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Abstract. The gold standard in histopathology relies on manual investigation of stained tissue biopsies. A sensitive
and quantitative method for in situ tissue specimen inspection is highly desirable, as it would allow early disease
diagnosis and automatic screening. Here we demonstrate that quantitative phase imaging of entire unstained
biopsies has the potential to fulfill this requirement. Our data indicates that the refractive index distribution of
histopathology slides, which contains information about the molecular scale organization of tissue, reveals prostate
tumors and breast calcifications. These optical maps report on subtle, nanoscale morphological properties of tissues
and cells that cannot be recovered by common stains, including hematoxylin and eosin. We found that cancer
progression significantly alters the tissue organization, as exhibited by consistently higher refractive index variance
in prostate tumors versus normal regions. Furthermore, using the quantitative phase information, we obtained the
spatially resolved scattering mean free path and anisotropy factor g for entire biopsies and demonstrated their
direct correlation with tumor presence. In essence, our results show that the tissue refractive index reports on
the nanoscale tissue architecture and, in principle, can be used as an intrinsic marker for cancer diagnosis. C©2011
Society of Photo-Optical Instrumentation Engineers (SPIE). [DOI: 10.1117/1.3656732]
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1 Introduction
Breast cancer and prostate cancer are two of the most widespread
cancers in the western world, accounting for approximately 30%
of all cases.1 Following abnormal screening results, a biopsy is
performed to establish the existence of cancer and, if present, its
grade.2 The pathologist’s assessment of the histological slices
represents the definitive diagnosis procedure in cancer pathol-
ogy and guides initial therapy.3, 4 It is imperative to develop
new quantitative methods, combining imaging and computing,
capable of assessing biopsies with enhanced objectivity. Such
modality, coupled with high-throughput and automatic analysis,
will enable pathologists to make more accurate diagnoses more
quickly. Toward this end, various label-free techniques have
been developed based on both the inelastic (spectroscopic) and
elastic (scattering) interaction between light and tissues. Thus,
significant progress has been made in near-infrared spectro-
scopic imaging of tissues.5–18 On the other hand, light scattering
methods operate on the assumption that subtle tissue morpho-
logical modifications induced by cancer onset and development
are accompanied by changes in the scattering properties and,
thus, offer a noninvasive window into pathology.19–27 Despite
these promising efforts, light scattering-based techniques cur-
rently have limited use in the clinic. A great challenge is posed
by the insufficient knowledge of the tissue optical properties. An
ideal measurement will provide the tissue scattering properties
over broad spatial scales, which, to our knowledge, remains to
be achieved.
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In an effort to overcome these limitations, intense efforts
have been devoted in recent years toward developing quantita-
tive phase imaging (QPI) methods, where optical path length
information across a specimen is quantitatively retrieved (for a
review see Refs. 28 and 29). QPI is a label-free approach that has
the remarkable ability to render nanoscale morphological infor-
mation from completely transparent structures with nanoscale
pathlength sensitivity.30–32 It has been shown that the knowledge
of the amplitude and phase associated with an optical field trans-
mitted through tissues captures the entire information regarding
light-tissue interaction, including scattering properties.33–36 Yet,
the potential of QPI for label-free pathology has not been ex-
plored. Here we employ spatial light interference microscopy
(SLIM),37–39 a new white light QPI method developed in our
laboratory, to image the entire unstained prostate and breast
biopsies and perform a side-by-side comparison with stained
pathological slides. Our data demonstrate that the refractive in-
dex distribution of tissue is a valuable intrinsic marker of disease
and can set the basis for a new generation of computer-assisted,
label-free histopathology, to enable earlier disease detection,
more accurate diagnosis, and high-sensitivity screening.

2 Results
2.1 Biopsy Imaging Using SLIM
SLIM’s principle of operation is described in more detail
elsewhere.37 Briefly, SLIM combines Zernike’s phase contrast
microscopy40 with Gabor’s holography41 and yields quantitative
optical pathlength maps associated with transparent specimens,
including live cells and unstained tissue biopsies. Due to the
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Fig. 1 Multimodal imaging of prostate tissue slices. Objective:
10×/0.3. The field of view is 2.0 cm × 2.4 cm. The size of the blowup
(in red circle) is 630 μm × 340 μm. (a) Bright field image of unstai-
ned slice (montage of 4131 images). (b) Bright field image of H&E
stained slice (montage of 828 images). (c) SLIM phase map of the un-
stained slice (montage of 4131 images); color bar indicates optical path
length in nanometers. Insets show the respective enlarged are indicated
as red ellipse.

broadband illumination light38 and the common-path interfero-
metric geometry, SLIM is highly sensitive to pathlength changes,
down to the subnanometer scale.39

We implemented SLIM with a programmable scanning stage,
which allows for imaging large areas of tissue, up to centimeter
scale, by creating a montage of micrometer-resolution images.
The number of individual images in the montage depends on
the size of the biopsy and varies from several hundred to sev-
eral thousand. The transverse resolution is limited only by the
numerical aperture of the objective and varies in our experi-
ments from 0.4 μm for a 40× (0.75 NA) objective to 1 μm
for a 10× (0.3 NA) objective. The spatial pathlength sensitivity
of the SLIM images, i.e., the sensitivity to pathlength changes
from point to point in the field of view, is remarkably low, ap-
proximately 0.3 nm.37 Since the maximum path-length values
are up to the wavelength of light, 530 nm, the signal-to-noise
ratio across the image is on the order of 1000.

The specimen preparation is detailed in Sec. 4. Briefly,
prostate tissues from patients were fixed with paraffin and sec-
tioned in 4-μm thick slices. Four successive slices were imaged
as follows. One unstained slice was deparaffinized and placed in
xylene solution for SLIM imaging. The other three slices were
deparaffinized and stained with hematoxylin and eosin (H&E),
immunohistochemical stained using antibodies against cytok-
eratin 34 beta E12 (high molecular weight CK903) and alpha
methylacyl-CoA-racemase (AMACR), also known as p504s, re-
spectively, and imaged with the same microscope via the bright
field channel equipped with a color camera (see Fig. 1 in Ref. 42
for examples of unstained and stained tissue slides).

Figure 1(a) shows the bright field (i.e., common intensity)
image of an unstained prostate biopsy. Clearly, little contrast
can be observed, which indicates the long-standing motivation
for the use of staining in histopathology. The H&E stained slice
is shown in Fig. 1(b). The contrast is greatly enhanced as the
tissue structures show various shades of color, from dark purple
to bright pink. Figure 1(c) shows the optical pathlength map
rendered by SLIM, which represents a mosaic of 4131 individ-
ual images, with 1 μm transverse resolution. Since the tissue

thickness is known, the SLIM image quantitatively captures the
spatial fluctuations of the refractive index. This information fully
determines the light-tissue elastic interaction, i.e., its light scat-
tering properties.34 The refractive index is proportional to the
tissue dry mass concentration,31 which provides complementary
information with respect to the dye affinity revealed in common
histopathology [Figs. 1(b) and 1(c)].

2.2 Refractive Index Signatures at the Cellular Scale
Both SLIM and stained tissue images were obtained using a
10× (NA = 0.3) objective, which captures multiscale infor-
mation down to subcellular structures. Figure 2 illustrates the
ability of SLIM to reveal particular cell types based on their
refractive index signatures. Due to their discoid shape and high
refractive index, red blood cells are easily identifiable in the
SLIM images [Figs. 2(a) and 2(b)]. Lymphocytes, as evidenced
by dark staining in H&E [Fig. 2(d)], were found to exhibit high
refractive index in SLIM images [Fig. 2(c)]. The lymphocytes
were confirmed by utilizing immunohistochemical stain, namely
Leuckocyte Common Antigen (CD45) [Fig. 2(e)]. In a differ-
ent area of the tissue we found a particular type of cell that
seems unlike the rest: while their refractive index is distinctly
high, they are sparsely distributed within the tissue [Fig. 2(f)].
In H&E, they show as black dots (see Fig. 2 in Ref. 42). Due to
their negative immunostaining for epithelial, myoepithelial, and
lymphocytes, these particular cells were identified as stromal.
We further use a semiautomatic segmentation program based
on IMAGEJ (see Sec. 4) and analyzed the maximal phase value
for the three different types of cells. Red blood cells (326), 278
lymphocytes, and 201 stromal cells are identified and analyzed
[Fig. 2(g)]. The t-tests of the data show that the significance value
(p value) for lymphocyte versus red blood cell and lymphocyte
versus stromal cell is essentially zero (3.37 × 10− 38 and 4.50
× 10− 38, respectively), while for stromal versus red blood cell,
p = 6.43 × 10− 4, indicating that the three cell types have their
refractive index statistically different. While encouraging, the
t-tests results hold little relevance for a small number of cells,
when distinguishing among these high-refractive index cells be-
comes challenging. However, it is possible to take the advantage
of the spatial relations, i.e., refractive index correlations, to sort
these cells within the biopsy. Note that other cells, e.g., epithelial
cells and myoepithelial cells [Fig. 2(a)], relevant for diagnosing
prostate cancer, have much lower phases and, thus, can be distin-
guished quite easily. Therefore, SLIM reveals intrinsic optical
properties of cellular and subcellular structures in unstained tis-
sue biopsies. This capability is exploited below in problems of
clinical relevance: breast and prostate tissue diagnosis.

2.3 Detection of Microcalcifications
in Breast Biopsies

Further, we found interesting optical maps associated with calci-
fications in the breast. The mammogram is an important screen-
ing tool for detecting breast cancer.43 The presence of abnormal
calcifications, i.e., calcium phosphate and calcium oxalate,44

warrants further work up. Distinguishing between calcium ox-
alate and calcium phosphate is clinically important. Specifically,
it is uncommon for calcium oxalate crystals to be associated
with breast malignancy,45, 46 though it can be associated with
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Fig. 2 SLIM imaging signatures. Red blood cells with SLIM (a) and
H&E (b). Red blood cells can be identified by their unique shape. Scale
bar: 20 μm. Lymphocytes with SLIM (c) and H&E (d). Lymphocytes
were confirmed with CD45 staining (see Fig. 2 in Ref. 42). Stromal
cells with SLIM (e) and H&E (f). (g) optical path length for the three
different cells that feature high refractive index. Scale bar: 100 μm.
Color bar indicates optical path length in nanometers.

papillary intraductal carcinoma.47 Calcium oxalate crystals ac-
count for 12% of mammographically localized calcifications
that typically prompt for a biopsy procedure.48 Calcium oxalate
is more difficult to detect radiologically and these crystals are
easily missed in the biopsies because they do not stain with
H&E. These crystals are birefringent and, thus, can be observed
in polarized light. However, if the index of suspicion is not high,
the pathologist typically does not use polarization microscopy,
and calcium oxalate can be missed. The apparent absence of cal-
cification in tissue biopsies reported by the pathologist has a sig-

Fig. 3 SLIM imaging of breast microcalcifications. Breast tissue with
calcium phosphate: SLIM image (a), color bar in nanometers; H&E
image (b). The whole slice is 2.2 cm × 2.4 cm. The SLIM image is
stitched by 4785 images and the H&E is stitched by 925 images. Scale
bar: 100 μm. Breast tissue with calcium oxalate: SLIM image (c), color
bar in nanometers; H&E image (d). The entire slice is 1. 6 cm × 2.4 cm.
The SLIM image is stitched by 2840 images and the H&E is stitched by
576 images. Scale bar: 200 μm.

nificant clinical impact, including repeated mammograms and
additional, unnecessary surgical intervention.47, 48 Therefore, a
consistent means for detecting calcium oxalate is desirable as it
decreases significant medical costs and patient anxiety.

Figure 3 illustrates how SLIM may fulfill this challenging
task. In Fig. 3(b), the dark H&E staining was identified by
pathologists as calcium phosphate. This structure is revealed
in the SLIM image as having inhomogeneous refractive index,
with a different texture from the surrounding tissue. More im-
portantly, the calcium oxalate crystals are hardly visible in H&E
[Fig. 3(d)]; the faint color hues are due to the birefringence of
this type of crystal. Clearly, calcium oxalate exhibits a strong
refractive index signature, as evidenced by the SLIM image
[Fig. 3(c)].

2.4 Refractive Index as Marker for Prostate Cancer
We further studied biopsies from prostate cancer patients. Eleven
biopsies from 9 patients were imaged with both SLIM and H&E,
as illustrated in Figs. 4(a) and 4(e), respectively (see Sec. 4
for details). For each biopsy, the pathologist identified regions
of normal and malignant tissue. From the SLIM image, we
computed the map of phase shift variance, 〈�φ(r)2〉, where
the angular brackets denote spatial average (calculated over
32 × 32 μm2) and r = (x, y). Figure 4(b) illustrates the map of
the scattering mean free path, calculated from the variance as ls
= L/〈�φ(r)2〉, as described in Ref. 36. The spatially resolved
scattering map shows very good correlation with cancerous and
benign areas. It can be easily seen that the regions of high vari-
ance, or short scattering mean free path, correspond to the darker
staining in H&E, which is associated with the tumor. These
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Fig. 4 Multimodal imaging of a prostate tissue biopsy with malignancy; field of view 1.48 cm × 1.44 cm. (a) SLIM unstained slice, color bar
indicates optical phase shift in rad. The red lines mark specific cancerous areas (1–3) and the green lines the benign areas (4–6), as identified by the
certified pathologist. (b) Scattering mean free path (ls) map of the tissue slice with the same areas marked. Color bar indicates ls in micrometers. (c)
Anistropic factor g map. (d) Mean square over variance map. (e) H&E stained slice with the same areas marked. (f)–(i). Histograms of the areas in
(a)–(d), respectively. (j) Mean versus mode for 49 cancerous areas and 51 benign areas from 11 biopsies.

findings confirm in a direct way the importance of tissue light
scattering as a means for cancer diagnosis.19–27 Essentially, our
measurements indicate that prostate cancer renders the tissue
more inhomogeneous, which makes it more strongly scattering.
These findings are further confirmed by the anisotropy factor
measurements [Fig. 4(c)], where malignant areas exhibit consis-
tently higher values of g. These data indicate that cancer affects
the tissue architecture in such a way as to render it more inho-
mogeneous (lower ls), characterized by angular scattering that is
more biased toward the forward direction (higher g). Of course,
the absolute values for ls and g are sensitive to the thickness of the
tissue. However, because the refractive index contrast is usually
very small, the optical thickness is also very small. Furthermore,
cutting errors, if present, are expected to occur at much larger
scales than our window used for computation (32 × 32 μm2).
We seldom observe uneven phase distributions within the same
slides covering very large areas of cm2. Within each slice, the
scattering parameter map allows for cancer detection, in which
ratios (normal versus cancer) rather than absolute values are of
interest. Still, it is possible to introduce some parameters that
are independent of the section thickness. One example is the
mean squared of the phase divided by the variance [Figs. 4(d)
and 4(i)]. This quantity indicates the “contrast” of the refractive
index fluctuations.

In order to quantitatively analyze the information contained
in the refractive index distribution for the tumor and benign re-
gions, we computed statistical parameters of the first- to fourth-
order via the respective histograms. Figures 4(f)–4(i)] show the
histograms associated with regions in the maps of Figs. 4(a)–
4(d)], respectively. Based on these distributions, we calculated
the mean, standard deviation, mode, skewness, and kurtosis for
each of the 49 cancer and 51 benign areas [see Fig. 4 in Ref. 42
for various two-dimensional (2D) representations of these pa-
rameters]. Unambiguous tumor (red lines) and normal (green
lines) regions were selected by a Board Certified pathologist
using the H&E slides. The pathologist did not have access to
phase images prior to this selection. A second certified patholo-
gist confirmed the classification of the regions in terms of normal
versus tumor. As we will show in Sec. 4, we processed many

different parameters and statistics before arriving at the repre-
sentation of highest separation. Out of the 11 biopsies, 7 were
diagnosed by the Board Certified pathologist as Gleason grade
6/10, 2 cases Gleason grade 7/10, 1 case Gleason grade 9/10,
and 1 case was benign. With this numerical processing, we gen-
erated a multidimensional data space in which we searched for
the most confident separation between the two groups of data
points. Clearly, as can be seen in Fig. 4 of Ref. 42, all repre-
sentations show significant separation between the two groups.
However, we found that the mode versus mean [Fig. 4(j)] sep-
arates the normal from the diseased areas completely from our
data set of 100 regions total.

Video 1 illustrates how SLIM might be used in the future for
computer assisted diagnosis. The still image shows a frame with
the images associated with adenocarcinoma of prostate obtained

Video 1 Co-registered images obtained by H&E stain, SLIM (label-
free), and immonochemical stains, i.e., P504S and CK903, as indicated.
(QuickTime, 10.3 MB) [URL: http://dx.doi.org/10.1117/1.3656732.1]
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by SLIM and the traditional stains, i.e., H&E and immunochem-
ical stains (P504S and CK903).

3 Summary and Discussion
We showed that, based on the refractive index distribution, SLIM
can reveal cellular and subcellular structures in transparent tissue
slices. In breast biopsies, the refractive index map identifies mi-
croscopic sites of calcifications, which are informative in breast
cancer diagnosis and prognosis. The spatial fluctuations of re-
fractive index as captured by the histogram mode, mean, stan-
dard deviation, skewness, and kurtosis, strongly correlate with
the malignant regions in prostate biopsies. In particular, the 2D
representation of mode versus mean looks extremely promising
for cancer diagnosis. These initial results warrant further in-
vestigation. Current work in our laboratory is dedicated toward
expanding our data set and, in the long run, establishing SLIM
as a clinical tool.

The prospect of a highly automatic procedure, together with
the low cost and high-speed associated with the absence of stain-
ing, may make a significant impact in pathology at a global scale.
Pathologists are in need of a tool to prescreen slides for areas of
concern. Such a tool is already available for pap smears, with
improvement in detection rates of individual malignant cells
dispersed among thousands of benign cells. It is not difficult to
imagine that a high throughput instrument that measures tissue
refractive index would be incorporated into the daily activity
of pathologists. We can envision a scenario where several un-
stained slices of tissue will be screened by this technology until
something suspicious for malignancy or positive margin of re-
section is detected. This tool would point out which slices of
tissue should be submitted for histology. Further, not all diag-
nostic and prognostic problems are in the area of established
cancer. The method will be especially useful in liver, lung, and
colon diseases where incipient fibrosis is an issue.

Finally, it is likely that this type of imaging will impact
further the field of optical diagnosis by providing direct access
to scattering properties of tissues. Thus, a database of SLIM
images associated with various types of tissues, both healthy
and diseased, will allow light scattering investigators to look up
the scattering mean free path and anisotropy factors of tissues
and ultimately predict the outcomes of particular experiments.

4 Methods
4.1 Tissue Preparation
All tissues were handled according to safety regulations by
the Institutional Review Board at the University of Illinois and
Provena Covenant Medical Center. The tissue used in this pro-
cedure was embedded in paraffin and cut on a Leica RM2255
microtome at 4-μm thickness. Seven sequential sections were
cut for each specimen block to allow for multimodal imaging.
The sections were placed on a water bath at 38 ◦C. Each section
was collected on a separate glass slide making seven sets of
slides per specimen. Five of these sets consisted of positively
charged glass slides to prevent the tissue from washing off dur-
ing immunohistochemical staining procedures. The two sets of
untreated slides were heat fixed in a 70 ◦C slide drying oven
for 15 min. The slides were then deparaffinized using a routine
protocol on a Sakura DRS-601 staining instrument consisting

of two changes of xylene for a total of 3 min, two changes of
flex 100 alcohol for a total of 3 min, and two changes in flex 95
alcohol again for a total of 3 min. The slides were then rinsed
in distilled water. One set of slides was then dehydrated using
the opposite protocol so that the slides finished in two changes
of xylene. These slides were then cover-slipped after the de-
hydration procedure on a tissue-tek cover-slipping instrument
using KP-Tape with xylene used as the mounting media. The
other set of slides continued through a routine hematoxylin and
eosin staining procedure using a Surgipath brand stain system
on the same Sakura staining instrument that was used for the de-
paraffinization process. These slides were then dehydrated and
cover-slipped using the same process as the unstained slides.

The immunohistochemical slides were heat fixed in the same
70 ◦C section drying oven for 30 min. These slides were then
deparaffinized and stained on a Ventana Benchmark XT staining
instrument using preset protocols defined by Ventana with the
following immunohistochemical stains: high molecular weight
keratin clone 34betaE12 (also known as cytokeratin 903), leuko-
cyte common antigen clone RP2/18 (also known as CD 45),
and P504S clone 13H4 (also known as AMACR), as well as
the appropriate previously known positive and species-specific
negative controls. After the immunohistochemical staining pro-
cedure, the slides were then washed with Dawn liquid dish soap
and distilled water to remove the Ventana brand liquid cover-
slipping reagent, and then dehydrated and cover-slipped using
the same procedure as the two untreated sets of slides used for
the unstained and hematoxylin/Eosin stained slides.

4.2 Image Acquisition and Processing
For all the stained images, a 10× objective by ZEISS is used,
with lamp power 3200 K, camera exposure setting 0.4 μs, and
tile size 872.5 μm × 655.2 μm. For SLIM images, a 10× Ph1
objective by ZEISS is used, with lamp power 3200 K, camera
exposure 8 ms, and tile size 388.2 μm by 290.9 μm. The average
scanning time for each stained image is 1.4 s, and for each SLIM
image is 1.0 s. Our acquisition time varies dramatically with size
of the tissue and magnification. A relatively large biopsy im-
aged with a 10× objective (NA = 0.75) requires ∼4000 images
[e.g., Fig. 1(c)]. However, if we scan the same specimen with a
5× objective, the number of images and, thus the total time,
drops by a factor of ∼4, for example. The processing time for
each phase image is 3.1 s with a desktop equipped with 2.4 GHz
Intel Core 2 Duo CPU and 6 GB memory. This number, how-
ever, can be significantly improved with a faster imaging and
further with parallel computing, as proven recently by our
laboratory.49, 50 In principle, QPI can be combined with new
technology for tissue scanning, which today is able to scan an
entire microscope slide in approximately 1 to 2 min.

A Java-based software plug-in based on IMAGEJ (Ref. 51) was
developed to create a montage of the entire biopsy by stitching
high-resolution images. As an example, in Fig. 1 the H&E im-
age size is 2.0 × 2.4 cm2 and is stitched from 828 color images
obtained by a 10× objective. Due to 2.25× additional magnifica-
tion in our SLIM system, 4131 images were used to generate the
stitched SLIM images. Then the SLIM images were scaled to the
same magnification of H&E, rotated, registered, and cropped to
get the accurate overlay as shown. Usually the image size is sev-
eral gigabytes for both H&E and SLIM stitched images, which
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has to be scaled to about 1 to 2 GB for practical handling, stor-
age, and processing. All processing has been performed on a
server equipped with 8 CPUs and 20 GB RAM.

4.3 Thickness Independent Parameters
The exact numbers for ls and g are sensitive to the thickness of
the tissue. It is possible to introduce some parameters that are
independent to the section thickness. One example is the mean
square over variance [Fig. 4(d)]. If we assume L is the tissue
thickness, the measured optical path length is thus

φ(x, y, L) = L× f (x, y), (1)

where f (x, y) = 2π
λ

1
L

∫
L �n(x, y, z)dz is the normalized phase

for section L and �n is the three-dimensional refractive index
contrast. Here we assume f is independent of the section thick-
ness L. The variance of the phase is thus

Var [φ(x, y, L)] = L2×Var [ f (x, y)] . (2)

Since the mean of the phase is

Mean [φ(x, y, L)] = L×Mean [ f (x, y)] , (3)

the mean square over variance is thus

Mean2 [φ(x, y, L)]

Var [φ(x, y, L)]
= Mean2 [ f (x, y)]

Var [ f (x, y)]
, (4)

which is independent of the tissue thickness. Similarly, we can
define a series of parameters such as Mean cubic over third
momentum of the phase φ, etc.

It is worth noting that though the thickness of the sections
may vary from sample to sample, the thickness of a given sec-
tion is generally the same within the section. Since it is more
important to differ cancer and benign in a specific section, i.e.,
the ratio is more important than the absolute value, this is not a
problem.

4.4 Cell Segmentation
We use a semiautomatic segmentation program based on IMAGEJ

and analyzed the maximal phase value for the three different
types of cells. Red blood cells (326), 278 lymphocytes, and 201
stromal cells are identified and analyzed. Two sample t-tests
(two tailed test, unequal variances) of the data show that the
significance value (p value) for red blood cell and lymphocyte
3.37 × 10− 38, for red blood cell and stromal cell 6.43 × 10− 4,
and for lymphocyte and stromal 4.50 × 10− 38, meaning they
can be differentiated statistically. Other cells such as epithelial
cells and myoepithelial cells [Fig. 2(a)] have much lower phases.
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