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We introduce a label-free method for detecting high-grade prostatic intraepithelial neoplasia (HGPIN) in
unstained biopsies. We image this condition based on the identification of basal cells in biopsies that
otherwise would resemble prostate cancer by unassisted histologic examination. Gradient field micro-
scopy (GFM) is used as a label-free imaging method which increases the contrast of a transparent sample
by taking the first-order phase derivative that is very sensitive to rapid refractive index changes. GFM is
able to image the basal cell layers in HGPIN biopsies because of their rapid refractive index changes at
the periphery of small glandular structures. © 2012 Optical Society of America
OCIS codes: 170.0180, 170.1650, 170.4730, 170.6935.

1. Introduction

Due to their very low absorption and weak scatter-
ing, human tissues are mostly transparent under
visible light spectrum and can be assumed as phase
objects. The transmission function of a phase object
is in the form of and thus shows no contrast when the
object is imaged under a bright field microscope be-
cause all the structural information is in the phase of
the field [1]. In order to solve the problem of imaging
low-contrast objects, much microscopy development
has been focused on finding different ways to in-
crease the contrast. Exogenous contrast methods uti-
lize chemical compounds, such as dyes, fluorophores,
or nanoparticles to turn a phase object into an ampli-
tude object. On the other hand, intrinsic contrast

phase-sensitive methods use the information carried
by the light passing through the phase object without
turning the object into an amplitude object (see
[2–5]).

As an important application of microscopy techni-
ques, pathology practice has been largely dependent
on staining methods to turn the tissue samples into
amplitude objects [6]. The development of staining
methods makes it possible not only to image tissues
using a simple bright field microscope, but also to
add specificity to different structures within a tissue
sample [7]. Recently, quantitative phase imaging has
emerged as a new way of examining pathology slides
(see, e.g., Chap. 15 in [1]). For example, spatial light
interference microscopy (SLIM) [8,9] can be used to
detect and diagnose different diseases by quantita-
tive phase in unstained slides.

In this paper, we show that imaging a phase
derivative of the phase map has diagnosis value.
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We present a method for label-free diagnosis of high-
grade prostatic intraepithelial neoplasia (HGPIN)
using gradient field microscopy (GFM), which is
a qualitative phase method developed in our group
[10,11].

2. Gradient Field Microscopy

A. Principle

Differential interference contrast (DIC) microscopy
is one of the most popular noninvasive methods that
increase the contrast of a transparent specimen [12].
At the core of this technique, there is the Nomarski
prism, which splits the illumination beam into two
slightly shifted beams that pass through the sample
and get recombined at the detector. These two shifted
beams generate an intensity image that is propor-
tional to the first order derivative of the phase map,
i.e., a component of the phase gradient, and thus
yields very high contrast, especially at edges with ra-
pid optical path length change. The idea of generat-
ing two slightly shifted beams like in DIC can be
realized through Fourier filtering of an optical field.
Such spatial filtering has proven its effectiveness in
increasing the contrast through different applica-
tions such as phase contrast microscopy [13] and
other, more recent techniques [14,15].

In our case, this beam shift is obtained by using the
property that the Fourier transform of a sine function
gives two delta functions separated by a distance
inversely proportional to the period of the sine
function:
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As shown in Eq. (1), a 2D multiplication of an op-
tical field by a sine function gives in the Fourier
plane the 2D convolution between the optical field
in the image plane and two delta functions. In other
words, applying a sine modulation in the Fourier
plane splits the scattered optical field into two dupli-
cated fields shifted by 2a at the image plane, where a
is the inverse period of the sine modulation. Further-
more, for a small a, i.e., large period, the convolution
can be approximated to a first-order differential, as
shown in Eq. (1).

We applied the sinusoidal mask at the Fourier
plane of a microscope image using an amplitude
spatial light modulator (SLM). Due to the DC
component, for a purely phase object, U�x; y� �
exp�iϕ�x; y��. The intensity of the image (modulus
square of the field), a first-order derivative of the
phase of the object, is offset by a constant, namely,
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Notice that the result in Eq. (2) is identical to the
result from regular DIC using Nomarski prisms.
Obviously, the advantage of our approach is that it
does not require specialized polarized illumination
optics, and thus can operate with plastic (birefrin-
gent) specimen substrates [10]. Therefore, filtering
in the Fourier plane of the image field with a sinusoi-
dal amplitude mask gives an increase in the contrast
by providing the first-order derivative of the phase
of the object. It has also been demonstrated that
using different filters such as parabolic or conic
filters provide other modes of phase derivatives
[10,11].

B. Gradient Field Microscopy

Figure 1 shows the GFM, which is an experimental
setup for Fourier filtering using a sinusoidal ampli-
tude mask. GFM is built as an additional module to
a commercial bright field microscope, which itself is
composed of a collector lens, aperture stop, conden-
ser lens, objective, and tube lens. In order to obtain
high spatial coherence in white light illumination,
the aperture stop is closed down to the minimum
size. From the image plane of the microscope, we
place an optical module composed of two lenses to
form a 4f system and a SLM. The first Fourier lens,
L1, with the focal distance f 1 � 75 mm, is at a dis-
tance f 1 away from the image plane, and the SLM is
located at a distance f 1 behind L1, which is the
Fourier plane of the image field of the microscope.
The second Fourier lens is at its focal distance,
f 2 � 150 mm, away from the SLM and forms the
modulated image at f 2 away, where the detector
(Andor iXon� EMCCD) is located. In essence, the
GFM module increases the contrast by imaging
the first-order derivative of the phase of the sample
and magnifies the image by a factor determined by
the ratio f 2=f 1.

The SLM in our setup is a liquid crystal panel ta-
ken from an Epson Powerlite S5 commercial projec-
tor sandwiched between two cross polarizers. The top
inset of Fig. 1 is projected to the amplitude SLM and
the bottom is the profile of the sinusoidal modulation
taken along the dashed line. The contrast ratio of
this device, 400=1, provides sufficient attenuation
at the region where the projected value should ap-
proach zero. Furthermore, the sine modulation
period is calculated to be 7.8 mm (13 μm=pixel,
600 pixel=period) and yields at the image plane
the spatial shift of 2λf =a � 20 μm between the two
separated beams. The DC field is located between
the two beams.

Along with the high contrast images, GFM has an-
other advantage in its acquisition speed. Since the
contrast is increased optically, there is no need of
post-image processing. Thus, GFM naturally pro-
vides an ability to image in real-time and the acqui-
sition speed is limited only by the frame rate of the
detector. We used GFM to investigate unstained
prostate biopsies characterized by HGPIN, as
described below.
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3. HGPIN Detection Using GFM

A. HGPIN Condition

HGPIN is a condition that mimics prostate cancer,
with glands showing genetic and immunohistochem-
ical changes associated with prostate cancer and tis-
sue biopsies showing the presence of prominent
nucleoli and Roman bridges in glands [16,17].
HGPIN is a lesion that is sometimes confused with
prostate cancer in biopsies because it has atypical
cells, large prominent nucleoli, but in contrast
with cancer it has basal cells in the periphery of
the glandular structures (Fig. 2). Because it mimics
the morphology of prostate cancer biopsies, there is
a need for investigation into HGPIN biopsies in order
to correctly diagnose that they are in fact not
malignant. Currently, cytokeratin 34BE12 and p63
immunohistochemistry markers are used to exclude
the diagnosis of carcinoma by identifying basal cells
[17]. However, immunohistochemistry delays diag-
nosis, usually by one day and frequently more.

B. HGPIN Detection Using GFM

The histologic presence of basal cells distinguishes
HGPIN from prostate cancer. Since these cells are
small in size, it is expected that they show rapid
change in optical path length at the boundary and
that they can be detected by GFM. With this idea,
we imaged multiple unstained biopsies with HGPIN

condition using GFMwith a high magnification, high
numerical aperture objective.

Figure 3(a) shows an image of a HGPIN biopsy
taken under GFM with 100×/1.4 NA oil immersion
objective on Olympus 1 × 70 microscope in bright
field mode. Since this high magnification objective
cannot image the whole biopsy at once, this image
is produced by stitching 154 (14 × 11) images. Even
though one core has to be imaged in many separate
tiles, the fast acquisition speed of GFM allows high
throughput in the measurement (10 min/biopsy

Fig. 1. (Color online) Schematic of the GFM setup. The components of a bright field microscope, Olympus 1 × 70, are shown in the figure
(from the collector lens to the tube lens), along with the GFM module. Starting from the image plane of the bright field microscope, the
Fourier lens L1 is located at one focal distance, 75 mm, and the SLM is located at another focal distance away from L1. The second Fourier
lens L2 is located at one focal distance, 150 mm, away from SLM, and the detector is located at another focal distance behind L2. Inset
shows the mask projected onto SLM and its vertical profile showing the sinusoidal function.

Fig. 2. (Color online) Hematoxylin and eosin stained slice of a tis-
sue showing the basal cell layer. The flat layer of cells marked yel-
low between the epithelium and stroma area are the basal cells.
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assuming no error in stitching). In Fig. 3(b), a
quantitative phase image of the same tissue taken
using SLIM is shown. This image is also a stitch
of 80 (10 × 8) images taken using a 40×/0.75 NA mi-
croscope objective. For each section (one field of
view), it took 4 s to image the quantitative phase and
for the whole tissue area, it took total of 9 min includ-
ing the focusing time. Figure 4 shows 12 different
HGPIN biopsies imaged by the same setup.

In order to show the high contrast at the edges
more closely, the left column of Fig. 5 shows the
GFM image of specific areas in HGPIN biopsies.
Notice that the patchy basal cells are clearly seen be-
tween the epithelium and stroma area. Although
they do not have any specific optical marker, it is pos-
sible to notice these cells from their boundaries,
which shows high value in GFM, and also from their

shape. To ensure this qualitative detection of basal
cells done by eye based on the shape of the cells,
the images are compared to the images of the same
area taken using SLIM (the right column of Fig. 5),
which is a quantitative phase imaging technique [8].
SLIMmeasures the quantitative refractive indices of
a biopsy and uses it as a marker for different struc-
tures. It has been shown in Wang et al. [9] that the
basal cells have low refractive indices in the quanti-
tative phase image taken with SLIM and can be de-
tected easily. Although there is no quantitative
information in the GFM images, unlike in SLIM
images, GFM shows very high sensitivity to edges,
which gives the relevance in studying small and ra-
pidly changing structures such as basal cells. We also
have shown that the qualitative detection of basal
cells using GFM matches well with the result from

Fig. 3. (Color online) Images of HGPIN biopsies: (a) GFM image and (b) SLIM image.

Fig. 4. Images of 12 different HGPIN biopsies taken under GFM with 100 × =1.4 NA oil-immersion objective. Each image is produced by
stitching over 100 separate images.
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SLIM. Therefore, GFM can be used for detection of
HGPIN condition in a fast (single shot) and label-free
manner.

4. Summary

In this paper, we introduced a label-free method for
detecting HGPIN condition in human tissue biopsies
based on the presence of basal cell layers. GFM was
used as a label-free intrinsic contrast method to in-
crease the contrast in thin and transparent samples.
This method provides an image that is proportional

to the first-order differential of the phase of the
object, thus providing high values at the edges where
rapid refractive index change exists. Therefore, GFM
is successful in detecting the small structure of basal
cell layers, and thus identifying the HGPIN condi-
tion. Validation steps in an independent cohort of
cases are in progress.
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ing the HGPIN biopsy samples. For more informa-
tion, visit http://light.ece.illinois.edu/.

References
1. G. Popescu, Quantitative Phase Imaging of Cells and Tissues

(McGraw Hill, 2011).
2. P. Marquet, B. Rappaz, P. J. Magistretti, E. Cuche, Y. Emery, T.

Colomb, and C. Depeursinge, “Digital holographic microscopy:
a noninvasive contrast imaging technique allowing quantita-
tive visualization of living cells with subwavelength axial
accuracy,” Opt. Lett. 30, 468–470 (2005).

3. N. T. Shaked, Y. Z. Zhu,M. T. Rinehart, and A.Wax, “Two-step-
only phase-shifting interferometry with optimized detector
bandwidth for microscopy of live cells,” Opt. Express 17,
15585–15591 (2009).

4. C. L. Curl, C. J. Bellair, P. J. Harris, B. E. Allman, A. Roberts,
K. A. Nugent, and L. M. D. Delbridge, “Quantitative phase
microscopy: a new tool for investigating the structure and
function of unstained live cells,” Clin. Exp. Pharmacol.
Physiol. 31, 896–901 (2004).

5. C. J. Mann, L. F. Yu, and M. K. Kim, “Movies of cellular and
sub-cellular motion by digital holographic microscopy,”
Biomed. Eng. Online 5, 21 (2006).

6. W. G. Rothstein, “Pathology: the evolution of a specialty in
American medicine,” Med. Care 17, 975–988 (1979).

7. A. M. Marchevsky and M. R. Wick, “Evidence-based medicine,
medical decision analysis, and pathology,” Human Pathol. 35,
1179–1188 (2004).

8. Z. Wang, L. J. Millet, M. Mir, H. Ding, S. Unarunotai, J. A.
Rogers, M. U. Gillette, and G. Popescu, “Spatial light interfer-
ence microscopy (SLIM),” Opt. Express 19, 1016 (2011).

9. Z. Wang, G. Popescu, K. V. Tangella, and A. Balla, “Tissue
refractive index as marker of disease,” J. Biomed. Opt. 16,
116017 (2011).

10. T. Kim, S. Sridharan, and G. Popescu, “Gradient field micro-
scopy of unstained specimens,” Opt. Express 20, 6737–6745
(2012).

11. T. Kim andG. Popescu, “Laplace field microscopy for label-free
imaging of dynamic biological structures,” Opt. Lett. 36,
4704–4706 (2011).

12. M. Pluta, Advanced Light Microscopy (Polish Scientific
Publishers, 1988).

13. F. Zernike, “How I discovered phase contrast,” Science 121,
345–349 (1955).

14. T. J. McIntyre, C. Maurer, S. Bernet, and M. Ritsch-Marte,
“Differential interference contrast imaging using a spatial
light modulator,” Opt. Lett. 34, 2988–2990 (2009).

15. S. Fürhapter, A. Jesacher, C. Maurer, S. Bernet, and M.
Ritsch-Marte, “Spiral phase microscopy,” in Advances in
Imaging and Electron Physics, H. Peter, ed. (Elsevier, 2007),
pp. 1–56.

16. J. I. Epstein and G. J. Netto, Biopsy Interpretation of the
Prostate (Lippincott Williams & Wilkins, 2007).

17. J. I. Epstein and M. Herawi, “Prostate needle biopsies
containing prostatic intraepithelial neoplasia or atypical foci
suspicious for carcinoma: implications for patient care,”
J. Urol. 175, 820–834 (2006).

Fig. 5. (Color online) GFM (left column) and SLIM (right column)
images of HGPIN biopsies showing the areas with basal cells.
Images in the same row show the exact same region for comparison
between GFM and SLIM. Basal cells are marked yellow in the
GFM images and red in the SLIM images for clarity.
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