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Abstract

Introduction—The ability to view individual myofibers is possible with many histological

techniques, but not yet with standard in vivo imaging. Optical coherence tomography (OCT) is an

emerging technology that can generate high resolution 1–10 μm cross-sectional imaging of tissue

in vivo and in real time.

Methods—We used OCT to determine architectural differences of tibialis anterior muscles in

situ from healthy mice (wild-type [WT], n = 4) and dystrophic mice (mdx, n = 4). After diffusion

tensor imaging (DTI) and OCT, muscles were harvested, snap-frozen, and sectioned for staining

with wheat germ agglutinin.

Results—DTI suggested differences in pennation and OCT was used to confirm this supposition.

OCT indicated a shorter intramuscular tendon (WT/mdx ratio of 1.2) and an 18% higher degree of

pennation in mdx. Staining confirmed these architectural changes.

Conclusions—Architectural changes in mdx muscles, which could contribute to reduction of

force, are detectable with OCT.
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Muscle architecture refers to the macroscopic arrangement of myofibers within a muscle and

their attachment to tendons at the myotendinous junction.1 These properties have a

significant effect on muscle function and muscle response to injury or disease.2

Consequently, methods to characterize muscle architecture are important.
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The muscular dystrophies are a heterogeneous group of inherited disorders characterized by

progressive weakness and degeneration of skeletal muscles. Duchenne muscular dystrophy

(DMD), the most common, is an X-linked disorder caused by the absence of dystrophin, a

protein found on the cytoplasmic surface of the sarcolemma in striated muscle.3 Dystrophin

is also missing from mdx mice, an animal model for DMD.

This study compared the in situ architecture of healthy (wild-type, WT) and dystrophic

(mdx) mouse skeletal muscle using optical coherence tomography (OCT). OCT provides a

means to directly and rapidly assess architecture of muscles in vivo. OCT uses coherence

gating of a light source to obtain images with extremely high spatial resolution, approaching

the single micron level. OCT is an emerging tool that can provide real-time images of

muscle in situ. OCT is able to image tissue (1–2 mm in depth) and generate three-

dimensional images rapidly and without harmful effects to the tissue being studied.

METHODS

Animals

We used age-, strain-, and gender-matched 2- to 3-month-old male C57BL/10ScSn WT (n =

4) mice and mdx (n = 4) mice. Experimental procedures were approved by the University of

Maryland Institutional Animal Care & Use Committee.

Diffusion Tensor Imaging (DTI)

DTI was performed as described.4 Imaging was performed using a Bruker Biospin

(Billerica, Massachusetts) 7.0 Tesla MR system. Diffusion tensor reconstruction and

tractography was performed (Fig. 1A) using Track-Vis (Massachusetts General Hospital;

Boston, MA).

Optical Coherence Tomography (OCT)

The WT and mdx mice used for DTI were allowed to recover from anesthesia, and several

days later we examined the tibialis anterior (TA) muscles bilaterally on an OCT system

previously described.5,6 Mice were anesthetized, and the animal was placed in the supine

position (Fig. 1B). To keep the muscles at comparable lengths, the ankles were maintained

at 90° using a custom-designed splint. A small skin incision was made along the length of

the TA for optimum scanning; the epimysium remained intact. The OCT system used a laser

source that generates a broadband spectrum of ~100 nm full width at half maximum

centered at 1,310 nm. A Michelson interferometer composed of a circulator and a fiber-optic

50/50 splitter was used to generate the Fourier-domain OCT interference signal. Virtual

sections of reconstructed images from both TAs were examined to characterize muscle

geometry and architecture. Fiber pennation angles were taken from the image slice used to

obtain maximal internal tendon length (Fig. 1C). Curvature was calculated using the

Straighten_.jar plugin using ImageJ.7

Histology

After OCT, the anesthetized animals were euthanized by perfusion with 4% paraformal-

dehyde in buffered saline while the ankles were maintained at 90°. The TAs were dissected,
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and frozen muscle tissue was sectioned at 8 μm in thickness and stained with Alexa Fluor

488 conjugated to wheat germ agglutinin (WGA).

RESULTS

DTI provides a diffusion coefficient that is orientation-dependent for elongated structures

such as myofibers.8,9 DTI indicated an apparent change in fiber direction of the mdx mice

compared with WT mice (Fig. 1A). When comparing WT and mdx TA cross-sections of

whole mount unfrozen tissue (Fig. 1A), tendons are visible, however pennation angle is

impossible to determine and finding a cut true to the maximal tendon length is difficult.

OCT was used to image TA muscles in situ (Fig. 1B). Images were searched to obtain

maximal internal tendon length, fiber pennation angle, and overall shape of the TA muscle

(Fig. 1C). The mdx muscles showed significant changes in all these parameters. The tendon

length was shorter in mdx TAs (2.70 ± 0.14 mm) than in WT TAs (3.27 ± 0.42 mm; P <

0.05). Fiber pennation angles were larger in mdx TAs (23 ± 2°) compared with WT TAs (19

± 1°; P < 0.03). These architectural differences were consistent with findings from the

histological staining with WGA, where tendon length (2.61 ± 0.2 mm and 3.14 ± 0.27 mm

in the mdx and WT, respectively) was almost identical in proportion. The same was true for

fiber pennation (24 ± 3° and 19 × 2° in the mdx and WT, respectively). Qualitatively, mdx

muscles also appeared rounded, or swollen, compared with WT. Quantification of OCT

images revealed a significantly higher maximum curvature for WT muscles compared with

mdx (0.44 ± 0.16 mm−1 vs. 0.21 ± 0.02 mm−1; P < 0.03).

DISCUSSION

In this study, we describe the use of OCT to compare the architecture of TA muscles from

normal and mdx mice, the latter still considered the most suitable mouse model for DMD.10

OCT offers several advantages over other imaging modalities. Histology reveals that mdx

skeletal muscle displays increased variability in myofiber size, malformed fibers,

inflammation, and centrally located nuclei.11,12 Although these findings are valuable,

histology requires killing the animal, harvesting the tissue, and ex vivo study of muscle

outside of its normal anatomical environment. Histology of muscle sections in different

planes also requires the killing of additional animals for the added tissue needed to perform

this task. Such tasks are labor-intensive and also create variability due to changes in tissue

preservation or processing artifact.

DTI actually represents local muscle fiber directions in healthy rat TA muscle,13 and Damon

et al have used DTI fiber tracking to successfully measure pennation angles of myofibers in

human skeletal muscle.9,14-16 However, DTI relies on anisotropic flow of water along the

long axis of intact myofibers8,9 and thus cannot reliably assess architecture in dystrophic

muscle.

OCT allows one to directly visualize the internal architecture of a muscle. Our application of

in vivo OCT to examine muscle architecture builds on the previous use of OCT in mice to

examine exercise-induced damage,17 evaluation of muscle autografts,18 and even to identify

necrotic muscle tissue in mdx mice.19 We examined TA muscles, and the results indicated a
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shorter intramuscular tendon and a higher degree of pennation in mdx. Future studies could

relate changes in architecture to changes in joint position, with aging or after damage.
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Abbreviations

DMD Duchenne muscular dystrophy

DTI diffusion tensor imaging

OCT optical coherence tomography

TA tibialis anterior

WGA wheat germ agglutinin

WT wild-type
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FIGURE 1.
(A) Indications of differences in gross morphology. Top panels show examples of “fiber

tracking” from processed DTI. The image shows modeling of fiber tracks in TA muscles of

a control (WT) mouse and a dystrophic (mdx) mouse where yellow indicates anisotropic

flow, or a more “linear” fiber, and red indicates more isotropy. Bottom panels of 1A show

photographs of harvested muscles filleted open. (B) Schematic of the OCT imaging system.

The animal was anesthetized, and the lower extremities were positioned using a custom-

designed device. FC, fiber coupler; PC, polarization controller; C, collimator; MZI, Mach-

Zehnder interferometer; M, mirror; BD, balanced detector; DAQ, data acquisition board;

DCG, dispersion compensating glasses; OBJ, objective. (C) Left (a–c): Z-stack OCT images

of the mouse TA were surveyed to find maximal tendon length (dotted yellow line) and

measure pennation angle. Right: Measurements were made of the overall shape of the distal

TA muscle (outside angle, red line) as it arose from the tendon (solid yellow line). (D) WGA

was used to stain sections for histological assessment of myofiber pennation (U). Myofibers

are oriented somewhat parallel to the force-generating axis along the tendon (T) or at angles

relative to the force-generating axis (A).
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