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ABSTRACT OF THE DISSERTATION

Minimally Invasive Principles and Technology to Measure Dynamic Skeletal Muscle
Sarcomere Length

by

Kevin William Young
Doctor of Philosophy in Bioengineering
University of California, San Diego, 2016
Professor Richard Lieber, Chair
Professor Geert Schmid-Schonbein, Co-Chair

Skeletal muscle force production results from interaction between actin and
myosin protein filaments in repeating units called sarcomeres. Sarcomere force is

xxi

transmitted through the basement membrane via protein complexes to a network of
connective tissue. Connective tissues transmit force to bone. Typically, muscles are
characterized in vitro but this may be insufficient because stresses produced in isolated
fibers or muscle bundles differ from whole muscle dynamics. Furthermore, comparisons
between normal and diseased muscle states are impossible to make without a proper
normalization factor such as sarcomere length. These limitations point to the need for
obtaining data in vivo during dynamic movement in the intact muscle. Several tools are
available to collect in vivo sarcomere length data, but all fall short of the necessary
technical requirements for sarcomere dynamics. To address this need, this dissertation
leverages optical communication technology to create new principles and tools to analyze
skeletal muscle protein structure.
First, this dissertation improves the sensitivity of existing laser diffraction to
measure sarcomere length in fibrotic muscle. Due to an increase in connective tissue,
fibrotic muscle scatters laser light and buries the needed diffraction pattern that is used to
calculate sarcomere length. Polarization gating is used to filter between scattered and
diffracted light to recover the signal and enable sarcomere length measurements.
Second, this dissertation introduces a fundamentally new method to measure
sarcomere structure termed resonant reflection spectroscopy (RRS). RRS addresses the
challenge of in vivo sarcomere length data collection by illuminating sarcomeres and
collecting signals through a single minimally invasive fiber optic probe. Relationships
between signal and sarcomere structure are discussed theoretically and simulated in
custom made computer code.
Third, proof of concept is demonstrated for RRS measurements of sarcomere

xxii

length. A new system, based upon optical communication technology, is built and used
to measure sarcomere length in an ensemble of muscles. Validation is demonstrated by
comparing sarcomere lengths measured by RRS and traditional laser diffraction. Very
high agreement between the methods was achieved.
Fourth, proof of feasibility is demonstrated for minimally-invasive profiling of
sarcomere length in muscle during activity and movement. The proof of feasibility
system combined RRS with optical frequency domain interferometry (OFDI) to enable
profiling sarcomere lengths across millimeters of tissue. Sarcomere lengths are measured
with nanometer resolution during passive strain, twitch and tetanic contractions.
Lastly, RRS requires bandwidths and speeds that are inaccessible from
commercial laser emitters, and so design rules are developed for swept-pump fiber optic
parametric oscillator (FOPO) systems. A FOPO system is demonstrated with 422 nm
bandwidth and 14 kHz sweep speed.
Taken together, these demonstrations establish a fundamentally new ability to
study movement disorders, including patients with cerebral palsy, stroke, Parkinson’s
disease and muscular dystrophy.

xxiii

Chapter 1 Introduction
1.1 General Introduction to the Dissertation
The inability to quantify protein structure and activity in vivo is a long standing
challenge to understanding tissue, cell, and protein function in human disease.
Techniques based on infrared optics are being developed to address this need in multiple
organs, but existing techniques fail to achieve adequate resolution and sample rate
without significantly damaging tissue. Lack of successful treatment options for patients
with muscle dystrophy, Parkinson’s disease, stroke, or cerebral palsy are prime examples
of the need for such revolutionary technology. The central challenge is caused by the vast
scale differences between cellular structures and whole organ function. For example,
micrometer length changes to proteins within muscle cells dictate whole muscle force
production [1, 2], which corresponds to five orders of magnitude change in scale.
Work in this thesis focuses on developing technology to address the challenges
mentioned above in skeletal muscle, the largest organ of the body. More specifically, this
thesis aims to adapt optical communication theory and technology to minimally
invasively measure skeletal muscle sarcomere length. This chapter introduces skeletal
muscle microstructure and current, yet inadequate, techniques to measure sarcomere
length in vivo.
Chapter 2, which has been published in Journal of Biomedical Optics, of this
dissertation demonstrates using polarization gating to enable sarcomere length
measurements by laser diffraction in fibrotic muscle. Laser diffraction (LD)–based
measurements of sarcomere length are time-efficient and sample a greater number of

1

2

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 propagate through tissue. Consequently, sarcomere length measurements are
unattainable when the number of scattering 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) enables 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.
Chapters 3 and 4, which together have been published in Biophysical Journal,
demonstrate the first steps to addressing the central problem of measuring sarcomere
length with nanometer resolution across millimeters of muscle. Chapter 3 develops theory
and Chapter 4 demonstrates feasibility of a new technique, termed resonant reflection
spectroscopy (RRS) that measures sarcomere length with submicrometer resolution. In
this novel approach, sarcomere structure is measured by the multiple resonant reflections
that are uniquely defined by Fourier decomposition of the sarcomere protein spatial
framework.

3

Chapter 5, which is in preparation for submission, provides proof of feasibility for
RRS, in vivo. We describe a new minimally invasive optical approach that uses a 250 µm
fiber optic probe and can acquire data at kHz rates with nm length resolution across mm
distances during movement and activity. Our method uses a combination of RRS, which
determines tissue microstructure, and optical frequency domain interferometry (OFDI),
which controls and measures the precise depth at which the signal is obtained. For the
first time, we show analysis of the optical reflections from muscle tissue that easily
captures sub-micron sub-millisecond movement of muscle proteins.
Chapter 6, which is in preparation for submission, continues technical
development of RRS. Advances in biomedical spectroscopy are driving the need for
broadband optical sources. In vivo imaging of biological structures, such as muscle
proteins, additionally requires kHz acquisition rates to achieve physiologically relevant
data. To address the two key technological requirements of wide bandwidth and fast
acquisition, we targeted swept-pump fiber optical parametric oscillator systems. We
investigated design rules to maximize bandwidth at kHz sweep rates. We report a new
swept-pump fiber optical parametric oscillator with 422 nm total bandwidth and 14 kHz
sweep rate.
Chapter 7 summarizes this thesis and discusses the potential impact and future
directions of this work.
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1.2 Skeletal Muscle Micro-Structure
Interactions between actin and myosin proteins are responsible for many types of
cell motility. In striated muscle, actin- and myosin-containing filaments form a hexagonal
lattice within each muscle sarcomere [3], the functional unit that creates muscular force.
Sarcomeres, in turn, are arranged in series and in parallel within muscle cells [1, 2]. The
sliding filament theory [4, 5] explains the geometric relationship between sarcomere
length and muscle force production as a result of the precise overlap between actin and
myosin filaments. A complex network of proteins [6] and connective tissues [7] integrate
sarcomere force to produce movement. Maximal force is produced when actin filaments
on each side of the half sarcomere fully envelope the active region of myosin proteins
(Fig 1.1).

Figure 1.1: Sarcomere force production depends on the overlap and interaction between myosin
containing filaments (red) and actin containing filaments (blue). Cartoon sarcomeres depict very
short (left), optimal, and very long (right) sarcomere lengths.
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Impressively, sarcomere length predicts potential force of muscle fibers [4, 5],
even in whole muscles [8]. This relationship between sarcomere length changes and
resulting muscular force represents a dramatic change in scale (Fig. 1.2). The five order
of magnitude difference between protein structure and tissue physiology is indicative of a
central challenge in collecting sufficient data, particularly in vivo. Data collection and
sampling is discussed further in subsequent sections.

Figure 1.2: Whole muscle force produced in cm scale tissue is dictated by µm scale sarcomeres.
Adapted from [9].

There are several lines of evidence that emphasize the importance of sarcomere
structure to muscle function. First, the stereotypical sarcomere length range observed
during normal human movement provides support for the fact that this length is designed
to provide specialized muscle function [10]. Skeletal muscle force production is length-
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and velocity dependent [4, 11], and so the relative arrangement of sarcomeres within
muscle has a profound impact on function [12]. Additional sarcomeres arranged in series
contribute to the ability to produce force during larger excursions, while increased
sarcomeres in parallel contribute to higher muscle peak force (Fig 1.3). Second,
sarcomere length adaptations after injury provide insights into the mechanism and
complexity of the healing process [13]. Third, sarcomeres are abnormally long in
hamstring contractures in children with spastic cerebral palsy [14], which fundamentally
limits the muscle’s ability to produce force and demonstrates the complex interaction
between the muscular and nervous systems. Furthermore, altered sarcomere filament
dimensions are implicated in causing muscular disease [15, 16].

Figure 1.3: Cartoons exhibit conceptual addition of sarcomere force and excursion. Sarcomeres
in series add to total muscle excursion. Sarcomeres in parallel add to total muscle force.
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1.3 State of the Art Tools to Measure Muscle Sarcomere Length
Several tools are available to collect in vivo sarcomere length data, but all fall
short of the necessary technical requirements for sarcomere dynamics; simultaneous
sampling across millimeters of muscle tissue, sampling at kilohertz rates, compatibility
with gross movement, inducing minimal tissue damage, and achieving nanometer length
resolution. Intraoperative laser diffraction provided the first direct, in vivo sarcomere
length measurement in humans during hand surgery [17, 18]. Originating from work in
the 1970s [1], laser diffraction (LD) based methods are widely used to measure
sarcomere length. Trans-illumination of muscle fibers by laser light yields a diffraction
pattern, and the grating equation [9] relates diffraction pattern periodicity to the
periodicity of the muscle striation pattern and, therefore, sarcomere length (Fig. 1.4).

Figure 1.4: Laser illumination of skeletal muscle results in a diffraction pattern. Separation
between diffracted beams is used to calculate sarcomere length. Adapted from [21].
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LD based methods have been used to measure and understand 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. However, this tool is only suitable for passive measurement of sarcomere length
during surgical procedures and is not incompatible with dynamic motion.
An emerging, less invasive method for measuring in vivo sarcomere length is
microendoscopy [22]. Recently, microendoscopy was used in conjunction with electrical
stimulation in a case study of human sarcomere lengths [23]. This report shows
interesting passive data, but appears limited to long sarcomeres at significant passive
tension. While muscle twitches were reported, microendoscopy is a point scanning
technique that imposes a necessary trade-off between sample size and sample rate. This
limitation restricts the data to only a few sarcomeres. Unfortunately, we found that
sampling less than thousands of sarcomeres leads to sampling bias [20]. This applies to
all microscopy-based methods, which are limited to the system’s field of view and depth
of field, which typically includes only hundreds of sarcomeres [13], non-planar optical
artifacts, and the need for significant tissue pre-processing.
Additionally, microendoscopy measured sarcomere displacement rather than
sarcomere shortening, which permits misinterpretations based on relative motion of the
probe and between sarcomere lengthening or shortening. Microendoscopy also requires
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tightly focused beams from a lensed system and is unlikely to have needle size smaller
than the achieved 0.9 mm diameter. Smaller needles are more compatible with gross
movement and less likely to cause pain [24].
Due to these considerations, we pursue only diffraction based rather than
microscopy based methods to measure sarcomere length. The next chapter introduces
using polarization gating to enable sarcomere length measurements by laser diffraction in
fibrotic muscle tissue. Scattering is a large cause of noise in diffraction based methods, so
understanding scattering behavior and being able to minimize its effect is critical for new
technology development.
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Chapter 2 Polarization Gating Enables Sarcomere Length Measurement by Laser
Diffraction in Fibrotic Muscle
2.1 Introduction
Muscle and connective tissues are birefringent and heavily scattering media, and,
therefore, diffraction signals are degraded by scattering events as light propagates
through tissue [14]. At distances 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 connective 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 disorders such as
cerebral palsy [10], immobilization [19] and aging [20].
Detailed models of diffraction [21] and diffuse propagation of polarized light [14,
22] suggest that they differently alter polarization state. So, 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 diffracted 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.
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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.
2.2 Methods
2.2.1 Sarcomere Length Measurement by Polarization Gated Laser Diffraction
To perform sarcomere length measurement by LD, a 633 µm wavelength He-Ne
laser trans-illuminated tissue samples (Fig. 2.1). 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 equation [9]:

SL 

m
(1)
sin(  m )

where SL is sarcomere length, m is diffraction order, λ is laser wavelength, and θm
is angle to diffraction peak for order m. Calibration of the distance between sample and
diffraction screen was performed using a standardized 2 µm and 3 µm diffraction
gratings.
Polarization gating was performed by inserting linear polarizers in rotary optic
mounts (#52-574, Edmund Optics Inc., Barrington, NJ) above and below the sample
stage (Fig. 2.1). The linear polarization angle for each polarizer could be adjusted
manually with 0.5° accuracy. Polarization angles for both polarizers were manually
adjusted to maximize diffraction patterns visually.
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Figure 2.1: Sarcomere length measured by polarization gated laser diffraction (PGLD).
Polarizing filters extract diffraction signal from superimposed noise.

Though sarcomere length measurements were made manually, 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,
United States) to obtain an average signal intensity plotted against the long axis of the
muscle fibers.
2.2.2 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
(42.412.5) stretching the soleus muscle, following the protocol of Williams and
Goldspink [23]. The contralateral uncasted hindlimb served as controls. The casts were
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repaired as needed to ensure that the integrity of the casts were maintained throughout 2
weeks.
2.2.3 Tissue Preparation
Hindlimbs from the euthanized immobilized mice were disarticulated at the hip,
skinned, pinned to a cork board at a fixed angle of 90 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 1X Phosphate buffered saline.
To facilitate fiber bundle dissection, muscles were partially digested in 15% H2SO4 for 30
minutes, similar to the protocol of Shah et al. 2001 [24]. Fiber bundles containing 1-10
myofibers were microdissected under a microscope, and mounted on a glass slide for
sarcomere length measurements. 10-15 fiber bundles were dissected from each muscle.
2.2.4 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 40X objective.
ImageJ software [25] was used to average 10-30 sarcomere lengths in series within an
image. Measured regions were chosen based on ability to clearly see the sarcomeres-inseries, unimpaired by the increased connective tissue.
Confocal bright field microscopy (Model SP5, Leica Microsystems Inc., Buffalo
Grove, Illinois) was used to sample sarcomere length through a muscle fiber bundle with
a 63X objective. Focal depth was adjusted to image at least 50 focal planes through each
fiber bundle (0.5-1.5 µm Sol, 2.5-3.5 µm TA). In each focal plane, sarcomere length was
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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.
2.2.5 Data Analysis
Statistical tests were made using Prism (GraphPad Software, Inc., La Jolla,
California, United States) using a significance level () of 0.05. Average sarcomere
length measured by PGLD and BF were compared in 4 immobilized soleus muscles in a
two-way ANOVA with main effects of measurement technique 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 and intraclass correlation equation 2-1.
2.3 Results and Discussion
2.3.1 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. 2.2). However, the
diffraction pattern was readily visualized using PGLD, which enabled comparison
between sarcomere lengths in fibrotic muscles without sampling bias.
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Figure 2.2: Polarization gated laser diffraction (PGLD) extracts diffraction patterns from
superimposed diffuse noise.

For our proof-of-principle study we used simple linear polarizing filters for two
reasons: they are simple to use and Li et al. [26] showed that diffuse propagation of
circular polarization and linear polarization are similar in muscle. However, it is possible
that the signal-to-noise ratio and sensitivity can be further improved by exploring all
polarization combinations.
2.3.2 Sarcomere Lengths measured by PGLD and Bright Field Microscopy
We compared sarcomere lengths from muscle fiber bundles of 4 immobilized
soleus muscles measured by PGLD and BF (Fig. 2.3). Sarcomere length measured in a
normal TA muscle with traditional LD was included for reference. Note that polarization
gating does not shift the location of diffracted peaks. Statistical analysis by two-way
ANOVA shows a significant effect of measurement technique (p < 0.001), a significant
effect of muscle sample (p < 0.001), and no significant interaction term (p = 0.385).
These data suggest a systematic bias between sarcomere lengths measured by PGLD and
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BF (0.19 µm average difference), which was seen 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. So, 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.

Figure 2.3: Sarcomere Length (mean ± standard deviation, n= 5-15 measurements per muscle)
measured by laser diffraction (LD), polarization gated laser diffraction (PGLD), and bright field
microscopy (BF). In immobilized muscles, sarcomere length measurement by traditional LD
method was not possible. 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).
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2.3.3 Sarcomere Lengths Measured by PGLD and Confocal Microscopy
Data presented above suggested a systematic bias leading to different sarcomere
length measurements between PGLD and BF. We hypothesized that relatively small
numbers of sarcomeres measured by BF at specific depths of focus in the fiber bundles
produced this bias. We thus performed a rigorous comparison of sarcomere lengths
measured by PGLD and confocal microscopy, because confocal microscopy is able to
image throughout the muscle fiber bundle volume (Fig. 2.4).

Figure 2.4: PGLD enables sarcomere length measurements in highly scattering muscle tissue. No
significant differences were found between the two methods (p = 0.14). Data shown are mean ± standard
deviation (n = 10 muscles).

Paired t-test comparing sarcomere length measured by PGLD and confocal
microscopy in 10 fiber bundles (5 from normal TA, 5 from immobilized soleus) showed
no significant difference (p = 0.14) with 80% power to detect a 0.08 µm difference. This
serves as a positive control for the new PGLD sarcomere length method, and highlights
the need to obtain appropriate samples to accurately perform such comparisons. We also
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assessed the agreement between the two methods with linear and intraclass correlation
(Fig 2.5). There was a significant correlation (p < 0.001; r2 = 0.875; ICC2,1 = 0.870)

Figure 2.5: Sarcomere lengths measured by confocal microscopy and polarization gated laser diffraction
are significantly correlated (p<0.001; r2 = 0.875) and have excellet agreement (ICC2,1 = 0.870)
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2.3.4 Trade-offs of Several Sarcomere Length Measurement Methods
There are several important differences among these measurement methods
(Table 2.1).

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 perform 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 sampling bias. BF has high sensitivity, but we
yielded a significant bias of 0.19 µm shorter sarcomere lengths. Confocal microscopy
also has high sensitivity, but it takes significantly longer to perform than PGLD. Sample
size was estimated using the following parameters: 1 µm diameter and 2.5 µm length
sarcomeres, 1 mm laser beam width, and 50 µm depth of field.
Table 2.1: PGLD enables sarcomere length measurements in highly scattering muscle.

Sample Size
Selection Bias
Sensitivity in
Fibrotic Tissue

LD
Hundreds of
Thousands
Lowest

PGLD
Hundreds of
Thousands
Lowest

BF

Confocal

Hundreds

Thousands

Highest

Low

7/115

92/115

115/115*

115/115*

Minutes to
Hours
Hours
*Not attempted in all 115 samples, though samples can be found after sufficient search.

Measurement Time

Minutes

Minutes

2.4 Conclusion
We demonstrated that polarization gated laser diffraction 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
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technical adjustment that can be used to increase the sensitivity of laser diffraction.
Diffraction based methods efficiently sample large numbers of compared to microscopy
based techniques.
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Chapter 3 Theoretical development of resonant reflection spectroscopy
3.1 Introduction
Many studies highlight the need to study sarcomere structure in normal and
abnormal muscle, but they require substantial effort to obtain useful data because
available techniques are ex vivo [1] or require highly-invasive surgical settings [2, 3].
These restrictions and challenges have crippled data collection and therefore research
progress, especially in humans. In vivo and real time techniques to measure sarcomere
length are needed to understand human muscle function, diagnose muscle pathology and
assist with surgical and nonsurgical muscle therapies.
Several techniques were developed to address these challenges, but none satisfy
all requirements for in vivo research. One emerging method is called minimally invasive
optical microendoscopy [4, 5], which is a point-scanning technique that leverages
nonlinear optical signal generation in the myosin rod domain. Microendoscopy is likely
to find research application, but nonlinear processes in tissue are highly inefficient and
require strongly focused beams. Tightly confining light into heterogeneous material, such
as tissue, and the significant consequences of motion artifacts in point scanning
techniques severely limit the widespread adoption of microendoscopy, especially for
functional studies. Even if resolved, intensities required for nonlinear optics use in tissue
can cause thermal damage or laser ablation [6], motivating the need for a new, low light
intensity method. In response to these needs, we discovered that resonant reflections from
sarcomeres are wavelength dependent and can reveal protein structural information
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through low power resonant reflection spectroscopy (RRS). In this work, we describe a
theoretical model that relates sarcomere structure to expected signal spectra.
RRS is based on the notion that light transmission or reflection in a material with
periodically patterned refractive index can be uniquely related to its underlying structure
[7–9]. The best-known example of this phenomenon is laser illumination of diffraction
gratings, where grating periodicity is synthesized from angular separation between bright
regions in the resulting diffraction pattern. More specifically, the diffraction pattern
represents the grating structure in the spatial frequency domain [9] through Fourier
relationships [10]. Given that muscle protein organization repeats periodically with every
sarcomere length along a muscle fiber, and that refractive index is proportional to protein
density, light propagation through muscle fibers can be analyzed identically to diffraction
gratings with grating period equal to sarcomere length [1, 11].
Laser diffraction (LD) has been used to measure sarcomere length since the 1970s
[1], though it has remained largely unchanged despite tremendous progress in optical
technology (Fig. 3.1A). Using this technique in vivo requires invasive procedures to
access the diffraction pattern of the monochromatic signal. To circumvent this limitation,
we illuminate muscle fibers co-linearly using broad polychromatic illumination to
transform sarcomere structure information into the optical frequency domain. This is
accomplished in RRS by measuring intensity of resonant reflections across optical
wavelengths (Fig. 3.1B), rather than measuring intensity of a spatial diffraction pattern, as
in LD. Using the optical frequency domain allows illumination and reflected light to
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traverse the same path, enabling the use of the smallest minimally invasive needle probes
that have been demonstrated for in vivo optical-signal collection in muscle tissue [12].

Figure 3.1: Sarcomere periodicity and illumination geometry determine optical signals. (A)
Traditional laser diffraction method transforms sarcomere length (Λ) of a thin muscle sample into
the spatial frequency domain through spatial diffraction, though a spatially encoded signal
requires highly invasive surgical settings to measure sarcomere length in vivo. Red and gray lines
represent the phase fronts of a laser source with wavelength λ0. (B) In contrast, resonant reflection
spectroscopy transforms sarcomere periodicity into the optical frequency domain through
selectively reflected signals, allowing source and signal to be directed through a single minimally
invasive fiber optic probe. For clarity, the phase fronts shown are from only the 4th order resonant
reflection.

3.2 Co-Linear Illumination to Generate Resonant Reflections
Resonant reflections occur when individual reflections originating from
throughout a periodic structure constructively interfere. To a first approximation, Bragg’s
law, also called the Bragg resonance condition, determines which optical wavelengths
will resonantly reflect from a periodic structure. Under co-linear illumination, Bragg’s
law states:
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m 

2 na 
m

(1)

Where λm is resonant wavelength for resonant order m; na is average refractive
index; Λ is structure period. This expression directly links the illumination wavelengths
that will resonate within the sarcomere protein structure and reflect, to sarcomere length
modeled as Λ.
Bragg’s law determines the resonant wavelengths, whereas Fourier decomposition
of the underlying refractive index profile determines the reflection efficiency of all
reflections [8, 13]. Based on the refractive index profile model used here, Fourier
decomposition of a sarcomere is a superposition of four distinct protein regions:
4

n(z) = na + ååar,m cos(2p mz / L)
r=1 m

(2)

Where αr,m is the Fourier coefficient of region r and order m; z is distance along
the long axis of sarcomeres. Each region contributes to refractive index and is prescribed
by a pulse wave, so Fourier coefficients are described by [10]:

ar,m =

2Ar
sin(mp Lr / L)
mp

(3)

Where Ar is region specific index of refraction contribution; Lr is region length.
Efficiency of a resonant reflection is proportional to the sum of Fourier coefficients of its
harmonic order, m [8]. These equations have several important implications that are seen
in plots of reflection efficiency generated by rigorous coupled wave analysis in the
following section.

29

3.3 Rigorous Coupled Wave Analysis of Resonant Reflection Spectroscopy
3.3.1 Index model
Sarcomere structure was modeled as a quasi-periodic super-grating, which can be
seen in electron micrographs (Fig. 3.2A). We used values adapted from Thornhill et al.
[11], Bang et al. [14], Burkholder and Lieber [15], and Sidick et al. [16] to model the
sarcomere refractive index profile. Active cross bridge cycling and skeletal muscle rigor
are not included in this model because they change refractive index by less than a tenth of
a percent [16].
Close examination of the sarcomere model reveals that the refractive index profile
is actually a superposition of the refractive indices of four principle protein regions: mline, z-band, myosin filaments, and actin filaments. Widths of z-band and m-line regions
were 50 nm. Myosin filament length was 1.6 µm. Actin filament length was 1.1 µm
unless stated otherwise. Phase of each region was matched to the sarcomere structure.
Refractive index for baseline, z-band, m-line, myosin, and actin regions were 1.3473,
0.0272, 0.0200, 0.0227, and 0.0187. Importantly, overlap between actin and myosin
filaments changes with sarcomere length, and refractive index profiles are adjusted
accordingly (Figs. 3.2 B-D).
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Figure 3.2: Sarcomere refractive index profile follows protein density. (A) An electron
micrograph of sarcomeres at 3.0 µm sarcomere length (Λ) clearly shows the sarcomere protein
framework, including actin and myosin filament regions. (B-D) Depicted are refractive index
profiles corresponding to varied sarcomere lengths. Note dramatic changes in refractive index
profile appearance as a function of sarcomere length.
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3.3.2 Simulation
We used a one-dimensional multi-layer rigorous coupled wave analysis (RCWA)
to simulate reflection spectra from sarcomeres [17]; RCWA is a widely used method for
analyzing diffracting structures. Briefly, RCWA is a semi-analytical method in which
periodic structures are decomposed into many layers with uniform index of refraction.
Maxwell’s equations are expanded by Floquet functions and a computer solves for
forward and backward propagating waves. RCWA was used to calculate reflection
efficiency, plotted as relative intensity, at each wavelength and sarcomere length
presented.
Rather than hold sarcomere number constant, we used a constant length of 50 µm
to approximate the experimental system’s Rayleigh length divided by two to
accommodate forward and backward paths. The illumination was collinear to sarcomeres
for all simulations discussed. Sarcomere inhomogeneity was simulated by randomly
varying sarcomere length for each sarcomere in series. Sarcomere length variation
followed white Gaussian noise, and standard length deviations were set to approximately
60 nm to match standard deviations in sarcomere length measured by laser diffraction.
All analyses were performed in MATLAB (The MathWorks, Inc., Natick, Massachusetts).
3.3.3 Results of rigorous coupled wave analysis
Fig. 3.3A plots reflection efficiency as a function of illumination wavelength for
sarcomere length 3.0 μm. The first resonant order, where m = 1, is satisfied at
approximately 8.5 µm; 8.5 µm is the first resonant wavelength, λ1. λ2 is approximately
4.2 µm and satisfies the next resonant order, m = 2. Note, different resonant orders are

32

not exactly harmonic periods, and this is caused by fine details in the sarcomere index
profile. Myosin filament and m-line regions are out of phase with actin filament and zband regions, leading to interference with the net superposition of waves giving slightly
shifted peaks.
In Fig. 3.3B, reflection efficiency as a function of illumination wavelength and
sarcomere length is represented as a contour plot. Sarcomere length equal to 3 µm is
emphasized with a dashed line for comparison across Fig. 3.3. As expected from Bragg’s
law, resonant wavelengths appear as lines in contour plots that increase and decrease with
sarcomere length, accordingly (Figs. 3.3B-D). As expected from Fourier relationships (Eq.
3), reflection efficiencies of resonant orders depend upon order and sarcomere length (Fig.
3.3B). Further, higher resonant orders are expected to be more sensitive to
inhomogeneous sarcomere lengths in series (Figs. 3.3C and D).
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Figure 3.3: Expected reflection efficiency from sarcomeres generated by numerical simulations.
(A) Simulated reflection efficiency as a function of wavelength for sarcomere length 3.0 µm
shows a spectral fingerprint unique to this sarcomere length. (B) Reflection efficiency as a
function of wavelength and sarcomere length is represented as a contour plot; color bar indicates
reflection efficiency. Dashed line emphasizes sarcomere length 3.0 µm. (C) Sarcomere length
inhomogeneity among sarcomeres in series introduces speckle like effects in the reflection
efficiency spectrum. (D) 10° tilt between illumination and sarcomere long axis in the presence of
sarcomere length inhomogeneity caused a slight left shift in resonant wavelengths; 12 nm was
typical in wavelength range 1 to 2 µm. (E) Reflection efficiency varied periodically with actin
filament length ranging from 1 to 1.3 µm. The grating region is twice the actin filament length
due to actin spanning both sides of the z-band.
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Oblique sarcomeres introduce skew to the spectral fingerprint (Fig. 3.3D). A 10°
tilt of the probe, which is easily recognizable experimentally, would result in less than 25
nm short-estimate of sarcomere length (Eq. 1) for the wavelength ranges used herein; tilt
affects are likely less that natural sarcomere length variability. Still, tilt was carefully
minimized in all experiments herein. Lastly, reflection efficiencies are predicted to be
periodic with actin filament lengths (Eq. 3 and Fig. 3.3E), which is an important
consideration when considering different muscles and species [15]. In many optical
applications, only fundamental resonant reflections (λ1) are measured or studied.
However, since sarcomere length varies by more than a factor of two, locating a single
resonant wavelength in a spectrum of reflected light does necessarily enable solving for
sarcomere length because the resonance may originate from neighboring harmonic orders.
Consequently, a wide spectrum that crosses at least two resonant orders is needed to
measure a sufficient spectral fingerprint to uniquely calculate sarcomere length.
Importantly, this statement is different than claiming two resonant reflections are required.
For example, the 4th, 5th, and 6th orders are located in the wavelength range 1 µm to 2 µm
and sarcomere length range 2.7 µm to 2.8 µm, but the 5th and 6th orders reflection
intensity have disappeared (Figs. 3.3B-D). So, sarcomere length of 2.75 µm is predicted
to yield a single resonant reflection using RRS. Still, this fingerprint is unique to this
sarcomere length and wavelength range, and so sarcomere length can be calculated with
confidence from a single measured resonant wavelength falling in this wavelength band.
Therefore, bandwidth of an experimental system must satisfy the need to envelop
multiple predicted resonant orders. Resonant orders that have weak reflections satisfy this
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requirement if at least one resonant order is measurable for all sarcomere lengths. On one
hand, higher orders cover a smaller wavelength range, enabling more orders to be
measured (Fig. 3.3). On the other hand, higher orders are affected more significantly by
sarcomere inhomogeneity and length changes (Fig. 2B-E). To balance these trade-offs,
we identify the 4th, 5th, and 6th orders as most promising for experimental measurement.
3.4 Three Dimensional Simulations and Optical Probe Coupling
Resonant reflection spectroscopy requires collinear illumination of skeletal
muscle sarcomeres. As such, an optical probe must be used to deliver and collect light in
vivo. The simplest such device, which is as small as possible to reduce tissue damage, is
a lensed fiber optic. Exact sarcomere orientation during an in vivo experiment may not
be known. So, the relative tilt between the fiber optic probe and sarcomeres is unknown.
To estimate in vivo application of RRS with a lensed fiber optic and the extent of the
effect of tilt misalignments between probe and sarcomeres, we extended our
computational models to three dimensions by applying a finite difference time domain
(FDTD) method to solve propagating electromagnetic fields.

Simulations show the

importance of illumination geometry in both idealized and realistic probe and sarcomere
geometries.
3.3.4 Three dimensional simulation environment
We performed the FDTD method in computer simulations in Matlab (The
MathWorks, Inc., Natick, Massachusetts) and openEMS [18] software packages. FDTD
solves Maxwell equations in a linearized form where only nearest-neighbor interactions
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need to be considered in incremental discrete time steps of voxels through the
geometrical model [19]. This treatment offers the significant advantage of arbitrary
model geometry, and it was chosen due to the distinct geometry differences between fiber
optic and sarcomeres. The lensed fiber optic was simulated with parameters to match a
lensed single mode fiber (SMF28) with a lensed geometry to create 10µm spot diameter.
The core and cladding index of refraction were 1.45204 and 1.44681, respectively. Index
of refraction values for all of the sarcomere protein regions match as discussed before.
Simulations were performed across 0, 5, 10, and 15 degrees of tilt between fiber optic and
sarcomere long axes. Simulations either used idealized sarcomeres at 3 µm length or
sarcomeres with phase misalignments at 3 µm length and 5% coefficient of variation.
3.4.5 Results: three dimensional simulations with finite difference time domain method
Electric field plots exhibit propagations paths and spot size as expected (Fig. 3.4).
Interestingly, a small degree of diffraction can be seen regardless of tilt angle. Simulated
reflection spectra from idealized sarcomeres show resonant peaks at approximately 1.35
and 1.62 µm and match with previous RCWA results (Fig. 3.5A). Including a fiber optic
adds the additional complexity of coupling reflected light into the fiber core (Figs. 3.5 B
and C). Although reflection efficiency is still strong at 10 degrees of misalignment (Fig.
3.5A), coupling efficiency into the fiber optic core and therefore signal strength drops
more than a factor of 3 (Figs. 3.5 B and C). Misalignments of at least 15 degrees
completely destroy the resonant reflection spectrum and signal (Fig. 3.5), though a
misalignment of 10 degrees is easily recognizable in practice.
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Figure 3.4: Three dimensional finite difference time domain simulations of sarcomere geometry
and beam propagation from an optical probe are used to estimate reflection collection efficiency.
(A) Simulation geometry of 3µm sarcomere length at 0 degrees tilt. (B-E) Electric field
propagation for 0, 5, 10, and 15 degree tilts, respectively
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Figure 3.5: Collection of reflected spectra is dramatically reduced at larger than five degrees of
tilt between the long axes of sarcomeres and the optical probe for idealized sarcomeres with 3 µm
length. (A) Raw reflection spectra from sarcomeres integrated from cross-sections. (B) Modeoverlap integral for coupling into the optical probe at varying degrees of tilt. (C) Reflection
spectra measured by the optical probe.
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Figure 3.6: Simulations of misaligned and heterogeneous sarcomeres highlight the importance of
collinear illumination to the long axes of sarcomeres. (A) Simulation geometry of 3µm sarcomere
length with 5% coefficient of variation at 0 degrees tilt. (B) Raw reflection spectra from
sarcomeres integrated from cross-sections. Resonance is destroyed for tilts above 0 degrees (C)
Mode-overlap integral for coupling into the optical probe at varying degrees of tilt. (D) Reflection
spectra measured by the optical probe.
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Simulations of heterogeneous sarcomeres with a reasonable 5% coefficient of
variation show critical importance of collinearity between probe and sarcomeres. Under
these conditions, resonant spectra are destroyed at misalignments as low as 5 degrees (Fig.
3.6). Interestingly, collinear illumination appears insensitive to heterogeneous sarcomeres.
3.5 Conclusion
Computer simulations of the proposed resonant reflection spectroscopy method
highlight several considerations. First, broad wavelength illumination is required to
distinguish between degenerate solutions to Bragg’s law. Second, sarcomere length
heterogeneity may not dramatically alter the location of resonant peaks, and so resonant
peaks can be used to calculate sarcomere length despite secondary peaks appearing in the
spectrum.

Third, collinear illumination is critical to generating strong signals,

particularly when using small fiber optics probes.

The next section demonstrates

experimental proof of concept for resonant reflection spectroscopy to measure sarcomere
length.
3.6 Acknowledgements
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Chapter 4 In vitro proof of concept for resonant reflection spectroscopy
4.1 Introduction
Resonant reflection spectroscopy (RRS) requires wide optical bandwidth to solve
the degenerate nature of the Bragg grating equation (Chapter 3). Conventional optical
sources, however, are limited to optical wavelengths that correspond to electron energy
transitions of available materials. As such, they offer insufficient optical bandwidth to
perform RRS across the full range of potential sarcomere lengths found in animals and
humans [1]. In order to perform a proof of concept experiment that assesses agreement
between RRS estimates and transmitted laser diffraction estimates of sarcomere length,
we built a custom optical system to fit this need.
Based upon results from computer simulations, we built a custom supercontinuum
source [2] with 800 nm optical bandwidth and tested feasibility of RRS on ten muscles.
We compared measured RRS spectra to predicted RRS spectra from idealized sarcomeres,
and compared sarcomere lengths measured by RRS and LD. From these comparisons, we
conclude that RRS successfully captures sarcomere length, though several engineering
challenges remain to extend RRS for desired in vivo use.
4.2 Materials and Methods
4.2.1 Tissue preparation
Whole hind limbs were collected from euthanized mice and rabbits sacrificed for
other research. Then, limbs were pinned to cork board and chemically fixed in 10%
formalin for two days. Each sample was rinsed and stored in phosphate buffered saline.
Whole tibialis anterior (TA) and extensor digitorum longus (EDL) muscles were
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collected. Three small subsamples were microdissected at the middle third from each
whole muscle for sarcomere length measurement by laser diffraction. Then, muscles were
cut in half at approximately 15 degrees from normal. This facilitated coupling between
the slanted face of the optical probe and muscle fibers by ensuring the optical path
difference across surfaces was close to zero.
4.2.2 Supercontinuum source
A custom system was used to generate a supercontinuum source (Fig. 4.1A).
Briefly, a Mach-Zehnder modulator (MZM) was used to generate optical pulses that were
optically amplified to 1 W power and sent into 280 m of highly nonlinear fiber (HNLF;
Sumitomo Electronics, Japan) with 1550 nm zero dispersion wavelength [4]. The optimal
spectrum (Fig. 4.1B) was generated using these pulse characteristics: 1553.4 nm center
wavelength (HP 81684 tunable laser, Palo Alto, California), 25 ns pulse duration, and 1
MHz repetition rate. The raw supercontinuum spectrum at the output of the HNLF
spanned 800 nm with total power in excess of 500 mW. Three wavelength division
multiplexers (WDMs) were used to divide the supercontinuum spectrum into three
wavelength bands; each band used had final output power less than 15 mW and 3dB
flatness.
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Figure 4.1: (A) Schematic of supercontinuum spectroscopic system. Abbreviations are as
follows: LD, laser diode; MZM, Mach-Zehnder modulator; AMP, optical amplifiers; HNLF,
highly nonlinear fiber; WDM, wavelength division multiplexer; Circ, circulator; OSA, optical
spectrum analyzer. (B) Supercontinuum spectroscopy system output before and after wavelength
division multiplexing.

4.2.3 Sarcomere length measurement by laser diffraction
Small subsamples were placed on glass slides and trans-illuminated with a 10 mW
He-Ne laser with 633 nm center wavelength. Resulting diffraction patterns illuminated a
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frosted glass slide, and distances between diffracted peaks were measured with digital
calipers. The measurement system was calibrated using a wire grating with 2.0 μm period.
Sarcomere length was calculated from the distance measurements and calibration [3];
sarcomere length measurement from this system had a typical standard deviation of
approximately 60 nm and ranged from 2.36-3.03 μm.
4.2.4 Sarcomere length measurement by resonant reflection spectroscopy
Muscle samples were placed on a stage, and the middle of the cross-sectional face
of muscle was co-linearly aligned to the optical probe. Thus, sarcomeres close to the
middle of the muscle were measured by RRS. The probe, a single mode fiber patch cable
terminated with angled plain connectors, illuminated muscle fibers and collected
reflected power. An optical circulator, which only permits light propagation to forward
ports, directed supercontinuum source illumination through the probe and directed
reflected signals to an optical spectrum analyzer (OSA; Yokogawa AQ6375, Japan) that
measured reflected power spectra (Fig. 4.1A).
The number of sarcomeres measured by RRS in series and in parallel is affected
by scattering and beam coupling characteristics of the optical probe. Photon mean free
paths in muscle tissue are roughly millimeters in length [5], whereas the Rayleigh length
of the optical probe is at least an order of magnitude shorter. Based upon a myofibril
(sarcomere) diameter of 1 µm and beam parameters derived from a 0.14 NA optical
probe, we estimate that approximately 1500 sarcomeres contributed to the RRS signal.
Resonant wavelengths (maximal reflections) were automatically selected from
measured spectra. Two resonant wavelengths were measured in eight of ten muscles. In
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one muscle, a single resonant wavelength was present within the measurement window,
which is consistent with theory for particular sarcomere lengths (see Chapter 3). In
another muscle, three resonant wavelengths were measured. Sarcomere lengths were
calculated using the following procedure. First, one measured resonant wavelength was
used to generate a set of possible sarcomere lengths based upon varying harmonic orders.
Then, the measured spectrum was compared with predicted spectral “fingerprints” to
identify possible sarcomere lengths.
Sarcomeres within real muscles are not homogenous. After solving for resonant
orders using the procedure described above, sarcomere length was calculated for each
measured resonant wavelength to account for natural variability. These sarcomere length
estimates were averaged to generate the sarcomere lengths presented. For more details
regarding relationships between resonant wavelengths and sarcomere lengths, see
Chapter 3.
4.2.5 Statistical analysis
Linear correlations were performed in MATLAB (The MathWorks, Inc., Natick,
Massachusetts) and data points were treated as independent samples. A paired t-test was
performed to compare average isometric force before and after probe insertion using
Prism software (GraphPad, San Diego, California). Power analyses were performed using
G*Power 3.1 [6] (Heinrich Heine University Dusseldorf, Germany). Significance level
was set to 0.05 for all tests.
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4.3 Results
4.3.1 Experimentally measured vs. simulated resonant reflections
To test our model, we measured multiple resonant orders from muscles of known
sarcomere length using the new supercontinuum spectroscopy system and then compared
measurements to numerical simulations. In ten muscles, experimental measurements
agreed remarkably well with simulations.
Overlay of unprocessed reflected power and theoretical simulations from muscle
tissue with sarcomere length 2.45 µm exhibit agreement (Figs. 4.2 A and B). Importantly,
the resonant wavelengths, which have the strongest reflections, match extremely well for
both the 4th and 5th order. In this example, average difference between simulated resonant
wavelength from idealized sarcomeres and experimental measurements was 3.5 nm,
which equates to a 6.5 nm sarcomere length or 0.27% uncertainty. Furthermore, the
reflection spectrum approximates a superposition of sinc functions as predicted by the
theoretical model [7, 8]. Notably, the period of oscillations in measured spectra roughly
match the predicted period.
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Figure 4.2: Theory for sarcomere refractive index accurately models reflected signals across all
muscles tested (N = 10). (A and B) Overlay of simulated (black) and experimentally measured
(gray) reflection spectra from muscle with 2.45 µm sarcomere length for 5th (A) and 4th (B) order
resonances. Wavelength ranges are focused near resonant wavelengths to show nm-scale detail.
(C) Experimentally measured and simulated resonant wavelengths (λm) for 3rd order (X), 4th order
(), 5th order (+), and 6th order (*) significantly correlate (R2 = 0.984, p < 0.001) across muscle
samples. Dashed line represents line of unity. (D) An agreement plot presents an unbiased view
of variability in differences (Δλm) between simulated and experimentally measured resonant
wavelengths. Dashed lines represent standard deviation and twice the standard deviation. There is
no systematic bias between modeled and experimentally measured resonances (P = 0.86).

Experimental measurements match well across the entire sample, which includes
a range of sarcomere lengths from 2.36 to 3.03 µm. This dataset revealed a significant
correlation (p < 0.001) between experimentally measured and simulated resonant
wavelengths with the theoretical model explaining 98% (R2 = 0.984) of the variability in
experimental measurements (Fig. 4.2C). As a further test, we generated an agreement plot
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to visualize the fit between data sets (Fig. 4.2D). Agreement plots are not visually biased
by scale as can occur with correlations [9]. In the agreement plot, we easily see that two
of the ten muscles are less accurately modeled by idealized sarcomeres. Currently, we
lack sufficient data to conclude the cause of disagreement in these muscles, but we
hypothesize, based upon numerical simulations, that the shifts are caused by radial and/or
longitudinal sarcomere length inhomogeneity. Nonetheless, these shifts do not prevent
sarcomere length measurements, as seen in the next section.
4.3.2 Sarcomere length measured by laser diffraction vs. resonant reflection
spectroscopy
Using the procedure described in Methods, we calculated sarcomere length from
RRS measurements. Sarcomere length measured by LD and RRS were highly
significantly correlated (R2 = 0.984, p < 0.001) (Fig. 4.3A). Variability between
measurement methods is more clearly seen in an agreement plot (Fig. 4.3B). Differences
between method sarcomere length measurements were not significantly correlated across
sarcomere length (P = 0.16), indicating sarcomere lengths measured by RRS are not
systematically biased (80% power to detect 1.7 nm/µm skew). Even with a onedimensional and idealized sarcomere model, sarcomere lengths measured by RRS and
LD agree with a standard deviation of ±35 nm (Fig. 4.3B), well within a physiologically
meaningful tolerance.
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Figure 4.3: (A) Sarcomere lengths measured by LD and RRS significantly correlate (R2 = 0.984,
p < 0.001). Black Dashed line represents line of unity. Gray dashed line represents line of best fit.
(B) Agreement plot revels no systematic bias in sarcomere length measurements by RRS (P =
0.16).

4.4 Discussion
This study demonstrates two key points: theoretical development of RRS and
experimental assessment of its ability to measure sarcomere length. RRS can potentially
enable critically important sarcomere length measurements in vivo, in real time, and in
humans because the information is encoded in optical wavelengths rather than spatial
information as is the case in current techniques [10, 11]. Using a new supercontinuum
system and a one-dimensional sarcomere refractive index model, we demonstrated that
sarcomere lengths measured by RRS agree remarkably well with sarcomere lengths
measured by LD, a standard technique. We conclude that RRS is theoretically feasible,
though several key points differentiate the feasibility system used here and the desired in
vivo RRS technique. A number of considerations are raised in the following discussion,
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but still, the idealized model of sarcomeres explained 98% of the variability in the key
information contained in measured RRS spectra.
First, an extra-muscular probe was used in the feasibility experiment. This
allowed us to explore illumination angles to align illumination with the long axes of
sarcomeres and provide confidence relating the theoretical model with experimental
geometry. Severely oblique sarcomeres would have demanded data collection and
alignment tests beyond the scope of this initial feasibility study. A future intramuscular
probe may not have control of illumination angles and more work is necessary to
determine if redundant measurements are needed to address this added level of
complexity, however, simulations of 10° oblique sarcomeres caused skew in the spectral
fingerprint that would change sarcomere length estimates by less than 25 nm.
Additionally, intramuscular probes impose geometric changes to the local muscle fibers,
though these changes appear small in histological analysis.
Second, chemically fixed muscles were used for RRS measurements while the
true benefit of RRS will come from in vivo use. Using fixed muscles allowed us to
prototype the experiments while minimizing the animals needed for this study.
Importantly, we recently demonstrated [12] that fixation does not systematically
introduce errors in sarcomere length measurements by LD. Signal generation in RRS and
LD are fundamentally similar, though the geometry is different, so it is unlikely that
fixation dramatically confounded the results. Fixation, though, may systematically
change baseline refractive index compared to fresh muscle sarcomeres. This may cause a
corresponding shift to measured sarcomere lengths. Refractive indexes used here led to
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RRS measured sarcomere lengths to match those measured by LD in fixed muscles,
though a baseline shift may be required for in vivo use.
Third, in vivo measurements are associated with natural movement. Motion
artifacts are a confounding factor present in microendoscopy measurements of in vivo
sarcomere length because the technique operates at only a few Hz [11, 13]. RRS,
however, does not require point scanning and can operate at many kHz rates. Thus,
motion artifacts will not confound sarcomere length data collected by RRS. If index of
refraction changes during contraction are minimal or can be resolved, RRS may offer a
unique capability to even distinguish between passively and actively contracting muscle,
in vivo. More engineering and experiments are required to test these hypotheses.
Last, several other factors may systematically affect RRS signals and have not
been included in the current model. Concentration changes in non-contractile organelles,
such as mitochondria and nuclei, may affect the base level refractive index and
systematically shift sarcomere lengths shorter or longer. We expect, however, that the
magnitudes of these affects will be buried by variability caused by within-muscle
sarcomere length heterogeneity. Length changes to z-band or actin filament regions affect
the sarcomere refractive index profile and are expected to affect the relative intensities of
resonant orders. The extent to which this is a confounding factor or meaningful data is
currently unknown and should be a topic of future investigation.
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4.5 Conclusions
RRS offers a potential breakthrough for in vivo sarcomere length data collection
because it is not restricted by the same fundamental limitations as current techniques.
Using the theoretical framework presented here, we accurately predicted the resonant
reflections that arise from muscle sarcomeres. Notably, we demonstrated that sarcomere
lengths measured by RRS matched those measured by traditional LD. Engineering
challenges, such as developing appropriate laser sources and optical probes, remain to
extend RRS in vivo, but these results demonstrate the feasibility of RRS and point to
promising future applications.
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Chapter 5 Real-time in vivo sensing of muscle protein structure
5.1 Introduction
Bench-top models and single time point biopsies are insufficient to understand
complex biology. In the past decade, however, the use of optical technology to define
tissue structure and detect disease has increased dramatically. Thanks to recent
breakthroughs, it is possible to measure cellular structures with sufficient resolution to
access cell function and maintain this resolution across many millimeters to generate data
relevant to tissue function[1, 2]. Yet, techniques that are compatible with other target
organs and general minimally-invasive use remain challenging. Here we describe a new
minimally invasive optical approach that uses a 250 µm fiber optic probe and can acquire
data at kHz rates with nm length resolution across mm distances during movement and
activity. Additionally, we access the amount of damage caused by inserting the fiber
optic probe. Histology of cross-sections of muscle tissue where probes have been inserted
show minimal damage. Muscular force before and after probe insertion are not different.
Our method uses a combination of resonant reflection spectroscopy (RRS), which
determines tissue microstructure, and optical frequency domain interferometry (OFDI),
which controls and measures the precise depth at which the signal is obtained. For the
first time, we show analysis of the optical reflections from muscle tissue that easily
captures submicron submillisecond movement of muscle proteins, creating the potential
for an entirely new approach to understand movement disorders in patients with muscle
dystrophy, Parkinson’s disease, stroke or cerebral palsy. It’s likely this method will be
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performed during voluntary movement, which sets it apart from all other tissue
measuring methods developed to date.
5.2 In Vivo Optical Probe Insertion Causes Minimal Sarcomere Damage
5.2.1 Muscle biomechanics system
TA muscles were chosen for accessibility and availability of reference data [3].
All procedures were performed with the approval of the Institutional Animal Care and
Use Committee (IACUC). Isometric force measurement and animal preparation followed
previously described methods [4, 5], but the anterior compartment of the leg was left
intact.

Briefly,

anesthesia

was

induced

with

a

subcutaneous

injection

of

ketamine/xylazine cocktail (35 and 5 mg/kg respectively) and maintained with 2%
isofluorane (2 L/min). Heart rate, blood oxygen saturation (PhysioSuite, Kent Scientific
Corp., Torrington, Connecticut) and respiratory rate were monitored during all tests.
Physiological temperature and moisture were maintained throughout the experiment.
The TA and peroneal nerve were surgically exposed, and the hind limb
immobilized in a custom made jig. The distal TA tendon was transected, released from
the retinaculum, and clamped at the muscle-tendon junction to a servomotor (Aurora
Scientific Inc., Canada). Force generation axes of the TA and servomotor were carefully
aligned. A cuff electrode (Model S48, Grass Instruments, Quincy, MA) provided direct
stimulation to the peroneal nerve. Supramaximal excitation voltage and optimum fiber
length were measured experimentally for each TA using twitch contractions. Once these
baseline conditions were established, isometric force from tetanic contractions was
measured twice before and twice after probe insertion (5 V typical, 0.3 ms pulse width,
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100 Hz frequency, 640 ms duration) with two-minute rest between contractions. Rabbits
were then euthanized with 120 mg/kg pentobarbital injected into the marginal ear vein.
5.2.2 Isometric force measurements
To quantify structural and functional damage associated with our probe, isometric
force of rabbit tibialis anterior (TA) muscles (N = 7 muscles, 4 rabbits) was measured
before and after insertion of a prototype intramuscular lensed optical probe (OZ Optics,
Canada). In this group of experiments, the extensor digitorum longus tendon was cut to
limit lateral force transmission. In later experiments, the tendon was left intact, but the
foot was clamped down.

This served to allow ground the force production of the

extensor digitorum longus.
Probe insertion was performed with the following procedure. An optical probe
was threaded into but not extended past the tip of a 22 gauge hypodermic needle; the
needle was inserted approximately 1 cm into the mid-belly of the TA, parallel to muscle
fibers. While holding the optical probe in place, the hypodermic needle was removed
from the muscle before stimulating contractions. In three animals, the procedure was
repeated for the contralateral limb. After contractions, the probe was removed and
inspected for damage. No probes were damaged using this protocol.
5.2.3 Histology
To determine the structural damage induced by probe insertion, following
sacrifice, TA muscles were excised and pinned to cork at resting length. An optical probe
was re-inserted into the muscle distal to the first insertion point, but otherwise following
the same procedure. Then, muscle and probe were flash frozen. Probes were carefully
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removed just before sectioning, though three probes broke during removal and
corresponding muscles were not counted in further analysis.
Cross-sections were taken from flash frozen muscles (N = 4) at 70 µm thickness
using a cryostat (Microm HM500, Waldorf, Germany). This thickness was found to best
maintain the integrity of probe induced holes, although it was thicker than the optimal
value needed for muscle morphology. Sections were stained with hematoxylin and eosin
(H&E) for visualization and imaged with a light microscope (Model DM6000, Leica
Microsystems Inc., Buffalo Grove, Illinois). Area fraction of probe-induced damage was
calculated using ImageJ [6].
5.2.4 Muscle function after intramuscular insertion of optical probes
Future RRS applications may require intramuscular insertion of optical probes. To
access the amount of muscular damage induced by probe insertion, we measured
maximal isometric contractile force in rabbit TA muscles before and after prototype
lensed optical probe insertion (Figs. 4.4 A and B). There was almost no change in
contractile force with probe insertion (see sample records in Fig. 4.4A). Further, averaged
pre-insertion and averaged post-insertion forces were not significantly different (Fig.
4.4B, paired t-test, P = 0.213). Power analysis indicated an 80% power to detect a 5%
force change given the experimental variability.
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Figure 5.1: Insertion of an optical probe has almost no effect on structure or function. (A)
Representative isometric contractile record of a rabbit TA pre- and post-insertion of an optical
probe. Inset shows the force record enlarged at the plateau. (B) Paired t-test shows that isometric
muscle function is not significantly different after probe insertion (P = 0.213). (C) Representative
70 µm thick cross-section of a rabbit TA muscle stained with hematoxylin and eosin shows area
of probe insertion. Average damaged area fraction was 0.078%. Scale bar represents 0.1 µm.
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To assess the structural damage caused by probe insertion, we examined
corresponding cross-sections of rabbit TA muscles stained with H&E (Fig. 4.4C).
Damaged muscle area fraction, calculated as area of damage divided by muscle crosssectional area, associated with probe insertion was found to be 0.078%. Taken together,
these data suggest that optical probe insertion into muscle has almost no effect on
structure or function.
5.3 Minimally invasive sarcomere length measurement with nanometer resolution
across millimeters of tissue
With the goal of simultaneously measuring along millimeters of muscle tissue
with kHz sampling rate, nm resolution, compatibility with gross movement, and minimal
tissue damage, we developed a new technique termed resonant reflection spectroscopy
(RRS) [7]. We previously provided proof of concept and measurement validation in vitro
[7]. Here, we report RRS feasibility for functional sarcomere length measurement in vivo.
We achieved sample sizes up to 4,200 sarcomeres sampled at 9.85 kHz using a 250 µm
diameter fiber optic probe during passive stretch, twitches, and tetanic contractions.
RRS is a low-power technique that relates transmission and reflection of light
within a periodic material to its underlying structure [7, 8]. Skeletal muscle sarcomeres
provide a unique periodic structure that interacts strongly with laser light. In traditional
laser diffraction, a single wavelength laser illuminates sarcomeres perpendicular to their
long axis, and the transmitted diffraction pattern is used to calculate sarcomere length[9–
11]. RRS differs from traditional laser diffraction by rotating the illumination and
collection geometry to be parallel with the sarcomere long axis. This enables illumination
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and collection of the necessary data using a single small fiber optic probe. This trade-off
of reducing spatial complexity is a dramatically increased optical wavelength range that
is not available to most laser sources [7]. To satisfy the wavelength requirement, we
employ custom technology developed for optical communication [7, 12]. However, for
the purposes of providing proof of feasibility, here we use a commercially available
source along with a corresponding reduction in measurable sarcomere length range.
5.3.1 Optical system
A swept wavelength laser (ESS, Exalos AG) continuously sweeps from 1483 to
1598 nm wavelength. Laser energy is split using a fiber optic coupler between a
measurement and reference arm. In the measurement arm, laser energy is delivered to
muscle through an optical circulator through a 250 µm lensed fiber optic probe (OZ
Optics) inserted directly into the muscle belly. Care is taken to align fiber optic and
muscle fiber long axis. The same optical probe collects muscle reflections that are then
combined with the reference arm using a second optical coupler. The reference arm
contained a polarization controller and a tunable delay line for controlling focal depth.
Combined reference and measurement arms were split with a polarization beam splitter to
minimize polarization-induced fringe fading. Inteferograms at the output of the
polarization beam splitter were measured by a pair of amplified photodetectors (PDF10C
Thorlabs) and digitized (5444B Pico Technology). Custom Labview software controlled
the system. Resonant reflection spectra are encoded in inteferograms and used to
calculate sarcomere length with nm resolution in 30 µm spaced distance bins and 1 ms
time resolution.
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5.3.2 Muscle physiology
Rabbits were placed under anesthesia using previously described methods with
approval from the Institutional Animal Care and Use Committee [4]. Briefly, tibialis
anterior muscle and peroneal nerve were surgically exposed. MTU force and length were
measured by clamping the distal tendon 1 cm from the muscle tendon junction into a
force transducer and the hind limb was immobilized. A cuff electrode stimulated the
peroneal nerve during active trials. After experimentation, rabbits were euthanized with
120 mg/kg pentobarbital injected into the marginal ear vein.
5.3.3 Signal processing
Custom Matlab software was written to perform data analysis. A digital trigger
was used to register muscle force and length measurements with optical signals. DC
signal was subtracted from the data, and spectra were linearized to equal spaced optical
frequency points using the swept laser’s k-clock. Data were averaged over 1 ms to
improve signal-to-noise ratio. Resonant peaks in OFDI spectra from within the muscle
were filtered in the Fourier domain. Filtered resonant peaks were Fourier transformed
back to resonant spectra using discrete Fourier transform. Sarcomere length was
calculated both by Bragg’s law and correlations to a simulated resonant spectra lookup
table, but there was no difference between the two estimates. Data reported here are from
calculations by Bragg’s law.
5.3.4 Results
Histological examination of tissue shows that sarcomere lengths adjacent to probe
insertion were within 5% coefficient of variation, which is typical to other skeletal
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muscle [13]. However, variable contact at the surface of the probe tip caused by motion
or wound response may change baseline reflection spectra thus invalidating sarcomere
lengths measured. To address this concern, we implemented optical frequency domain
interferometry (OFDI) to encode reflection spectra inside interferograms of different
frequency [14]. OFDI yields depth resolution that enables separation of reflections from
the probe surface from reflections within the muscle tissue. Importantly, it enables
profiling sarcomere length along many millimeters of muscle.
Our proof of feasibility (Fig. 1), which combines OFDI and RRS, enabled
sarcomere length measurement during dynamic movement and activity. We used a
commercially available source with relatively limited optical wavelength range that
creates two limitations to RRS: First, sarcomere length degeneracy could result if we
were uncertain of approximate sarcomere length. Second, data can only be measured
within specific sarcomere length windows. These limitations can only result in false
negatives, and therefore they do not affect the interpretation or proof of feasibility
presented here. To demonstrate feasibility, we measured sarcomere length during
dynamic movements with trials consisting of passive stenches, twitches, and isometric
tetanic contractions. An example of each trial is included here.
Passive strains consisted of linear strain to the MTU, hold, and linear shortening.
Sarcomere length was measured throughout the trial (Fig. 2). Several false negatives,
where no sarcomere length is measured, occurred. Sarcomere length change during each
phase of the passive strain trial showed the expected non-linear behavior associated with
viscoelastic biological tissue [15].
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Figure 5.2: Minimally invasive sarcomere length profiler. A swept wavelength laser source
continuously sweeps across wavelength. Laser energy is split between a measurement and
reference arm. In the measurement arm, laser energy is delivered to muscle through an inserted
fiber optic probe with 250 µm diameter. The same optical probe collects muscle reflections that
are then combined with the reference arm and sent to a detector. Resonant reflection spectra are
encoded into inteferograms and used to calculate sarcomere length with nm resolution in 30 µm
spaced distance bins and 1 ms time resolution.

During passive strain, sarcomere length change was concave and non-linear due
to series connective tissue viscoelasticity. High viscoelastic force within the series tendon
forces all strain to be taken by sarcomeres, which results in a greater sarcomere strain
than tendon strain. As strain continues, series tendon absorbs strain and relative
sarcomere strain rate decreases. An interesting dynamic occurs between muscle elasticity
and series tendon viscoelastic components during hold after passive strain. Sarcomere
length shortens during the hold phase of the MTU, which means muscle elasticity allows
tendon creep. Sarcomere strain is convex during passive shortening of the MTU for the
opposite reason as described above. These in vivo data represent the first dynamic
sarcomere lengths measured from intact mammalian skeletal muscles with nanometer
length resolution maintained across millimeters of muscle tissue. Additionally, RRS
spectra contain a wealth of information about the protein ultrastructure (Fig 2. Insets).
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Peak wavelength is used here to calculate sarcomere length. Additionally, measuring
filament length and the complete reconstruction of sarcomere proteins in 3D are
theoretically possible using the full reflection profile and phase response [16]. Protein
filament length and their arrangement are critical to understating muscular dystrophy
pathology and its progression [17].

Figure 5.3: Sarcomere length as a function of passive strain of the MTU (black). Top plot shows
sarcomere length as the MTU was linearly strained, held, and then returned. Sarcomere length
change (red) show clear nonlinearities during each phase. Insets show sample resonate reflection
spectra that provide sarcomere length estimates.

Second, a twitch is the fundamental quantum of force production in striated
muscle [18]. Direct measurement of a sarcomere response to electrical impulses provides
the exciting opportunity to probe the relationship between electric drive and muscular
response. To access the feasibility of RRS to measure sarcomere length during isometric
twitch, we excited the peroneal nerve with a cuff electrode.
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Sarcomere shortening occurred simultaneously with activation and force was
transmitted directly to the force transducer (Fig. 3). Sarcomere length shortened linearly
and reached the plateau over 30.4 ms. After 38.7 ms sarcomeres lengthened non-linearly
as calcium was returned to the sarcoplasmic reticulum. Across all twitches, we found no
truly isometric contractions reflecting sarcomere shortening at the expense of tendon
lengthening. False negatives only occurred during the activation phase, which is
consistent with previous studies that suggest sarcomeres are disordered upon activation
[19].

Figure 5.4: Sample data from an isometric twitch. Top plot shows sarcomere length (red) and
force data (blue). Sarcomere length changes are remarkably linear during force production. Insets
show sample resonate reflection spectra that provide sarcomere length estimates.

Third, tetanic contractions, the most common type of muscle contraction, revealed in
vivo sarcomere length shortening as a result of tendon series viscoelasticity (Fig. 4).
Although the MTU was kept at a constant length, sarcomeres shorten well past the initial
rise in force, due to series connective tissue compliance [20]. On the descending limb of
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the length tension curve, as is the case in this example trial, sarcomeres become stronger
as they shorten. Stronger sarcomeres produce more stress and the tendon lengthens
further. This process repeats until steady state was reached after 330 ms. False negatives
predominately occurred in two regions. As with the twitch trial, sarcomeres become
disordered during the onset of activation. Sarcomere length also dramatically changes
when activation ends, which we have demonstrated previously in vitro [21]. Improved
SNR, optical bandwidth, and optical probe design would eliminate false negatives.
The ability to separate muscle force production from neuronal drive is critical in
diagnosing deficits in strength or movement in patients with muscle dystrophy and
cerebral palsy. We believe that the technique described here will enable routine
measurement of muscle protein structure to revolutionize our diagnosis and treatment
these diseases.

Figure 5.5: Sample trial of sarcomere length during an isometric tetanic contraction. Top plot
shows sarcomere length (red) and MTU force (blue) as a function of time. Sarcomeres shorten
linearly for an extended period of time due to series compliance. Insets show sample resonate
reflection spectra that provide sarcomere length estimates.
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Chapter 6 Improving Swept Source Fiber Optic Parametric Oscillators
6.1 Introduction
Wavelength swept sources are used in widespread fields such as medical imaging
and spectroscopic sensing [1–3]. Optical bandwidth and wavelength sweep rate are
application specific, but generally broader and faster sweeps are desireable to maximize
information and time resolution. These metrics are especially important in emerging
biological sensing technology. For example, we recently showed proof of feasibility for a
protein-scale sensing technique termed resonant reflection spectroscopy (RRS) to
measure skeletal muscle kenetics in vivo [4]. This demonstration leveraged swept laser
sources to perform optical frequency domain interferometry (OFDI) in conjuction to RRS
for depth resolved measurements of muscle function [1, 2]. However, available
commercial swept sources provide only a fraction of the ideal bandwidth to perform RRS,
and so the system was limited to specific muscle lengths [4]. Bandwidth in commercial
swept wavelength sources are limited to the optical gain available from electron
transitions in the medium used, so additional methods are necessary to extend the naitive
bandwidth of a swept source. Additionaly, conventional swept sources require a two-step
process to create a wavelength sweep. First, full bandwidth of the gain medium is
engaged. Second, a passive filter restricts circulation in the laser cavity to narrow
wavelength band [5]. In swept operation, the wavelength filter is mechanically modulated
to create the wavelength sweep, and speed is limited by the mechanical speed of filter
tuning.
One potential solution to increase bandwidth while maintaining fast speed is
through using a swept-pump fiber optical parametric oscillator (FOPO) system.
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Previously, we have shown simultaneous wavelength-swept generation across 329 nm
optical wavelength [6]. Current FOPOs, however, are too slow to be used during muscle
activity and motion. Here we develop several design rules to improve FOPO systems. By
variable tuning of power and repetition rate we increase sweep speed to 14 kHz and
increase optical bandwidth to a total of 422 nm. These design rules can be used to design
future systems, such as an engine in a new RRS system to measure a much more general
set of muscles.
6.2. System architecture
6.2.1 Operating principles
FOPOs use a swept source as the input (pump) to a precisely engineered optical
cavity. The FOPO cavity contains a narrow band fiber optic parametric amplifier (FOPA)
that generates Stokes and anti-Stokes beams from the seed wavelength. Resulting Stokes
and anti-Stokes beams can be cast to far wavelengths that are not available from
conventional laser sources. As the seed wavelength is swept, the Stokes and anti-Stokes
beams are swept by a larger factor that is controlled by the parametric amplification
process, and total bandwidth is dramatically increased (Fig. 1). Efficient energy transfer
from pump to Stokes and anti-Stokes beams is achieved by circulating the anti-Stokes
inside a lasing cavity. Theoretical considerations for the FOPA used in the FOPO are
discussed in detail elsewhere [6]. Here, we investigate practical design rules for
optimizing and designing these systems.
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Figure 6.1: Swept source operation within FOPO cavity.

6.2.2 Experimental system
A new FOPO system was built to achieve faster repetition rate and increased
bandwidth (Fig. 2). Insight Photonic Solutions’ akinetic swept laser was chosen as the
seed swept source. We found the programmable bandwidth and sweep speed critical to
optimization. This pump also allowed static and dynamic operation of the FOPO, which
allowed us to optimize between dynamic and static cases with the same exact system.
During static operation, wavelength was stepped from 1527 nm to 1565 nm in 1 nm
increments to explore maximal achievable bandwidth. During dynamic operation, pump
wavelength was swept from 1536 to 1564 nm at 14 kHz sweep rate.
The Insight akinetic laser output at 15 dBm was sent to a Mach-Zehnder
modulator (MZM) to generate optical pulses. Pulse repetition rate was controlled by one
of three clocks; clock choice and rational are discussed in Section 3.3. Duty cycle was
controlled by a tunable pulse generator (Alnair EPG-210B). During dynamic operation,
the clock driving pulse optical pulse creation of the MZM was linearly swept from
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10.429 to 10.432 MHz repetition rate in sync with the swept laser to accomodate
wavelength differences to index of refraction within the laser cavity. Optical pulses at the
output of the MZM were amplified in two stages by erbium-doped fiber amplifiers
(EDFA1 and EDFA2). Power to EDFA2 was variable during dynamic operation of the
FOPO; more details and rational are discussed in Section 3.2. High power pump pulses
were sent to the FOPO cavity. FOPA parametric gain medium was a highly non-linear
fiber (HNLF) with zero-dispersion wavelength (ZDW) of 1567.3 nm[7]. FOPA output
was monitored by a 1% tap using an optical coupler (OC). Two wavelength division
multiplexes (WDM1 and WDM2) served to circulate only anti-Stokes (lasing) waves in
the FOPO cavity. Isolated short-wave infrared (SWIR) and near infrared (NIR) beams
could be obtained at WDM2 and 30% of the intra-cavity OC, respectively.

Figure 6.2: FOPO system architecture.

6.3. Static wavelength operation
6.3.1 Bandwidth limits
Bandwidth limits of the FOPO were investigated under static operation of the
pump (Fig. 3). Wavelength spectra were collected by an optical spectra analyzer at the
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output of the 1% FOPA tap (Yokogawa, Japan). Pump wavelength was stepped from
1527 nm to 1565 nm in 1 nm increments. Resulting spectra show a remarkable 1800%
increase in output bandwidth. Energy is very efficiently transferred to the lasing antistokes wave. In most cases, anti-stokes power reached within 3 dB of pump power.
Energy transfer to stokes waves is less efficient at ~15 dB down from pump power for
most pump wavelengths. Repetition rate was adjusted for each pump wavelength. Power
level was optimized for the shortest pump wavelengths and was kept constant for all trials.
Constant power level has a profound effect on FOPO performance and is discussed in the
next section.

Figure 6.3: FOPO bandwidth limits during static operation. Each trace is associated with a
different pump wavelength.

6.3.2 Booster drive optimization
As can be seen in Fig. 3, the necessary power level at the short wavelength side is
over-amplified for the long wavelength side. This is evidenced by the dramatic widening
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of beam width for the over powered NIR and SWIR waves [6]. This occurs despite the
natural occurrence of lower pump amplification at the longer wavelength beams for the
EDFAs used, as evidenced by to drop-off in peak power of the pump at short
wavelengths compared to longer wavelengths. To combat this feature during dynamic
operation, we swept EDFA2 drive voltage in sync with the pump sweep (Fig. 4). Internal
capacitance of the EDFA2 resulted in a delayed impulse response. We found the voltage
drive profile shown in Fig. 4 to best optimize the balance between power necessary for
short wavelengths with over-powering the long wavelength side of the pump.

Figure 6.4: System optimization. (A) Clock stability dramatically affects power stability. (B)
Optimium drive voltage to the system booster and booster power response during swept
optimization.

6.3.3 Repetition rate optimization
Fundamental cavity frequency was measured as approximately 880 kHz. Practicle
application of FOPO to spectroscopy requires sub-nanometer wavelength resolution, so
we used approximately 10.43 MHz repetition rate to create pulses at sub-nanometer
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wavelength spacing. However, faster repetition rates require more narrow pulses to
maintain a short duty cycle to achieve sufficient peak power for efficient parametric
amplification. We found that MHz-scale repetition rate required approximately 500 ps
duration pulses. Sub-nanosecond pulses significantly increase lasing loss due to walk-off
between circulating pulses, particularly for dynamic operation where wavelength
differences in index of refraction contribute to cavity de-tuning. To address this caveat,
Optimal repetition rate of pump pulses was measured during static operation (Fig. 5). We
found a highly non-linear relationship between optimal repetition rate and wavelength.

Figure 6.5: Optimal frequency detuning from 10.43 MHz repeitition rate as a function of
wavelength in static operation.

Unfortunately, high quality clocks that output non-linear frequency sweeps are
not readily available. We tested three clocks in static operation of the FOPO and found
that clock stability to have a much more significant effect that optimal repetition rate (Fig.
6). Clocks tested were VCO, AWG1 and AWG2. To best combine cavity frequency as a
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function of wavelength and clock stability, we used a clock with very low jitter that was
able to produce linear frequency sweeps in sync with the pump sweep.

Figure 6.6: System optimization. (A) Clock stability dramatically affects power stability. (B)
Optimium drive voltage to the system booster and booster power response during swept
optimization.

6.4 Dynamic wavelength operation
By utilizing the design rules discussed above, we achieved 14 kHz sweep rate
with total bandwidth equal 422 nm in dynamic operation of the FOPO (Fig. 7). The full
output spectrum of the wavelength-swept FOPO at the 1% tap after the HNFL shows
significant Raman gain between pump and Stokes bands. This unintended gain results
from lasing deficiencies at the edges of the wavelength sweep. Further improvements
through non-linear optimization of repetition rate and improved passive filtering in the
lasing cavity are expected to eliminate Raman gain and reach greater than 725 nm
bandwidth shown in static operation.

81

Figure 6.7: FOPO performance at 14 kHz repetition rate.

6.5. Conclusion
We report conception and implementation of new design rules for FOPO systems.
Using a sweeping tunable pump across 28 nm, our new system achieves a record
breaking 422 nm combined bandwidth at 14 kHz repetition rate, which equates to
3400000 nm/s sweep speed in the Stokes band. This engine can be used in many
techniques where bandwidth and sweep speed are key parameters, such as resonant
reflection spectroscopy.
6.6 Acknowledgements
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Chapter 7 Conclusion
7.1 Dissertation Summary and Significance
Significant progress in a field of study relies on the collection of high quality data.
In skeletal muscle physiology, the greatest hindrance to progress is the inability to
measure muscle protein structure during realistic movement. The goal of this thesis was
to leverage several decades of technological development in the field of fiber optic
communication that was so far un-tapped in the field of muscle physiology.
The first contribution of this thesis in Chapter 2 was increasing the sensitivity of
using laser diffraction to measure skeletal muscle sarcomere length in muscle fibrosis.
Muscle fibrosis is associated with many diseases and includes a significant increase in
muscle collagen content. Collagen is highly scattering and typically disables the use of
laser diffraction to measure sarcomere length by burying the needed diffraction signal in
scattered noise. Since photons undergoing scattering and diffraction have different
transfer functions as they travel through muscle, we proposed and successfully
demonstrated the use of polarization gating to separate diffracted signal from scattered
noise. This improvement enables fast collection of large samples of sarcomere lengths in
diseased muscles.
Second and the main goal of this thesis, we proposed in Chapter 3 a new principle
for collecting sarcomere length data that is theoretically compatible with the requirements
for collecting sarcomere length during movement: real-time sampling, compatibility with
gross movement, inducing minimal tissue damage, and resolving nanometer-scale protein
geometry change. Towards this goal, we theoretically developed and performed computer
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simulations of a new technique termed resonant reflection spectroscopy (RRS). Skeletal
muscle sarcomeres provide a unique super-periodic structure that interacts strongly with
laser light. In traditional laser diffraction, sarcomeres are illuminated perpendicular to the
long axes, and the sarcomere periodicity acts as a volumetric phase grating. The resulting
diffraction patter is used to calculate sarcomere length. RRS is minimally invasive
because illumination and collection occurs with a single fiber optic probe that is aligned
parallel to the sarcomere long axis. The trade-off of this geometry is the need for
dramatically increased wavelength range that is not met by typical laser emitters. This
challenge, though, has the additional benefit of providing rich structural information
about the sarcomere microstructure.
Next, we showed proof of concept for minimally invasive RRS in chapter 4. We
used a new super-continuum source that was originally conceptualized for fiber optic
communication. In 10 muscles, we show close agreement and significant correlation
between sarcomere lengths measured by traditional laser diffraction and the RRS concept.
We achieved sub-micrometer resolution, which provided sufficient detail of sarcomere
structure.
Building upon our proof of concept, we extended our work and established
feasibility for in vivo, real-time, functional sarcomere length by RRS in Chapter 5.
Optical frequency domain interferometry, another concept from optical communication
technology, enabled profile sarcomere structure across millimeters of tissue, minimallyinvasively, during movement and activity. We showed sarcomere lengths during passive
strain, twitch and isometric contractions of a muscle tendon unit in the rabbit leg.
Importantly, we met the necessary metrics we set out to achieve: real-time sampling,
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compatibility with gross movement, inducing minimal tissue damage, and resolving
nanometer-scale protein geometry change.
Lastly, we addressed the lack of commercial technology to perform RRS in vivo.
We developed design rules and demonstrated a laser system that can be used in future
RRS systems. Using an optical parametric oscillator scheme, we determined optimization
procedures that proved necessary to increase sweep speeds to RRS relevant levels. By
using these procedures, we achieved 422 nm bandwidth operated at 14 kHz sweep rate.
7.2 Future Directions
The true importance of this dissertation is in applying these new methods and
principles to study normal and diseased movement. Extensive work can be done in
animal models with the knowledge provided in this thesis.

However, extension to

clinical trials likely requires additional practical developments. First and foremost are
improvements to fiber optic probes for RRS. Probes that have enough mechanical
strength for patient insertion, particularly to diseased tissue, are required. Fortunately,
many surface coatings and metallization techniques exist that can be used towards this
goal.

Also, more tissue can be sampled at higher SNR with improvements to the

geometry of the optical probe. Towards this goal, fiber optic lens systems have been
included in smaller than 30 gauge hypodermic needles.
Once a commercial grade system is developed, the potential impact of using RRS
methods and principles are staggering. Previously un-obtainable data of protein structure
during normal and diseased movement will be accessible. Equally important, RRS will
enable monitoring of protein adaptation to pharmacological, physical therapy, and
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surgical treatment. Patients with cerebral palsy, Parkinson’s disease, muscular dystrophy
and stroke stand to benefit from these new research avenues.

