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Observation of Periodic Fine Structure in Reflectance from Biological Tissue:
A New Technique for Measuring Nuclear Size Distribution
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We report observation of a fine structure component in backscattered light from mucosal tissue
which is periodic in wavelength. This structure is ordinarily masked by a diffusive background. We
have identified the origin of this component as being due to light which is Mie scattered by surface
epithelial cell nuclei. By analyzing the amplitude and frequency of the fine structure, the density and
size distribution of these nuclei can be extracted. These quantities are important indicators of neoplastic
precancerous changes in biological tissue. [S0031-9007(97)05049-7]

PACS numbers: 87.64.– t, 42.62.Be, 87.64.Ni
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Biological tissue is a turbid optical medium, in which
light transport is dominated by elastic scattering [1–3
The primary scattering centers are thought to be t
collagen fiber network of the extracellular matrix, th
mitochondria, and other intracellular substructures,
with dimensions smaller than optical wavelengths [3
However, larger structures, such as cell nuclei, typica
5 15 mm in diameter, can also scatter light.

Single scattering of collimated light is used widely t
study cells and subcellular structures in suspension [
This approach cannot be used in tissue, since light
then randomized by multiple scattering. Nevertheles
diffusely scattered light from tissue contains informatio
about its underlying structures [5]. Both transmitted [6
and backscattered [7] photons can be used to meas
particle size. However, because of randomization, th
information is averaged over several transport lengths.
the other hand, the light in the thin layer at the tissu
surface is not completely randomized and informatio
about individual scatterers can be retained, even if t
layer thickness is significantly smaller than a transpo
length. In this Letter, we exploit this fact to extract th
density and size distribution of cell nuclei near the tissu
surface.

Mucosal tissues, which line the hollow organs of th
body, generally consist of a thin surface layer of epitheli
cells supported by underlying, relatively acellular conne
tive tissue. In healthy tissues, the epithelium often co
sists of a single, well-organized layer of cells with th
diameter of10 20 mm and the height of25 mm. In can-
cerous and precancerous (dysplastic) epithelium, the c
proliferate and the cell nuclei enlarge and appear dark
(hyperchromatic) when stained [8].

Epithelial nuclei are spheroidal Mie scatterers wit
refractive index higher than that of the surroundin
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cytoplasm [9,10]. Normal nuclei have a characteristic
diameterl ­ 4 7 mm. In contrast, dysplastic nuclei can
be as large as20 mm in height, occupying almost the
entire cell volume. In the visible range, the wavelength
l ø l and the Van de Hulst approximation [11] can be
used to describe the optical scattering cross section of t
nuclei:

sssl, ld ­
1
2

pl2

∑
1 2

sins2dyld
dyl

1

µ
sinsdyld

dyl

∂2∏
,

(1)

where d ­ plncsn 2 1d, where nc is the refractive
index of cytoplasm andn is the refractive index of the
nuclei relative to that of cytoplasm. Thus, the scatterin
cross section of the nuclei exhibits a periodicity with
wavelength [12]. As shown below, this gives rise to a
periodic component in the reflectance from the tissue.

Consider a beam of light incident on an epithelial laye
of tissue. A portion of this light is backscattered from
the epithelial nuclei, while the remainder is transmitted
to deeper tissue layers, where it undergoes multipl
scattering and becomes randomized. All of the diffusive
light which is not absorbed in the tissue eventually return
to the surface, passing once more through the epithelium
where it is again subject to scattering from the cell nucle
Thus, the emerging light will consist of a large diffusive
background plus the component of forward scattered an
backscattered light from the nuclei in the epithelial layer
For a thin slab of epithelial tissue containing nuclei with
size distributionNsld [number of nuclei per unit area
smm2d and per unit interval of nuclear diametersmmd],
the approximate solution of the transport equation fo
the reflectanceRsld collected by an optical probe with
acceptance solid angleVc is given by the following
© 1998 The American Physical Society 627
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expression:

Rsld
Rsld

­ e2tsld 1
1 2 e2tsld

kIdsl, sdlVc

3 kkIisl, 2s0dpsl, s, 2s0dlVi

1 kIdsl, s0dpsl, s, s0dl2p lVc , (2)

whereIisl, sd is the intensity of the incident light deliv-
ered in solid angleVi, Idsl, sd is the intensity of the light
emerging from the underlying tissue, andk fss, s0dlV ­R

V fss, s0d ds0 for any function f and solid angleV,
where s is a unit vector pointing outward from the
tissue surface in an arbitrary direction. The quanti
Rsld ­ kIdsl, sdlVc ykIisl, sdlVc is the reflectance of the
diffusive background. The “optical distance”tsgd ­R`

0 sssl, ldNsld dl [13] and scattering phase function
psl, s, s0d ­

1
t

R`

0 psl, l, s, s0dsssl, ldNsld dl both de-
pend onNsld; for a sphere,psl, l, s, s0d is determined by
Mie theory [11]. The first term in Eq. (2) describes th
attenuation of the diffusive background, and the terms
brackets describe backscattering of the incident light a
forward scattering of diffusive background by the epithe
lial cell nuclei, respectively.

For smallVc, the forward scattering and backscatterin
terms in Eq. (2) can be expanded intsld. The forward
scattering term oscillates in phase withtsld, as required
by the optical theorem [12], whereas the backscatteri
term is out of phase. Thus, Eq. (2) shows that the epith
lial nuclei introduce a periodic fine structure componen
into the reflectance with a wavelength dependence sim
lar to that of the corresponding scattering cross sectio
Its periodicity is approximately proportional to nuclear di
ameter, and its amplitude is a function of the size and t
number of nuclei in the epithelial layer. These quantitie
can be determined by analyzing the reflectanceRsld.

To investigate the effects described by Eq. (2), elas
light scattering from normal and T84 tumor human colon
cell monolayers (10 and 15 sites, respectively) was stu
ied. The cells, approximately15 mm long, were affixed
to glass slides in buffer solution and placed on top of
BaSO4 diffusing (and highly reflective) plate. The tumor
cells were grown in a confluent manner; normal cells we
allowed to settle on a glass slide and the remaining non
tached cells were washed out. In both cases, the ce
were densely packed. The diameters of the normal c
nuclei ranged from 5 to7 mm, and those of the tumor
cells from 7 to16 mm. The BaSO4 plate was used to
simulate the diffuse reflectance from underlying tissue.

In the experiments, an optical fiber probe was use
to deliver white light from a xenon arc flashlamp to th
samples and collect the return reflectance signal. T
probe tip, 1 mm in diameter, consisted of a central d
livery fiber surrounded by six collection fibers (200 mm
core fused silica, NA­ 0.22, Vi ­ Vc ­ pNA2), all of
which were covered with a 1 mm thick quartz optica
shield [14].
628
ty

e
in
nd
-

g

ng
e-
t
i-
n.
-
he
s

tic
ic
d-

a

re
at-
lls

ell

d
e
he
e-

l

Figures 1(a) and 1(b) show the normalized reflectanc
RsldyRsld from normal and T84 tumor cell samples,
respectively. Distinct spectral features are apparent. F
comparison, the reflectance spectrum from the BaSO4
plate by itself is also shown [Fig. 1(c)]. This spectrum
lacks structure and shows no prominent features.

To obtain information about the nuclear size distri
bution from the reflectance data, Eq. (2) needs to b
inverted. The nuclear size distribution,Nsld, can then
be obtained from the Fourier transform of the peri
odic component of the optical distancet 2 t0 > f1 2

RsldyRsldgyq, where parameterq ø 0.15 depends on the

FIG. 1. Reflectance spectrum from cell monolayers. (a) No
mal colon cells sR ­ 0.46d; (b) T84 cells sR ­ 0.38d;
(c) BaSO4 diffusing platesR ­ 1.0d. See text for details.
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probe geometry and the angular distribution of the i
cident and reflected light. By introducing the effectiv
wave numberk ­ 2pncsn 2 1dyl 2 k0, we obtain

Nsld >
2

qlp2

Ç Z K

0

µ
Rskd
Rskd

2 1

∂
eiklsk 1 k0d dk

Ç
, (3)

where k0 ­ 2pncsn 2 1dylmax and K ­ 2pncsn 2

1d sl21
min 2 l21

maxd.
Equation (3) was used to analyze the data. In order

remove spurious oscillations,Nsld was further processed
by convolving it with a Gaussian filtering function. The
solid curves of Figs. 2(a) and 2(b) show the resulting n
clear size distributions of the normal and T84 cell mon
layer samples extracted from the spectra of Figs. 1(a) a
1(b). A nucleus-to-cytoplasm relative refractive index o
n ­ 1.06 and cytoplasm refractive index ofnc ­ 1.36
were used. The dashed curves show the correspond
size distributions measured morphometrically via ligh
microscopy [15]. The extracted and measured distrib
tions are in good agreement for both normal and T84 c
samples, indicating the validity of the above physic
picture and the accuracy of our method of extractin
information.

We have observed this periodic fine structure in diffus
reflectance from esophagus and colon mucosa of hum
subjects undergoing gastroenterological endoscopy pro
dures. We consider here the case of Barrett’s esophag
a chronic condition in which irritation transforms norma
esophagus epithelium into a thin monolayer of column
cells similar to those used in the cell culture experimen
Such patients have an increased risk of developing d
plastic change, but such change is not visible with
endoscope.

Data were collected as in the cell culture studies. T
optical fiber probe was inserted into the biopsy channel
the endoscope and brought into contact with the tiss
surface. The fine structure component, which is th

FIG. 2. Nuclear size distributions from data of Fig. 1
(a) Normal colon cells; (b) T84 cells. In each case, the so
line is the distribution extracted from the data, and the dash
line is the distribution measured using light microscopy.
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scattering signature of the cell nuclei, is typically les
than 5% of the total signal and is ordinarily maske
by the background of diffusely scattered light from
underlying tissue, which itself exhibits spectral feature
due to absorption and scattering [Fig. 3(a)]. Its spectr
features are dominated by the characteristic absorpti
bands of hemoglobin and scattering of collagen [16]. I
order to observe the fine structure, this background mu
be removed using an appropriate model. The absorpti
lengthm21

a ranges from 0.5 to 250 mm as the wavelengt
is varied, and the effective scattering lengthsm0

sd21

ranges from 0.1 to 1 mm [3]. Thus, both scattering an

FIG. 3. Reflectance from Barrett’s esophagus. (a) Diffus
reflectance from a nondysplastic site (solid line), a dysplast
site (dashed line), and the model fit (thick solid line)
(b) corresponding fine structures; (c) resulting nuclear siz
distributions.
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absorption have to be taken into account in modeling th
background signal.

We employed a simple physical model to describ
this background. Light incident on the tissue is assume
to be exponentially attenuated, and that, at any give
depth z, an amount of light proportional to the reduced
scattering coefficientm0

ssld is scattered back towards the
surface and further exponentially attenuated. Since lig
attenuation depends on both scattering and absorption,
attenuation coefficient is assumed to be the sum of t
absorption coefficientmasld and an effective scattering
coefficient m

sed
s sld ­ bm0

ssld. The parameterb was
determined by comparison with Monte Carlo simulation
and more accurate models of light transport, and w
found to beb > 0.07 [1,17]. Since light only penetrates
,1 mm into the tissue, most of the diffusely scattere
return light is confined to the mucosal layer. The follow
ing approximate expression for the diffusive light from
underlying tissue impinging on the epithelial cell layer i
then obtained [7]:

Idsl, sd ­ Fssd kIisl, sdlVi

1 2 expf2smsed
s 1 cmadLg

1 1 csmaym
sed
s d

,

(4)

where function Fssd ­
D1ss?nd
ps2D11d describes the angular

dependence of light emerging from the mucosal layer,n
is a unit vector normal to the surface of the tissue,D ­
0.7104 [18], L is a parameter representing the thicknes
of the mucosal layer, andc is the relative concentration of
hemoglobin. Because both oxygenated and deoxygena
hemoglobin are present, the total hemoglobin absorpti
is modeled asma ­ s1 2 admsHbd

a 1 am
sHbO2d
a , with

oxygen saturation parametera s0 # a # 1d.
Figure 3(a) shows the reflectance spectra from tw

Barrett’s esophagus tissue sites, independently diagno
by two expert pathologists as nondysplastic (solid line
and dysplastic (dashed line), respectively. As can b
seen, the differences in these unprocessed spectra
small. To analyze them, Eq. (4) was first fit to the
broad features of the data by varying the parametersc,
a, and L. As seen in Fig. 3(a), the resulting fits are
quite accurate. After removing this coarse structure b
calculatingRsldyRsld, the periodic fine structure is seen
clearly [Fig. 3(b)]. Note that the fine structure from the
dysplastic tissue site exhibits higher frequency conte
than that from the nondysplastic site. Equation (3) wa
then employed to extract the respective nuclear si
distributions, yielding Fig. 3(c). As can be seen, th
difference between nondysplastic and dysplastic tiss
sites is pronounced. The distribution of nuclei from
the dysplastic site is much broader than that from th
nondysplastic site and the peak diameter is shifted fro
,7 mm to ,10 mm. In addition, both the relative
number of large nucleis.10 mmd and the total number
of nuclei are significantly increased. We further note tha
the method provides a quantitative measure of the dens
of nuclei close to the mucosal surface. These finding
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have been confirmed in a multipatient study, the results
which will be published elsewhere.

The ability to measure nuclear size distributionin vivo
has valuable applications in clinical medicine. Enlarge
nuclei are primary indicators of cancer, dysplasia, an
cell regeneration in most human tissues. In additio
measurement of nuclei of different sizes can provid
information about the presence of particular cells, and c
thus serve, for example, as an indicator of inflammato
response of biological tissue. This suggests that differe
morphology/pathology at the mucosal surface will giv
rise to distinct patterns of nuclear size distributions
Additional studies are necessary to correlate the resu
of this work with pathology findings.
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