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Contrast-Enhanced Near-Infrared Optical
Imaging Detects Exacerbation and
Amelioration of Murine Muscular Dystrophy
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Abstract
Assessment of muscle pathology is a key outcome measure to measure the success of clinical trials studying muscular dystrophies;
however, few robust minimally invasive measures exist. Indocyanine green (ICG)-enhanced near-infrared (NIR) optical imaging
offers an objective, minimally invasive, and longitudinal modality that can quantify pathology within muscle by imaging uptake of
ICG into the damaged muscles. Dystrophic mice lacking dystrophin (mdx) or gamma-sarcoglycan (Sgcg�/�) were compared to
control mice by NIR optical imaging and magnetic resonance imaging (MRI). We determined that optical imaging could be used to
differentiate control and dystrophic mice, visualize eccentric muscle induced by downhill treadmill running, and restore the
membrane integrity in Sgcg�/� mice following adeno-associated virus (AAV) delivery of recombinant human SGCG
(desAAV8hSGCG). We conclude that NIR optical imaging is comparable to MRI and can be used to detect muscle damage in
dystrophic muscle as compared to unaffected controls, monitor worsening of muscle pathology in muscular dystrophy, and assess
regression of pathology following therapeutic intervention in muscular dystrophies.
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Introduction

Phenotypically, the muscular dystrophies are defined by a com-

mon clinical presentation of progressive, degenerative, and

irreversible muscle weakness.1 With the advent of modern

sequencing technologies, over 50 genetically unique forms of

muscular dystrophy have been identified.2 The most common

form of muscular dystrophy in children is Duchenne muscular

dystrophy (DMD), with an incidence of 1 in 5000 live male

births.3 Duchenne muscular dystrophy is caused by a mutation

in the dystrophin gene, which encodes for the dystrophin pro-

tein.4 Functional dystrophin connects the intracellular actin

cytoskeleton to the dystrophin-associated glycoprotein com-

plex (DGC), stabilizing the sarcolemmal membrane during

muscle contractions.4,5 Another form of muscular dystrophy

is limb-girdle muscular dystrophy 2C (LGMD2C) resulting

from mutations in the SGCG gene, which encodes for produc-

tion of the g-sarcoglycan.6 As a critical component of the DGC,

g-sarcoglycan is one of the several sarcolemmal transmem-

brane glycoproteins, and its absence leads to sarcolemmal fra-

gility, as phenotypically seen in LGMD2C.7

Currently, few drug treatments are commercially available

to treat the muscular dystrophies, though many therapies have
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shown promise in preclinical and early clinical trials.8-11 Two

commonly studied preclinical dystrophic mouse models are the

DMD (mdx) and LGMD2C (Sgcg�/�) knockout mouse

lines.12,13 These models have been effectively used to study

both diseases, as well as to develop a variety of therapies,

including pharmacological interventions,14,15 exon skip-

ping,16,17 viral delivery,18 and nonsense suppression thera-

pies.19 Although not the ideal mouse model to study DMD,

mdx mice are the most frequently utilized and demonstrate a

large initial inflammatory cascade, followed by slower progres-

sion of disease.20,21 Sgcg�/�mice demonstrate a more progres-

sive phenotype, demonstrating decreased growth, premature

death, and severely dystrophic muscle with aging.12 Having

biomarkers able to detect mitigation of disease or worsening

of pathology is critical for a successful clinical trial. Further-

more, to date, clinical trial efficacy has been hampered by a

lack of such an outcome measure; therefore, a pressing need

exists for sensitive biomarkers to detect disease, further insult

to dystrophic muscle, and response to potential therapies for the

muscular dystrophies.

Quantifiable assessment of inducible damage and therapeu-

tic intervention in preclinical models is limited to several mod-

alities, including histological markers of muscle damage and ex

vivo muscle contraction assessments.21,22 Although clinical

trials regularly use muscle biopsies, they are not ideal due to

the invasive nature; therefore, minimally invasive measures are

preferred. Other measures of muscle damage include assessing

microRNAs, creatine kinase, and the 6-minute walk test, but

these measures lack the ideal sensitivity and specificity neces-

sary for clinical trials.23,24 An optimal means of measuring

muscle health would be applicable both to animals and humans,

allowing for acceleration of preclinical findings to clinical

studies. Recently, magnetic resonance imaging (MRI) has pro-

vided the ability to study disease in a longitudinal and nonin-

vasive fashion both in humans and preclinical models.25-30

Changes in MRI-T2 times reflect a number of different patho-

logical processes that occur in muscle, such as myonecro-

sis,31,32 edema,33 fatty tissue infiltration,34 and fibrosis.35

Although a plethora of helpful information can be gathered

from MR techniques, several limitations do exist, including

adequate compliance of children, metallic implant contraindi-

cations, cost, and speed of operation,36 and thus, we propose to

further develop near-infrared (NIR) optical imaging as a com-

plementary technology to collect minimally invasive, quantita-

tive, and repeatable information.

Contrast-enhanced NIR optical imaging recently has devel-

oped as an effective tool for several clinical applications, such

as perfusion studies37 and tumor identification.38,39 In muscle,

NIR spectroscopic techniques have previously monitored blood

volume, oxygenation, and flow dynamics using fluorescent

dyes.40 Through utilization of optical imaging in the NIR range

(700-1000 nm), several advantages exist when compared to

operating at shorter wavelengths: deeper photon penetration

within tissue and minimal autofluorescence.41-43 However,

these studies do not assess actual muscle pathology, but rather

flow dynamics. A limited number of NIR optical imaging

techniques have been conducted to directly assess muscle dam-

age, first in mdx mice using a caged NIR cathepsin B sub-

strate44 and later in a rat model of muscle damage using an

indocyanine green (ICG) derivative.45 While these provide

valuable information regarding the state of muscle pathology

and response to therapy, clinical application of these tech-

niques to the muscular dystrophies is limited because they do

not use clinically approved NIR optical imaging contrast

agents. Our group recently has investigated the potential use

of unmodified ICG-enhanced NIR optical imaging as a means

to detect muscle damage in healthy mice.32 Indocyanine green

is an FDA-approved fluorescent blood pooling agent which

binds to albumin in circulation, and through the enhanced per-

meation and retention effect, it is retained in pathological tis-

sues. We have previously shown that ICG accumulates in

damaged muscle following acute muscle damage in control

mice, similar to Evan’s blue dye.32 Through uptake into dam-

aged dystrophic muscle, it is anticipated that application of the

clinically approved ICG-enhanced NIR optical imaging may be

able to spatially image and sensitively quantify muscle pathol-

ogy. Further, we expect ICG-enhanced NIR optical imaging

will be sensitive enough to detect inducible damage and ame-

lioration of disease in mice.

The main aim of this study was to test whether ICG-

enhanced NIR optical imaging can detect and quantify damage

in dystrophic muscles, resulting from the natural pathological

progression in 2 different muscular dystrophies (DMD and

LGMD2C) in vivo. Furthermore, we also examined whether

contrast-enhanced NIR optical imaging will be sensitive to

assess exacerbation of muscle pathology by inducing an addi-

tional bout of muscle damage using a well-established model of

downhill treadmill running in mdx mice. Finally, we tested

whether NIR optical imaging could quantify and visualize the

mitigation of disease burden on Sgcg�/� mice following deliv-

ery of SGCG via adeno-associated virus (AAV). We hypothe-

size that NIR optical imaging is able to sensitively detect

damage to muscle secondary to natural disease processes and

mitigation of the disease processes in two dystrophic mouse

models.

Materials and Methods

Animal and Experimental Protocol

All studies were approved by the University of Florida’s Insti-

tutional Animal Care and Use Committee, Gainesville, Florida

(protocol number, 201507488). All experiments were per-

formed in accordance with relevant guidelines and regulations.

All experiments were performed in a blinded fashion and mice

for experimental cohorts were randomly determined. Control

C57/BL10 and C57/BL10ScSn-Dmdmdx/J (mdx) mice breeding

pairs were obtained from Jackson Laboratories (Bar Harbor,

Maine) and thereafter bred in-house through the University of

Florida’s Animal Care Services. Sgcgtm1Mcn (Sgcg�/�) mice

were generously provided by Dr. Elisabeth Barton. Mice were

housed in Association for Assessment and Accreditation of
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Laboratory Animal Care regulated facilities (12-hour light/dark

cycle, 72�F, 42% humidity) and provided food ad libitum

throughout the study. Data collection for each mouse included

NIR optical imaging and MRI. To compare age-matched

control mice to the 2 dystrophic phenotypes, data were

collected in a cross-sectional fashion at 6 to 10 weeks of age

(n ¼ 8 per group). To exacerbate muscle damage on top of the

dystrophic disease phenotype, treadmill experiments were

performed on mdx mice aged 12 to 32 weeks (n ¼ 5). Further,

to assess the ability to detect mitigation of disease phenotype

following treatment, AAV therapy was initiated on Sgcg�/�

mice (n ¼ 8) aged 6 to 10 weeks. Data were collected before

and after the trial, including histology at the conclusion of the

experiments.

Mdx mice were run on a downhill (14� decline) motorized

treadmill at a speed of 8 to 10 m/min for up to 45 minutes as

previously described.31 Five minutes prior to the downhill run-

ning, mice were allowed to acclimate to the treadmill environ-

ment by running horizontally at a speed of no greater than 5 m/

min. Mice were provided a short burst of compressed air behind

them to encourage compliance to run up to 45 minutes. Post

treadmill data collection occurred 48 hours after treadmill run-

ning. The same mice were used to collect both pretreadmill and

posttreadmill data.

Human SGCG complementary DNA was utilized to gener-

ate recombinant AAV serotype 2/8 and expression was regu-

lated by a truncated desmin promoter as previously described

(desAAV8hSGCG).18. Vector production was performed at the

University of Pennsylvania Vector Core. Fifty microliter (uL)

of a 1:20 solution of viral particles diluted in phosphate-

buffered saline (PBS) was injected in the tibialis anterior

(TA) muscle and 100 mL into the gastrocnemius (Gas) muscle.

Hind limbs were randomly preselected to receive the AAV

therapy. Following injections, mice were housed in the animal

facility for 6 weeks, after which data (MRI, NIR optical ima-

ging, and histology) were collected.

For all mice, 1 hour prior to NIR optical imaging, Nira-

waveC ICG (Miltenyi Biotec Inc, San Diego, California) was

intravenously administered per the package insert (1 mg

ICG/kg body weight). Following an initial peak of fluores-

cence of the dye in the vascular compartments, a steady

signal was maintained between 30 minutes and 3 hours post-

injection (data not shown), and NIR optical imaging data

were collected at 1 hour postinjection. Near-infrared optical

image capture typically was performed in less than a minute

per mouse. Mice were anesthetized using an oxygen and

isofluorane mixture (3% induction, 0.75%-1% maintenance)

and NIR optical imaging was performed using an in vivo

fluorescence imager (field of view [FOV]: 9 � 9 cm, excita-

tion wavelength: 745 nm, emission wavelength: 820 nm;

Perkin Elmer, Waltham, Massachusetts). Acquired images

were analyzed using Living Image software on the same in

vivo fluorescence imager. Total radiant efficiency from all

experiments was normalized to account for differences in

scanning laser power, exposure times, and scanning area

selected between mice.

To support NIR optical findings, MRI was performed in a

4.7-T horizontal 22.5-cm bore magnet (Agilent, Santa Clara,

California) immediately following NIR optical imaging. Ani-

mals were anesthetized using an oxygen and isofluorane mix-

ture (3% induction, 0.75%-1% maintenance) and were kept

warm with a heated water tubing system for the duration of

MR procedures. Respiratory rate and temperature were mon-

itored (Small Animal Instruments, Stony Brook, New York)

throughout the scans to ensure adequate physiologic mainte-

nance while under anesthesia, and anesthesia was appropriately

adjusted as needed. Limbs were inserted into a custom-built

solenoid 200 MHz 1H coil (2.0 cm internal diameter). To obtain

correct positioning of all subsequent scans, localizer images in

orthogonal planes were acquired using a gradient echo

sequence (Repetition Time [TR]¼ 30 milliseconds, Echo Time

[TE]¼ 5 milliseconds, slice thickness¼ 2 mm, slice number¼
3 per plane, acquisition matrix¼ 128� 128, signal averages ¼
1). Axial proton T2-weighted multislice MR images were

obtained along the length of all mouse forelimbs and lower

hind limbs (TR ¼ 2000 milliseconds, TE ¼ 14 and 40 milli-

seconds, FOV ¼ 10 � 20 mm2, slice thickness ¼ 1 mm, slice

number ¼ 12, acquisition matrix ¼ 128 � 256, signal averages

¼ 2). MRI-T2 decay was calculated assuming a single expo-

nential curve decay, based on previous work that has demon-

strated the ability to differentiate healthy from damaged

muscle.21,31,32 Diffusion weighting was fixed at both TEs, and

Hahn spin echoes were implemented to avoid contribution of

stimulated echoes in the T2 measurements. The MR images

were converted from raw Varian format to Digital Imaging

and Communications in Medicine (DICOM) files for analysis.

To assess intramuscular differences, individual slices were

stacked into continuous sections encompassing the entire

length of the mouse lower hind limb. Each stack was analyzed

individually, and a series of 3 images were used to quantify

MRI-T2 measurements, beginning 6 mm distal from the tibial

plateau as the anatomical reference point, ensuring consistent

measurements were performed. For all presented data, regions

of interest (ROIs) were drawn to include all limb muscles,

excluding bone and as much fascia as possible. Additionally,

ROIs were drawn in a blinded fashion around individual mus-

cle compartments, including the forelimb anterior and poster-

ior compartments and the anterior, medial, and posterior

compartments of the lower hind limbs. All image processing

was performed using Osirix software (Geneva, Switzerland)

to calculate signal intensity and T2 relaxation times.

At the conclusion of experiments, mice were sacrificed the

day following NIR optical imaging and MRI data capture. In

the AAV treatment protocol, muscles (TA and Gas) were care-

fully dissected, fixed in Optimal Cutting Temperature at resting

length, immediately frozen in isopentane precooled by liquid

nitrogen, and stored at �80�C. Cryosections 10 mm were pre-

pared from TA and Gas muscle. Sections were blocked with

5% bovine serum albumin (BSA) in PBS for 1 hour at room

temperature and incubated with a rabbit polyclonal antibody

against g-sarcoglycan (kind gift from Elizabeth McNally,

Northwestern University, Chicago, Illinois, USA), diluted

Chrzanowski et al 3



(1:500) in 5% BSA overnight at 4�C. The sections were then

washed in 1� PBS to remove any excess antibody. After wash-

ing, the secondary antibody, Alexa 488 anti-rabbit (1:2000),

and wheat germ agglutinin 555 conjugate (1:500; Invitrogen,

Carlsbad, California) were applied to the sections and allowed

to incubate for 1.5 hours at room temperature. The sections

were then washed again in 1� PBS, allowed to slightly

air-dry, mounted with coverslips using Vectashield with

40,6-diamidino-2-phenylindole (DAPI) (H-1200; Vector

Laboratories, Burlingame, California) as a mounting medium,

sealed with clear nail polish, and stored at 4�C.

Immunoblotting was performed to quantify the amount of

SGCG produced by viral injection as previously described.18

In summary, homogenized lysates from treated and untreated

muscles of Sgcg�/�mouse were probed to identify g-sarcoglycan

(1:1000 rabbit polyclonal antibody NBP1-59744; Novus Biolo-

gics, Littleton, CO, USA) and glyceraldehyde 3-phosphate dehy-

drogenase (GAPDH; mouse antibody sc-32233; Santa Cruz,

Dallas, TX, USA). Muscles were homogenized in 10 volumes/

muscle wet weight of modified lysis buffer (pH 7.4, Tris–HCl

[150 mM], Triton X-100 [1% wt/vol], sodium deoxycholate

[0.25%], NaCl [150 mM], phenylmethylsulfonyl fluoride

[1 mM], aprotinin [1 mg/mL], leupeptin [1 mg/mL], pepstatin

[1 mg/mL], NaVO4 [1 mM], NaF [1 mM], and EGTA [1 mM])

and centrifuged to obtain supernatant. Protein 40 mg from each

lysate was obtained, separated by 10% sodium dodecyl sulfate

polyacrylamide gel electrophoresis, and transferred to

polyvinylidene fluoride membranes (Millipore, Billerica,

Massachusetts). Then, membranes were incubated at room

temperature in Odyssey Blocking Buffer (LI-COR, Lincoln,

Nebraska) for 90 minutes, followed by incubation in primary

antibodies diluted in the same buffer. The next day, mem-

branes were washed, then incubated with IRDye secondary

antibodies (800cw donkey a-rabbit 925-32213, 680cw goat

a-mouse 925-68070; LI-COR). Band detection and intensity

analysis was performed on an Odyssey LX imaging system

and associated software (LI-COR). Membranes were finally

stained with Coomassie brilliant blue R-250 to confirm equal

protein loading.

All statistical analyses were performed using Prism 6.0

(GraphPad, La Jolla, California). One-way analysis of variance

(ANOVA) tests were utilized to compare cross-sectional data

between control and dystrophic mouse data. Standard linear

regression was performed to compare NIR optical imaging to

MRI-T2 for all experiments. Two-way ANOVA tests with Bon-

ferroni correction were utilized to investigate muscle damage

in the treadmill and AAV experimental cohorts. Significance

levels were tested at an alpha level of .05.

Results

Near-Infrared Optical Imaging Identifies Muscular
Dystrophy in Mice

To determine whether NIR optical imaging can differentiate

healthy from dystrophic muscle, control (n ¼ 5, aged 12-32

weeks), mdx (n ¼ 5, aged 12-32 weeks), and Sgcg�/� (n ¼ 8,

aged 6-10 weeks) mice were compared using NIR optical ima-

ging and MRI. A significant increase of fluorescence was

observed in mdx and Sgcg�/� mice as compared to their unaf-

fected counterparts (Figure 1A) using ICG-enhanced NIR opti-

cal imaging. Less ICG fluorescence was visualized in control

mice (Figure 1C) compared to mdx (Figure 1D) and Sgcg�/�

(Figure 1E) strains of mice. In support of NIR optical imaging

findings, MRI-T2 times of the lower hind limb muscles were

elevated in both dystrophic phenotypes (Figure 1B) compared

to controls. Of note was the nonhyperintense uniformity of T2

in control mouse muscle (Figure 1F) compared to patches high-

lighted by arrows in T2-weighted images, indicating muscle

pathology in both mdx (1G) and Sgcg�/� (1H) hind limbs.

Figure 1. Dystrophic muscle can be detected by NIR optical imaging, MRI, and MRS. NIR optical imaging (1A) and MRI-T2 (1B) are able to
differentiate control muscle from mdx and Sgcg�/� muscle. Representative NIR optical images of healthy (1C), mdx (1D), and Sgcg�/� (1E) mice
are shown. Similarly, MR images are shown of healthy (1F), mdx (1G), and Sgcg�/� (1H) mice. Arrows highlight hyperintense regions in the mdx
(1G) and Sgcg�/� (1H) mouse MRI images. Significant values (**p < 0.01; and ***p < 0.001) are indicated.
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Upon comparison of NIR optical imaging values to MRI

relaxation times (MRI-T2), a significant correlation was

observed between these 2 parameters when all measurements

from control, mdx, and Sgcg�/� mice (r2 ¼ .56, P < .0001;

Figure 2) are considered.

Eccentric Loading by Downhill Treadmill Running
Induces Quantifiable Muscle Damage in Mdx Mice

Next, to test whether NIR optical imaging was sensitive to

quantify exacerbation of muscle damage in a dystrophic phe-

notype, a cohort of mdx mice underwent downhill treadmill

running. When compared to baseline values acquired before

downhill treadmill running, older mdx mice demonstrated sig-

nificant increases of measurable fluorescence in both the fore-

limbs and hind limbs (Figure 3A). Although MRI-T2 relaxation

times of forelimb and hind limb muscles trended to increase,

only the hind limb muscles demonstrated significant changes in

MRI-T2 following treadmill running (Figure 3B). However,

localized measurement of MRIs from the forelimb posterior

and hind limb medial compartments demonstrated increases

in MRI-T2 (Supplement Figure), as previously reported.32 Rep-

resentative NIR optical images (Figure 3C) and MR images (3-

D) images are shown. Following treadmill running, there was

no significant correlation between NIR optical imaging and

MRI-T2 when using the measurements for the forelimb and

hind limb muscles (r2 ¼ .02, P > .05; Figure 4).

Restoration of g-Sarcoglycan in Muscle Is Observed by
ICG-Enhanced NIR Optical Imaging

Quantification of disease mitigation resulting from therapeutic

intervention was tested by restoring g-sarcoglycan via AAV

intramuscular injections of human SGCG into Sgcg�/� mice.

Before and 6 weeks after desAAV8hGCG injections, NIR opti-

cal imaging and MRI were collected from the Sgcg�/� mice.

Indocyanine green fluorescence was decreased significantly in

the treated hind limbs compared to both preinjection values of

the same hind limbs and noninjected hind limbs (Figure 5A).

Similarly, MRI quantitatively demonstrated a decrease in T2

signal in the injected hind limbs (Figure 5B). Representative

NIR optical images for the baseline Sgcg�/� (Figure 5C) and

Figure 2. Increased radiant efficiency linearly correlates with
increased MRI-T2 in healthy and dystrophic mice. Dystrophic mice
with increased radiant efficiency measures concurrently have elevated
MRI-T2 times (r2 ¼ 0.56, P < 0.0001).

Figure 3. NIR optical imaging, but not MRI, identifies increased damage to muscle following treadmill exercising in mdx mice. NIR optical
imaging (3A) demonstrates increased radiant efficiency following downhill treadmill running. MRI-T2 values (3B) show no significant increase in
MRI-T2 following the treadmill exercise. NIR optical images (3C) and MR images (3D) are shown before and after treadmill running in both the
forelimbs and hindlimbs. Significant values (*p < 0.05 and **p < 0.01) are indicated.
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to-be-treated Sgcg�/� (Figure 5D) mice, as well as þ6-week

images of nontreated Sgcg�/� (Figure 5E) and treated Sgcg�/�

(Figure 5F) mice are shown. Confirming the NIR optical ima-

ging findings, MRI-T2 (Figure 5B) demonstrated similar trends

of decreased muscle damage in the treated hind limbs. Simi-

larly, representative MRI images highlighting hyperintense

regions of pathology are shown on baseline Sgcg�/� (Figure

5G) and to-be-treated Sgcg�/� (Figure 5H) mice, as well as þ
6-week images of nontreated Sgcg�/� (Figure 5I) and treated

Sgcg�/� (Figure 5J) mice. Note that the dashed gray box indi-

cated in Figure 5A and B indicate the 95% of control values for

both respective measures. Similar to the previous experiments,

correlation plots are shown comparing NIR optical imaging to

MRI-T2 (r2¼ .43, P < .01; Figure 6), demonstrating correlation

of radiant efficiency and MRI-T2 in the AAV therapeutic inter-

vention cohort.

Histological assessment confirmed that g-sarcoglycan was

restored to muscles that received SGCG via AAV (Figure 7).

The left panel of Figure 7 shows the restoration of g-sarcogly-

can with sarcolemmal distribution throughout TA muscles that

were injected, whereas the right panel of Figure 7 shows a

complete lack of g-sarcoglycan in Sgcg�/� muscles that did

not receive treatment. Furthermore, immunoblots calculating

the g-sarcoglycan to GAPDH ratio confirmed expression of g-

sarcoglycan in the AAV-treated Sgcg�/� limbs, as compared to

the Sgcg�/� nontreated hind limbs (Figure 8), comparable to

previous literature.18

Magnitude of Effect Size Is Comparable Between NIR
Optical Imaging and MRI

Cohen d values were calculated to determine the magnitude of

effect size of NIR optical imaging versus MRI-T2. Near-

infrared optical imaging demonstrated comparable ability to

differentiate control from mdx and Sgcg�/� mice, the ability

of eccentric downhill treadmill running to induce damage to

older mdx mice, and the restorative capabilities of AAV ther-

apy in Sgcg�/� mice as compared to MRI-T2 (Table 1). Impor-

tantly, both modalities demonstrated the statistically significant

ability to detect changes in muscle damage, confirming the

comparable abilities of NIR optical imaging and MRI to detect

muscle pathology in vivo.

Figure 5. Sgcg�/� mice treated with SGCG loaded AAVs demonstrate decreased radiant efficiency and lower MRI-T2 relaxation times following
intervention. 6 weeks after intramuscular injections of an AAV containing human g-sarcoglycan, total radiant efficiency was significantly
decreased as compared to counterpart hindlimbs that did not received the AAV treatment (5A). Similarly, MRI demonstrated decreased T2

values in the hindlimbs that were treated (5B). Baseline images of non-injected (5C) and to-be-treated (5D) mice were obtained as well as images
after 6 weeks of mice with no treatment (5E) and treated (5F) mice. Visually note the increased fluorescence in the forelimbs (that were
not treated) versus the treated hindlimbs of the AAV treated mouse in Figure 5E. Representative MR images shown in 5G-J, parallel to 5C-F.
In 5A and 5B, the 95th percentile of healthy control mouse values are shown by the gray box. Statistical significance (*p < 0.05 and **p < 0.01)
is shown.

Figure 4. Increased total radiant efficiency does not correlate with
increased magnetic resonance measures before and after damage
induced by treadmill running. Mice with increased radiant efficiency
did not correlate to elevated MRI-T2 (r2 ¼ 0.02, p > 0.05) times by
whole muscle assessment.

6 Molecular Imaging



Discussion

The main aim of this investigation was to evaluate the efficacy

of ICG-enhanced NIR optical imaging to detect and quantify

muscle pathology caused by natural disease progression. Sev-

eral experiments were performed to accomplish these tasks,

including (1) a cross-sectional comparison between dystrophic

and unaffected mice, (2) exacerbating muscle damage in a

dystrophic phenotype by an eccentric treadmill running proto-

col, and (3) mitigation of disease through AAV delivery of the

missing gene in Sgcg�/� mice. Mdx and Sgcg�/� mice demon-

strated higher radiant efficiency values than healthy counter-

parts, indicating uptake of ICG into damaged muscles, with

additional confirmation provided by MRI-T2. Additional insult

to muscle was implemented through an eccentric loading

downhill treadmill running protocol, with quantitative visuali-

zation of muscle pathology provided by NIR optical imaging

and MRI. Finally, an AAV encoding human SG was used to

correct the gene deficiency in Sgcg�/�mice, with confirmation

of successful treatment provided by the imaging modalities and

histological assessment.

To our knowledge, we are the first group to demonstrate the

ability of unmodified ICG-enhanced NIR optical imaging to

detect perturbations to muscle health in the muscular dystro-

phies. To date, two groups have utilized contrast-enhanced NIR

optical imaging to detect muscle damage in preclinical models

with other NIR visible agents. Baudy et al elegantly demon-

strated that a caged NIR cathepsin B substrate could be used to

sensitively visualize damage, inflammation, regeneration, and

response to therapy within dystrophic skeletal muscle in mdx

mice.44 In a rat model of acute muscle trauma, Inage et al

utilized a modified ICG conjugate to observe muscle damage.45

Our group previously showed the ability of unmodified ICG-

enhanced NIR optical imaging to assess acute muscle damage

in nondystrophic mice.32 As unmodified ICG-enhanced NIR

optical imaging has not been previously utilized to quantify

and assess muscle pathology in the muscular dystrophies, we

sought to demonstrate differentiation in fluorescent signal

between unaffected control mice and 2 dystrophic mouse mod-

els, mdx and Sgcg�/�mice, indicating uptake of ICG into dam-

aged sarcolemma (Figure 1A). Further confirmation of muscle

pathology was demonstrated through several MR measures,

such as MRI-T2 (Figure 1B). Elevated MRI-T2 relaxation times

indicate damage and inflammation that occurs as a result of

decreased membrane stability in dystrophic mice, as previously

demonstrated.46-48 Importantly, ICG-enhanced NIR optical

imaging of multiple mice could be performed in less than 5

minutes, whereas comparable MRI data collection usually

takes 30 to 60 minutes to perform per mouse. To determine

whether these 2 modalities agreed, data were plotted against

Figure 7. Immunofluorescence reveals restoration of g-sarcoglycan in treated muscle. Representative TA sections that received (left panel) and
did not receive (right panel) SGCG loaded AAVs are shown, stained for g-sarcoglycan (green), wheat germ aggluttinin (red), and DAPI (blue),
along with composite images. Scale bar is 100 mm.

Figure 6. Increased total radiant efficiency correlates with increased
magnetic resonance measures in Sgcg�/� mice with and without
restorative AAV therapy. Mice that did and did not receive corrective
therapy demonstrated correlative NIR optical imaging and MRI-T2

(r2 ¼ 0.43, p < 0.01) data.

Chrzanowski et al 7



each other, and significant correlations were drawn between

NIR optical imaging and MRI-T2 when examining healthy and

diseased muscles (Figure 2).

Optical imaging detected muscle damage in dystrophic mus-

cle following downhill treadmill running. In addition to differ-

entiating between control and dystrophic muscle, we

determined whether optical imaging could be used to detect

acutely induced muscle damage against a background of

chronic disease induced damage. This is important in that as

the muscular dystrophies are progressive by nature and con-

stantly undergoing muscle turnover. Worsening of muscle

pathology in a dystrophic phenotype was able to be investi-

gated through a downhill treadmill running protocol, which is

known to cause additional muscle damage due to eccentric

loading damage to muscles during exercise.31 When comparing

data before and after treadmill running, mice demonstrated a

significant increase in fluorescent dye uptake into the muscles

(Figure 3A). Interestingly, MRI-T2 did not show significant

differences in the forelimb and hind limb muscles when con-

sidered as a whole (Figure 3B) but did when individual muscle

compartments were analyzed (Supplemental Figure 9, the fore-

limb posterior Figure 9B) compartment and hind limb medial

(Supplemental Figure 9D) compartments in agreement with

previous literature.31 The lack of robustly elevated T2 in the

remaining compartments may be due to differences in biome-

chanical loading from the downhill treadmill exercises and

heterogeneous distribution of disease in dystrophic muscle.

Unexpectedly, a significant correlation was not observed when

comparing T2 to radiant efficiency before and after treadmill

running (Figure 4). While subjectively one can separate pre-

versus posttreadmill running, a clear correlation was not

observed, potentially due to the assessment of whole limbs

(fore- and hind-) rather than specific muscle groups. Consistent

with previous reports,31 MRI-T2 revealed that not all the mus-

cles are affected to the same extent following treadmill running

and change in this case the optical signal may be diluted by

muscles. Whereas these results demonstrate the sensitivity of

optical imaging, they also highlight the high resolution that is

afforded by MRI to look at muscle specific changes.

Perhaps, the most critical task of an outcome measure is to

be able to detect changes following therapeutic intervention. In

this study, we utilized ICG-enhanced NIR optical imaging and

MRI to demonstrate the mitigation of LGMD-2C through

restoration of g-sarcoglycan through intramuscular injections

of desAAV8hSGCG (Figure 5). Supporting these findings are

the data demonstrating modest longitudinal correlation of radi-

ant efficiency and MRI-T2 (Figure 6) and histological immu-

nofluorescence confirmation of g-sarcoglycan restoration in

mice treated with desAAV8hSGCG (Figures 7 and 8) follow-

ing AAV treatment. Whereas we have used the dystrophic mice

to demonstrate the potential of optical imaging, future studies

in humans are warranted. Indeed, it has previously been shown

that a combined MRI and ICG-enhanced optical imaging

can be used to stage human breast cancer.38 As elegantly

demonstrated by Ntziachristos and colleagues, coregistered

gadolinium-enhanced MRI and ICG-enhanced diffuse optical

tomography images of breast tumors were able to be obtained,

demonstrating the capability of ICG-enhanced optical imaging

to accurately and safely be implemented in humans.38 Impor-

tantly, the methodologies utilized in this study to observe this

correction of disease are implementable in both preclinical and

clinical models, potentially accelerating the translation of

therapies to the clinic.

Both minimally invasive technologies, NIR optical imaging

and MRI, demonstrate adequate competency to detect disease-

induced pathology, further insult to muscle, and correction of

disease pathology in muscle (Table 1). Advantages and disad-

vantages exist when using either technology—MRI provides

superior soft tissue spatial resolution, while NIR optical ima-

ging demonstrates the ability to sensitively assess changes to

sarcolemmal integrity in an in vivo manner. Typically, to assess

the integrity of sarcolemmal membranes, a blood pooling dye

such as Evans blue dye is administered, prior to sacrifice and

extraction of the muscle.49 In our study, we demonstrate the

Figure 8. Expression of g-sarcoglycan / GAPDH is present in the
AAV treated hindlimbs of supports non-invasive markers of Sgcg�/�

mice. Raw western blots (A) are shown for Sgcg�/� and wild type
mice. The g-sarcoglycan / GAPDH ratio is significantly increased
in limbs treated with desAAV8hSGCG, as compared to limbs
non-treated Sgcg�/� limbs (*p < 0.01).

Table 1. Effect Size Magnitude Demonstrates Comparable Differ-
ences Between NIR Optical Imaging and MR Measures.a

NIR Optical Imaging MRI-T2

Control versus mdx 2.69 3.88
Control versus Sgcg�/� 2.26 3.56
Treadmill-induced damage 2.06 .84
AAV restorative therapy 2.75 .97

Abbreviations: MRI, magnetic resonance imaging; NIR, near infrared.
aCohen d effect size values for radiant efficiency and MRI-T2 are presented,
demonstrating comparable effect sizes for both modalities.
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ability to assess sarcolemmal integrity in an in vivo manner by

using ICG-enhanced NIR optical imaging. Interestingly, fol-

lowing desAAV8hSGCG restoration in Sgcg�/� mice (Figure

5), MRI-T2 returns to control levels (indicated by the dashed

gray boxes in Figure 5), but NIR optical imaging data do not

return to baseline levels. This may be due to several reasons,

including incomplete disease correction by desAAV8hSGCG,

as muscle had already become too fibrotic prior to

desAAV8hSGCG therapy limiting the distribution of therapy

throughout the diseased muscle, or that residual ICG remained

trapped in the muscle. Overall, these conflicting findings sug-

gest that NIR optical imaging and MR are complementary,

rather than supplementary technologies. Each technique pro-

vides valuable information; MRI provides better spatial dis-

crimination, while NIR optical imaging provides quicker,

cheaper, and comparably sensitive differentiation of pathologic

states of muscle.

As clinical trials continue to press forward with suboptimal

results, we are reminded of the importance of having sufficient

outcome measures that are able to detect natural progression of

disease and therapeutic efficacy in safe, minimally invasive,

objective, repeatable, and quantifiable manners.50-53 A recent

shift toward quantitative MRI has drawn excitement, as a great

deal of information regarding natural progression of the mus-

cular dystrophies50,54 and response to treatment55 can be

obtained. Additionally, data can continue to be collected fol-

lowing the inevitable loss of ambulation in these populations.

Building upon MRI as a well-proven imaging modality, ICG-

enhanced NIR optical imaging demonstrates that we can quan-

titatively assess muscle pathology in a safe, repeatable, and

minimally invasive fashion, complementing the findings of the

more expensive and time-consuming MR procedures.

In this study, we demonstrate the development of ICG-

enhanced NIR optical imaging to assess the state of muscle

health, but this study is not without limitations. First, ICG is

a nonspecific contrast agent, which is both an advantage and

disadvantage. It may be advantageous to use because it can

ubiquitously be applied for several different applications in and

beyond muscle. For the same reasons, this may be viewed as a

disadvantage, as it is taken up nonspecifically anywhere where

there may be a compromised membrane. Although NIR optical

imaging was deemed to be comparable to MRI by effect size

measurements, the development of technology to provide bet-

ter spatial resolution (ie, assessment in different planes) would

provide much benefit to NIR imaging. Additionally, while this

study elicited the ability to differentiate dystrophic and

repaired muscle in a cross-sectional manner, longitudinal stud-

ies may allow for monitoring of subtle disease progression or

regression. Utilizing NIR optical imaging to assess the efficacy

between different disease-modifying techniques for the mus-

cular dystrophies, such as DNA replacement, RNA manipula-

tion, decreasing inflammation and fibrosis, and correcting

blood flow perturbations would be worthwhile investigations.

Lastly, Western blotting for g-sarcoglycan is made difficult

due to the commercial antibodies which have residual back-

ground binding. Future studies warrant the development of

standardized protocols to longitudinally investigate muscular

dystrophies and using other disease-modifying agents, deter-

mining whether NIR optical imaging can similarly detect

amelioration of disease both in preclinical and clinical mod-

els. Certainly, much more developmental work is required

before contrast-enhanced NIR optical imaging can provide a

meaningful alternative to MRI.

In summary, we demonstrate the utilization of NIR optical

imaging with an FDA-approved NIR fluorophore, ICG, to

assess and quantify pathology resulting from two different

muscular dystrophies in mice, worsening of muscle pathology

through eccentric loading, as well as correction of disease

through an AAV restorative therapy. Because of its comparable

power to identify muscle pathology to MRI, ICG-enhanced

NIR optical imaging may serve as a multipurpose, minimally

invasive, safe imaging technology that can be applied to other

disorders of muscle in both animals and humans, available for

rapid translation to clinical trials.
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