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Tissue refractometry using Hilbert phase
microscopy

Niyom Lue,? Joerg Bewersdorf,>2 Mark D. Lessard,? Kamran Badizadegan,l Ramachandra R. Dasari,’
Michael S. Feld,! and Gabriel Popescu1’4’*

'G. R. Harrison Spectroscopy Laboratory, Massachusetts Institute of Technology, Cambridge,
Massachusetts 02139, USA
*Institute for Molecular Biophysics, The Jackson Laboratory, Bar Harbor, Maine 04609, USA
*Department of Biomedical Engineering and Biotechnology, Multi-campus, University of Massachusetts, Boston,
Massachusetts 02125, USA
*Present address, Quantitative Light Imaging Laboratory, Department of Electrical and Computer Engineering,
Beckman Institute for Advanced Science and Technology, University of Illinois at Urbana-Champaign, Urbana,
Illinois 61801, USA
*Corresponding author: gpopescu@uiuc.edu

Received September 28, 2007; accepted October 30, 2007;
posted November 12, 2007 (Doc. ID 88045); published December 10, 2007
We present, for the first time to our knowledge, quantitative phase images associated with unstained 5 um
thick tissue slices of mouse brain, spleen, and liver. The refractive properties of the tissue are retrieved in
terms of the average refractive index and its spatial variation. We find that the average refractive index
varies significantly with tissue type, such that the brain is characterized by the lowest value and the liver by
the highest. The spatial power spectra of the phase images reveal power law behavior with different expo-
nents for each tissue type. This approach opens a new possibility for stain-free characterization of tissues,
where the diagnostic power is provided by the intrinsic refractive properties of the biological structure. We
present results obtained for liver tissue affected by a lysosomal storage disease and show that our technique

can quantify structural changes during this disease development. © 2007 Optical Society of America

OCIS codes: 170.6935, 180.3170.

The light scattering by tissues is fully determined by
the three-dimensional refractive index distribution
associated with the biological structure [1-4] On the
other hand, the refractive properties of tissues reflect
their structural organization, which can be used as
an intrinsic marker for disease. However, due to its
inhomogeneous distribution in all three dimensions,
the tissue refractive index is extremely difficult to
measure directly. Highly scattering tissue has been
characterized in terms of an average refractive index
by optical coherence tomography [5] and, more re-
cently, total internal reflection [6]. Recently, we ap-
plied quantitative phase imaging to live cells flowing
in microfluidic devices, which provides a high-
throughput method for cytorefractometry [7].

In this Letter, we present a direct method for mea-
suring the refractive index of biological tissues. The
method extends, for the first time to our knowledge,
the concept of quantitative phase imaging [8-12] to
unstained tissue sections that are relevant for pa-
thology and can be characterized as transparent, i.e.,
weakly absorbing and scattering objects. To measure
these optical path-length maps, we employ Hilbert
phase microscopy (HPM), which was developed in our
laboratory for measuring quantitative phase images
of cells with high lateral resolution and low noise
[9,10].

To demonstrate the capability of our technique for
quantifying the refractive properties of pathology tis-
sue slices, we used samples prepared from three dif-
ferent mouse organs: brain, spleen, and liver. The tis-
sue removed from the animal was fixed in 4%
paraformaldehyde mixed with 1X phosphate-
buffered saline (PBS). The 5 um sections were ob-
tained by using the Thermo Shandon Cryotome FSE
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cryostat and subsequently mounted on a glass slide
in PBS.

Figure 1 shows examples of quantitative phase im-
ages of tissue slices from all sample groups, brain (a—
c), spleen (d-f), and liver (g—j). The bright field im-
ages of these samples are shown for each group (a, d,
g). It can be seen that these intensity maps of the tis-
sue slices lack contrast and cannot reveal quantita-
tive information about the structure. By contrast, the
HPM images (b, e, i) uncover the architecture of the
tissue and the spatial distribution of its optical prop-
erties. The quantitative phase images reflect the non-
aqueous content of the sample [13]. This ability to
quantify the dry content of biological samples with-
out staining is a remarkable feature of quantitative
phase imaging [14,15] and is not attainable with cur-
rent optical microscopes. The phase images of the tis-
sue from different organs appear qualitatively differ-
ent. To quantify the spatially averaged properties of
the tissue, we calculated the phase histogram associ-
ated with each HPM image. As illustrated in Figs. 1c,
1f, and 1j these histograms are clearly bimodal, with
the first and second peaks due to the phase shifts of
the background (PBS) and tissue, respectively. The
difference, ¢, between the mean values of the two dis-
tributions provides information about the average
tissue refractive index, as n=(¢/2m)(\/h)+npgs,
where h=5 um is the thickness and npgg=1.337 is
the refractive index of the embedding PBS. Our mea-
surements employed ten HPM images for brain, eight
for spleen, and seven for liver, with each image con-
sisting of 640 X 480 pixels.

Figure 2a summarizes the results obtained in
terms of 72 for the three sample groups. As illustrated
in Fig. 2a, there are significant differences between
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(Color online) Examples of quantitative phase imaging studies of tissues slices: a—c, brain; d—f, spleen; g—j, liver.

Row 1 shows the bright field images, row 2 the HPM images (color bars represent phase in radians), and row 3 the corre-

sponding histogram of the phase shifts in row 2.

the refractive indices for the different tissues, with
brain having the lowest and liver the highest values.
These results can be explained by considering the
high water content of the brain tissue, which deter-
mines a lower refractive index relative to the spleen
and liver. To investigate the spatial organization of
the tissue structure, we calculated the one-
dimensional spatial power spectrum of the phase dis-

tribution ¢(x) as
)

where ¢ is the spatial frequency and the angular
brackets denote ensemble averaging over at least 50
profiles in each of the N tissue slices per group. Fig-
ures 2b—2d show the results in terms of the spatial
power spectra for the three tissue types. The
diffraction-limited resolution explains the drop at
high spatial frequencies. Over a significant portion of
the spatial frequencies, roughly ¢ € (0.06,0.6) um™,
the spectra show a power law behavior, as indicated
by the linear trend of the log—log plots. The fit with
this simple functional dependence can provide infor-
mation about tissue architecture, as has been ob-
served previously by using other microscopy tech-
niques [16,17]. The exponents measured for these
power law dependencies are shown in Fig. 2e. The
differences among these three groups indicate the
specific structural organization, i.e., “packaging” of
the biological matter. It has been recently shown that
the exponents of such power laws can be used to dis-
tinguish between normal and diseased tissues [18].
Figure 2f summarizes the results of both the

(1)

Plq) = < ‘ f )2 dx

BRAIN  1.371 0.006 100004

SPLEEN 1.377£0.007
LIVER  1.391:0.008

ul

5 10004

P(g)[a

1004

BRAIN SPLEEN

LIVER

I s SPLEEN 1 10000
! T- I
BN
) Tﬁ'-, AN 269 026
N

1000 | =
[~

ul

5 1000

100+

P(a)[a

LIVER

Slope
*
o
Slope (B)

[ SPLEEN

1.36 1.37 1.38 1.39 1.40

BRAIN Refractive Index

SPLEEN LIVER

Fig. 2. (Color online) a, Average refractive index for the
three sample groups, as indicated. The error bars indicate
the sample-to-sample variation (N samples per group, as
shown). b—d, One-dimensional power spectra for the three
tissue types, as indicated. Dashed lines, power law func-
tions of corresponding exponents. e, Power law exponents
(slopes) for each sample group. The error bars indicate
sample-to-sample variations (N samples per group with at
least 50 profiles analyzed per sample). f, Exponent versus
refractive index n for the three sample types. The corre-
sponding error bars are indicated.
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Fig. 3. (Color online) HPM images from various regions of
a mouse cerebellum: a, area of white matter between areas
of the granular layer; b, top to bottom, granular layer,
Purkinje cell layer, molecular layer; ¢, areas of molecular
layer on either side of a fissure between two cerebellar lob-
ules; d, molecular layer; e, granular layer; f, top to bottom,
molecular layer, Purkinje cell layer, granular layer; g, simi-
lar to a; h, circle in grayscale picture is different than the
color picture; i, left to right, molecular layer, Purkinje cell
layer, granular layer, white matter; j, white matter. The
common color bar indicates phase shift in radians.

exponent and average refractive index, where the
three sample groups appear well separated.

To better understand the large sample-to-sample
variation within each tissue type shown in Fig. 2, we
performed HPM imaging of brain tissue slices over
large areas. Figure 3 illustrates the results on a large
area of mouse cerebellum, shown as a bright field im-
age (in gray scale). The HPM images corresponding
to various regions in the cerebellum reveal the vari-
ability of the tissue properties.

To demonstrate the capability of our technique for
disease diagnosis, we imaged mouse liver tissue af-
fected by a particular type of lysosomal storage dis-
ease (LSD), referred to as Mucopolysaccharidosis
Type VII, or Sly Syndrome [19]. In this LSD, due to
malfunctioning of lysosomes (a type of cell or-

C57BL/6J (control)
3

C57BL/6J - GUS™$/GUS™s (2 months old)

N o+ o %

W 20 W 40 W 6W

C57BL/6J - GUS™S/GUS™s (6 months old)

Phase differences (radian)

Fig. 4. (Color online) HPM images of liver tissue from
LSD mouse model tissue. a, Normal control (C57BL/6J
mouse); b, two-month-old diseased mouse (C57BL/
6J-Gus™P%/Gus™P®); ¢, six-month-old diseased mouse
(B6 C57BL/6J-Gus™P/Gus™P®); d, phase standard devia-
tion (SD) versus phase difference for the three tissue
groups.

OPTICS LETTERS / Vol. 32, No. 24 / December 15, 2007

ganelles), long sugar chains are abnormally accumu-
lated in the cell instead of being broken into smaller
groups. As shown in Fig. 4, the progression of this
disease in a mouse model can be easily observed by
HPM imaging. Interestingly, we found that the aver-
age phase shift associated with the tissue does not
vary significantly with disease. However, the path-
length standard deviation notably increases with the
disease progression.

In summary, we presented quantitative phase im-
ages of tissue slices obtained by Hilbert phase mi-
croscopy. This approach can provide a powerful
method for characterizing structural organization of
healthy and diseased tissues, without the staining
process that is currently used in standard histopa-
thology.
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