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Recently, we have used polarimetry as a method for assessing the linear retardance of infarcted myocardium. While
linear retardance reflects tissue anisotropy, experimental geometry has a confounding effect due to dependence of
the linear retardance on the orientation of the sample with respect to the probing beam. Here, polarimetry imaging of
an 8 mm diameter birefringent polystyrene sphere of known anisotropy axis was used to test a dual-projection meth-
od by which the anisotropy axis and its true magnitude can be reconstructed, thus eliminating the confounding
effect of anisotropy axis orientation. Feasibility is demonstrated in ex-vivo tissue imaging. © 2010 Optical Society
of America
OCIS codes: 170.0110, 170.3890, 170.6935.

Polarized light methods have recently shown promise for
assessing microstructure and organization in biological
tissues, for example, in skin [1,2], tendon [3], articular
cartilage [4], and skeletal and cardiac muscle [5,6]. Ani-
sotropic materials manifest different refractive indices
along different axes, an effect known as birefringence.
Tissue birefringence can be used as an indication of
its organization state, as highly aligned molecules and
structures, such as linear collagen and myocytes, will
exhibit higher birefringence than structures with little
anisotropy, such as disorganized scar tissue. It has pre-
viously been shown, for instance, that the birefringence
of heart tissue decreases in the region of an infarct and
partially rebounds following regenerative treatments
[6,7]. Linear retardance δ was used as a measure of bire-
fringence, Δn ¼ ne − no (ne and no are the refractive
indices along the extraordinary and ordinary axes, re-
spectively), as the two are proportional: δ ¼ ð2π=λÞ×
dΔn, where d is the pathlength of photons and λ is the
wavelength of light.
However, the apparent (measured) birefringence of

the material, Δnapp ¼ n − no (where n is the apparent
index of refraction), is not only a function of the degree
of anisotropy of a material but also depends on experi-
mental geometry [8]:
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where φ [Fig. 1(a)] is the elevation angle between the ex-
traordinary (anisotropy) axis and the imaging plane (i.e.,
the plane perpendicular to the beam path). This effect
interferes with the interpretation of the linear retardance
as a direct indicator of a material’s true anisotropy.
To resolve this ambiguity, we propose a dual-

projection method, whereby a sample is imaged twice
at different incident angles of the probing beam. The ap-
parent linear retardance δapp and azimuthal angle θ [the

projection of the anisotropy axis in the imaging plane,
Fig. 1(a)], measured with two different sample/beam geo-
metries, provide sufficient information to reconstruct the
true magnitude and orientation of a material’s anisotro-
py, independent of experimental geometry effects. A si-
milar approach has been used for polarization-sensitive
optical coherence tomography by Ugryumova et al. [9].
To characterize the experimental performance of this re-
construction, we report a polarimetric study of an 8 mm
diameter polystyrene sphere of known anisotropy axis.

The sphere was cut from a birefringent polystyrene cy-
linder. The anisotropy axis was along the cylinder axis, as
visually confirmed with crossed polarizers. Polarimetry
setup [Fig. 1(b)] has been described in detail elsewhere
[7,10]; it determines the sample transfer function for po-
larized light interaction (the representation of which is a
4 × 4 Mueller matrix) by measuring the output polariza-
tion for different input polarizations. The incident light
from a 635 nm diode laser (ThorLabs), was polarized
either linearly or circularly, and each polarization state
(linear or circular) of the outgoing beam was recorded
by a CCD camera (Photometrics CoolSnap K4). Experi-
ments were performed with the incoming beam at normal
incidence [on axis, χ ¼ 0° in Fig. 1(b)], or slightly angled
(off axis, χ ¼ 8°), to avoid CCD saturation with light di-
rectly transmitted around the sample edges (of impor-
tance to subsequent tissue imaging). Mueller matrix
decomposition, as described in [11], was performed to
extract and quantify the linear retardance δapp and
the azimuthal angle θ, which were then averaged over
all pixels in the image.

For each dual projection, imaging was done twice:
with the sphere in its original position, and with the
sphere rotated about its center by 15° ≤ α ≤ 35° around
the vertical (y) axis [Fig. 1(b)]. Equation (1) was used
to determine the anisotropy magnitude and orientation
that offered the best fit to both sets of measurements.
Specifically, reexpressing the retardance using Eq. (1),
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where we have expressed the ratio Δnapp=Δn as a func-
tion of ne=no and φ. Because F is a slowly varying func-
tion of ne=no over the physically relevant range, F ≈ f ðφÞ
only. If u is the unitary vector in the direction of the ani-
sotropy axis at the initial position A, u0 is the unitary vec-
tor in the direction of the anisotropy axis at the rotated
position B, and δ0 ¼ ð2π=λÞ · d ·Δn, there results

δA ¼ δ0 · FðφAÞ ¼ δ0 · F
�
tan−1

�
uzffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

u2
x þ u2

y

q
��

;

θA ¼ tan−1
�
uy

ux

�

δB ¼ δ0 · FðφBÞ ¼ δ0 · F
�
tan−1

�
u0

zffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u02

x þ u02
y

q
��

;

θB ¼ tan−1
�
u0

y

u0
x

�
:

ð3Þ

Because u0 is u rotated around the y axis by α, we can
express Eq. (3) in terms of three unknown parameters:
δx ¼ δ0 · ux, δy ¼ δ0 · uy, and δz ¼ δ0 · uz, and obtain the
corresponding best fit. The resultant reconstructed linear

retardance, δ0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
δ2x þ δ2y þ δ2z

q
, is independent of the ex-

perimental geometry and should reflect intrinsic sample
anisotropy.

Dual-projection reconstructions were performed for
39 different positions of the sphere anisotropy axis (19
and 20 reconstructions, respectively, with the on-axis
and off-axis incident beams). Figure 1(c) shows a com-
parison the apparent (δapp) and reconstructed (δ0) linear
retardance, with points in each 15° interval averaged to-
gether. The apparent δapp values follow the theoretical
dependence on the elevation angle δ [Eq. (1)] until φ
reaches ≈ 70°, at which point it plateaus around 6°. This
is most likely due to imprecision on the positioning or
alignment of the polarizers, or to ambient light scattering
off the sphere. The average reconstructed linear retar-
dance was �δ0 ¼ 41:4°� 7:5°, which corresponds quite
well to δapp values measured when the anisotropy axis
and probing beam are perpendicular (φ ¼ 0°), when
we expect δapp ¼ δ0: six measurements were made in this
orientation with a mean value of 41:8°� 4:3°. A compar-
ison with the apparent linear retardance shows that the
reconstructed linear retardance is a much more consis-
tent and geometry-independent indicator of anisotropy.
Furthermore, the average angle error (the angle 0° ≤ β ≤

90° between the known and the reconstructed anisotropy
axis) for all positions was �β ¼ 9:0°� 8:5°, showing
good correspondence with the visually established aniso-
tropy axis.

To investigate the effect of different sample/beam
geometries on the performance of the dual-projection re-
construction, we obtained the relative deviation, Δδi0 ¼
jδi0 − �δ0j=�δ0 (where the average reconstructed linear retar-
dance �δ0 was taken as a measure of the “true” linear re-
tardance) and angle error β for each reconstruction (data
not shown). Both the magnitude of the reconstructed lin-
ear retardance and the orientation of the anisotropy axis
were relatively consistent for all on-axis (χ ¼ 0°) recon-
structions, with 1% ≤ Δδ0 ≤ 17% and 6∘ ≤ β ≤ 12∘, but a sig-
nificantly larger error appears for angles of φ >≈ 70° in
the off-axis case (χ ¼ 8°), with β ≥ 25° and δ0 ≥ 50%.
(There was no trend as to whether the reconstructed
value was higher or lower than δ0.) This is consistent with
our expectations: results from Fig. 1(c) suggest that δapp
deviates from theory for φ >≈ 70°, at which point the re-
construction (which relies on the theoretical relationship

Fig. 1. (a) Relative geometry of the sphere anisotropy axis
(dark arrow) and the probing beam. The elevation angle φ is
the angle between the anisotropy axis and the imaging plane
(xy plane); the azimuthal angle θ is the orientation of the
projection of the anisotropy axis on the imaging plane. Only
the outgoing beam is shown for clarity. (b) Schematic of the
polarimetry imaging system: imaging is done with two different
positions of the sphere, separated by a rotation of α about the
vertical (y) axis. P, polarizer; Li, lenses; QWPi, quarter-wave
plate; A, analyzer. The incident beam is either on axis or off axis
by χ (shown here). (c) Apparent and reconstructed linear retar-
dance for different elevation angles φ, and theoretical apparent
linear retardance [Eq. (2)] for a sphere with real linear re-
tardance δ ¼ 41:4°. Hollow markers, on axis (χ ¼ 0°); solid
markers, off axis (χ ¼ 8°).

August 1, 2010 / Vol. 35, No. 15 / OPTICS LETTERS 2571



between δapp and φ) would be expected to break down
because of poor signal-to-noise ratio. Note that the value
of α was found to have no influence on the performance
of the reconstruction.
To determine whether this method produced accepta-

ble results in more complex biological tissues, we per-
formed dual-projection reconstruction in an axial, 500-
μm-thick portion of healthy porcine myocardium (from
the septum), interrogated off axis at χ ¼ 22° (Fig. 2).
(This larger angle was necessary to avoid direct light sa-
turating the CCD). The apparent linear retardance δapp
and azimuthal angle θ (not shown), as corrected for
phase wrap-around (see, [10]), were found for two posi-
tions of the tissue slab: with the sample plane perpendi-
cular to the outgoing beam [Fig. 2(a)] and then rotated by
α ¼ 15° about the vertical (y) axis [Fig. 2(b)]. These were
used to determine both the elevation angle φ [Fig. 2(c)]
and the reconstructed linear retardance δ0 [Fig. 2(d)]. The
δapp values [Figs. 2(a) and 2(b)] follow a low–high–low
pattern from wall to wall (left to right), but dual-projec-
tion reconstruction [Figs. 2(c) and 2(d)] reveals that on
the right-hand side, the low δapp values are due to the high
elevation angle (so that the reconstructed δ0 values are
comparable to those in the center), while on the left-most
region, the low δapp values are due to lower intrinsic an-
isotropy (so that the reconstructed δ0 are lower than
those in the center and right regions). The reconstructed
δ0 values thus provide a more intrinsic indicator of the
tissue anisotropy, which, combined with knowledge of
the anisotropy axis orientation, yield better insight into
tissue structure.
In conclusion, we have demonstrated that the dual-

projection reconstruction method can (1) account for

the effect of the sample/beam geometry to yield a consis-
tent indicator of tissue anisotropy, and (2) provide infor-
mation about the true anisotropy axis orientation.
Furthermore, we have verified that the off-axis imaging
geometry of the probing beam introduces only a small
error in the reconstruction. Further studies will be re-
quired to evaluate the effect of different incident beam
directions (e.g., off-axis angles larger than 8°), to deter-
mine if improvement can be obtained using more than
two projections, as well as to address the formidable
challenges associated with nonuniaxial tissues. The in-
formation provided by this method about both the mag-
nitude and the orientation of tissue anisotropy could
prove useful in investigations of diseased and treated tis-
sue structure, for example, to assess injury severity or
therapy success in infarcted myocardium, where scar for-
mation lowers tissue anisotropy and ventricular remodel-
ing alters muscle fiber alignment.
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Fig. 2. (Color online) Apparent linear retardance δapp (°) of a
pig septum sample at (a) χ ¼ 0° and (b) χ ¼ 22°. (c) Elevation
angle φ. (d) Reconstructed linear retardance δ0. Field of view
for all: 17 mm × 10 mm.
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