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Abstract. A technique for creating maps of the direction and strength of fiber alignment in collagenous soft
tissues is presented. The method uses a division of focal plane polarimeter to measure circularly polarized
light transmitted through the tissue. The architecture of the sensor allows measurement of the retardance
and fiber alignment at the full frame rate of the sensor without any moving optics. The technique compares
favorably to the standard method of using a rotating polarizer. How the new technique enables real-time cap-
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1 Introduction

The study of the biomechanics of tissue is an active area of
research.!? Collagen fibers are the primary component provid-
ing structural support for most soft tissues, so observation of
collagen alignment can provide insight into how tissues will
behave under load and can yield clues to the overall health
of the tissue.>* Such observations lead to a greater understand-
ing of how tissues function in normal loading regimes and
throughout damage/failure, knowledge that can be used to
help speed recovery and may even be used to guide the develop-
ment of engineered replacement tissues. Further, measuring the
microstructural arrangement of tissues during periods of loading
and rest will lead to a better understanding of the structure—func-
tion relationships of a variety of tissue types across many differ-
ent organisms.

A common method for evaluating collagen fiber alignment in
soft tissues observes the change and direction of birefringence
under different loading conditions. By illuminating thin, semi-
translucent tissue sections between two rotating crossed polar-
izers, sets of images can be captured and analyzed to produce
maps of the direction (i.e., orientation angle) and strength (i.e.,
relative birefringence) of collagen orientation in these tissue sec-
tions.> Alternatively, the input light through the tissue may be
circularly polarized, with observation through a rotating polar-
izer providing similar alignment and strain information.®-'0
Although both techniques create high-resolution strain maps,
they are unable to capture the dynamics of tissue alignment
with high temporal resolution. Higher speed rotation of the fil-
ters increases the speed of image capture; however, the tissue
must remain static during each rotation period to negate any
misregistration error. Further, rotating analyzer polarized light
techniques require careful alignment of the rotating filters,
which can be a time-consuming process. In addition, current

*Address all correspondence to: Timothy York, E-mail: teyork@wustl.edu

Journal of Biomedical Optics

066011-1

techniques are unable to perform real-time assessment of colla-
gen alignment, as they require post hoc analysis of image sets in
order to generate maps of collagen fiber orientation and corre-
sponding angle distributions.

We propose here a new method for measuring the micro-
structural organization in tissues, which does not suffer from
these shortcomings. Our method requires only circularly polar-
ized input light, and we use a 1-Mp division of focal plane polar-
imeter to make our observations in real-time, i.e., at 30 frames
per second. We show that this type of sensor allows real-time
capture of collagen alignment dynamics at high spatial resolu-
tions, which will be an extremely useful tool for further studies
of tissue biomechanics. Our method is quick, simple, and
requires no moving optics, and thus does not require a static
field-of-view during measurement.

2 Birefringence of Soft Tissue

Thin sections of collagen tissue show greater alignment when
placed under strain. Since tissue is birefringent along the direc-
tion of strain, it can be approximated as a linear retarder whose
fast axis is aligned in the direction of strain. The retardation of
the tissue is also proportional to the amount of strain. A simple
way to measure the birefringence is to observe the tissue through
crossed linear polarizers.® Any birefringent part of the tissue
introduces a phase delay between the x and y electric field
components. This introduces an ellipticity in the polarization
state, and thus illumination will appear through the set of
crossed linear polarizers. This illumination through crossed
polarizers disappears when the polarizers are aligned with the
major or minor axis of the birefringent portions of the tissue.
Thus, to find the true direction of alignment requires a rotation
through 180 deg to solve the ambiguity of which rotation angle
corresponds to the major and the minor axes. Using circularly
polarized light as input requires rotation of only one linear
polarizer (called the analyzer) and is sometimes used as an
alternative.
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Mathematically, we can describe this phenomenon using the
Mueller calculus shown in Eq. (1),

So 1
S 0
= Mrot(_za)Mret(¢)Mrot(29)
S5 0
S3 1
1
—sin 26 sin ¢ )
cos 20 sin ¢ |’
cos ¢

where M, is the Mueller matrix for a rotation of ¢ with respect
to the analyzer, and M, is the Mueller matrix for a retarder with
retardance ¢ when aligned with the analyzer. In this equation,
the optical properties of the tissue retardance are captured by the
M,,, matrix. The rotation of the tissue with respect to the fast
transmission axis is encapsulated by the two rotation matrices,
which are used to transform the coordinate system of the retarder
with respect to the observer’s coordinate system. A polarization-
sensitive imaging sensor will capture the Stokes vector that
emerges from this tissue (or a waveplate with retardance ¢)
and the goal is thus to solve for this rotation angle, 6, and
for the retardance, ¢. Solving for these two parameters, namely
0 and ¢, requires multiple measurements of the Stokes param-
eters S; or S,, which is typically accomplished by rotating an
analyzer.

If both §; and S, are known, then this leads to computation of
the angle of polarization (AoP), which describes the major
axis of rotation of the polarized light. Equation (2) presents
the necessary mathematical equations exploring the relationship
between the measured AoP and the angle of alignment, 6.

-1(S - cos 26 sin
tan”! (S_T) tan™! (— sin 20 sin(/)qb) tan~! (- cot 26)
AoP = = =
2 2 2
~ tan'(tan(90" - 20)) (90" -20) 0 a5
= : _ . _ .
2

The alignment of the tissue’s fast axis is exactly 45 deg off of
the measured AoP angle. Further, Eq. (3) shows that the degree
of linear polarization (DoLP) is the sine of the retardance. This is
because circularly polarized light has a DoLP of zero, so when
the retardance is zero, the DoLP will be zero.

\V/S2 + 52
DoLp = V21 £

So

/(= sin 20 sin ¢)* + (cos 26 sin ¢)?
1

V/(sin?20 + cos? 20)sin> ¢p

. =

sin ¢. 3)

Conversely, if the retardance is exactly 90 deg of phase, then
since the input phase difference between the x and y components
of the electric field are 90 deg apart (the definition of circular
polarization), the output phase difference will be 0 deg (or 180),
which makes the output light completely linearly polarized.
Figure 1 provides an illustration of the optics used for light gen-
eration and analysis.
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Fig. 1 Description of optics used for measuring the alignment of soft
tissue. Input circularly polarized generated by a linear polarizer at
45 deg to the fast axis of a quarter wave plate light shines through
collagen fibers. Any fiber birefringence transforms the input circularly
polarized light to elliptically or linearly polarized light on the output.

Since the inverse sine of the DoLP is the retardance, the
change in DoLP is proportionally related to the changes in align-
ment placed on the tendon, as shown in Eq. (4).

¢=TA” “4)

As the tendon is stretched, the organization of the fibers
becomes more uniformly aligned in the direction of the
stretching. This causes a change in both the refractive indices
(An) and the thickness (b) of the tissue sample. The increased
organization will also manifest itself as a decrease in the
angular standard deviation.

3 Sensor Architecture and Experimental
Setup

Using circularly polarized input light, a sensor that can instanta-
neously capture the DoLP and AoP can therefore instantane-
ously capture the direction and strength of collagen fiber
alignment in a tissue. Since this requires capturing the first
three Stokes parameters at every frame simultaneously, this
necessitates at least three measurements using three different

Pixel-Matched
Polarizers at 0°, 45°,
90°, and 135°

1000 x 100 DoFP Sensor

Pixel Array

§]Quat‘ter Wave Plate
Glue . .
_Lmear Polarizer at 45°

|:|White Light Source

Fig. 2 Experimental setup to capture dynamic tissue loading, using
circularly polarized input and viewing the bovine flexor tendon under
measured strain with a division-of-focal-plane (DoFP) polarimeter.
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Fig. 3 Tendon under load at different orientations to the sensor, degree of linear polarization (DoLP)
(top, a—c), AoP (bottom, d—f). The DoLP color bars indicate linear polarization on a scale from 0
(blue) to red (0.5), while the AoP uses a cyclic color scheme to indicate the alignment angle with respect

to the sensor.

orientations of linear polarizers. A division-of-focal-plane
(DoFP) polarimeter accomplishes this using pixelated linear
polarization filters monolithically integrated with an array of
CCD imaging elements.'! The sensor has a two by two neigh-
borhood of pixel-matched aluminum nanowire polarizers at 0-,
45-, 90-, and 135-deg orientations. The polarizers are fabricated
using interference lithography and reactive ion etching, and the
nanostructures in the filter have a width of 70 nm, a pitch of
140 nm, and a thickness of 200 nm. Each of the filters is
matched to the sensor pixel size of 7.4-um? pixels and has

extinction ratios on the order of 50 to 60.!! Because of this archi-
tecture, the sensor captures all the necessary information to
measure the DoLP [Eq. (3)] and AoP [Eq. (2)] in a single
frame. This is due to the Stokes equation [Eq. (5)], which relates
the intensity /, measured by an analyzer that has a linear polar-
izer at rotation 0

1
1(0.9) :E(S0+S1 cos 20 + S, sin 26 cos ¢

+ S5 sin 20 sin ¢) (5)
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Fig. 4 Measured DoLP (a,d), AoP (b,e), and spread in alignment (c,f) using (top row) a rotating polarizer,
(bottom row) DoFP polarimeter. The rotating polarizer measured a dominant alignment of 118.9 deg, with
a spread of 7.05 deg, with the DoFP sensor measuring a dominant alignment of 122.9 deg and spread of

6.78 deg.
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Fig. 5 Time-stamped sampling of measured force sampled by the
DoFP sensor (green) and rotating polarizer (red). The DoFP sensor
can compute the first three Stokes parameters at every green sample
point, while the rotating polarizer method requires at a minimum three
red sample points. The tissue load is not static during the time taken
for these samples, introducing error in measurements using a rotating
polarizer.

degrees and retardance ¢. Thus for the 0-, 45-, 90-, and 135-
deg filters in the DoFP sensor used in this design, the first three
Stokes parameters are computed as S, = (0, 0) + 1(90,0),
S, =1(0,0) —1(90,0), and S, =1(45,0) —1(135,0). Once
the first three Stokes parameters are computed, the DoLP
and AoP are calculated, according to Eqs. (2) and (3), and
thus tissue alignment is quantified within each two-by-two
neighborhood of filters, called a superpixel. Our sensor is com-
posed of a symmetric grid of 500 by 500 of these superpixels.
To improve polarization accuracy, we use a per-superpixel cal-
ibration Mueller matrix.'> Since each superpixel is composed
of four different pixelated polarization filters, interpolation
methods are employed to regain the lost spatial resolution
and improve polarization accuracy.!>!* Bicubic methods meas-
urably improve the modulation transfer function to detect spa-
tial features up to 75% of the full sensor resolution, while
maintaining a low DoLP and AoP error when compared
with an unpixelated image.'

To experimentally measure fiber orientation, we used the
DoFP imager with a 16-mm, fixed-focus lens (Fujinon
HF16HA-1B) to view a bovine flexor tendon mounted on a
computer-controlled actuator and six-degrees-of-freedom sen-
sor stage in the setup shown in Fig. 2. We input circularly
polarized light using a linear polarizer aligned at 45 deg
(Gray Polarizing Film 38-491, Edmund Optics, Barrington,
New Jersey) with the fast axis of an achromatic quarter
wave plate (AWQP3, Bolder Vision Optik, Boulder,
Colorado). We imaged a thin (~300 ym) section of bovine
flexor tendon aligned with the camera, at —45 deg to the cam-
era, and orthogonal to the camera. Figure 3 shows the DoLP on
top (a—c) and the alignment (AoP) on the bottom (d—f). The
images illustrate that with a single capture, the sensor is easily
capable of accurately measuring the direction and strength of
alignment in the tendon specimen.

To validate the new method, we conducted a second experi-
ment comparing our sensor to the standard method of a rotating
polarization filter (i.e., n analyzer) in front of a CCD camera
with the same pixel pitch as the polarization CCD camera.
(Newport, Irvine, California, 20LP-VIS-B mounted on a
Thorlabs (Newton, New Jersey) NR360 stage, imaged with
an Imperx (Boca Raton, Florida) IGV-B1920W image sensor).
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Fig. 6 Measurement of cyclic loading at 0.5 Hz showing the change in
retardance (a) and alignment spread (b) measured by our sensor for
the tendon compared with the reference force measurement. The
retardance is maximal when the strain is maximal, while the spread
in the alignment is minimal at the maximum applied strain, due to
higher alignment of the fibers under strain.

(a) 156 7.2

5.4

3.7

12.1

Retardance (°)
S & =
-3 w -
= =
Force (N)

Time (s)

(b) 73 7.2
7.0 5.4
= z
£ 6.7 3.7 3
g ¢ 3. g
A =

E ANy NN ni
6.4 1.9
6.1 AUV U U |8 |

0 1 2 3 4 5 6 7 8

Fig. 7 Measurement of cyclic loading at 2 Hz showing the change in
retardance (a) and alignment spread (b) measured by our sensor for
the tendon compared to the reference force measurement.
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Fig. 8 Frequency spectrum of measured force (a) and retardance
(b) of cyclic loading at 2 Hz.

Starting with a bovine flexor tendon sample subjected to a nomi-
nal preload, a step strain of 2.5% was applied and held for the
duration of the measurements, where the displacement magni-
tude was computed relative to the gauge length of the sample
(measured via digital calipers). We first imaged the tendon
using the rotating polarizer in 15-deg increments and computed

the DoLP and AoP (top row, Fig. 4). While applying the same
strain, we then repeated the measurement using our DoFP
polarization sensor (bottom row, Fig. 4). Both image sensors
have the same pixel size (7.4 by 7.4 ym), and we used the
same lens. The results are very similar, except for the DoLP,
which is lower for the rotating polarizer. This is due to the
error in using a rotating element to measure a nonstatic
scene. Because of significant stress-relaxation of tendon
under step-strains, the force is never constant, even over
small time periods. Figure 5 shows an example, where the mea-
sured force (shown in black) is not constant in the tissue over
time. Using the DoFP sensor, complete measurements of the
first three Stokes parameters take place at each green time
point, whereas the rotating polarizer only samples an individual
angle at each red time point. At a minimum, this requires three
separate rotation angles; however, significant changes in the
force take place during the time of polarizer rotation. The con-
stant downward drift results in differences which are contributed
by changes in force and not by the optical properties of the tis-
sue. Our sensor, with its fixed optics and simultaneous capture
of four polarization orientations, does not suffer from this error.
This also gives our sensor the ability to sample the dynamics of
sudden changes in tissue strain, as in the rapid ramping of the
force at the start of the test.

Using the same tendon, we then used the DoFP sensor to
further investigate measurement of these rapid dynamics, plac-
ing the tissue under cyclic loading conditions. We conducted
three experiments, cyclically loading the tendon to between
2% and 3% strain at rates of 0.5, 1, and 2 Hz. We computed
the average DoLP and spatial angular deviation of the AoP
over the area of the tendon. The results show that our sensor
does very well at picking up the dynamics during loading
and relaxation. Figure 6(a) compares the retardance and force
at 0.5 Hz, and Fig. 6(b) shows how the spread in the AoP
changes during the cyclic load. Under conditions of high strain,
the retardance is at the maximum, while the spread of the AoP
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Video 1 Real-time measurement of retardance and alignment (MPEG 6.9 MB) [URL: http://dx.doi.org/10

.1117/1.JB0O.19.6.066011.1].
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cycles to the minimum, with the converse happening during
periods of low strain. This behavior is expected, as the fibers
are more aligned when pulled. Figure 7 shows the same experi-
ment at 2 Hz, demonstrating that our sensor also captures
the fiber alignment dynamics at higher loading speeds. In
Video 1, we have included a sample of our system capturing
the cyclic load at 2 Hz. The measurement speed is constrained
only by the frame rate of the sensor (maximum frame rate of
30 frames per second), which places an upper bound on the
frequency dynamics that the sensor can capture. The real-time
nature of the sensor allows for a more thorough frequency analy-
sis of the loading signals. Figure 8 shows the frequency spec-
trum of the force (a) and measured DoLP (b) at 2 Hz and
illustrates that our sensor captures the same frequencies as
the reference up to the noise floor. In this case of cyclic loading,
the frequency dynamics are fairly simple, but this illustrates
the ability of our sensor to enable frequency analysis of more
complex loading protocols which have not been possible with
the utilization of division of time polarimeters. These could be
protocols with more time variance, like higher speed step forces,
rapid ramps to failure, and higher rates of cyclic loading, or dif-
ferent directions of loading, such as biaxial tension, compres-
sion, and shear.

4 Conclusion

We have presented an imaging modality that measures the direc-
tion and strength of fiber alignment in soft tissues with both high
spatial and temporal resolution. Our system uses a new type of
polarimeter designed with stationary optics, which, combined
with circularly polarized input, measures the retardance and
alignment of tissue on a frame-by-frame, pixel-by-pixel basis.
We successfully demonstrated our method on thin sections of
bovine flexor tendon and showed that our sensor compares
favorably with the current methodology, while providing signifi-
cant additional capabilities and metrics for future analysis.
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