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Quantitative phase-gradient imaging at high
resolution with asymmetric illumination-based

differential phase contrast
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We describe a full-field phase-gradient imaging method: asymmetric illumination-based differential phase
contrast (AIDPC). Imaging properties of AIDPC are evaluated using the phase-gradient transfer-function
approach and elucidated with experimental images of an optical fiber and a histochemical preparation of a
skeletal muscle section. In comparison with full-field differential interference contrast, AIDPC does not re-
quire phase shifting for quantitative imaging of phase gradient, provides artifact-free images of birefringent
specimens, requires shorter camera exposure, and has larger depth of focus. It is amenable to transfer-
function engineering, simultaneous fluorescence imaging, and automated live cell imaging. © 2009 Optical
Society of America
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Imaging of biological specimens requires special opti-
cal processing to translate the optical thickness (i.e.,
phase) information to image intensity. Direct quanti-
tative measurement of phase requires use of coherent
illumination, leading to limited spatial resolution,
lack of optical sectioning, and speckle from imperfec-
tions in the optical train. Phase-gradient imaging
methods such as Nomarski’s differential interference
contrast (DIC) can accommodate large illumination
apertures (i.e., partially coherent illumination), alle-
viating the above problems. In scanning optical mi-
croscopy, an intrinsically linear phase-gradient con-
trast method, termed differential phase contrast
(DPC) has been evaluated [1–3]. In contrast to DPC,
DIC images a complex mix of amplitude and phase-
gradient information, necessitating approaches such
as phase shifting (PSDIC) to establish a linear rela-
tionship between the image intensity and the speci-
men’s phase gradient [4,5]. Linear measurement of
phase gradient along two orthogonal directions al-
lows retrieval of 2D phase distribution [4]. In this
Letter, we demonstrate a wide-field equivalent of the
scanning DPC microscope based on asymmetric illu-
mination [6], termed asymmetric illumination-based
differential phase contrast(AIDPC). Asymmetric illu-
mination has long been used for high-resolution
qualitative imaging of a phase specimen with shadow
cast similar to DIC [7–9]. Tomographic approaches
for measurement of phase distribution using coher-
ent asymmetric illumination have been developed
[10]. However, this seems to be the first report of
quantitative phase imaging based on asymmetric il-
lumination with a large aperture.

One can arrive at the wide-field equivalent of the
scanning DPC system using the principle of reciproc-
ity, as illustrated in Fig. 1. A scanning system with

an incoherent detector has imaging properties iden-
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tical to those of the full-field system with an incoher-
ent source if two conditions are met [11]: (1) each sys-
tem has the same objective apertures (i.e., pupil
amplitude), Po�� ,�� and (2) the sensitivity distribu-
tion of the detector in the scanning system is the
same as the intensity distribution of the condenser
aperture, �Pc�� ,���2, in the full-field system. In scan-
ning DPC, a split-detector or a quadrant diode is
placed in the Fourier plane of the collector, and the
image is formed by subtracting intensities recorded
by two halves of the detector. A reciprocal wide-field
DPC system has an antisymmetric condenser aper-
ture with half of the aperture having negative effec-
tive intensity. We synthesize negative condenser in-
tensity by subtracting two images acquired with
semicircular condenser apertures in the direction of
differentiation.

For experiments presented in this Letter, we sim-
ply placed semicircular pieces of opaque paper at two
positions in the condenser turret. The paper blocks
were adjusted to mask opposite halves of the con-

Fig. 1. Equivalence of a full-field system using a split
source (AIDPC) and a scanning system with a split detector
(scanning DPC). The light propagates from left to right in
the full-field system and from right to left in the scanning
system. Components of the scanning system are labeled in
italics. fc, fo, and fl are focal lengths of the condenser/
collector, objective, and tube lens, respectively. The phase

differentiation is assumed to be along the X direction.
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denser aperture, by looking at the front focal plane
(FFP) of the condenser with a Bertrand lens. Precise
placement of the aperture blocks at the FFP along
the optical axis is necessary to achieve uniform illu-
mination in the specimen plane. The image obtained
with left half of the condenser aperture (say, IL) and
the right half of the condenser aperture (say, IR) were
used to compute average ��IR+IL� /2� and difference
�IR−IL� images, which correspond to bright-field and
the image considered to be DPC in scanning micros-
copy. Instead, we define the DPC image to be the ra-
tio of difference and average images for reasons de-
scribed later. Thus

IDPC = 2
IR − IL

IR + IL
. �1�

In the following, the term DPC refers in general to
scanning DPC and AIDPC.

When a slowly varying specimen (with respect to
the spatial resolution) is assumed, the effects of finite
illumination and imaging apertures used in DIC and
DPC can be accounted for by using the phase-
gradient transfer function (PGTF) [2]. With Köhler il-
lumination, the phase gradient of m (normalized
with respect to NAobj/�) will image the condenser ap-
erture displaced by m in the objective aperture. Thus
the relative intensity with which that gradient is de-
tected is equal to the area of overlap of the magni-
tudes of the condenser pupil and the objective pupil
shifted by m. Hence, the PGTF of an imaging system
can be computed as

C�m,n� =� � �Pc��,���2�Po�� − m,� − n��2d�d�, �2�

where, m and n denote the specimen gradients along
the X and Y directions. The same model can be ar-
rived at by assuming a slowly varying specimen in
full partially coherent transfer-function model of any
full-field imaging system, e.g., for DIC [12,13]. Al-
though it can be extracted from the partially coher-
ent transfer function, PGTF is not a transfer function
in the usual sense but relates the phase gradient and
the image intensity in the sense of a look-up table.
This leads to a useful property that the effective
PGTF for the ratio of two images obtained with dif-
ferent apertures is the ratio of the corresponding
PGTFs. Although the ratio in Eq. (1) normalizes in-
focus absorption information, out-of-focus differential
absorption that affects relative strengths of IR and IL
can cause global bias in the DPC image.

Figure 2(a) shows the computed PGTFs in the di-
rection of differentiation for different imaging modes,
assuming matched illumination. PGTFs for IL and IR
are computed by substituting semicircular Pc and cir-
cular Po in Eq. (2). Pupils for the DIC configuration
are simulated as shown in Fig. 2 of [13]. Notice that
DIC configuration has nonlinear PGTF with promi-
nent zero crossings, owing to finite aperture and fi-
nite shear. These zero crossings can lead to contrast
reversals in the image and cause the linearization al-

gorithms for DIC to fail, as they are also based on a
ratio of image intensities. With semicircular con-
denser apertures and matched illumination, the
PGTF for DPC is nearly linear up to half the cutoff of
the imaging system. However, optimization of the in-
tensity variations in the condenser FFP using Eq. (2)
allows synthesis of the PGTF of choice and conse-
quently the desired phase-gradient contrast. An
equivalent approach in scanning DPC is to use detec-
tors of varying sensitivity distributions [2]. These
AIDPC configurations can be constructed with a spa-
tial light modulator placed at the FFP of the con-
denser acting as an effective source. Such an auto-
mated setup can be used for live-cell morphological
imaging with AIDPC in transmission and fluores-
cence imaging in reflection without requiring me-
chanical movement. For matched illumination, we
can achieve linear imaging of the phase gradient
along a certain direction with linearly varying con-
denser intensity. This conclusion follows from the re-
sult 2��P�� ,�� � P�� ,����m,n�=m�P�� ,�� � P�� ,����m,n�
[14], proven easily by taking the Fourier transform
on both sides and using convolution and differentia-
tion theorems.

For experimental verification, we used a 0.75 NA,
20� objective, matched condenser aperture, quasi-
monochromatic illumination obtained with a �
=550 nm interference filter, an Olympus BX61 micro-
scope equipped with strain-free optics, and a Peltier-
cooled Olympus DP30BW monochrome camera. By
observing the objective backfocal plane (BFP) with
the Bertrand lens and counting the number of fringes
that fit inside the BFP, the shear was estimated to be
0.7� /NAobj according to the equation for the objective
BFP (square of Eq. (3) in [13]). The bias was adjusted
to � /2 using a de Sénarmont compensator. Optical fi-
ber is a good test specimen for verifying observations
made with Fig. 2(a) and exhibits phase gradients
from zero at center to very high at edges. When the
fiber is aligned perpendicular to the direction of the
shear, the intensity profile across its width should
follow the shape of the PGTF in accordance with the
phase gradient of the fiber. Figure 2(b) shows images
of an optical fiber under different imaging modes
taken from a light-guide bundle Edmund Optics
#39366 (clad diameter 50 �m, core diameter unspeci-
fied, clad RI 1.487, core RI 1.581.) The fiber was im-

Fig. 2. Experimental comparison of computed PGTFs in
(a) with contrast observed in images in (b) and line profiles
in (c), for different imaging modes. In the orthogonal direc-
tion, imaging properties of all modes are the same as the
bright field.
mersed in water and mounted under a glass cover-
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slip. The profiles across the width of the fiber in Fig.
2(c) are obtained by summing the pixels along the Y
direction of images shown in Fig. 2(b). These profiles
correspond well with the PGTFs presented in Fig.
2(a). The images of optical fiber in Fig. 2(b) corrobo-
rate the above prediction of contrast reversal in the
DIC image. At the edges of the fiber, the phase gra-
dient exceeds the cutoff of all imaging modes, refract-
ing the entire cone of illumination out of the imaging
aperture. At such high gradients quantitative rela-
tionship dictated by the PGTF fails.

Birefringence introduces different phase delays to
orthogonally polarized beams of DIC, effectively
causing local variations in the bias and disrupting
the contrast mechanism of DIC. DPC does not rely on
manipulation of polarization to achieve phase-
gradient contrast and provides artifact-free images,
even for strongly birefringent objects such as starch
granules (images not shown). However, a strongly, bi-
refringent region with its optic axis inclined with axis
of the imaging system introduces a differential re-
fractive index to left and right illumination half
cones, compromising the quantitative nature of DPC.
DPC can also be used to image samples grown on
plastic [6]. In the absence of absorption information,
either IR or IL provides qualitative phase-gradient
contrast (see Fig. 1 of [15]). DIC can suppress some
absorption information when used with low bias [12],
but complete removal requires PSDIC. Figure 3 illus-
trates that DPC can visualize the morphology of a bi-
refringent and absorbing specimen. Birefringent re-
gions, appearing bright in Fig. 3(f), appear too dark
or too bright in a PSDIC or DIC image at bias � /5. In
absence of complimentary information, birefringent
structures may be mistaken as absorbing in DIC, as
seen in Fig. 3(c). The AIDPC image and the average
image [Figs. 3(a) and 3(d)] show that DPC provides
clearer separation of absorption and phase-gradient
information. In conjunction with AIDPC, birefrin-
gence measurement by LC-Polscope [5] should pro-

Fig. 3. AIDPC segregates absorption and phase-gradient
information in a birefringent specimen. Images of H&E-
stained skeletal muscle section (Carolina biological
#313256) with different imaging modes: (a) AIDPC, (b) PS-
DIC (according to the four-frame algorithm of [4], (c) DIC
image with bias � /5, (d) average �IR+IL� /2, (e) bright field,
and (f) crossed polarizers. Images were acquired using 0.9
NA, 40� objective, matched illumination, and white light

from a halogen lamp set at 7 V. Scale bar, 2.5 �m.
vide complementary information. The unmodified ob-
jective side-light path of AIDPC affords shorter
exposure than possible with DIC or phase contrast.
To fill up the dynamic range of the camera, the fol-
lowing exposure durations were required: 3.9 ms for
IR and IL and 280 ms for the DIC image at bias � /5.
In DIC, poor transmission of white light by polarizers
and theoretical losses due to manipulation of polar-
ization necessitate such long exposures.

We have experimentally noticed that AIDPC has
around twice the depth of focus of DIC. A similar ob-
servation is made by Amos et al. [3] for scanning
DPC. The PGTF of an imaging system depends only
on the squared magnitude of the objective and con-
denser pupils [Eq. (2)] and hence predicts no effect
from defocus or other aberrations. However, our algo-
rithm for computing the full partially coherent trans-
fer function of a general full-field imaging system
[13] can be used to examine effects of defocus on im-
aging properties of DIC and DPC.

In conclusion, AIDPC allows linear imaging of
phase-gradient information for a variety of speci-
mens, easy engineering of the transfer function,
artifact-free imaging of birefringent specimens, si-
multaneous high-resolution fluorescence imaging,
shorter exposure, and automation for live-cell imag-
ing. However, the quantitative nature is compro-
mised when the specimen affects the left and right
half cones of illumination with differential out-of-
focus absorption or strong differential birefringence.
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