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Abstract—Collagen fibers are the primary structural elements
that define many soft-tissue structure and mechanical func-
tion relationships, so that quantification of collagen organi-
zation is essential to many disciplines. Current tissue-level
collagen fiber imaging techniques remain limited in their
ability to quantify fiber organization at macroscopic spatial
scales and multiple time points, especially in a non-contact-
ing manner, requiring no modifications to the tissue, and in
near real-time. Our group has previously developed polarized
spatial frequency domain imaging (pSFDI), a reflectance
imaging technique that rapidly and non-destructively quan-
tifies planar collagen fiber orientation in superficial layers of
soft tissues over large fields-of-view. In this current work, we
extend the light scattering models and image processing
techniques to extract a critical measure of the degree of
collagen fiber alignment, the normalized orientation index
(NOI), directly from pSFDI data. Electrospun fiber samples
with architectures similar to many collagenous soft tissues
and known NOI were used for validation. An inverse model
was then used to extract NOI from pSFDI measurements of
aortic heart valve leaflets and clearly demonstrated changes
in degree of fiber alignment between opposing sides of the
sample. These results show that our model was capable of
extracting absolute measures of degree of fiber alignment in
superficial layers of heart valve leaflets with only general a
priori knowledge of fiber properties, providing a novel
approach to rapid, non-destructive study of microstructure
in heart valve leaflets using a reflectance geometry.

Keywords—Polarized light imaging, Structured illumination,

Collagen fiber structure, Cylindrical scattering, Optical

sectioning, Wide-field reflectance imaging.

INTRODUCTION

Although numerous components contribute to soft
tissue biomechanics, collagen fibers act as the primary
load-bearing structure in most soft tissues.16,37 Colla-
gen fibers are hierarchical structures; a number of
single tropocollagen molecules (~ 1 nm in diameter)
make up collagen fibrils (~ 10–100 nm in diameter)
and are subsequently packed into collagen fibers on the
order of microns, which are typically the fiber dimen-
sion assumed in multi-scale mechanical models of soft
tissues such as heart valves.3 These fibers exhibit high
tensile strength, and therefore, the orientation and
uniformity of collagen fiber alignment dictates soft
tissue mechanical function across multiple scales.15,23

Several optical imaging modalities have been used
to investigate collagen microstructure based on the
anisotropic scattering and fluorescence of light incident
on collagen fibers. Common microscopy techniques
include polarization sensitive second harmonic gener-
ation and polarization sensitive optical coherence
tomography, both of which have high sensitivity to
fiber structures.29,30,43 While these techniques can fi-
nely resolve collagen fibers in 2D and 3D volumes, they
are typically confined to measurements across rela-
tively small regions of interest (< 1 cm2). Larger
samples can be imaged, but require linear translation
stages to supplement the limited lateral field-of-view of
the optical scanning system, restricting imaging during
tissue deformation experiments. Small angle light
scattering (SALS) is another commonly used technique
to map wide-field collagen fiber structure in planar
tissues such as heart valve leaflets.40,41 However, SALS
also requires bidirectional translation of the sample in
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lieu of optical scanning, also resulting in extensive
scanning times (> 1 h per ~ 5 cm2) even at modest
translation steps (200 lm). As a transmission imaging
technique, the geometry of SALS precludes distin-
guishing layered collagen architecture in heart valve
leaflets. The chemical optical clearing treatments and
physical sectioning required to map the fiber structure
in individual layers of heart valve leaflets often limits
SALS imaging to mechanical testing endpoints when
studying these tissues. Despite these limitations, the
wide-field measurements of fiber architecture, includ-
ing the primary fiber orientation and degree of fiber
alignment, are important in developing models of soft-
tissue biomechanics.39 There is a clear need for a rapid,
non-destructive, wide-field reflectance imaging tech-
nique to quantify collagen microstructure in heart
valve tissues.21,39

A large volume of work exists in polarized light
imaging and Mueller matrix polarimetry of biological
tissues.17,26,31,38 These techniques allow characteriza-
tion of the polarimetric properties of tissues, and have
been used to relate polarization dependent optical
properties to various underlying structural and physi-
ological features.17,38,44 Importantly, polarized light
imaging can be performed in wide-field with readily
adjustable fields-of-view, allowing large sample areas
to be imaged rapidly at near or above video rate
(> 10 Hz).45,49 However, polarization imaging sys-
tems have two inherent challenges. First, these tech-
niques primarily provide polarimetric properties, such
as birefringence or depolarization, as a measure of
tissue structure. While these metrics are useful for
relative comparison of structural anisotropy, absolute
measures of fiber orientation distributions, such as
those found with SALS, are needed as inputs to con-
stitutive models of soft tissue mechanical behavior.39

Extracting absolute measures of degree of fiber align-
ment with these techniques typically requires precise a
priori knowledge of fiber size and optical properties at
each image point. As a result, small changes in the fiber
size may influence the interpretation of degree of fiber
alignment. Second, these systems do not distinguish
distinct tissue layers within samples and are instead
bulk measurements through the thickness of the sam-
ple. Transmissive polarization systems measure aver-
age optical anisotropy through the entire sample
thickness, while reflective polarization systems average
through a sampling depth up to several millimeters
deep in biological tissues.22 In both cases, the multiple-
scattering of the light through thick, turbid samples
leads to overall depolarization of the optical signal,
resulting in changes of measured optical anisotropy as
a function of sampling depth and potential under-es-
timation of structural anisotropy.18 Serial sectioning
and imaging is feasible, but again limits measurements

of fiber microstructure to experimental endpoints.
These issues demonstrate the need to limit optical an-
isotropy measurements in planar biological tissues to
thin, superficial layers (< 500 lm) without physical
sectioning. The need for depth-gating of polarization
measurements is particularly relevant to heart valve
leaflets, which have distinct layers several hundred
microns thick that each possess unique fiber struc-
ture.35,42

Polarized spatial frequency domain imaging
(pSFDI) was previously introduced by our group as a
method to rapidly map fiber structure in whole heart
valve leaflets with a reduced imaging depth.48 Polar-
ized light imaging provides sensitivity to fiber struc-
ture, while structured illumination allows reduction of
the effective imaging depth to distinguish superficial
tissue layers on the order of several hundred microns
thick. Our previous study determined the spatial fre-
quencies required to isolate polarization measurements
in superficial layers of heart valve leaflets without
physical sectioning; however, this initial study did not
attempt to quantify degree of fiber alignment from the
pSFDI signal.

Herein, we present an extended theoreticalmodel and
experimental validation of pSFDI that allows determi-
nation of absolute degrees of fiber alignment. Themodel
is based on polarized light scattering from cylindrical
particles, which represent tissue fibers. We simulated a
range of cylinderswith physiologically relevant sizes and
orientation distributions to establish a relationship
between optical and structural anisotropy in biological
tissues, which was then used to extract absolute mea-
sures of degree of fiber alignment from our pSFDI
measurements. We validated our model using electro-
spun fiber scaffolds with known fiber properties deter-
mined by electronmicroscopy.We then examined aortic
heart valve leaflets and compared our results to SALS
images of the same samples. Our improved pSFDI
modeling technique demonstrates the ability to rapidly
(< 5 s) quantify superficial collagen microstructure in
heart valve tissues over whole-leaflet fields-of-view
(~ 5 cm2). The speed, system geometry, and non-de-
structive nature of pSFDI allows assessment of fiber
architecture in samples at multiple time points, ulti-
mately paving the way for studies of dynamic fiber
structure during active tissue deformation.

MATERIALS AND METHODS

Instrumentation

The pSFDI system (Fig. 1) is composed of three
main components: pattern projection, polarization
modulation, and image detection. Spatial frequency
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patterns were projected using a DLP Lightcrafter
Evaluation Module digital micro-mirror device (Texas
Instruments, Dallas, TX). The projected pattern was
delivered through a bandpass filter to produce light
with a center wavelength of 529 nm and a measured
spectral full-width half-maximum of less than 15 nm.
The spectrally filtered pattern was folded with a right
angle mirror and projected onto the sample through a
linear polarizer mounted on a Zaber high speed rota-
tional stage with a 2 in. aperture (RSB120AD-T3-
MC03 Zaber Technologies, Inc., Vancouver, BC, Ca-
nada). The stage was stepped at 9� increments through
180� for a total of 20 measurements, using the maxi-
mum rotational speed of the stage (300 RPM). A
CMOS camera (acA1300-60gm, Basler AG, Ahrens-
burg, Germany) captured an image of each projected
spatial pattern through the same linear polarizer
aperture at each polarizer orientation. The image res-
olution was 1280 9 1024 pixels, and the field of view
was approximately 24 mm 9 18 mm, though this
could be increased or decreased for desired applica-
tions by changing the working distance of the sample.
The imaging system used a f/1.4 variable focus imaging
lens (calculated collection half-angle of w = 15�) and
the camera had an exposure time of 20 ms. The entire
system was controlled through a custom LabVIEW VI
(National Instruments, Austin, TX), and acquisition of
one full data set for a single spatial frequency was
measured to be less than 5 s.

Spatial Frequency Domain Imaging

SFDI is a wide-field imaging technique that has
been described extensively elsewhere.8,9 Briefly, SFDI
allows recovery of reflectance in the spatial frequency
domain by demodulation of spatial patterns that are
projected onto a sample. In practice, a sinusoidal
pattern with a known spatial frequency fx is projected
onto a sample. This spatial frequency pattern is shifted
in phase twice by 120� and the sample is imaged at each
phase, resulting in three total images (I0� ; I120� ; I240�).
These three images are then demodulated into what are
commonly referred to as ‘‘DC’’ and ‘‘AC’’ reflectance
components, defined mathematically as:

IDC ¼ I0� þ I120� þ I240�ð Þ=3; ð1Þ

IAC ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2 I0� � I120�ð Þ2þ I120� � I240�ð Þ2þ I240� � I0�ð Þ2
h i

r

=3:

ð2Þ

IDC is equivalent to the total reflectance from the
sample under planar illumination, while IAC is the
spatially modulated reflectance recovered for a given
spatial frequency. As fx increases, the modulated re-
flectance IAC becomes representative of fewer scatter-
ing events, and therefore limits the sampling depth of
the reflectance signal relative to the sample absorption
and scattering.9,10 We use this technique for the pur-
pose of depth-gating in our sample and limiting the
sampling depth of our polarization measurements to
superficial layers. At low spatial frequencies, the
effective sampling depth (d0eff) is related to the optical

properties of the tissue and spatial frequency by:

d0eff ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

3la la þ l0s
� �

þ 2pfxð Þ2
q

� ��1

; ð3Þ

where la and l0s are the absorption coefficient and re-
duced scattering coefficient of the sample. As fx
approaches 0 (i.e. planar illumination), d0eff is dictated
entirely by the sample’s optical properties. For a fixed
set of sample optical properties, d0eff decreases with

increasing spatial frequency. However, Eq. (3) is only
valid when the majority of the light has undergone
multiple scattering events (i.e. diffuse scattering). For
biological tissue, whose absorption and reduced scat-
tering coefficients are on the order of la � 0.01 mm21

and l0s � 1:0mm�1; Eq. (3) is only valid for spatial

frequencies below about 0.3 mm21. Numerical meth-
ods are required to determine d0eff at higher spatial

frequencies, where ballistic photons contribute a sig-
nificant amount to the measured reflectance. A detailed
study of reflectance from diffuse and ballistic scattering
by Bodenschatz et al. demonstrated that for the spatial
frequency used in this study (fx = 0.5 mm21), d0eff is

FIGURE 1. pSFDI system schematic. Digital micromirror
device (DMD), fold mirrors (FM1 and FM2), linear polarizer
(LP), projection and imaging lenses (L1 and L2), bandpass
filter (BP), and CMOS camera. The fibers in the sample are
primarily distributed angularly in the x–y plane along an angle
u, and the LP rotates in the same plane at angle h. A small
angle a � 10� between the fold mirrors allows the projection
and imaging fields of view to align. The working distance from
the sample is adjustable from 1 to 20 cm from the LP, and can
be adjusted to alter the system field-of-view.
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approximately 250 lm.4 Additionally, as co-polarized
imaging gates photons which maintain their initial
polarization and therefore have also undergone a low
number of scattering events, the effective imaging
depth is likely even shallower.47

Polarized Light Theory and Simulation

Mueller Matrix System Model

We use a Mueller matrix formalism to describe
changes in the polarization of light as it travels through
our system. In this formalism, Stokes vectors define the
polarization state of light at any given point and
Mueller matrices describe how both optical elements
and the sample alter the Stokes vectors (see Appendix
A). We derive the basic mathematical form for our
system from an existing model developed by Chenault
and Chipman, who described the Mueller matrix rep-
resentation of the rotating linear polarizer system
outlined in the ‘‘Instrumentation’’ section.6 This model
is useful due to the simplicity of required instrumen-
tation, the limited number of polarization states
required to satisfy the sampling criteria, and the ability
to linearize the model for rapid fitting. The basic
Mueller matrix representation of the system is ex-
pressed in Eq. (4).

~Sout ¼ ssysMpRpð�ðh� uÞÞMsRpððh� uÞÞMp
~Sin: ð4Þ

Mp and Rp are the Mueller matrix and rotational
matrix for a linear polarizer, Ms is the sample Mueller

matrix, and ~Sin and ~Sout are the input and output
Stokes vectors. An extended description of these
Mueller matrices can be found in Appendix A. Non-
polarization dependent system efficiencies are captured
with the ssys term, which we will omit from this point
forward, as it only contributes to linear scaling of the
final signal that is accounted for through calibration.
The angle h represents the orientation of the rotating
polarizer in our system, and the sample orientation u is
the major axis of optical anisotropy in the sample (i.e.,
the orientation in which the reflected light intensity is
maximized), and the response is symmetric over a
period of [2 90�, 90�]. Solving this system results in
Eq. (5):

~Sout ¼ Iout ¼
1

4
M11 þM11 cos

2ð2ðh� uÞÞ
�

þ 2M12 cosð2ðh� uÞÞ
þM33 sin

2ð2ðh� uÞÞ
�

:

ð5Þ

M11, M12, and M33 are the Mueller matrix elements
of the sample. The signal in Eq. (5) can be further
simplified into a sum of cosines, seen in Eq. (6), which

is more suitable for fitting to experimental data
(Appendix B).

IðhÞ ¼ a0 þ a2 cosð2ðh� uÞÞ þ a4 cosð4ðh� uÞÞ: ð6Þ

We performed measurements at 9� intervals,
resulting in a total of 20 measurements. The signal in
Eq. (6) requires a theoretical minimum of eight
polarizer orientation measurements at 22.5� intervals
to satisfy the Nyquist sampling criteria [twice the
highest frequency cosine term in Eq. (6)].36 However,
as the main imaging bottleneck was from changing the
projection pattern, the imaging speed gained by
reducing the number of measurements was minimal.
We therefore used a larger number of polarizer mea-
surements (20) to decrease sensitivity to noise. The
coefficients a0, a2, and a4 describe the amplitude of the
signal response as a function of polarizer angle. These
are related to the Mueller matrix elements of the
sample by the following:

a0 ¼ 3M11 þM33ð Þ=8; ð7Þ

a2 ¼ M12=2; ð8Þ

a4 ¼ M11 �M33ð Þ=8: ð9Þ

The first term, a0, represents the mean value of the
response, which is non-polarization dependent, while
the a2 and a4 terms represent the polarization depen-
dent changes in intensity. Subsequently, we define our
degree of anisotropy (DOA) metric as the ratio of the
polarization-dependent terms to the non-polarization
dependent reflectance:

DOA � a2 þ a4ð Þ=a0: ð10Þ

Cylindrical Scattering Model

The model described in Eq. (6) is valid for any
sample with polarization dependent optical aniso-
tropy. We consider a special case in which the optical
anisotropy of the sample originates from infinitely long
cylindrical scatterers, which we will use to represent
collagen fibers.5,25 The ‘infinitely long’ assumption is
valid when the cylinder length is large when compared
to its diameter, and therefore appropriate for the tissue
fibers we are modeling. The geometry of this type of
scattering model is described in Fig. 2a. Linearly
polarized light is normally incident onto a cylinder
with a fixed direction (u) defined by the cylinder’s
longitudinal axis. As the orientation of the incident
linearly polarized light (h) is rotated with respect to the
longitude axis of the cylinder, the intensity of back-
scattered light can be calculated by Eq. (6), as seen in
an example intensity response in Fig. 2b.
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The general form of the scattering matrix for light
normally incident onto an infinitely long cylinder is
shown in Eq. (11):

Mcyl ¼
M11 M12

M12 M11

0 0
0 0

0 0
0 0

M33 M34

�M34 M33

0

B

@

1

C

A

; ð11Þ

where M11, M12, M33, and M34 are derived from the
Mie scattering solution to the special case of light
incident onto an infinite cylindrical particle.5,25 The
null matrix elements, as well as the matrix symmetry,
are a result of the assumption that we are only con-
sidering a system geometry in which the incident light
is normal to the long axis of the cylinders, i.e. the fibers
are in the lateral imaging plane of the system. This
geometry is appropriate to representing collagen fibers
in membranous tissues like heart valve leaflets, where
the longitudinal axis of the collagen fibers is oriented
primarily within the lateral plane of the image. The
inputs required to solve the cylindrical scattering
Mueller matrix are the relative index of refraction of
the particle and the surrounding media (m = ncyl/nbgd),
the radius of the cylinder (rcyl), the wavelength of
incident light (k), and the collection angle of the
imaging system (w). The cylinder size, wavelength, and
refractive index surrounding the particle are typically
combined into the size parameter: x ¼ 2p� nbgd �
rcyl=k:

Extension to Fiber Distributions

In any real physical sample, there exists a fiber
orientation distribution function (ODF) describing the
occurrence of fibers in a given direction. The optical
signal from fiber populations is therefore a weighted
sum of the scattering contributions from each of the
individual fibers in a given orientation. Mathemati-

cally, this can be represented as an integral of the
scattering function for a single fiber multiplied by the
weights defined by the fiber ODF:

IdistðhÞ ¼ r
p

0

IcylðhÞODFðhÞdh: ð12Þ

The selection of an appropriate probability density
function (PDF) was critical to modeling the fiber
populations for the simulation and to fit to the elec-
trospun fiber ODFs extracted using scanning electron
microscopy (SEM) accurately. We iterated through
several different types of fiber distributions while
developing our computational model space, primarily
based on the best fits of real fiber distributions char-
acterized with SEM for the electrospun fiber samples.
Two circular distributions (wrapped Cauchy and von
Mises) were initial candidates but did not fit the ODFs
from the SEM data well.27 Instead, we model and fit
the fiber ODFs using a mixed Cauchy PDF (PDFMC),
which is described in Eq. (13).7

PDFMCðhÞ ¼
d

p
þ ð1� dÞ cp 1þ h� u

c

� �2
" #" #�1

:

ð13Þ

In this function, c describes the shape of the distri-
bution peak, d is the ratio of random fibers to non-
random fibers, and u indicates the mean fiber angle.
The c parameter is bound from [0, ¥], with 0 indicating
no fiber variance. The d parameter has bounds from [0,
1], with 1 indicating entirely random fibers. We use this
modified Cauchy PDF due to its robustness in fitting a
wide range of ODFs found in real tissue and fiber
samples. However, because the c and d parameters
obfuscate physical meaning about the degree of fiber
alignment, we will instead use the normalized orien-

FIGURE 2. (a) Geometry of model for linearly polarized light incident upon a cylindrical particle. (b) Modeled backscattering for a
cylinder with angle u as a function of the linear polarizer orientation (h).
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tation index (NOI) to singularly describe the fiber
variance:

NOI ¼ 100� 90� � U50%

90�
: ð14Þ

Here, F50% represents the angular width of the
distribution containing 50% of the total ODF (or
PDF). In a completely random distribution,
F50% = 90�, so the NOI has a range from [0, 100].
Variations of this orientation distribution metric have
been used in several studies which show its utility for
informing mechanical models that incorporate fiber
structure.2,7,11,19,28 An example simulation of the im-
pact of degree of fiber alignment, as characterized by
NOI, on the polarized light signal can be seen in Fig. 3.
The polarization dependent response is maximized
when the fibers are perfectly aligned in one direction
(NOI = 100). However, as NOI decreases, the polar-
ization dependent response is damped, as seen by the
decrease in the amplitude of the response curve. When
the fibers are uniformly randomly aligned (NOI = 0),
the polarization dependent response disappears en-
tirely. Subsequently, the extracted DOA metric, which
is a ratio of the polarization dependent response to the
non-polarization dependent response, will decrease as
NOI decreases. The exact mathematical form of the
relationship between NOI and DOA, which allows
conversion between measures of structural anisotropy
and optical anisotropy, is discussed in the ‘‘Results:
Simulations’’ section.

Simulations

We performed two separate simulations: the first to
confirm the accuracy of our model, and the second to
examine the relationship between fiber orientation
distributions and optical anisotropy measured with
pSFDI. In the first simulation, we used our model to
predict DOA for a set of electrospun fiber samples. The
known fiber sizes and ODFs for each polycaprolactone

(PCL) fiber phantom, as described in the ‘‘Methods:
Electrospun Fiber Phantom Imaging’’ section, were
used as inputs to the simulation, along with the known
refractive indices for PCL and water at a wavelength of
k = 529 nm (nfib = 1.45–1.49, nbgd = 1.33).32 In the
second simulation, we calculated expected DOA from
cylindrical fibers across a large range of physiologically
relevant size parameters (x) and relative refractive in-
dices (m). The fiber sizes we simulated were based on
the expected range of collagen fiber radii found in re-
cent studies of heart valve tissue.3 The relative refrac-
tive index included a range relevant to hydrated
collagen in interstitial fluid (nfib = 1.38–1.42,
nbgd = 1.33–1.35).46 We then performed a convolution
of the results with the modified Cauchy fiber PDF
discussed in the previous section. The PDF parameter
ranges were based on those relevant to biological tissue
as well as those found for the electrospun fiber phan-
toms.3 The parameter range for the second simulation
can be found in Table 1.

Electrospun Fiber Phantom Imaging

To validate our model experimentally, we fabricated
electrospun fiber phantoms that varied in degree of
fiber alignment using a custom-made electrospinning
mandrel.1 The electrospinning process has been used
previously to construct tissue scaffolds with a con-
trollable degree of microfiber alignment, mimicking
tissue microstructure.1,7,12,13 To create these phantoms,
a 10% (wt/vol) solution of PCL was dissolved in
hexafluoroisopropanol. This solution was ejected from
a needle charged to 5 kV onto a grounded, rotating
aluminum mandrel. The working distance from the
needle to the mandrel was 11 cm, and the fibers were
collected for 1 h to produce approximately 150–
250 lm thick samples. It should be noted that the
optical thickness of these samples is much greater than
tissue due to the increased relative refractive index
between PCL and the background medium (water),

FIGURE 3. (a) Example modified Cauchy fiber PDF as a function of normalized orientation index (NOI); increasing NOI
corresponds to higher alignment of the fibers. (b) Simulation of polarization dependent scattering response to changes in fiber
anisotropy, showing the amplitude of the polarization dependent intensity decreasing as a function of decreasing NOI.
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and therefore the sampling depth of the pSFDI system
is shallower than the total thickness of the electrospun
fiber samples.4 We collected six phantoms with a range
of fiber alignments by varying the rotational velocity of
the mandrel from 0 to 2500 RPM in 500 RPM inter-
vals. The samples were cut into squares approximately
1 cm2, bathed in dilutions of ethanol and distilled
water to decrease hydrophobicity, and then imaged
with pSFDI in a pure distilled water bath. After
pSFDI imaging, the same samples were dried and
sputter coated with 15 nm of platinum/palladium
nanoparticles. The samples were each imaged at nine
locations evenly spaced across the entire sample sur-
face at 10009 magnification with SEM (Super40-SEM,
Zeiss, Oberkochen Germany). The fiber orientations in
the SEM images were analyzed and averaged across
each sample using a custom image processing routine
based on a Fourier domain fiber orientation analysis
technique developed by Mega et al.34 Our analysis
indicated a range of NOI from ~ [10, 50] was achieved
for the samples (Fig. 4). The distribution of fiber
diameters were found from the same image set using
the DiameterJ plugin for ImageJ (NIH, Bethesda
MD).24

Aortic Heart Valve Leaflet Imaging

Collagen fiber structure in leaflets of the aortic valve
has been well studied. In addition to regional varia-
tions along the surface of the leaflets, there are multiple
layers that have been shown to have distinct
microstructure and mechanical properties.33,35,42 The
fibrosa is an outer layer which is responsible for most
of the structural integrity of the valve; a substantial
number of regularly-aligned collagen fibers are ori-
ented orthotropically along the circumferential direc-
tion of the valve.35 The outer layer on the opposite side
is the ventricularis, which also contains a significant
amount of collagen but has less overall organization
compared to the fibrosa.35 The spongiosa is often de-
scribed as a transition region between the two outer
layers and primarily contains water mediated by gly-
cosaminoglycans.14 Previous histological examinations

of aortic leaflet cross-sections have measured average
fibrosa and ventricularis layers to be approximately
320 and 160 lm, respectively, which is suitable for the
depth limitation capabilities of the described pSFDI
system.42

A fresh ovine aortic valve leaflet was excised and
fixed with glutaraldehyde for 24 h while pressed
between glass slides. The samples were then washed,
placed in a bath of phosphate buffered saline and
imaged with pSFDI on both sides, allowing compar-
ison of the two outermost layers of the leaflet: the fi-
brosa and the ventricularis. The same sample was
subsequently bathed in dilutions of glycerol and water
to optically clear the sample, and then mounted again
between glass slides prior to imaging with SALS.40 The
raw SALS data is considered a direct measure of the
full ODF of collagen fibers within the beam diameter
(250 lm) at each pixel point, from which the primary
fiber orientation and NOI were calculated using the
same definition in Eq. (14).28,40 The images from
pSFDI and SALS were all co-registered by binarizing
the raw intensity images for each data set and using the
Matlab function imregtform, limiting the transforma-
tion to rotation and translation. The SALS images
were additionally up-sampled to match the pSFDI
data in pixel resolution, though it should be noted that
this did not result in any real increase in resolution.
Any rotational transformations applied during regis-
tration were subsequently accounted for in the final
fiber orientation maps.

It should be noted that the glutaraldehyde fixation
protocol was not necessary for either imaging tech-
nique, but was instead performed to ensure repeata-
bility of degree of fiber alignment measurements
between the two techniques. Though this treatment
may alter the native microstructure, as the collagen
fibers are cross-linked, the goal of this experiment was
to allow comparison between the two imaging tech-
niques, and as such it was required that the
microstructure was fixed as the sample was transferred
between systems. The optical clearing with glycerol,
however, was required for the transmissive SALS
imaging technique. Our goal in comparing pSFDI data

TABLE 1. Polarized light model simulation parameter space. The ranges for size parameter, relative refractive index, and
distribution parameters were determined from previous studies of collagenous soft tissues.

Parameters Minimum Maximum # Spacing

Fiber radii (rcyl) 50 nm 1000 nm 1173 Logarithmic

Relative refractive index (m) 1.005 1.12 21 Linear

Distribution parameter (c) 1022 100.5 25 Logarithmic

Randomness parameter (d) 0.4 1 25 Linear

Normalized orientation index (NOI) 0 100 625 N/A
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to SALS was to demonstrate the capability of pSFDI
to extract comparable metrics of wide-field fiber
alignment at higher speeds without the need for
physical sectioning of the samples to discern layered
architecture.

Image Processing

The image data sets were processed using both
custom and pre-built functions in Matlab. Each
polarization image was first normalized to images of a
Spectralon diffuse reference target (Labsphere, North
Sutton, NH) taken at each polarization state under
planar illumination, as well as a dark image with the
illumination turned off.

Iref x; y; h; fxð Þ ¼
IAC
smpðx; y; h; fxÞ � Idarkðx; y; hÞ
IDC
std ðx; y; hÞ � Idarkðx; y; hÞ

� ref%:

ð15Þ

Here, IAC
smp is the demodulated spatial frequency

image of the sample, IDC
std is the planar reflectance

image of the calibration standard, Idark is a system
image with no illumination, and ref% is the known
diffuse reflectance percentage of the calibration stan-
dard. This normalization was performed on a per-pixel

basis at each polarization angle. The IDC
std and Idark

images were additionally median filtered with a
10 9 10 pixel window to reduce noise.

This pre-processing routine is necessary to remove
light pollution and inherent system polarization from
the polarized light image set. During the primary
processing, each polarization image set for a single
spatial frequency was fit on a per-pixel basis to a
modified form of Eq. (6). This modified form was used
to allow linear fitting (Appendix B), and resulted in
fitting speeds in excess of 106 pixels/s. The total pro-
cessing time, including loading images into memory
and pre-processing steps, was only 2 minutes for a
single data set.

FIGURE 4. (a–f) SEM images of electrospun fibers collected at different rotational speeds. (g) Extracted orientation distribution
functions (ODFs) at each collection speed along with calculated normalized orientation index (NOI). (h) The less aligned samples
had slightly larger fiber radii, although all were relatively similar.
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RESULTS

Electrospun Fiber Phantoms

The cropped raw images of the electrospun fiber
samples are shown in Figs. 5a to 5f, with the samples
corresponding to the same labels in Figs. 4a to 4f. A
200 9 200 pixel region of interest, indicated by the red
boxes, was used to compute the mean and variance of
measured DOA values for each sample.

Measured DOA for each sample are compared to
the corresponding DOA predicted by our model in
Fig. 6. Error bars in the y-axis indicate the standard
deviations of measured DOA across the region of
interest for each sample shown in Fig. 5, and error
bars in the x-axis indicate the standard deviations of
the predicted DOA for each sample based on the range
of fiber diameters used for input to the model (from
Fig. 4). The modeled values showed a much larger
variation in the predicted DOA as compared to the
measured DOA, which was primarily a result of the
oscillatory nature of scattering when the size of the
scattering particle is close to the wavelength of incident
light. Despite this, the measurements and model
showed overall linear agreement: experimental mea-
surements of DOA were all within 16% of the model-
predicted values, and were all contained within one
standard deviation of the model predicted values.

Simulations

Our simulation of a broad range of fiber properties
and distributions showed that DOA has a strong linear
dependence on NOI. Figure 7 illustrates the simulated
DOA as a function of NOI for the range of fiber
parameters in Table 1. The shaded area shows the
standard deviation around mean DOA at each evalu-

FIGURE 5. Raw images of the six fiber samples, with colors and letters corresponding to the same samples in Fig. 4. The red box
indicates the region of interest over which pSFDI measurements were averaged.

FIGURE 6. Measured DOA from pSFDI data compared to
modeled DOA for the same samples, using known fiber
properties as model inputs. Error bars show standard
deviations for the model output for the range of fiber
properties given for the input (x-axis) and standard
deviation of the measured data within the image region of
interest (y-axis).
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ated NOI, which describes the variation of the model
due to the range of fiber sizes and relative refractive
indices within the model space. A clear linear trend
(DOA = A 9 NOI) described the model space well
(r2 = 0.95). The linear model fit coefficient A was
6.66 9 1023. This fit model was subsequently inverted
to establish a linear conversion of relative DOA (a
measure of optical anisotropy from the pSFDI data) to
NOI (a measure of structural anisotropy).

Aortic Heart Valve Leaflets

The raw intensity images of the ovine aortic valve
leaflet samples matched well among the pSFDI and
SALS imaging techniques, showing good registration
of morphological features between the three data sets
(Figs. 8d to 8f). For example, the tendon-like tertiary
bundles of fibers present in the commissure regions
(top right and left corners) were visible in all three sets
of images, though they were more readily discernable
in the pSFDI images. The higher pixel resolution of the
pSFDI images (19 lm) showed these morphological
structures more clearly than the accompanying SALS
images (250 lm). Fiber orientation (Figs. 8g to 8i) also
matched well between all image sets, and agreed with
previous studies of heart valve fiber orientation.40,48

While the fiber orientations were primarily the same,
indicating overall consistency in fiber directionality
through the thickness of the sample, the NOI maps
showed markedly different alignment in opposite sides
of the sample in the pSFDI images. Additionally, The
SALS-derived NOI values appeared to be much lower
overall than the pSFDI-derived values on both sides of
the sample.

Overall, pSFDI demonstrated sensitivity to differ-
ences in degree of fiber alignment between the leaflet
layers, which the SALS system could not. Although
similar features were evident in both the pSFDI
alignment map on the ventricularis side (Fig. 8k) and
the SALS transmission alignment map (Fig. 8l), the
pSFDI alignment map showed a marked increase in
NOI in the fibrosa.

DISCUSSION

We present an extended analysis of polarized light
reflectance from cylindrical scatterers that allows
extraction of absolute degrees of fiber alignment, as
quantified by the NOI, of collagen fibers in soft tissues.
Our measurements of electrospun fiber samples with
known fiber properties validated our model perfor-
mance, with good agreement between modeled and
measured optical anisotropy for our system. Addi-
tionally, the clear linear relationship between optical
anisotropy (DOA) and structural anisotropy (NOI)
provided the ability to extract absolute alignment
information from our polarized light measurements.
This relationship is valid for a large range of fiber sizes
(rcyl = 50–1000 nm) and relative refractive indices
(mrel = 1.02–1.12) that are relevant to both tissue and
biomimetic tissue constructs. Therefore, the limited
number of assumptions and only general a priori
knowledge about the fibers in the sample allows direct
comparison of the degree of fiber alignment between
samples rather than only optical anisotropy.

While our inversion model is valid for a wide range
of fiber properties, there are instances in which an NOI
greater than 100 may be observed, as DOA has a
theoretical maximum of 2. This high DOA may occur
at large values of relative refractive index between the
fiber and the medium (mrel>1:2). However, in the case
of hydrated collagen fibers in native, chemically unal-
tered tissues, such large relative refractive indices have
not been reported to the author’s knowledge. This
highlights the need for an appropriate inversion model
to be used—for example, using the collagen fiber
model to assess alignment in the electrospun fibers,
which possess much higher refractive indices than
collagen, would result in NOI values above 100.
However, as our model incorporates a large range of
relative refractive indices that are relevant to soft tis-
sues, we do not expect to see measurements of greater
than 100 when imaging heart valve tissues unless they
have been chemically treated or dehydrated.

We also demonstrated the ability to rapidly capture
high-resolution regional heterogeneity in heart valve
leaflet tissue structure without any destructive sample
preparation. There were clear differences in the pSFDI

FIGURE 7. Simulated DOA as a function of NOI, for a range
of physiologically relevant fiber distributions, sizes, and
relative refractive indices. The shaded region is the standard
deviation of simulated DOA at each evaluated NOI value. The
linear fit was inverted to estimate NOI as a function of DOA.
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images of opposite sides of the leaflet, indicating the
ability to distinguish distinct superficial layers of fiber
structure on opposing sides of aortic heart valve leaf-
lets which could not be captured using transmission-
based techniques or techniques that have extended
depth sampling into the sample. Most apparent were
differences in degree of fiber alignment on the fibrosa
and ventricularis sides of the leaflet tissue, confirming
the increased presence of highly aligned collagen fibers
in the fibrosa. However, as the ventricular thickness
(~ 160 lm) is less than the sampling limitation
(~ 250 lm) of the pSFDI system, it is likely that there
is some signal from the underlying fibrosa layer. This
could be avoided by use of higher spatial frequencies
above 1 mm21, at which sampling depth can be limited
below 150 lm.4 This improved pSFDI technique pro-
vides a powerful means for rapid, reflectance-based
mapping of degree of collagen fiber alignment, with
depth limitation for investigating superficial tissue
layers without the need for chemical treatment or
physical sectioning.

The pSFDI-derived NOI values were found to be
higher than the NOI values extracted with SALS in the

ovine aortic valve leaflet. We believe these differences
may be due to two main factors. First, these techniques
measure different phenomena of light transport in
structured tissue. Additionally, as a transmissive
technique, SALS measurements represent the degree of
alignment through the entire thickness of the sample,
while the reflective and depth-limited pSFDI, mea-
surements are weighted by scattering events near the
surface of the sample.4,47 Therefore, the populations of
fibers sampled by each technique at similar lateral
image locations may be different.

One deficiency of our light scattering model is that it
does not account for the polarization response resul-
tant from multiple-scattering from cylinders, which is a
potential source of error between the model and
experimental data. However, co-polarized imaging and
sub-diffuse SFDI both limit the number of scattering
interactions that the system detects, such that the sig-
nal response is mainly representative of light under-
going few scattering events.47 In addition to
constraining the measurements to primarily back-
scattering events by using high spatial frequencies,
which follows the assumptions of our scattering model,

FIGURE 8. Ovine aortic valve leaflet imaging results. (a–c) Imaging geometry for the results in each column. (d–f) Raw intensity
images for each technique. (g–i) Extracted fiber orientation, showing good agreement between each technique. (j–l) Extracted
degree of fiber alignment from each technique. The pSFDI results show the ability to limit sampling depth to specific sides of the
sample, while these results are obscured in the transmissive SALS technique. The results also indicate that the majority of the fiber
alignment was present on the fibrosa side of the sample, which was expected.
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the gating of reflectance to a small number of ballistic
scattering events results in reduced sampling volumes,
further refining the lateral and axial sampling volumes.
However, although we modeled collagen fibers as in-
finitely long and straight cylinders, collagen fibers in
unloaded valve tissues have been reported to possess a
regular crimp with a period on the order of 10 lm.28 In
these cases, where the crimp period is shorter than the
sampling resolution of a single pixel, the degree of fiber
crimp will be included in the extracted NOI metric.
Therefore, the extracted NOI metric should be under-
stood to include both the alignment of multiple fibers
as well as the individual fiber tortuosity within the
sampling region for a given pixel. Additionally, it is
assumed that single fiber families exist when inter-
preting the NOI metric. Interpretation of NOI in
samples which are expected to have multiple fiber
families with different primary orientations should be
considered carefully—the extracted NOI may still be
mathematically correct, but the corresponding inter-
pretation of a unimodal PDF may be misleading.

In the current model, it is assumed that fibers are
primarily aligned in the imaging plane. However, there
are cases in which the longitudinal axis of the fibers are
not entirely confined to the imaging plane. For exam-
ple, fibers may have undulations or slight angular
offsets from the imaging plane. The electrospun fibers
exhibited small angular offsets from the imaging plane
that were visible in the SEM images, and it is expected
that the collagen fibers in the leaflet samples have
similar small deviations from the imaging plane.
However, the electrospun fiber experimental measure-
ments and model results using this assumption were
shown to have good agreement despite these small
angular offsets from the imaging plane, though the
errors of this assumption may have contributed to the
discrepancies between the model and the experimental
results. Therefore, we ignored minor deviations of the
fiber orientation from the imaging plane in our anal-
ysis.

Alternatively, many native planar soft-tissues pos-
sess a three-dimensional geometry and therefore are
not confined to the two-dimensional imaging plane,
such as in the case of intact heart valves. In these cases,
it is necessary to take into account the surface topog-
raphy of the sample. It has previously been demon-
strated that highly detailed surface topography can be
extracted using phase-shifting profilometry.50 The
same patterns used for SFDI depth-limitation are also
appropriate for extracting these height profiles using
this phase shifting technique; this technique has al-
ready been used to improve optical property extraction
from SFDI images of 3D samples.20 Subsequently, we
believe an extended model of off-axis light scattering
from fibers or empirical calibration techniques could

be used to correct for non-normal light incidence. Fi-
nally, it should be noted once more that the results of
both of these cases are only considered valid for tissues
in which the fibers are primarily aligned with the sur-
face of the tissue. In cases where the fibers are pri-
marily perpendicular to the sample surface, the
presented modeling methods will likely not be suit-
able for assessing the fiber orientation or alignment,
and would require substantial modification.

In future work, we plan to use pSFDI measure-
ments to study collagen fiber structure in tissues
undergoing stress- and strain-controlled biaxial
mechanical testing. In addition to heart valve leaflets,
other planar samples such as pericardium may be well-
suited to study with pSFDI. Currently, the imaging
rate of the system (about 0.2 Hz) requires imaging at
discrete loading steps. However, imaging degree of
collagen fiber alignment across tissue-level fields-of-
view at discrete loading steps is still highly useful in
understanding the mechanical behavior of tissues; in
particular, we are interested in experimentally evalu-
ating of the affine kinematic assumption. Additionally,
the imaging rate may be improved further using
hardware triggering of the camera, projector, and
rotational stage. With the current hardware, an imag-
ing rate of > 1 Hz is feasible; limitations at higher
rates are primarily dependent on updating the projec-
tion pattern and data transfer rates between the cam-
era and computer system.

APPENDIX A

The full derivation of our polarized light model
begins from Eq. (4):

~Sout ¼ ssysMpRpð�ðh� uÞÞMsRpððh� uÞÞMp
~Sin: ð4Þ

The initial Stokes vector describing the incident

light (~Sin), along with the Mueller matrix components
representing the polarizer (Mp) and rotational trans-
formations (Rp), are defined as follows:

~Sin ¼
1
0
0
0

0

B

@

1

C

A

; ðA1Þ

Mp ¼
1

2

1 1
1 1

0 0
0 0

0 0
0 0

0 0
0 0

0

B

@

1

C

A

; ðA2Þ
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Rpððh� uÞÞ ¼
1 0
0 cosð2ðh� uÞÞ

0 0
sinð2ðh� uÞÞ 0

0 � sinð2ðh� uÞÞ
0 0

� cosð2ðh� uÞÞ 0
0 1

0

B

@

1

C

A

:

ðA3Þ

The Mueller matrix for the sample (Ms) is given as
the special case scattering T-matrix derived for nor-
mally incident light scattering from infinitely long
cylinders:

Ms ¼
M11 M12

M21 M22

M13 M14

M23 M24

M31 M32

M41 M42

M33 M34

M43 M44

2

6

4

3

7

5

¼ 2

px

T11 T12

T12 T11

0 0
0 0

0 0
0 0

T33 T34

�T34 T33

2

6

4

3

7

5

: ðA4Þ

The full solution for the T-matrix elements, along
with efficient computational algorithms, has been de-
scribed extensively by Bohren and Huffman.5 The in-
puts required to solve for T11, T12, T33, and T34 are the
relative refractive index of the cylinder and the medium
(m), the size parameter (x), and the system collection
angles (w). Plugging (A1)–(A4) into Eq. (4) can be
shown to simplify to:

~Sout ¼
ssys
4

M11ð1þ cos2ð2ðh� uÞÞÞ þ 2M12 cosð2ðh� uÞÞ þM33 sin
2ð2ðh� uÞÞ

M11ð1þ cos2ð2ðh� uÞÞÞ þ 2M12 cosð2ðh� uÞÞ þM33 sin
2ð2ðh� uÞÞ

0
0

2

6

6

4

3

7

7

5

:

ðA5Þ

(A5) shows that the intensity response detected by
the camera is now entirely dependent on the linear
polar response, and the Stokes vector can therefore be
collapsed into Eq. (6).

APPENDIX B

To allow more rapid fitting, a modified but mathe-
matically identical form of Eq. (6) is used. Each sinu-
soidal term includes a non-linear phase offset. For
linearized fitting, it is transformed using the identity

a � sinðhÞ þ b � cosðhÞ ¼ c � cosðhþ uÞ; where c ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

a2 þ b2
p

and u ¼ a tan 2ða; bÞ. This results in a
Fourier expansion form of Eq. (6):

IðhÞ ¼ a0 þ b1 sinð2hÞ þ b2 cosð2hÞ þ b3 sinð4hÞ
þ b4 cosð4hÞ: ðA6Þ

In this form, a linearized representation of the re-
flectance is I = Sb, where I is the detected reflectance
intensity, S is the Fourier expansion representation of
the model in (A6), and b is a vector containing the five
transformed model coefficients from (A6). Solving this

system of equations by b = S\I allows extraction of the
coefficients by Gaussian elimination (Matlab function
mldivide). Subsequently, a 1 s fitting time was achieved
for a 1.5-megapixel image, compared to several hours
with the lsqnonlin fitting algorithms for the original
equation containing a non-linear phase offset term.
After fitting, the original form of the model coefficients
and phase offset were recovered using the same iden-
tities.

ACKNOWLEDGMENTS

This work was supported by funding from the Na-
tional Heart, Lung, and Blood Institute of the Na-
tional Institutes of Health (awards RO1-HL108330
and RO1-HL129077), the National Institute of
Biomedical Imaging and Bioengineering of the Na-
tional Institutes of Health (Award T32-EB007505),
and the Cancer Prevention and Research Institute of
Texas (Award RP-130702). The authors would also
like to thank Mason Dana for his contributions to data
collection and instrumentation troubleshooting, and
acknowledge the Microscopy and Imaging Facility of
the Institute for Cellular and Molecular Biology at The
University of Texas at Austin for use of their electron
microscope facilities. There are no conflicts of interest
from financial or other commercial benefits related to
the development of this manuscript.

REFERENCES

1Allen, A. C., E. Barone, O. Cody, K. Crosby, L. J. Suggs,
and J. Zoldan. Electrospun poly(N-isopropyl acrylamide)/
poly(caprolactone) fibers for the generation of anisotropic
cell sheets. Biomater. Sci. 5:1661–1669, 2017.
2Amoroso, N. J., A. D’Amore, Y. Hong, W. R. Wagner,
and M. S. Sacks. Elastomeric electrospun polyurethane
scaffolds: the interrelationship between fabrication condi-
tions, fiber topology, and mechanical properties. Adv.
Mater. 23:106–111, 2011.
3Ayoub, S., K. C. Tsai, A. H. Khalighi, and M. S. Sacks.
The three-dimensional microenvironment of the mitral
valve: insights into the effects of physiological loads. Cell.
Mol. Bioeng. 11:291–306, 2018.
4Bodenschatz, N., P. Krauter, A. Liemert, J. Wiest, and A.
Kienle. Model-based analysis on the influence of spatial
frequency selection in spatial frequency domain imaging.
Appl. Opt. 54:6725–6731, 2015.
5Bohren, C. F., and D. R. Huffman. Absorption and
Scattering of Light by Small Particles. New York: Wiley,
2008.
6Chenault, D. B., and R. A. Chipman. Measurements of
linear diattenuation and linear retardance spectra with a
rotating sample spectropolarimeter. Appl. Opt. 32:3513–
3519, 1993.

BIOMEDICAL
ENGINEERING 
SOCIETY

GOTH et al.1262



7Courtney, T., M. S. Sacks, J. Stankus, J. Guan, and W. R.
Wagner. Design and analysis of tissue engineering scaffolds
that mimic soft tissue mechanical anisotropy. Biomaterials
27:3631–3638, 2006.
8Cuccia, D. J., F. Bevilacqua, A. J. Durkin, F. R. Ayers,
and B. J. Tromberg. Quantitation and mapping of tissue
optical properties using modulated imaging. J. Biomed.
Opt. 14:024012–024013, 2009.
9Cuccia, D. J., F. Bevilacqua, A. J. Durkin, and B. J.
Tromberg. Modulated imaging: quantitative analysis and
tomography of turbid media in the spatial-frequency do-
main. Opt. Lett. 30:1354–1356, 2005.

10Cuccia, D. J., F. Bevilacqua, A. J. Durkin, and B. J.
Tromberg. Depth-sectioned imaging and quantitative
analysis in turbid media using spatially modulated illumi-
nation. In: Biomedical Topical Meeting. Optical Society of
America, 2004, p. FF5.

11D’Amore, A., J. A. Stella, W. R. Wagner, and M. S. Sacks.
Characterization of the complete fiber network topology of
planar fibrous tissues and scaffolds. Biomaterials 31:5345–
5354, 2010.

12Deitzel, J., J. Kleinmeyer, D. Harris, and N. B. Tan. The
effect of processing variables on the morphology of elec-
trospun nanofibers and textiles. Polymer 42:261–
272, 2001.

13Doshi, J., and D. H. Reneker. Electrospinning process and
applications of electrospun fibers. In: Industry Applications
Society Annual Meeting, 1993. Conference Record of the
1993 IEEE. IEEE, 1993, pp. 1698–1703.

14Eckert, C. E., R. Fan, B. Mikulis, M. Barron, C. A. Car-
ruthers, V. M. Friebe, N. R. Vyavahare, and M. S. Sacks.
On the biomechanical role of glycosaminoglycans in the
aortic heart valve leaflet. Acta biomater. 9:4653–4660, 2013.

15Fratzl, P. Collagen: structure and mechanics, an introduc-
tion. In: Collagen. New York: Springer, 2008, pp. 1–13.
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