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Abstract. A dual-modality birefringence/phase imaging
system is presented. The system features a crystal
retarder that provides polarization mixing and generates
two interferometric carrier waves in a single signal spec-
trum. The retardation and orientation of sample birefrin-
gence can then be measured simultaneously based on
spectral multiplexing interferometry. Further, with the addi-
tion of a Nomarski prism, the same setup can be used for
quantitative differential interference contrast (DIC) imag-
ing. Sample phase can then be obtained with two-dimen-
sional integration. In addition, birefringence-induced phase
error can be corrected using the birefringence data. This
dual-modality approach is analyzed theoretically with
Jones calculus and validated experimentally with malaria-
infected red blood cells. The system generates not only
corrected DIC and phase images, but a birefringence
map that highlights the distribution of hemozoin crystals.
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Label-free imaging of biological specimens typically employs
optical phase as the primary contrast mechanism, as seen in
techniques such as phase contrast microscopy1 and differential
interference contrast (DIC) microscopy,2 and quantitative phase
imaging (QPI) has received growing attention in recent years.3

In many samples, however, birefringence can offer crucial con-
trast when revealing fine biological substructures such as colla-
gen,4 cell membrane,5,6 mitotic spindle,7 and hemozoin crystal.8

Different from phase imaging, in birefringence measurements,
one needs to determine two parameters, its retardation as well as
the orientation of its axes. Previous attempts on experimental
determination of both birefringence parameters often require

multiple acquisitions by adjusting polarizing optics, such as
waveplates and liquid crystal phase modulators, either
mechanically9–12 or electrically.13,14

Functionally, the combination of quantitative phase and bire-
fringence imaging will enhance contrast and may provide addi-
tional sample information by comparing registered images of
different nature. Such integration, however, is traditionally dif-
ficult since the two approaches employ fundamentally different
principles and optical setups. A recent advance in quadriwave
lateral shearing interferometry has demonstrated such a combi-
nation, where birefringence is computed by curve-fitting a series
of phase images obtained with a rotating polarizer.15

Here, we propose a high-sensitivity spectral interferometry
approach. Previously, we have demonstrated a single-shot, quan-
titative birefringence imaging technique16 and a quantitative DIC
technique for nonbirefringent samples.17 Implemented with spec-
tral-domain low coherence interferometry for high sensitivity,
they were based on similar hardware but unrelated signal analysis
and processing. In this letter, we provide a unifying theory to inte-
grate these modalities into a single system for quantitative bire-
fringence, DIC, and phase imaging. Additionally, such theory
allows for addressing the issues of system birefringence back-
ground and birefringence-induced DIC/phase distortion, thus
achieving improved accuracy.

The system setup is based on a common path, reflective inter-
ferometer, as shown in Fig. 1(a). It utilizes a broadband super-
luminescent diode (Superlum; 837 nm, FWHM 54 nm) as the
light source. A linear polarizer and a birefringent crystal
(LiNbO3, thickness 2.75 mm) are oriented at a predetermined
angle to introduce polarization mixing. For quantitative DIC im-
aging, a Nomarski prism is inserted at the back of the micro-
scope objective (Nikon; 40×, 0.75 NA), splitting o- and e- waves
by a small angle that leads to a lateral shear on the sample.
Return light will be modified by the crystal and filtered by
the polarizer again before being collected by the single-mode
fiber. The spectral interference carrying intensity and phase
information is then detected by a custom spectrometer. Two gal-
vanometers, separated by a 4-f system, provide two-dimen-
sional (2-D) point scanning of the specimen. For quantitative
birefringence imaging, the Nomarski prism is simply removed
to eliminate the shear.

Signal propagation through the system can be analyzed with
Jones calculus using Fig. 1(b). For convenience, the transmis-
sion direction of the polarizer is chosen to be the x-axis. The
slow axes of the birefringent crystal and the sample orient at
angles α and β relative to the x-axis, respectively. For nonbir-
efringent samples, β can be any angle since they are optically
isotropic and, in fact, it will be eliminated from the equation.
System birefringence, arising from the residual birefringence
of various system optics, can be treated as a lumped element
with its slow axis oriented at angle φ.14

We first analyze birefringence imaging, i.e., without the
Nomarski prism in Fig. 1(b). Assuming the normalized Jones
vector after the polarizer is ½ 1 0 �T, the field after a double-
pass transmission through the entire system can be obtained by

EQ-TARGET;temp:intralink-;e001;326;148EO ¼ ½ 1 0 �Rð−αÞTðθCÞRðα − φÞTðθBÞRðφ − βÞ

Tð2θSÞRðβ − φÞTðθBÞRðφ − αÞTðθCÞRðαÞ
�
1

0

�
;

(1)
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where R is the rotation matrix and T is the transmission matrix
for polarizing components, as in

EQ-TARGET;temp:intralink-;e002;63;490RðφÞ ¼
�

cos φ sin φ
− sin φ cos φ

�
and TðθÞ ¼

�
1 0

0 ejθ

�
:

(2)

Additionally, θCðkÞ ¼ kLC, θBðkÞ ¼ kLBðx; yÞ, and θSðkÞ ¼
kLSðx; yÞ, where k is the wavenumber, LC is the optical path
length (OPL) retardation of the crystal retarder, and LBðx; yÞ
and LSðx; yÞ stand for the retardation of system birefringence
and sample birefringence at (x; y), respectively.

Since both LB and LS in live cell imaging are typically small
compared to wavelength, small angle approximation is valid for
θB and θS.

12 With Eqs. (1) and (2), the detected interference
spectrum can be shown as

EQ-TARGET;temp:intralink-;e003;63;333I ¼ I0ðkÞjEOj2
¼ IDCðkÞ þ ½I1fðkÞ þ c:c:� þ ½I2fðkÞ þ c:c:�; (3)

where I0ðkÞ is the spectrum envelope

EQ-TARGET;temp:intralink-;e004;63;271

IDCðkÞ ¼ I0ðkÞ½cos4 αþ sin4 α�

I1fðkÞ ¼
1

4
sin 4αI0ðkÞ½jASðkÞ þ jABðkÞ�ejkLC

I2fðkÞ ¼
1

4
sin2 2αI0ðkÞ½jBSðkÞ þ jBBðkÞ þ 1�ej2kLC ; (4)

and c.c. denotes the complex conjugate of corresponding terms.
Equation (4) clearly indicates that I1f and I2f are two interfer-
ence terms in the detected spectrum with carriers of ejkLC and
ej2kLC , generated by the large OPL retardation of the crystal
retarder. In addition, sample and system birefringence parame-
ters are simultaneously modulated onto the complex amplitude
of the carrier waves, but are found to be decoupled from each
other, as seen in the following intermediate parameters:

EQ-TARGET;temp:intralink-;e005;326;752�
ASðkÞ ¼ 2θSðkÞ sin 2ðα − βÞ
BSðkÞ ¼ 2θSðkÞ cos 2ðα − βÞ ;�
ABðkÞ ¼ 2θBðkÞ sin 2ðα − φÞ
BBðkÞ ¼ 2θBðkÞ cos 2ðα − φÞ : (5)

Based on the above derivation, we can perform a system bire-
fringence calibration without sample to acquire AB and BB and
remove them from sample measurement to obtain AS and BS
only for the determination of sample birefringence parameters.

As for the choice of α, a wide range of angles may be used
except when sin 4α ¼ 0 or sin2 2α ¼ 0 in Eq. (4). A detailed
sensitivity analysis and experimental validation for spectral mul-
tiplexing interferometry-based birefringence measurement can
be found in Ref. 16. Under the small angle approximation here,
IDCðkÞ is sample independent and the choice of α is flexible. We
set α at 31.7 deg so that sin 4α ¼ sin2 2α, which leads to iden-
tical coefficients for both interference terms in Eq. (4). Thus, the
sensitivity of both sample birefringence retardation and azimuth
angle will be independent of sample birefringence orientation.16

With the knowledge of α, I0ðkÞ can also be determined from
IDC. The signal demodulation hence involves bandpass filtering
of I1f and I2f, normalizing them using α and I0, and frequency
downshifting. With the carrier waves obtained from the interfer-
ence spectra without sample, I1f and I2f can be downshifted to
baseband for extracting AS and BS from the imaginary part of the
complex amplitude after removing AB and BB. Sample birefrin-
gence is therefore
EQ-TARGET;temp:intralink-;e006;326;441

LS ¼ avg

� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ASðkÞ2 þ BSðkÞ2

q
∕2k

�

β ¼ avg

�
−
1

2
arctan

ASðkÞ
BSðkÞ

þ α

�
; (6)

where avgð·Þ denotes averaging over the range of k. This process
allows the background-free measurement of LS and β from one
single spectrum.

To demonstrate the birefringence imaging capability, we
chose Plasmodium falciparum-infected human red blood cells
(RBCs). During their asexual replication cycle within RBCs,
malaria parasites consume host cell hemoglobin and produce
birefringent hemozoin crystals. For imaging, an in-vitro culture
of P. falciparum-infected erythrocytes was fixed with 0.1% glu-
taraldehyde in phosphate-buffered saline (PBS). Fixed parasites
were then washed with PBS to remove glutaraldehyde prior to
imaging.

To quantify RBC birefringence, we first calibrate system
birefringence background with a gold mirror. Its magnitude map
is shown in Fig. 2(a), with an averaged retardation of 4.12 nm
over the field of view. The spatial and temporal sensitivity for
birefringence measurement have also been experimentally deter-
mined. Since AS and BS are both Gaussian random variables,
Eq. (6) implies the birefringence retardation LS is a Raleigh
distribution. This is confirmed by the calibration results in
Figs. 2(c) and 2(d), with σs ¼ 31.7 pm for full field spatial sen-
sitivity and σt ¼ 23.3 pm for single spot temporal sensitivity.

Figure 2(e) shows the birefringence retardation image of the
RBCs after background subtraction based on Eqs. (4) and (5).
Among the imaged cells, the infected ones can be clearly iden-
tified by the hemozoin crystals inside. The magnitude of hemo-
zoin birefringence retardation in the infected RBCs is about
30 nm and is much stronger than the birefringence of the cell

Fig. 1 (a) Schematic of the integrated quantitative phase and birefrin-
gence imaging system: SLD, superluminescent diode and SPM,
spectrometer. (b) Orientation of polarization components of the imag-
ing system.
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body, which is believed to be originated largely from local
heterogeneity. Enlarged images of two infected RBCs are
also depicted in Figs. 2(f) and 2(g) with slow axis orientation
illustrated. One and two crystals are revealed with the birefrin-
gence slow axis distributed uniformly for each crystal, respec-
tively. The presence of two crystals likely indicates that this red
cell has been invaded by two parasites.

In addition to single-shot birefringence imaging, the same
setup can also be used for quantitative DIC imaging. Note that
as shown in Fig. 1(b), the direction of the inserted Nomarski
prism should be parallel to the axes of the crystal retarder. With
the Nomarski prism splitting the incident beam into two by a
small angle, the o- and e- waves will experience different polari-
zation mixing in the specimen. The Jones analysis now becomes

EQ-TARGET;temp:intralink-;e007;63;337

EO ¼ ½ 1 0 �Rð−αÞTðθCÞRðα − φÞTðθBÞRðφ − αÞ

·

�
Rðα − βÞTS1Rðβ − αÞ

�
1 0

0 0

�

þ Rðα − βÞTS2Rðβ − αÞ
�
0 0

0 1

��

· Rðα − φÞTðθBÞRðφ − αÞTðθCÞRðαÞ
�
1

0

�
; (7)

where TS1 and TS2 denote the respective transmission matrices
for sample retardation for the two waves at their corresponding
positions,

EQ-TARGET;temp:intralink-;e008;63;178TS1 ¼
�
ej2kL1e 0

0 ej2kL1o

�
and TS2 ¼

�
ej2kL2e 0

0 ej2kL2o

�
:

(8)

Similar to birefringence imaging, Eq. (7) is expanded and the
second interference term (2f) can be obtained as

EQ-TARGET;temp:intralink-;e009;326;752

I2f ¼ 1

4
sin2 2αI0ðkÞejkðL2e−L1eþL2o−L1oÞ

× ½jBSðkÞ þ jBBðkÞ þ 1�ej2kLC : (9)

For nonbirefringent samples, the o- and e- waves are iden-
tical. When system birefringence is also ignored, Eq. (9) can be
simplified to

EQ-TARGET;temp:intralink-;e010;326;670I2f ¼ 1

4
sin2 2αI0ðkÞej2kðL2−L1Þej2kLC ; (10)

which, as expected, is essentially identical to the previously
reported expression.18 The quantitative DIC signal is simply
the phase of downshifted I2f.

In contrast, for birefringent samples, the OPL gradient term
in I2f is ejkðL2e−L1eþL2o−L1oÞ. It can be interpreted as the average
OPL gradients of o- and e- waves. Also, we have an additional
complex term, ½jBSðkÞ þ jBBðkÞ þ 1�, which is determined by
system and sample birefringence. This birefringence-induced
coefficient thus introduces a phase error in OPL gradient meas-
urement. Fortunately, it is identical to the term in I2f in Eq. (4)
and is, therefore, already known from birefringence measure-
ment. As a result, the birefringence-induced phase error can
be corrected using the birefringence data.

Figures 3(a) and 3(b) show the OPL gradient images before
and after the birefringence correction. In Fig. 3(c), closer exami-
nation of these DIC data reveals a clear difference at the position
of hemozoin crystal. The corrected positive and negative DIC
peaks (blue) become symmetric about zero, which is a typical
indication of birefringence-free DIC signal. This confirms that
the phase error from sample anisotropy has been removed effec-
tively. We also observe that, for low-birefringence areas away
from the hemozoin, the OPL gradient data before and after cor-
rection are still in good agreement. The OPL gradient images of
the infected RBCs after correction are also given in Figs. 3(d)
and 3(e) for horizontal and vertical shear directions, respectively.

Further, with these two directional OPL gradient images and
2-D phase reconstruction algorithms,19,20 quantitative phase
image of the sample can be obtained, as shown in Fig. 4(a). The
process involves image registration between the two gradient
images and FFT-based 2-D phase integration.

Fig. 2 (a) System birefringence background. Scale bar 20 μm.
(b) Spatial sensitivity of birefringence retardation. Scale bar 20 μm.
(c) Birefringence retardation histogram of full field in (b).
(d) Temporal sensitivity of birefringence retardation. (e) Birefringence
retardation image of P. falciparum-infected human RBCs. Scale bar
20 μm. (f) and (g) Birefringence retardation images of single infected
RBCs from (e). Scale bar 2 μm. Inset: the line direction and length indi-
cate the local optical axes orientation and birefringence retardation of
the hemozoin crystals.

Fig. 3 DIC gradient of an infected RBC (a) before and (b) after phase
distortion correction. Scale bar 2 μm. (c) Red and blue curves are the
OPL gradient along the lines in (a) and (b). Green curve is the sample
birefringence retardation along the same line. (d) and (e) Corrected
DIC images of RBCs with horizontal and vertical shear, respectively.
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The spatial and temporal sensitivity of the integrated phase
are also calibrated using a gold mirror. The spatial sensitivity is
σs ¼ 64.6 pm across the full field, as seen in Figs. 4(b) and 4(c).
The temporal sensitivity calculated from 100 consecutive
acquisitions is shown in Fig. 4(d) with a noise level of σt ¼
51.7 pm. The QPI accuracy has also been validated with silica
microsphere size standards (Corpuscular Inc., Φ ¼ 6.4 μm,
aqueous suspension). The physical width and height of silica
microspheres, converted from quantitative phase data and labeled
in Fig. 4(g), are consistent with the manufacturer’s specification.

In conclusion, we have proposed and demonstrated a dual-
modality system for quantitative birefringence and phase imag-
ing. Imaging modes can be easily switched by the insertion and
removal of a Nomarski prism. A unified theoretical treatment
provides a rigorous foundation for both techniques. From the
theory, a process for system birefringence background subtrac-
tion is derived to improve birefringence measurement accuracy.
This is particularly important for imaging live cells, whose
birefringence is often weak and can be significantly distorted by
background. The theory also enables the correction of birefrin-
gence-induced phase error, thus opens doors to precision phase
imaging of birefringent samples. One limitation of the current
system is that only in-plane birefringence is measured. Potentially,
multiangle measurement would provide more complete informa-
tion on 3-D anisotropy. Experiments on P. falciparum-infected

human RBCs demonstrate the system’s capability for highly
sensitive birefringence, DIC, and phase imaging. Hemozoin
crystals are visualized with high contrast and can potentially be
used for quantitative study of crystal formation and growth. This
highly integrated system may find applications in label-free im-
aging of biological specimens where multiple intrinsic contrasts
are desired.
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Fig. 4 (a) Quantitative phase image based on 2-D integration of
Figs. 3(d) and 3(e). Enlarged 2-D absolute height image and three-
dimensional (3-D) representation of the infected cell shown in Fig. 2(c).
(b) Spatial sensitivity of QPI. Scale bar 20 μm. (c) Quantitative phase
histogram of full field in (b). (d) Temporal sensitivity of QPI. (e) and
(f) DIC images of silica microspheres with horizontal and vertical
shear, respectively. Scale bar 5 μm. (g) Quantitative phase image
based on (e) and (f), labeled with microsphere width and height.
Inset: absolute height curve along the dashed line across the upper
microsphere.
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