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Abstract. Sarcomere length is a key parameter commonly measured in muscle physiology since it dictates
striated muscle active force. Laser diffraction (LD)–based measurements of sarcomere length are time-efficient
and sample a greater number of sarcomeres compared with traditional microscopy–based techniques. However,
a limitation to LD techniques is that signal quality is severely degraded by scattering events as photons propa-
gate through tissue. Consequently, sarcomere length measurements are unattainable when the number of scat-
tering events is sufficiently large in muscle tissue with a high scattering probability. This occurs in fibrotic skeletal
muscle seen in muscular dystrophies and secondary to tissue trauma, thus eliminating the use of LD to study
these skeletal muscle ailments. Here, we utilize polarization gating to extract diffracted signals that are buried in
noise created by scattering. Importantly, we demonstrate that polarization-gated laser diffraction (PGLD) ena-
bles sarcomere length measurements in muscles from chronically immobilized mice hind limbs; these muscles
have a substantial increase of intramuscular connective tissue that scatter light and disable sarcomere length
measurements by traditional LD. Further, we compare PGLD sarcomere lengths to those measured by bright
field (BF) and confocal microscopy as positive controls and reveal a significant bias of BF but not of confocal
microscopy. © 2014 Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.JBO.19.11.117009]
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1 Introduction
Originating from work in the 1970s,1 laser diffraction (LD)–
based methods are widely used to measure sarcomere length,
a key parameter that determines striated muscle function.
Briefly, sarcomere length determines the active force production
of individual muscle fibers2,3 and is the normalization factor
used to calibrate a skeletal muscle’s architecture,4,5 which suc-
cessfully predicts muscle function.6 The term sarcomere
describes a unit of interdigitating contractile proteins that repeat
in series along the length of a muscle fiber.7,8 This results in
characteristic striations observed in skeletal muscle. Trans-illu-
mination of muscle fibers by laser light yields a diffraction pat-
tern, and the grating equation9 relates diffraction pattern
periodicity to the periodicity of the muscle striation pattern
and, therefore, sarcomere length.

LD-based methods have been used to measure and under-
stand the role of sarcomere length in a variety of physiological
studies, including abnormally-long resting sarcomere lengths in
muscular deformities in children with spastic cerebral palsy,10

intraoperative sarcomere lengths before and after surgical
tendon lengthening,11 and in muscle architecture studies of
the lumbar spine.12 The major utility of LD is the fact that it
rapidly samples hundreds of thousands of sarcomeres that are
illuminated by the beam. Traditional microscopy–based meth-
ods are limited to the system’s field-of-view and depth of
field, which typically includes only hundreds of sarcomeres,13

nonplanar optical artifacts, and the need for significant tissue

preprocessing. The use of confocal microscopy allows greater
sarcomere sampling and minimizes nonplanar artifacts but is
significantly more time consuming and is often cost prohibitive.

Muscle and connective tissues are birefringent and heavily
scattering media, therefore, diffraction signals are degraded
by scattering events as light propagates through tissue.14 At dis-
tances exceeding a few mean free paths (average distance
between light–tissue interactions), light enters the “diffuse”15

regime of propagation and diffracted signals cannot be detected.
The reduced scattering coefficient is larger with increased con-
nective tissue associated with many muscle pathologies,16,17 and
increased scattering typically makes it impossible to measure
diffraction patterns from fibrotic tissues. Some clinical and
experimental examples that show connective tissue increases
in muscle include: muscular dystrophies,18 developmental dis-
orders such as cerebral palsy,10 immobilization,19 and aging.20

Detailed models of diffraction21 and diffuse propagation of
polarized light14,22 suggest that they differently alter polarization
state. Therefore, the signal exiting a highly scattering muscle
sample is a polarization sensitive superposition of diffracted
light and diffuse transmittance. As a result, we tested whether
polarization-gated laser diffraction (PGLD) could extract dif-
fracted signals from diffuse noise and thus enable sarcomere
length measurement.

We built a PGLD system and used it to recover diffracted
signals in fibrotic soleus muscles from chronically immobilized
murine hind limbs. Importantly, LD was unable to measure
sarcomere lengths in these highly scattering muscles. We also
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compared sarcomere lengths measured by PGLD to bright field
(BF) microscopy and found a significant bias. By using confocal
microscopy as an additional positive control, we saw that BF
measurements of these fibers, rather than PGLD measurements,
suffer from sampling bias.

2 Methods

2.1 Sarcomere Length Measurement by
Polarization-Gated Laser Diffraction

To perform sarcomere length measurement by LD, a 633-μm
wavelength He–Ne laser transilluminated tissue samples
(Fig. 1). The resultant diffraction pattern and diffuse-transmitted
light illuminated a measurement screen and spacing between
diffracted peaks (if present) was measured by digital calipers
and used to solve for sarcomere length using the grating
equation9

SL ¼ mλ

sinðθmÞ
; (1)

where SL is the sarcomere length, m is the diffraction order, λ is
the laser wavelength, and θm is the angle to diffraction peak for
order m. Calibration of the distance between sample and diffrac-
tion screen was performed using standardized 2 and 3-μm
diffraction gratings.

Polarization gating was performed by inserting linear polar-
izers in rotary optic mounts (#52-574, Edmund Optics Inc.,
Barrington, New Jersey) above and below the sample stage
(Fig. 1). The linear polarization angle for each polarizer could
be adjusted manually with 0.5-deg accuracy. Polarization
angles for both polarizers were manually adjusted to visually
maximize diffraction patterns.

Though sarcomere length measurements were made man-
ually, a stationary camera was used to image the diffraction
screen as an example of PGLD signal extraction. Images
were processed using MATLAB (The MathWorks, Inc., Natick,
Massachusetts) to obtain an average signal intensity plotted
against the long axis of the muscle fibers.

2.2 Hindlimb Immobilization to Generate Highly
Scattering Muscle

One hindlimb each of four 8-week old wild-type (C57BL/6)
mice were immobilized in paris casts for 14 days such that
the ankle was in dorsiflexion (42.4� 12.5 deg) stretching the

soleus muscle, following the protocol of Williams and
Goldspink.23 The contralateral uncasted hindlimbs served as
controls. The casts were repaired as needed to ensure that the
integrity of the casts was maintained throughout two weeks.

2.3 Tissue Preparation

Hindlimbs from the euthanized immobilized mice were disar-
ticulated at the hip, skinned, pinned to a cork board at a fixed
angle of 90 deg at the knee and ankle and chemically fixed in
10% formalin for two days. Whole tibialis anterior (TA) and
soleus muscles were surgically removed then rinsed and stored
in 1× phosphate-buffered saline. To facilitate fiber bundle dis-
section, muscles were partially digested in 15% H2SO4 for
30 min, similar to the protocol of Shah et al.24 Fiber bundles
containing 1-10 myofibers were microdissected under a micro-
scope and mounted on a glass slide for sarcomere length mea-
surements. Ten to fifteen fiber bundles were dissected from
each muscle.

2.4 Light Microscopy

A microscope (Model DM6000, Leica Microsystems Inc.,
Buffalo Grove, Illinois) was used to take BF images of soleus
and TA muscle fiber bundles using a 40× objective. ImageJ soft-
ware25 was used to average 10 to 30 sarcomere lengths in series
within an image. Measured regions were chosen based on the
ability to clearly see the sarcomeres-in-series, unimpaired by
the increased connective tissue.

Confocal BF microscopy (Model SP5, Leica Microsystems
Inc., Buffalo Grove, Illinois) was used to sample sarcomere
length through a muscle fiber bundle with a 63× objective.
Focal depth was adjusted to image at least 50 focal planes
through each fiber bundle (0.5 to 1.5-μm Sol, 2.5 to 3.5-μm
TA). In each focal plane, the sarcomere length was averaged
across 10 in-focus sarcomeres in series. Measured regions of
muscle fiber bundles were marked on the slide, and the same
volume of muscle was measured by PGLD.

2.5 Data Analysis

Statistical tests were made using Prism (GraphPad Software,
Inc., La Jolla, California) using a significance level (α) of
0.05. The average sarcomere length measured by PGLD and
BF were compared in four immobilized soleus muscles in a
two-way ANOVA with the main effects of measurement tech-
nique and muscle sample. We did not use a paired t-test
because the exact sampled location was not the same between
tests. However, we did measure the same volume of muscle
with PGLD and confocal microscopy and used a paired t-
test for this comparison.

3 Results and Discussion

3.1 Polarization Gating Rescue Diffracted Signals

Sarcomere lengths from murine soleus muscles harvested from
hindlimbs treated with prolonged immobilization could not be
measured by traditional LD, due to increased connective tissue
content that erodes the diffracted signal with scattering events
and buries the signal in diffuse-transmitted light and laser
speckle (Fig. 2). However, the diffraction pattern was readily
visualized using PGLD, which enabled comparison between

Fig. 1 Sarcomere length measured by polarization-gated laser
diffraction (PGLD). Polarizing filters extract diffraction signal from
superimposed noise.
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sarcomere lengths in fibrotic muscles without sampling bias, as
described in Secs. 3.2 and 3.3.

For our proof-of-principle study, we used simple linear polar-
izing filters for two reasons: they are simple to use and Li et al.26

showed that the diffuse propagation of circular polarization and
linear polarization are similar in muscle. However, it is possible
that the signal-to-noise ratio and, more importantly, sensitivity
can be further improved by fully characterizing the scattering
process in diseased muscle tissue. Different muscular diseases
may have different polarization combinations that best extin-
guish scattered noise.

3.2 Sarcomere Lengths Measured by PGLD and
Bright Field Microscopy

We compared sarcomere lengths from muscle fiber bundles of
four immobilized soleus muscles measured by PGLD and BF
(Fig. 3). The sarcomere length measured in a normal TA muscle
with traditional LD was included for reference. Note that the
polarization gating does not shift the location of the diffracted
peaks. Statistical analysis by two-way ANOVA shows a signifi-
cant effect of measurement technique (p < 0.001), a significant
effect of muscle sample (p < 0.001), and no significant interac-
tion term (p ¼ 0.385). Surprisingly, these data suggest a

systematic measurement bias between sarcomere lengths mea-
sured by PGLD and BF (0.19-μm average difference). BF under
estimated the sarcomere length in every sample measured,
including both healthy and diseased tissue, despite the varied
sarcomere lengths in each muscle sample. This disagreement
was surprising because diffraction and microscopy techniques
are considered standard methods to measure sarcomere length.
However, BF samples a volume of sarcomeres from the muscle
fiber bundle that is in focus, whereas PGLD samples throughout
the bundle thickness. Therefore, BF may under sample
or have a regional sampling bias that results in the sarcomere
length disagreement. As an additional positive control, we
thus compared PGLD to confocal microscopy images taken
throughout the muscle fiber bundle thickness, which we
believed would provide a more accurate comparison.

3.3 Sarcomere Lengths Measured by PGLD and
Confocal Microscopy

Data presented above suggested a systematic bias leading to dif-
ferent sarcomere length measurements between PGLD and BF.
We hypothesize that relatively small numbers of sarcomeres
measured by BF at specific depths of focus in the fiber bundles
produced this measurement bias. We thus performed a rigorous
comparison of sarcomere lengths measured by PGLD and con-
focal microscopy, because confocal microscopy is able to image
throughout the muscle fiber bundle volume (Fig. 4).

Paired t-test comparing sarcomere length measured by
PGLD and confocal microscopy in 10 fiber bundles (5 from

Fig. 2 PGLD extracts diffraction patterns from superimposed diffuse noise.

Fig. 3 Sarcomere length (mean� standard deviation, n ¼ 5 to 15
measurements per muscle) measured by laser diffraction (LD),
PGLD, and bright field microscopy (BF). In immobilized muscles, sar-
comere length measurement by traditional LD method was not pos-
sible. Two-way ANOVA revealed a significant effect of measurement
technique (p < 0.001), a significant effect of muscle sample
(p < 0.001), and no significant interaction term (p > 0.3).

Fig. 4 PGLD enables sarcomere length measurements in highly scat-
teringmuscle tissue. No significant differences were found between the
two methods (p ¼ 0.14). Data shown are mean� standard deviation
(n ¼ 10 muscles).
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normal TA, 5 from immobilized soleus) showed no significant
difference (p ¼ 0.14) with 80% power to detect a 0.08-μm dif-
ference. This serves as a positive control for the new PGLD sar-
comere length method, and highlights the need to obtain
appropriate samples to accurately perform such comparisons.

3.4 Trade-offs of Several Sarcomere Length
Measurement Methods

There are several important differences among these measure-
ment methods (Table 1). LD was only successful in 7 of 115
fiber bundles obtained from immobilized muscles. Using
PGLD drastically improved the sensitivity to 92 of 115, a
1333% improvement in measurement ability. We did not per-
form BF and confocal microscopy on all 115 fiber bundles,
but our experience suggests that 100% sensitivity can be
achieved with these techniques if enough time is spent. High
sensitivity, however, is balanced by measurement time and sam-
pling bias. BF has high sensitivity, but we yielded a significant
bias of 0.19 μm for shorter sarcomere lengths. Confocal micros-
copy also has high sensitivity, but it takes significantly longer to
perform than PGLD. The sample size was estimated using the
following parameters: 1-μm diameter and 2.5-μm length sarco-
meres, 1-mm laser beam width, and 50-μm depth of field.

4 Conclusion
We demonstrated that the PGLD successfully and accurately
recovers diffracted signals in highly scattering muscle tissue,
which were previously impossible to measure by LD. This
method is an example of a simple technical adjustment that can
be used to increase the sensitivity of LD. Diffraction-based
methods efficiently sample large numbers of sarcomeres com-
pared with microscopy-based techniques.
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