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Light scattered from biological tissues can exhibit an inverse power law spectral component. We
develop a model based on the Born approximation and von Karman (self-affine) spatial correlation of
submicron tissue refractive index to account for this. The model is applied to light scattering spectra
obtained from excised esophagi of normal and carcinogen-treated rats. Power law exponents used to fit
dysplastic tissue site spectra are significantly smaller than those from normal sites, indicating that changes
in tissue self-affinity can serve as a potential biomarker for precancer.
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Introduction.—Light scattering spectroscopy (LSS) is a
technique in which the angular and wavelength depen-
dence of elastically scattered light is used to infer the
spatial frequency spectrum of a scattering object. LSS of
biological tissue shows significant promise as a noninva-
sive tool for clinical cancer diagnosis as well as in under-
standing the genesis of this disease at the subcellular level.
Changes in nuclear size and refractive index observed by
LSS, for example, have been shown to correlate well with
the onset of dysplasia (precancer) in in vivo studies of
human epithelial tissues such as colon, bladder, Barrett’s
esophagus, and oral cavity [1]. In those studies, the ap-
proximate sphericity of epithelial cell nuclei and the
prominent LSS spectral oscillations associated with their
large diameter (d � 5–15 �m) enabled successful appli-
cation of Mie theory for modeling the observed backscat-
tered light.

The spectrum of visible light scattered from epithelial
cells and tissue, however, often exhibits a scale-invariant,
inverse power law component in addition to the oscillations
due to large (nuclear) particles. In any particular LSS
experiment, the relative strength of the inverse power law
component will depend on (i) the type of tissue studied
(e.g., how far the basal cell nuclei are from the epithelial
surface), and (ii) the choice of LSS scattering parameters
(polar and azimuthal scattering angles, � and �, and the
wavelength, �, and polarization state of the light used in
the measurement) [2]. In this Letter, we focus on the
physical interpretation of the inverse power law scattering
component from cells and tissue, and examine the diag-
nostic potential of the power law exponent for precancer
detection in epithelial tissues.

There are several reports of inverse power law spectral
dependence of the reduced scattering coefficient, �s

0��� /
���, of human cells and tissue, with exponents typically in

the range 0:5< �< 2 [3,4]. The interpretation of these
results, however, is varied. In some cases, a narrow
Gaussian size distribution of submicron spheres is invoked
to account for the inverse power law scattering behavior
[3]. Other researchers, however, have assumed instead a
broad (nm to �m range) inverse power law size distribu-
tion of Mie spheres to account for similar observations
[5,6].

In this Letter, we propose a new physical model to
account for inverse power law light scattering from bio-
logical tissues based on spatially continuous, statistically
self-affine fractal fluctuations in tissue refractive index at
submicron scales. [A self-affine function f�x� is one whose
variance, S�x� � hjf�x� a� � f�x�> j2i, scales according
to S�bx� / bHS�x�, where the Hurst parameter, H, is lim-
ited to the range 0<H < 1]. Fluctuations of this type have
been previously observed by phase contrast microscopy in
human and mouse tissues [7], as well as in the subnuclear
chromatin texture of benign and malignant human breast
epithelial cell nuclei [8]. These fluctuations can be de-
scribed analytically by von Karman correlation functions,
which apply to systems with self-affine fractal correlations
with an outer scale limiting the range of that behavior, e.g.,
atmospheric refractive index inhomogeneities describing
classical Kolmogorov atmospheric turbulence [7,9]. The
novelty of our approach consists of combining a self-affine
tissue refractive index model with the Born approximation
(i.e., weak scattering regime) to quantitatively account for
the spectral dependence of light scattered from submicron
features in biological samples. The model is less restrictive
than Mie theory, as it allows for continuous spatial fluctua-
tions in the refractive index of submicron tissue inhomo-
genities and does not require the assumption of discrete,
spheroidal scatterers. The model is used to interpret LSS
spectra of backscattered light collected from normal and
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dysplastic rat esophagi, in which the inverse power law
scattering component is found to be dominant. The diag-
nostic potential of the resulting spectral parameters is
examined, as well as their physical significance to the
morphology of precancerous tissue states.

Experimental.—LSS spectra were collected from
freshly excised esophagus epithelia of normal and
carcinogen-treated rats. Tissue samples were illuminated
by a collimated, linearly polarized beam of cw light from a
100 W xenon arc lamp (illumination spot diameter �
3 mm). Light backscattered by a specimen passed through
an analyzer and was focused onto the entrance slit of a
spectrograph, where Ik��� and I?��� spectra (polarized
parallel and perpendicular to the incident beam, respec-
tively) were collected by a CCD detector over the wave-
length range � � 450–710 nm (horizontal axis) and
scattering angle range 175� < �< 180� at � � 0� (verti-
cal axis)—see Fig. 1. The Ik��� and I?��� spectra were
corrected for stray light background and instrument re-
sponse, and a residually polarized LSS spectrum, �I��� �
Ik��� � I?���, then calculated. As shown in Ref. [2],
�I��� discriminates against light diffusely scattered from
tissue and is dominated by singly-scattered photons from
the topmost epithelial layer (optical density � < 1).

Our tissue samples were prepared according to an ani-
mal model of carcinogenesis first described by Pozhariski
[10], in which the esophagus-specific carcinogen nitroso-
methylbenzylamine (NMBA) is subcutaneously adminis-
tered to Fisher 344 rats, in 0:25 mg=kg body weight doses,
3 times a week for five weeks. Five rats from each group
(control and carcinogen-treated) were sacrificed at 20
weeks postcarcinogen treatment; a 1 cm-long section of
esophagus (including stromal layer) was removed from
each rat, and LSS spectra were collected from two ran-
domly selected sites from each tissue sample. After the
measurements, the spectral collection sites were marked
and the specimens were processed for histology. Formalin-
fixed paraffin embedded sections were cut at 5 �m, stained
with hematoxylin and eosin, and examined microscopi-

cally by an experienced pathologist to confirm the level
of dysplasia at each site (Fig. 2). A threefold grading
system was implemented (normal, moderately dysplastic,
and highly dysplastic) based on our earlier work on pre-
cancerous rat esophageal epithelium using low-coherence
intereferometry (LCI) [11]. No highly dysplastic sites were
observed in this study. Ambiguous registration of pathol-
ogy and sampled sites in two rat samples (one control, one
NMBA treated) resulted in loss of those data sets for
analysis.

Model.—In the Born approximation, our LSS spectra are
given by the Fourier transform of the tissue refractive index
correlation function, C�r� [12]:

 �I��� / ��4
Z
C�r� exp�iq � r�d3r; (1)

where C�r� � k2

4�

R
�n2�r0� � 1	�n2�r0 � r� � 1	d3r0, with r

the vector correlation distance; n�r� the tissue refractive
index; k � 2�=�; q the scattering vector with modulus
q � 2k sin��=2�, and � the polar scattering angle. The
Born approximation holds when the electromagnetic field
in the scattering medium is approximately equal to the
incident field [12]. This assumption (weak scattering re-
gime) is valid for submicron features in tissue, given the
typically small relative refractive index in biological sys-
tems (nscatterer=ncytoplasm � 1:04–1:1 [6]).

In applying Eq. (1) to LSS experiments with cells and
tissue, we follow Schmitt and Kumar [7] and employ a
form of C�r� given by a von Karman correlation function
[7,9,13]:

 C�r� /
�
r
L

�
H
KH

�
r
L

�
; (2)

with r the autocorrelation distance, H the Hurst parameter,
L the fractal upper scale, and KH a modified Bessel func-
tion of the second kind of orderH. By inserting Eq. (2) into
Eq. (1), i.e., by evaluating the three-dimensional Fourier
transform of the von Karman correlation function, we
obtain the following expression for the observed LSS
spectra:

FIG. 1. Schematic diagram of LSS experimental apparatus.
FIG. 2. Hematoxylin and eosin-stained rat esophageal epithe-
lium tissue sections: (a) normal, (b) dysplastic.
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 �I��� / ��4 1

�1� �4�L=��2	�
; (3)

which we refer to as the fractal-Born approximation. The
exponent � is related to the Hurst parameter via H � ��
DE=2, with DE the Euclidean dimension of the scattering
system (i.e., DE � 1; 2, or 3 for filamentous, sheetlike, or
bulk scatterers, respectively) [13,14]. A closely related
expression has been derived by Sheppard for predicting
angular light scattering intensities from roughened sur-
faces, albeit under an entirely different set of scattering
conditions (Kirchoff approximation) [13].

In the limit where there is no upper bound on the fractal
range of correlation lengths (L! 1), the above expres-
sion exhibits exact power law behavior, �I��� / �2��4.
Equivalently, under these conditions the von Karman cor-
relation function [Eq. (2)] converges to power law behav-
ior, C�r� / r2��3. In the other extreme, where there exists
an upper scale L
 �, the LSS spectrum converges to the
Rayleigh limit, �I��� / ��4. For intermediate values (L�
�=4�), there exists a transition zone where �I��� will
deviate from inverse power law behavior and show curva-
ture on log-log plots of �I��� vs �.

Results.—Six of the eight epithelial sites of NMBA-
treated rats were found to be moderately dysplastic.
Individual Ik��� and I?��� spectra from both normal and
dysplastic sites showed prominent hemoglobin absorption
bands, indicating significant diffuse reflectance contribu-
tion from the underlying (vascularized) stromal layer.
However, the LSS spectra, �I���, were clear of such
features, showing good discrimination of the LSS tech-
nique against diffusely scattered light.

Figure 3 shows typical �I��� spectra (in log-log scale)
obtained at exact backscattering geometry (� �
180� � 0:2�) from normal and dysplastic sites, and corre-
sponding fits to these spectra (solid lines) obtained with our

model [Eq. (3)]. The �I��� spectra are clearly dominated
by nonoscillatory behavior, suggesting prominent back-
scattering contributions from small (submicron), rather
than nuclear epithelial structures. Spectra from normal
sites were predominantly linear on a log-log scale, indicat-
ing inverse power law spectral dependence, �I��� / ���

[with � � 4� 2�, according to Eq. (3)]. Log-log �I���
plots from dysplastic sites, on the other hand, consistently
showed a small but significant curvature, indicating a
reduction in fractal upper scale, L, relative to normal tissue
sites.

Figure 4 summarizes our experimental results, showing
pairs of fractal-Born parameters, � and L, obtained from
all tissue sites studied and indicating their corresponding
histopathological assignment. Significant differences were
observed in the power exponents, �, extracted from normal
and dysplastic sites. The average values of � from normal
and dysplastic rat esophagi were �normal � 1:41� 0:08
and �dysplastic � 1:85� 0:07; t-test and Mann-Whitney
u-test analyses determined this difference to be highly
significant (p < 0:00025). A clear trend is also observed
in the fractal upper scales, L, with dysplastic sites tending
to have lower values than normal sites. Quantification of
this trend, however, was not possible because only a lower
bound value for L could be extracted from the majority of
normal sites (due to the lack of curvature in their log-log
scale LSS plots).

In addition to the dominant power law component, a
small residual oscillation (<1% relative magnitude) was
observable for �I��� spectra when averaged over a polar
angular range 175� < �< 180�, with spectral frequencies
significantly larger in dysplastic samples [15]. This is
consistent with LCI measurements performed by Wax
et al. on similar rat esophagus samples, in which prominent
nuclear oscillations as well as inverse power law depen-
dence were observed in the polar angle differential scat-
tering cross sections [11,16]. The relatively smaller nuclear

FIG. 3. LSS spectra, in log-log scale, of normal and dysplastic
rat esophagus sites. Solid lines are fits to the fractal-Born tissue
scattering model.
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FIG. 4. Plot of fractal-Born parameters � and L for 10 normal
and 6 dysplastic sites in rat esophagus LSS study. L values for
L > 0:4 �m are all lower bounds (shown as one-sided abscissal
error bars).
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scattering contribution in our experiments can be ac-
counted for by the fact that LSS is a bulk sampling tech-
nique, whereas LCI is capable of optical sectioning and
could thus selectively detect light scattered from the
nucleus-rich basal cell layer (100 �m below the epithelial
surface). In this Letter, we restrict our analysis to the
dominant inverse power law LSS component observed in
exact backscattering geometry.

Finally, we note that dysplastic samples consistently
showed higher signal intensity than normal samples in
our spectral window, as seen in Fig. 3. Determination of
the direct proportionality constant in Eq. (3) was not
possible, however, due to the extreme sensitivity of this
parameter to the high variance in L for normal samples.

Discussion.—One major finding from our work is the
development of a new spectroscopic tissue parameter, the
fractal-Born spectral exponent �, for discriminating nor-
mal from dysplastic epithelial tissues. This parameter is
sensitive to spatial correlations in the tissue refractive
index at submicron length scales, thus potentially expand-
ing the diagnostic capability of the LSS technique beyond
nuclear size determination [1].

Our results also provide physical insight into the mor-
phology of epithelial tissues, and how this changes with the
onset of precancer. The lack of prominent oscillations in
the LSS spectra at exact backscattering geometry, in both
normal and dysplastic rat esophagi, suggests that submi-
cron tissue inhomogeneities dominate the single backscat-
tering of light from bulk sampling of these tissues. In the
majority (60%) of normal tissue sites studied here, fits to
their LSS spectra by either exact inverse power law or
fractal-Born models were statistically indistinguishable,
indicating fractal upper scales in these tissues on the order
of L� 1 �m, or higher (Fig. 4, high-L cluster). This result
is consistent with the self-affine fractal upper scale values
observed by phase contrast microscopy in normal human
and mouse tissues (4 �m<L< 10 �m) [7]. In all dys-
plastic sites, however, a small but significant curvature in
the log-log plots of �I��� was evident, indicating a reduc-
tion in the fractal upper scale of these samples to L �
0:15� 0:09 �m. We note that some tissue sites graded as
normal by histopathology also showed a slight curvature
(low-L cluster in Fig. 4), although not as markedly as in
dysplastic sites. No histopathological difference was ob-
served, however, between low-L and high-L normally
graded tissue sites.

In the fractal-Born tissue scattering model, the self-
affine fractal dimension of tissue, D, can be derived from
the exponent � [Eq. (3)]. Changes in �, therefore, reflect
changes in the tissue fractal dimension. However, the value
of D is dependent on the Euclidean topological dimension
of the scattering object, DE, according to: D � DE � 1�
H � 1:5DE � 1� � [13,14,17]. Since 0<H < 1, the al-
lowed ranges of � for each topological dimension are:

0:5<�1 < 1:5, 1<�2 < 2 and 1:5<�3 < 2:5 for DE �
1; 2, and 3, respectively. Therefore, our average values of �
obtained from normal and dysplastic rat esophagi,
�normal � 1:41� 0:08 and �dysplastic � 1:85� 0:07, imply
that backscattering in normal epithelia was dominated by
submicron scatterers of Euclidean dimension DE � 1 and/
or 2, whereas in dysplastic sites the dominant scatterers
had Euclidean dimension DE � 2 and/or 3. Future work
using expanded angular as well as wavelength ranges in
LSS spectra will explore the possibility of lifting this
ambiguity in derived scatterer topology, DE.
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