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ABSTRACT

Purpose: Imaging-based metrics for analysis of biological tissues are powerful tools that can
extract information such as shape, size, periodicity, and many other features to assess the
requested qualities of a tissue. Muscular and osseous tissues consist of periodic structures that
are directly related to their function, and so analysis of these patterns likely reflects tissue health
and regeneration.

Methods: A method for assessment of periodic structures is by analyzing them in the spatial
frequency domain using the Fourier transform. In this paper, we present two filters which we
developed in the spatial frequency domain for the purpose of analyzing musculoskeletal struc-
tures. These filters provide information about 1) the angular orientation of the tissues and 2) their
periodicity. We explore periodic structural patterns in the mitochondrial network of skeletal
muscles that are reflective of muscle metabolism and myogenesis; and patterns of collagen fibers
in the bone that are reflective of the organization and health of bone extracellular matrix.
Results: We present an analysis of mouse skeletal muscle in healthy and injured muscles. We used
a transgenic mouse that ubiquitously expresses fluorescent protein in their mitochondria and
performed 2-photon microscopy to image the structures. To acquire the collagen structure of the
bone we used non-linear SHG microscopy of mouse flat bone. We analyze and compare juvenile
versus adult mice, which have different structural patterns.

Conclusions: Our results indicate that these metrics can quantify musculoskeletal tissues during
development and regeneration.
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1. Intreduction mitochondria' . Bone, the most structurally rigid tissue in

the body, is another example of a periodic layered con-
struct, in which collagen fibers are grouped together to
make lamellar sheets®. Each sheet is made of fibers that
are aligned in a coordinated fashion, with multiple sheets
stacked at rotated orientations to form a 3-dimensional

Musculoskeletal tissues, whose function is contingent
on their physical and mechanical properties, often have
well-defined periodic structural elements in their nor-
mal healthy state. In skeletal muscle and bone, these
periodic structures appear at the microscale and are

assembled to provide critical functional properties in
the macroscopic tissue. During maturation, injury, and
regenerative processes, tissue structure is strongly
altered, and therefore techniques that enable evaluation
of periodicity are critical for understanding musculos-
keletal health and structural properties.

In the skeletal muscle, muscle fibers are composed of
several dimensions of structural periodicity ranging from
the myofibril to the muscle fiber to the fascicle that gen-
erates and propagates contractile force relying on effective
energy transfer through a well-organized network of

mesh, which provides the overall mineralized bone tissue
with ductility and toughness™®. These structural features of
muscles and bones are implicit, if not inherent, to their
physiology. Theoretically, the definition of temporal
responses to these structures, such as occurring with injury
or disease, can be leveraged to make inferences regarding i)
pathophysiology, ii) identification of targets for regenera-
tion, and iii) validation of restorative approaches.
Longitudinal image-based analysis strategies are
ideal for the investigation of temporal responses of
muscle and bone periodic structures, with the
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possibility of multiple imaging sessions over a period of
weeks or months’. However, some image-based meth-
ods for the analysis of tissue structure often emphasize
spatial domain features such as morphology, contours,
geometry, feature extraction, wavelet analysis, and
machine learning methods®''. These methods can be
computationally intensive, time-consuming, and often
perform poorly in low signal-to-noise ratio environ-
ments. They also are susceptible to fluctuations in
noise and signal intensity across an image, and typically
require retuning even with small variations in noise or
object intensity such as can occur between imaging
sessions. Fourier Transform (FT) analysis is an alter-
nate approach that describes an image by its periodicity
and related properties (e.g., angle and phase).
Therefore, this method is very fruitful for analyzing
structures that have periodic features while reducing
sensitivity to noise and algorithmic complexity.

Fourier-based analysis has found broad application
for analyzing the health, development, and regenera-
tion of periodic structures common in biology'*"”
such as autofluorescence imaging of mitochondrial
organization'®*', morphological evaluation of sperma-
tozoa ellipticity’’, second harmonic generation (SHG)
imaging of actin and myosin banding regularity in
muscle’® SHG imaging of orientation and organization
of collagen in epithelial tissues®***, and SHG imaging
of musculoskeletal tissues**®, These analyses fre-
quently involve direct quantification of the FT*>***
or its magnitude squared form, known as the power
spectrum'*'7**"* Spectral moment invariants (SMI)
of the power spectrum® have been used for analysis
of scale and rotation invariant images, including SHG
image analysis®®?’. This method gives different
weights to different frequency components of the
power spectrum, which enables quantification of
images with multiple feature types.

In this work, we present two Fourier-based
metrics for analysis of the structural organization of
musculoskeletal structures by the volumetric assess-
ment of angular integrity and periodicity consis-
tency. These metrics use FT to convert an image
from the spatial domain into its frequency compo-
nents, which represent the structures’ periodicity and
angle depending on their location within the fre-
quency domain. The first metric presented here is
an angular Fourier filter (AFF), which analyzes the
orientation of a structure regardless of its frequency.
Because muscle and bone have very directionally
organized structures in their healthy state, this
metric can assess the state of the tissue in the course
of a regeneration process or a diseased state.
The second metric is a radial Fourier filter (RFF),
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which describes an image based on the period of the
features within a structure (frequency). For instance,
since healthy muscles have a known striation period,
an image of this pattern using fluorescence of the
mitochondrial network or SHG signal from actin/
myosin bands will produce a strong peak at
a characteristic frequency. However, if the muscle is
damaged or the periodicity is reduced, the domi-
nance of the characteristic peak would diminish.
These metrics are different from SMI analysis in
that AFF and RFF are designed explicitly to give
a score based on rotation and periodicity of the
image features and not an overall score for the
whole image. In this paper, we first present AFF
and its application in the analysis of healthy skeletal
muscle using fluorescent 2-photon excitation fluor-
escence imaging of mitochondria and label-free SHG
imaging of actin/myosin bands, and then to evaluate
injury severity and regeneration after volumetric
muscle loss (VML) injury. We also applied this
method for polarimetric assessment of collagen fibers
within lamellae sheets of the bone using label-free
second harmonic generation (SHG) microscopy. We
then investigate the use of our RFF metric for ana-
lysis of muscle response to a VML injury at different
stages of the regeneration process. Our results sug-
gest that these metrics can provide meaningful eva-
luation of tissue organization and repair.

2. Materials and methods
2.1. Multiphoton microscope

We used a home-built multiphoton microscope with
a Ti:Sapphire laser (Coherent Chameleon Ultra II),
a 60x water immersion objective lens with NA of 1.1
(Olympus LUMFLN 60x), a resonant-galvanometer
scan system (Sutter instruments MDR-R), two
photon multiplier tubes (Hamamatsu H10770-40)
and transimpedance amplifiers (Edmund Optics
59-178), and a FPGA (National Instruments) digiti-
zer for signal collection. A 509/22 nm (Semrock)
filter was used for 2-photon excitation imaging of
GFP (Dendra2) with 836 nm excitation light (130
fs). SHG imaging was performed using a 390/18 nm
(Semrock) filter with 775 nm  excitation.
A broadband linear polarizer (Edmund Optics
49-229) mounted on a motorized rotational stage
was placed before the scan system for polarimetry.
In non-polarimetric SHG imaging experiments, the
angle of the polarizer was adjusted to maximize the
output signal. More details can be found in
reference®,
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2.2. Muscle injury and sample preparation

Muscle samples were extracted 1 hour before imaging
from a transgenic mouse with C57Bl/6 background,
which ubiquitously expresses mitochondrial Dendra2
green/red photoswitchable monomeric fluorescent pro-
tein (Jackson Laboratory, #018385)°. Volumetric mus-
cle loss (VML) injury was conducted on the hindlimbs
of anesthetized (isoflurane 1.5-2.0%) mice, as pre-
viously described®®. All mice received administration
of buprenorphine-SR (1.2 mg/kg; s.c.) for pain manage-
ment 30 minutes prior to surgery. An anterior incision
was made to expose the tibialis anterior (TA) muscle
and the fascia was removed. A 3-mm biopsy punch was
used to surgically create the VML injury in the middle
of the muscle (7.46 £ 1.2 mg removed). Following the
VML injury, the skin incision was sutured closed (6-0
silk). We have previously reported that this VML injury
causes an immediate and lasting decrement in muscle
contractile and metabolic function®®*”. However, mice
remain mobile in the cage and there are no observed
changes in food or water consumption. The mice were
observed daily and were excluded if there was
a significant loss of body mass (10%) in the first days
post-surgery or if continued lethargy and lameness is
noted. Otherwise there were no adverse events noted
related to the VML surgery. Animals were randomized
into VML or sham surgery. The investigators conduct-
ing the experiments were aware of the group alloca-
tions, and no blinding procedure was performed.
Confounders that were controlled were housing, temp,
light/dark cycle, body mass, lameness, lethargy as
already stated. No other confounders were controlled
for. Supplemental Figure 1 shows the procedures fol-
lowed for VML injury generation.

All the muscle-related animal procedures were
designed prior to the experiment, and performed in
accordance with the University of Georgia
Institutional Animal Care and Use Committee
(IACUC) under protocol number A2017 08-004-Y3-
A3. More information on animal housing can be
found in the supplemental information.

2.3. Bone sample preparation

Skull samples were collected from wild type B6/129
mice in this study. Juvenile and adult mice were sacri-
ficed at two and twelve weeks of age, respectively. The
skulls were then skinned and embedded in silicone to
prevent movement. Skulls were stored in 70% ethanol
at room temperature. For imaging, the skulls were
immersed in phosphate buffered saline (PBS). 3D
polarimetric SHG images were acquired from the

skull in the area on the sides of the sagittal suture and
posterior of the coronal suture. Supplemental Figure 2
shows the procedures followed for imaging of skull
in vivo. Imaging and osseous experiments were
designed prior to the experiment, and performed
under IACUC protocol number A2018 06-008-Y3-
All.

2.4. Angular Fourier Filtering

In the Fourier domain, signals (spatial or temporal) are
described in terms of a complete set of sine and cosine
functions. Therefore, larger features that make up the
low-frequency components are represented in the areas
closer to the center, and the finer features that produce
high-frequency components are farther from the cen-
ter. At the center, the zero-frequency or DC component
of an image, (the average of the whole image) is located.
It should be noted that sharp edges of large features are
also made of high-frequency components (Figure 1
(a-d)). In an optical microscope, the diffraction-
limited resolution is a function of the wavelength of
light and the numerical aperture of the microscope™,
which defines the finest structure or the highest fre-
quency that can be captured. In the FT, this can be
represented by a circle whose diameter reflects the
maximum frequency of the fluorescent microscope.
An intrinsic property of the FT is that it retains angular
information about the sample, therefore if the image
features are rotated the frequency components are also
rotated respectively (Figure 1(e-h)). To evaluate the
directionality of the tissue structures, we exploit this
property and apply an angular Gaussian filter normal-
ized by all the frequency components to extract AFF
information.

Angular information extraction, therefore, requires
a wedge-shaped filter (y) with a Gaussian profile w.r.t.
¢ in cylindrical coordinates p,¢, (Figure 1(i)). The filter
is defined using:

VPR
Yarr(p, ¢, @) = exp (M) (1)

20?2

where o is the angle of the filter, and o is the filter’s e 2

bandwidth. The next step in this analysis is to calculate
the 2D Fourier transform of the image and apply the
filter at rotation angles 0-m. Since in this paper, we use
image stack of both volume and polarization, we gen-
eralize the equation to state f (depth z, or polarization
p). The FT of each image i within a stack in cylindrical
coordinates:

I(P7 q)af) = f{l(?)}(f) —rr=x +)’2~ (2)
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Figure 1. Representation of the image content, its frequency contents, and the Fourier metrics for image analyses. (a-b) show
images of a low-frequency (larger features) pattern at 0° and 45°. Their corresponding frequency contents are shown in E and F,
respectively. fmax is the maximum frequency content that the imaging system can acquire. Similarly, images of a high-frequency
pattern (smaller features) are shown in (c-d), and their frequency domain information in (g and h). In the Fourier domain, the zero
frequency or the DC component is shown as a red dot. The Fourier filters are shown in (i and j). (i) is the representation of the
angular Fourier filter, which has a Gaussian profile with regard to the angle. (j) shows the high-frequency content filter with Gaussian

profile with regard to the radius.

where Fis the FT operator and the line on r shows its
vectorial nature. Due to the symmetrical nature of the
Fourier transform, evaluating angles from 0 to m will
provide us with information about all the frequency
components. By rotating the Gaussian wedge filter at
a given depth or polarization state, the AFF metric
produces a 2D histogram that is calculated using:
where M is a circular mask defined by the resolution-limit of
the imaging system. The outer diameter of M is determined
by the maximum resolution of the imaging system (numer-
ical aperture of the microscope NA and the wavelength of the
emitted light A) to limit high-frequency noise, its inner
diameter is defined by a low-frequency cutoff & frequency:

1 £<p<(2NA/))

Mip,9) = {0 otherwise. (4)

The low-frequency bound of the filter, limits contribu-
tion of the larger features that do not necessarily con-
tain useful information about the structures under
study, and yields a frequency pass-band that can be
precisely tuned to study structures of a biologically
relevant size range.

Finally, for further quantification of the whole struc-
ture, we calculate an alignment ratio (AR). AR deter-
mines the directionality of the entire stack of images by
calculating the concentration of frequency components
(maximum of AFF in state f) normalized by all fre-
quency components:
where max and avg are the maximum and average
operators, N is the number of images in the stack,
and the symbol € indicates set membership. An
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organized network produces distinct AFF peaks, with
a commensurate high AR value.

2.5. Radial Fourier Filtering

The RFF metric converts images from the spatial
domain i to the Fourier domain I and filters the fre-
quency contents to find the ratio of the contents of
interest to all the frequency contents, RFF. It uses
a ring-shaped bandpass filter with a Gaussian profile
Yrrr as a function of radius (Figure 1(j)), and e ?
bandwidth o (in radial coordinates p,¢). The filter is

described using

. . 2
Yree(p, 9, y) = exp ((p_y)) . (6)

202

Similar to equation 3, each point on the RFF 2D histo-
gram is calculated by

2 l/2
Z (|I(p7 (/J,Z)| X \PRFF(Pv(Pv Y))

4
> (1(p, 9.2)1)°

P9

REE(y,z) =

(7)

This filter is inherently a Gaussian bandpass filter and
therefore does not require the application of mask
(Equation 5), however the maximum radius of the filter
for calculation of RFF 2D histogram is defined by the
resolution-limit. This metric is applied to 3D stacks for
analysis of all angles of the frequency components over
depth, and therefore the depth is indicated by z in this
equation.

3. Results and discussion
3.1. AFF for muscle injury assessment

First, we applied the AFF metric to image stacks
acquired in the soleus muscle of a healthy transgenic
mouse expressing green fluorescent protein (GFP)* in
its mitochondria (Figure 2(a)). Both the mitochondrial
network and the actin/myosin bands were imaged
simultaneously for structural analysis, in GFP and
SHG channels respectively. Since soleus is a slow-
twitch muscle, its mitochondrial network is highly
organized in two distinct directions (Figure 2(b)). AFF
analysis of the muscle clearly identifies these structures.
SHG imaging of the muscle was performed with laser
polarization optimized for a single direction of the
structure (actin/myosin), and therefore a single peak
with strong amplitude can be observed (Figure 2(c)).
We empirically found that SHG imaging within the

muscle requires careful removal of fascia and other
connective tissues. That is most likely due to the opti-
cally distorting nature of the fascia and relatively low
backscattering of the forward-generated SHG from
underlying layers of muscle (in comparison to miner-
alized bone). Therefore, its maximum achievable ima-
ging depth is limited compared to 2-photon excitation
imaging of GFP tagged mitochondria.

Second, we applied AFF for the analysis of muscle
recovering from VML injury. For this purpose, we used
the TA muscle of our mito-GFP transgenic mouse
model. We acquired 3D stacks of images of 1) intact
skeletal muscle, 2) immediately post-VML muscle,
and 3) 7-day post-VML muscle (Figure 3). The AFF is
well suited to detect the presence of the intact mito-
chondrial network that is a periodic structure contain-
ing two dominant angles in the healthy muscle (Figure
3(a)). The Fourier transform (Figure 3(d)) shows strong
peaks at the tissue’s characteristic frequency compo-
nent. The mitochondrial network is organized parallel
to the muscle fiber orientation as well as in orthogonal
bands perpendicular to the muscle fibers. These two
dominant peaks can be seen when examining
a heatmap of the AFF as a function of depth (Figure
3(g)). Immediately after VML damage, the impaired
organization of the muscle is reflected in its reduced
spatial domain spectrum support (Figure 3(b,eh)).
Mitochondrial organization disruption continues out
to 7 days after injury, as evidenced by further reduction
in the organized spatial domain (Figure 3(c,f,i)). The
loss of organization is also represented by the respective
AR values of these 3 different states (Figure 3(j)), and
clearly indicate the loss of organization from injury and
the tissue injury response.

3.2. Application of AFF for bone collagen
polarimetry analysis

Next, we applied AFF to SHG polarimetric analysis of
bone collagen fiber organization. Fibrillar type 1 collagen
fibers produce SHG signal when exposed to high energy
femtosecond pulses, with the emitted intensity propor-
tional to the alignment of the fiber orientation and the
incident light polarization®>*’. Bone structure is under
constant remodeling, with the collagen fibrous mesh and
mineral deposits cyclically reclaimed by osteoclasts, while
new collagen mesh and mineral are produced at osteo-
genic sites by osteoblasts. This bone deposition/resorp-
tion process occurs rapidly in the juvenile bone to
accommodate growth. During this time of active devel-
opment and growth, the bone has not achieved full lamel-
lar organization, and the collagen mesh structure is in
a looser and less-organized state commonly known as



Z-Axis {micrd meter)

SPATIAL FREQUENCY ANALYSIS OF MUSCULOSKELETAL IMAGES

0 Mitochondria SHG

Figure 2. Angular Fourier Filter for analysis of a healthy soleus muscle mitochondrial network and collagenous structure (SHG). A 3D
view of the soleus muscle mitochondria and SHG imaging is shown in (a), with AFF analysis of mitochondrial fluorescence (b) and
SHG bands (c). Cross-sections of mitochondria and SHG at different depths are shown in (i-ix). Since SHG imaging is more sensitive
to optical distortions, the maximum achievable depth is more limited compared to two-photon GFP imaging of mitochondria. Scale

bars are 25 pym.

woven bone. The collagen mesh of juvenile bone (Figure 4
(a)) is not as compact and organized as adult collagen
(Figure 4(b)). Thus, the resulting polarimetry of the less
compact juvenile bone shows polarized light at different
orientations, suggesting that the collagen fibers in a plane
are less well organized, with a potential contribution from
the backscattered light produced by out of plane collagen
fibers. Mature adult bone has a dense collagen mesh and
well-defined collagen fibers are observed with similar
orientations in regions across the field of view. Although
the Fourier transform of juvenile bone (Figure 4(c,c))
does reflect the organization of the fibers, the Fourier
transform of the adult bone image (Figure 4(d,d’))
shows more definite directionality. Hence the AFF histo-
grams in bone (Figure 4(e,f)) amplify this effect and show

strong peaks at the corresponding angles with a sinusoidal
trend with regard to the polarization.

3.3. Application of RFF for muscle healing
evaluation

RFF analyzes structures’ periodicity without taking
their directionality into account. Therefore, it can
visualize the total frequency content of a given struc-
ture. Muscle fiber structures are made of striations of
a known frequency range that varies during contraction
and relaxation. After a VML injury is made, the stria-

tion is disturbed and mostly replaced with layers of
disorganized cells.
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Figure 3. Angular Fourier Filter (AFF) for analysis on fluorescent 2-photon images of TA muscle mitochondrial network. An intact
mitochondrial network is shown in (a). (b) and (c) panels show muscles immediately after a VML injury, and 7 days post-injury,
respectively. The Fourier transform of the images in (a-c) are shown in (d-f), and their corresponding AFF analyses are shown in (g-i).
The AFF analysis shows that the muscle with an intact mitochondrial network produces strong peaks, maintained over the depth of
the volume, which suggests the strong organization of the structure. Immediately after the injury, the muscle has a jagged shape,
which produces angularly scattered peaks over the depth. 7 days post-injury, numerous inflammatory cells have infiltrated the
volume and few fibers are observed; therefore the AFF analysis does not produce any significant peak. The alignment ratio of these 3
conditions is shown in (j). (k) shows the location of imaging in intact, immediately after VML injury, and 7 days post-injury.

We applied the RFF metric to intact muscle fibers
(Figure 5(a,d,g)), then to assess muscle healing after
VML injury, we imaged 7 days post-injury (Figure 5
(b,e,h)) and 30 days post-VML injury (Figure 5(c.f,i)).
The RFF histogram clearly shows a peak that is ongoing
through the depth for the intact muscle (Figure 5(g)),
which is also observed in the spatial domain morphol-
ogy (Figure 5(a,d)). The 7-day post-injury case,

however, does not show a significant frequency peak
(Figure 5(h)), due to the presence of numerous disor-
ganized cells in the injury site (Figure 5(b,e)). This is
likely due to the extensive infiltration of inflammatory
cells that occurs during the early stages of a VML
injury. In the case of 30 days post-injury, the inflam-
matory cells were not detected (Figure 5(c,f)), and there
appeared to be a reemergence of a muscle fiber
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Polarization®
NI

0.2 0.3 0.4
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Figure 4. The angular Fourier filter (AFF) applied for the polarimetric analysis of bone collagen structures. Second harmonic
generation data was recorded within one mean-free-path from the surface of juvenile (a), and an adult (b) mouse skull. (a’) and
(b") show a polarization-encoded presentation of the polarimetric data. A juvenile skull has a less compact structure due to the
natural remodeling of the bone that occurs continuously. Therefore, the adult skull has a more developed and well-defined collagen
structure. Fourier transforms of images, with 50° and 90° input light from juvenile dataset (a) are shown in (c) and (c’). Similarly, (d)
and (d’) show Fourier transforms of 50° and 90° images from the adult dataset (b). The AFF histograms are shown in (e and f). (f)
shows strong peaks that follow a sinusoidal trend with the input polarization.

structure beneath a layer of unorganized tissue (Figure
5(i)). Therefore, the RFF indicates an organized muscle
fiber throughout the resolvable depth range, but not
when tissue damage disrupts the structure.

The sample size for the experiments shown were n = 20
Z-stacks across different muscle and bone positions across 2
mice per condition; the techniques have been successtully
applied to study the VML model in reference”.

4. Conclusion

The metrics presented here provide methods for the analysis of
tissue healthiness and regeneration for structures such as bone

and muscle with periodic structural constructs. The use of
Fourier-based metrics enables analysis of the frequency contents
that can produce intensity-independent information*"*’. The
independence of this metric from the intensity reduces error
that spatial domain analysis may encounter due to intensity
fluctuations and different thresholding levels. For instance, if
a fluorescent image has different shades in different regions, this
metric will equally weight their measures. Our implementation
of the AFF extracts angular information from the images and
enables distinguishing structural difference between an intact
muscle structure, a VML injured one, and during the healing
process. AFF analysis of the osseous structures also exhibits
features that were not readily visible between juvenile and
adult skulls. The RFF metric complements the AFF metric by
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Figure 5. Radial Fourier Filtering (RFF), used for the description of TA muscle in intact (a), 7 days post-VML injury (b), and 30 days
post-injury (c). A second 3D view of each sample (a-c) is shown in panels (d-f) for a better understanding of the structure. The RFF
histograms are shown in panels (g-i). The intact muscle (g) shows a continuous peak at their characteristic frequency over the whole
volume. In the 7 days post-VML injury sample, inflammatory cells are covering the muscle and due to lack of the muscle structure,
no significant peak can be observed (h). By 30 days post-injury, the inflammatory cells are gone, but there is a disorganized fiber
structure on top of an organized muscle; hence a peak is observed within the depth range that has the organized muscle (i).

extracting frequency information regardless of angularity. We
implemented this metric on muscle structure and showed that it
could produce a new dimension of data for analyzing a healing
muscle with VML injury. In conclusion, the metrics provided
here can be used by scientists in the field of musculoskeletal
biology for analysis of the healthiness and regeneration of tissues.
The toolsets provided in this research can also be applied to
other label-free imaging methods such as auto-fluorescent ima-
ging of NAD(H) and FAD for simultaneous structural and
metabolism analysis.
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