the first study to
examine the postcontractile BOLD response in children. We
showed the feasibility of implementing this dorsiflexion tech-
nique in unaffected controls and in boys with DMD, including
as young as 5yr of age, and with adequate test-to-test repro-
ducibility. Overall, our findings demonstrate that the peak
BOLD response is impaired in DMD compared with unaf-
fected controls after brief muscle contractions. Furthermore,
the postcontractile peak BOLD response was related to clinical
function performance and muscle FF, markers of disease se-
verity in DMD. Our data provide support that the postcontrac-
tile BOLD response may be a valuable tool to evaluate
interventions aimed at improving vascular function in DMD.
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