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Abstract. Spatial variation of refractive index (RI) in connective tissues exhibits multifractality, which encodes
useful morphological and ultrastructural information about the disease. We present a spectral Mueller matrix
(MM)-based approach in combination with multifractal detrended fluctuation analysis (MFDFA) to exclusively
pick out the signature of the underlying connective tissue multifractality through the superficial epithelium
layer. The method is based on inverse analysis on selected spectral scattering MM elements encoding the bire-
fringence information on the anisotropic connective tissue. The light scattering spectra corresponding to the
birefringence carrying MM elements are then subjected to the Born approximation-based Fourier domain pre-
processing to extract ultrastructural RI fluctuations of anisotropic tissue. The extracted RI fluctuations are sub-
sequently analyzed via MFDFA to yield the multifractal tissue parameters. The approach was experimentally
validated on a simple tissue model comprising of TiO2 as scatterers of the superficial isotropic layer and rat tail
collagen as an underlying anisotropic layer. Finally, the method enabled probing of precancer-related subtle
alterations in underlying connective tissue ultrastructural multifractality from intact tissues. © 2016 Society of

Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.JBO.21.9.095004]
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1 Introduction
Refractive index (RI) fluctuations in biological tissue have been
shown to exhibit statistical self-similarity.1 The signature of self-
similarity is characteristically encoded in the scattering spectra
recorded from biological tissues.1–4 We have recently shown that
RI fluctuations in the connective tissue shows multifractality.4–6

Multifractals are a special class of multiscale self-similarity
wherein multiple scaling exponents (generalized Hurst expo-
nents) are required to characterize and explain the scaling behav-
ior of a complex system.7–12 Born approximation-based light
scattering inverse analysis method was previously explored to
extract ultrastructural multifractality in index fluctuations of
connective tissue slices.4 Our initial results also showed that
these multifractal properties of connective tissue bear useful
morphological information, which can be used for precancer
detection.4–6 Note that our previous studies were done exclu-
sively on thin connective tissue sections.4–6 However, in real sit-
uations, the intact tissues have a superficial epithelium layer and
the connective tissue is beneath this epithelium layer. In conven-
tional light scattering measurement, the superficial isotropic
epithelium layer contributes significantly to the scattered signal
for probing underlying index morphology in intact tissue.
Therefore, conventional light scattering measurement to extract
multifractality would have to pose with this problem of
extracting information from the underlying connective tissue
layer. Here, we present a spectral Mueller matrix (MM)-
based approach in combination with multifractal detrended fluc-
tuation analysis (MFDFA) to exclusively pick out the signature
of multifractality of underlying connective tissue despite the

presence of the superficial epithelium layer. Our proposed
method exploits the anisotropy (linear birefringence) property
of connective tissue (stroma) to selectively pick-up its multifrac-
tal signature from relevant scattering MM element (which char-
acteristically encodes the birefringence information).13,14 It
may be pertinent to note, in this regard, that recent studies
have also demonstrated that changes in tissue birefringence
property (quantified from MM) are related to morphological
changes in cervical precancers.15,16 In our approach, we have
therefore employed Born approximation-based Fourier domain
preprocessing4 on wavelength variation of the selected MM ele-
ments (those encode the linear birefringence information). Such
preprocessing captures information on the statistically equiva-
lent spatial RI fluctuations of the anisotropic layer.4 The
extracted index fluctuations were subsequently analyzed via
MFDFA, to quantify the multifractal parameters of the under-
lying ultrastructural anisotropic index fluctuations. The
approach was initially tested and validated in a simple tissue
model comprising isotropic TiO2 scatterers as superficial
layer and rat tail collagen as an underlying anisotropic layer.
Following successful validation, the method has been applied
on intact tissues. Extracted multifractal parameters appeared
to be sensitive for detection of precancer-related subtle changes
in the underlying connective tissue. The potential of the multi-
fractality of connective tissue as a label-free biomarker for
precancer detection is thus suggested. The details of our exper-
imental system, validation studies, and the results of multifractal
analysis on spectral scattering MM elements from intact tissues
of the human cervix are presented.
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2 Method and Materials
In experimental and analysis strategy, we have employed Born
approximation-based Fourier domain inverse analysis on wave-
length variation of a selected scattering MM element for
obtaining underlying connective tissue RI fluctuations.4,13,14

Essentially, in this method, backscattering spectral domain
MM is recorded from a layered tissue model by using a broad-
band light as the excitation source.13,14 We have performed
detailed validation studies on a layered tissue model, wherein
TiO2 was used to model the superficial isotropic layer and
rat tail collagen was used to mimic the underlying anisotropic
tissue layer. The schematic of our experimental setup is shown
in Fig. 1. Details of elastic scattering MM measurement have
been reported earlier.14 The incident broadband source (E7536,
Hamamatsu Photonics, Japan) with a wavelength range from
450 to 750 nm and a spot size ∼1.0 mmwas used in this experi-
ment. Polarization state generator (PSG) unit compromises of a
polarizer (LPVIS100, Thorlabs, Newton, New Jersey) followed
by a rotatable (PRM1/MZ8, Thorlabs, Newton, New Jersey)
quarter wave plate (WPQ10M-633, Thorlabs, Newton, New
Jersey) to generate four optimized elliptical polarized states.
Similarly, the polarization state analyzer (PSA) unit com-
promises of a rotatable quarter wave plate followed by a polar-
izer (analyzer) to analyze four optimized elliptical polarized
states. The backscattered elastic scattering signal (from the sam-
ple) was passed through the PSA unit, and then relayed to the
spectrograph (Shamrock, SR- 303i-A) and CCD detector
(ANDOR technology, UK) using a lens L3. The backscattering
spectral (450 to 750 nm, spectral resolution of ∼1 nm) Mueller
matrices were constructed from 16 polarization resolved mea-
surements, following the approach described in our previous
papers.13,14 The layered tissue model comprises of a thin (opti-
mized to have moderate depolarization) TiO2 (718467, Aldrich)
and a thin collagen layer (rat tail collagen, C7661, Sigma)
underneath the superficial layer. In preparation of the isotropic
TiO2 layer, the layer thickness was optimized to ensure that

sufficient polarization preserving light reached the underlying
collagen layer. The MMmeasurements from the rat tail collagen
samples were performed before and after treating the collagen
with 5% (w∕v) acetic acid. The collagen samples were not
removed from the sample chamber during acetic acid treatment,
to ensure that MM measurements are performed from the same
site before and after acetic acid treatment.

MM encodes two basic anisotropy properties, namely, the
retardance (birefringence) and the diattenuation (dichroism).15,16

The former represents phase anisotropy (differential phase
between orthogonal polarization), anisotropy in real part of the
RI, and the latter represent amplitude anisotropy (differential
attenuation via scattering and/or absorption between orthogonal
polarization).13,14 In this study, backscattering spectral Mueller
matrices were recorded and subsequently decomposed to extract
the linear retardance parameter.13–18 The linear retardance carry-
ing MM elements (M24∕M34) was subjected to the Born approxi-
mation-based Fourier domain preprocessing to yield the
statistically equivalent spatial RI fluctuations of the underlying
anisotropic connective tissue. The extracted RI fluctuations
were subjected to MFDFA to yield the multifractal parameters.
Initially, this strategy was tested and validated in a simple tissue
model. Finally, validated strategy was applied on histopatholog-
ically characterized [cervical intraepithelial neoplasia (CIN) or
dysplasia and healthy] intact tissue samples of human cervix.
The tissue samples were obtained from G. S. V. M. Medical
College and Hospital, Kanpur, India (Patient age 35 to
60 years; ntotal ¼ 10, with ndysplasia ¼ 5, nhealthy ¼ 5). Standard
histological preparation of the excised tissues involving fixation,
dehydration, imbedding in wax, sectioning under a rotary micro-
tome (lateral dimension ∼10 mm × 10 mm, thickness ∼2 mm),
and subsequent dewaxing was employed. Measurements were
also performed on histopathologically characterized intact tissue
samples (lateral dimension ∼10 mm × 10 mm, thickness
∼2 mm). Consent for the use of all the intact tissue samples
of the human cervix with normal counterparts in our study
was obtained from the Ethical Committee, G. S. V. M.
Medical College and Hospital, Kanpur, India, and the methods
were carried out in accordance with the approved guidelines.

3 Theory

3.1 Mueller Matrix Analysis for the Determination of
the Polarization Parameters

MM measurement gives a complete fingerprint of polarization
properties of any sample/medium.13–18 MM carries information
about depolarization index, diattenuation, and retardance.13–18

Once recorded, the experimental MM can be decomposed
into three basis matrices of a depolarizer (MΔ), a diattenuator
(MD), and a retarder (MR).18 These decomposed matrices can
further be used to extract polarization properties of the medium.
The magnitude of linear retardance is quantified using decom-
posed retarder matrix (MR) elements as13–18

EQ-TARGET;temp:intralink-;e001;326;166δ ¼ cos−1
� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðMR
22 þMR

33Þ2 þ ðMR
32 −MR

23Þ2
q

− 1

�
: (1)

For a general retarder having both linear and circular retard-
ance effects, the above elements are influenced both by linear
and circular retardance. Equation (1) decouples the circular
retardance effect and accurately determine the linear retardance
δ. In principle, theMR

34∕MR
43 andM

R
24∕MR

42 elements can also be

Fig. 1 Schematic of the experimental system for backscattering
spectroscopic MM measurement. Xe-lamp broad band source,
excitation source (450 to 750 nm); L1 and L2, collimating lenses;
PSG, polarization state generator (polarizer, quarter wave plate);
TiO2 þ collagen layer, tissue model; BS, beam splitter; MO, micro-
scopic objective (10×); PSA, polarization state analyzer [quarter
wave plate, polarizer (analyzer)]; L3, collecting lens to CCD
spectrometer.
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used to determine δ, as these elements are related to magnitude
of linear retardance and its orientation angle. Note that, linear
retardance, δ expected to be negligible for isotropic medium.
In contrast, δ is expected to have a nonzero value for anisotropic
medium.

The depolarization index is quantified from the elements of
the depolarization matrix MΔ as13–14,18

EQ-TARGET;temp:intralink-;e002;63;675Δ ¼ 1 −
jtrðMΔ − 1Þj

3
; 0 ≤ Δ ≤ 1: (2)

3.2 Inverse Light Scattering Analysis in Born
Approximation on Spectral Mueller Matrix
Elements

We have shown previously that the spectral variation of the scat-
tered intensity can be used to extract information about the spatial
fluctuations of the RI using the Born approximation.4 This follows
from the fact that in a weakly fluctuating scattering medium such
as tissue in the Born approximation, the wavelength (or angular)
variation of the scattered intensity is related to the spatial variation
of RI (or dielectric permitivity) by a Fourier transformation. Thus,
the information on multifractality (or self-similarity) in the spatial
variation of RI can also be extracted from the wavelength varia-
tion of the scattered intensity (scattering spectra). This would
necessitate Fourier domain preprocessing of the scattering spectra
in the Born approximation.4 Following our previous treatment, we
therefore analyzed the retardance carrying scattering MM
element,4,14M34 using the Born approximation to extract informa-
tion about the spatial RI fluctuations of the anisotropic system.
The rationale for the choice of the M34 element for this inverse
analysis is worth a brief mention. Note that the M34∕M43 and
M24∕M42 elements of an MM are directly related to the magni-
tude of linear retardance and its orientation angle. The intensity of
these elements identically vanishes if there is no linear retardance
effect in the medium. Thus, any information on the multifractal
nature of spatial variation of RI in an anisotropic (exhibiting linear
birefringence effect) can be captured and quantified through the
Born approximation-based inverse analysis performed on the
wavelength variation of intensity of these elements (we have
chosenM34 element for the inverse analysis). The equivalent spa-
tial fluctuations of RI can be extracted from the corresponding
wavelength-dependent scattering MM element as4,14

EQ-TARGET;temp:intralink-;e003;63;285η34ðρÞ ≈
Z

k−2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jM34ðβ ¼ 2πνÞj

p
e−iðβ:rÞd3β; (3)

where k ¼ 2π∕λ, β is the scattering vector with modulus
β ¼ 2k sinðθ∕2Þ, θ is the scattering angle, and λ is thewavelength
(β is related to the spatial frequency ν, β ¼ 2πν). This extracted
index fluctuation represents equivalent spatial index fluctuations
of the anisotropic scattering medium in a statistical sense. This
was therefore subsequently analyzed via MFDFA to characterize
and quantify the essential multifractal features hidden in an under-
lying anisotropic tissue ultrastructure.

3.3 Multifractal Detrended Fluctuation Analysis

MFDFA is a generalized approach to characterize complex self-
affine processes and system.7 The mathematical details of
MFDFA can be found elsewhere.4–7 Briefly, the profile of the
fluctuations series is first determined as

EQ-TARGET;temp:intralink-;e004;326;752YðiÞ ¼
Xi

k¼1

½xk − hxi�; i ¼ 1;2; : : : ; N: (4)

The resulting profile is divided into Nl ¼ intðN∕lÞ nonoverlap-
ping segments ν of equal length l. The local trend of the series
[yνðiÞ] is then calculated by least-square polynomial fitting of
the series and the resulting variance is determined

EQ-TARGET;temp:intralink-;e005;326;668F2ðν; lÞ ¼ 1

l

Xl

i¼1

fY½ðν − 1Þlþ i� − yνðiÞg2: (5)

The moment (q)-dependent fluctuations function is then
extracted by repeating the calculations and averaging over all
the segments as

EQ-TARGET;temp:intralink-;e006;326;584FqðlÞ ¼
8<
:

1

2Nl

X2Nl

ν¼1

½F2ðν; lÞ�q2
9=
;

1∕q

: (6)

The scaling behavior is subsequently determined by analyzing
the variations of FqðlÞ versus l for each value of q. For this pur-
pose, the general scaling function can be approximated as

EQ-TARGET;temp:intralink-;e007;326;495FqðlÞ ∼ lhðqÞ; (7)

where the generalized Hurst exponent hðqÞ and the classical
multifractal scaling exponent τðqÞ are related as

EQ-TARGET;temp:intralink-;e008;326;439τðqÞ ¼ qhðqÞ − 1: (8)

Note that for a stationary, mono fractal series, hðq ¼ 2Þ is
identical to the Hurst exponent H. Here, values of Hurst expo-
nent 0.5, >0.5, and <0.5 correspond to uncorrelated random
(Brownian) fluctuations, long-range correlations or persistent
behavior, and short-range correlations or antipersistent behavior,
respectively.7 While the two sets of the multifractal scaling
exponents hðqÞ and τðqÞ completely characterize any nonsta-
tionary fluctuations series, multifractality can be quantified
using the singularity spectrum fðαÞ, which is related to τðqÞ
via Legendre transformation

EQ-TARGET;temp:intralink-;e009;326;298α ¼ dτ

dq
; fðαÞ ¼ qα − τðqÞ; (9)

where α is the singularity strength or Holder exponent and
the width of fðαÞ, Δα (defined by difference between maximum
and minimum values of α) represents as strength of
multifractality.10,11

4 Results and Discussion

4.1 Spectral Mueller Matrix Measurement From
Layered Scattering Systems

The results of the validation experiment on thin layer comprising
of isotropic TiO2 scatterers are presented in Fig. 2. Here, the
spectral backscattering Mueller matrices were recorded sepa-
rately from a thin layer of TiO2 scatterers. As previously dis-
cussed, the thickness of this TiO2 layer was optimized to
ensure moderate value of the depolarization index to allow suf-
ficient polarization preserving light to reach the underlying col-
lagen layer. The measured scattering MM was decomposed to
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extract linear retardance and depolarization index. In Fig. 2(a),
we have shown MM recorded from TiO2 layer. For the TiO2

layer, the extracted depolarization index is Δ ∼ 0.16 [Fig. 2(b)]
and linear retardance δ ∼ 0.05 [Fig. 2(c)] at 600-nm wavelength.
Low value of δ implies isotropic nature of the TiO2 layer.
Moreover, there is sufficient polarization preserving fraction
½∼ð1 − ΔÞ� of light transmitting through the TiO2 scattering
layer. The remaining polarized preserved light after passing
thorough superficial TiO2 layer is sufficient enough to reach
and scatter back from the underlying collagen layer.

In the next step, measurements were carried out on the layered
system, having both the superficial isotropic TiO2 layer and
underlying anisotropic rat tail collagen layer. Figure 3 shows lin-
ear retardance values extracted separately from the anisotropic
collagen layer (red color plot) and from the collagen layer through
the isotropic superficial TiO2 layer (black color plot). The MM
measurements and decomposition provide comparable linear
retardance: δ ¼ 0.29 and 0.27 rad at λ ¼ 600 nm from the col-
lagen layer and from the collagen layer through the superficial
isotropic TiO2 layer, respectively. These results demonstrate
the capability of the MM measurement and analysis strategy
to probe underlying anisotropic information through the superfi-
cial isotropic scattering layer. Earlier studies interpreted that the
alteration in tissue multifractality may originate from the
cancer-induced modification in the underlying connective tissue
fibrous network and/or fiber disconnection/disorganization.19–23

To mimic alterations in connective tissue morphology, we
have treated the collagen with 5% (w∕v) acetic acid. This is
known to degrade organized collagen fibrous structures by break-
ing cross-links.23–25 Mueller matrices were then measured sepa-
rately from treated collagen and from treated collagen through the
superficial isotropic TiO2 scatterers. Figure 3 shows extracted lin-
ear retardance values for both cases: separately from acetic acid-
treated collagen layer (green color plot) and acetic acid-treated
collagen layer through the TiO2 layer (blue color plot). The linear

retardance values are observed to decrease after acetic acid treat-
ment (e.g., δ ∼ 0.16 rad at λ ¼ 600 nm after acetic acid treatment
as compared to δ ∼ 0.29 rad before treatment). These results pro-
vide evidence that alterations in the underlying anisotropic layer
(in the presence of a superficial isotropic scattering layer) can be
probed using MM measurements.

4.2 Extraction and Quantification of Multifractality in
RI Fluctuations of an Anisotropic Medium from
Spectral Scattering Mueller Matrix

Following successful extraction/probing in the changes in bulk
tissue anisotropy (linear retardance) from the underlying collagen
layer through superficial TiO2 scatterers, the proposed Born
approximation-based inverse analysis method was applied to

Fig. 2 Manifestation of the isotropic nature of the TiO2 scattering layer in the MM elements: (a) wave-
length variation (λ ¼ 450 to 750 nm) of the scattering MM elements, (b) extracted wavelength variation
(λ ¼ 450 to 750 nm) of depolarization index (Δ), and (c) extracted wavelength variation (λ ¼ 450 to
750 nm) of linear retardance (δ) of TiO2 scatterers layer. The low value of the linear retardance (δ) under-
scores the isotropic nature of the TiO2 scatterers.

Fig. 3 The MM-derived wavelength variation (λ ¼ 450 to 750 nm) of
linear retardance (δ) from the collagen layer (red square), sample hav-
ing superficial TiO2 scatterers and underlying collagen layer (black
star), acetic acid-treated collagen layer (green circle), and sample
having acetic acid-treated underlying collagen layer with the superfi-
cial TiO2 scatterers (blue cross). The MM able to extract the changes
of the linear retardance (anisotropy) of the underlying collagen layer
as a result of acetic acid treatment.
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retardance carrying spectral MM element M34. Such inverse
analysis extracts the ultrastructural RI fluctuations (which are oth-
erwise hidden in macroscopic linear retardance values) of the
underlying anisotropic collagen layer. Extracted RI fluctuations
were subsequently analyzed via the MFDFA to extract multifrac-
tal parameters. Figure 4 presents results on probing multifractality
in the RI fluctuations of the underlying anisotropic collagen layer
through the isotropic superficial TiO2 scatterers. Figure 4(a)
shows selected spectral MM elementM34, which carries informa-
tion on the linear retardance (anisotropy) from rat tail collagen.
Figure 4(b) shows the extracted equivalent spatial RI fluctuations
of anisotropic collagen layers via Fourier domain inverse analysis.
The extracted RI fluctuations from anisotropic collagen layer
are subsequently subjected to MFDFA. The MFDFA-derived
(following Sec. 3.3) fluctuations function, FqðlÞ, over length
scale l shows different slope for different order of moment q
[data shown for untreated rat tail collagen in Fig. 4(c)], providing
evidence of multifractality. Note that the range of length scales
over which the MFDFA were carried out was chosen to be
∼1.5-μm to 15-μm (physical length scale calculated considering
average RI of the collagen ∼1.45)19,26 [see abscissa of Fig. 4(c)].
These length scales were chosen based on the Fourier power spec-
trum, which exhibited power law scaling over these length scales
(data not shown). Note that the derived fluctuation function and
the resulting parameters capture information on submicron length
scale RI fluctuations [determined by the length scales used to
determine the variances using Eq. (5)]. The derived multifractality
thus represents ultrastructural information on the anisotropic col-
lagen layer, which is otherwise hidden in the conventional MM
elements or in the bulk polarization parameters. Figure 4(d)
shows the order of the moment, q versus generalized Hurst

exponent, hðqÞ, plot for the rat tail collagen sample (red line
and symbol), rat tail collagen through superficial TiO2 scatterers
(black line and symbol), acetic acid-treated rat tail collagen (green
line and symbol), and acetic acid-treated rat tail collagen through
the superficial TiO2 layer (blue line and symbol), respectively.
Once again, multifractality is evident from considerable variation
of generalized Hurst exponent, hðqÞ, with order of moment q
[Fig. 4(d)]. Moreover, change in multifractality as a result of ace-
tic acid treatment is also apparent. Figure 4(e) shows the singu-
larity spectrum, fðαÞ, plot corresponding to Fig. 4(d). Once again
the results are displayed from rat tail collagen (red line and sym-
bol), rat tail collagen through superficial TiO2 scatterers (black
line and symbol), acetic acid-treated rat tail collagen (green
line and symbol), and acetic acid-treated rat tail collagen through
the superficial TiO2 scattering layer (blue line and symbol). The
width of the singularity spectrum,Δα, is a quantitative measure of
the multifractality in tissue RI fluctuations. The observed reduc-
tion in the generalized Hurst exponent due to acetic acid treatment
[hðq ¼ 2Þ from 0.80 to 0.69] is indicative of the reduction in the
spatial correlation of RI fluctuations of anisotropic collagen layer
[Fig. 4(d)]. Similarly, acetic acid-induced modification in width
of the singularity spectrum (Δα from 1.10 to 1.73) indicates an
increase of the multifractality in RI fluctuations of collagen
[Fig. 4(e)]. Increased heterogeneity (roughness) and randomness
in RI fluctuations (with acetic acid treatment of collagen) are
possibly responsible for the increase in multifractal strength.
Importantly, all these trends in alteration in the multifractal
parameters are prominetly reflected in the measurement through
the superficial TiO2 scattering layer as: hðq ¼ 2Þ reduces from
0.78 to 0.67 [Fig. 4(d)] and Δα increases from 1.15 to 1.78
[Fig. 4(e)], with acetic acid treatment. The results presented

Fig. 4 Demonstration of the proposed method for probing multifractality in the underlying collagen layer
through the isotropic superficial TiO2 layer. (a) The spectral variation of the M34 element, which carries
information of the linear retardance (anisotropy) of the medium. The X -axis is represented here as spatial
frequency ν ¼ 2π∕λ. (b) The extracted equivalent spatial index fluctuations of the anisotropic collagen
layer. (c) The log–log (natural logarithm) plot of the moment (q ¼ −3 to þ3)-dependent fluctuations func-
tion FqðlÞ versus length scale l (using Eq. 7) (for the underlying rat tail collagen sample). (d) and (e) dis-
play the order of the moment, q versus generalized Hurst exponent, hðqÞ plot and singularity strength, α
versus singularity spectrum, f ðαÞ plot extracted from rat tail collagen (red square), rat tail collagen through
TiO2 (black star), acetic acid-treated collagen (green circle) and acid-treated collagen through TiO2 layer
(blue cross), respectively. Hurst exponent ½hðq ¼ 2Þ� and multifractality represented by the width of the
singularity spectrum (Δα) noted in figures.
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above demonstrate the overall ability for detection and quantifi-
cation of the multifractal parameters in the index fluctuations
from underlying anisotropic collagen layer in the presence of
the superficial isotropic TiO2 scatterers. Following successful val-
idation, the proposed strategy was applied to pathologically char-
acterize intact tissue (thickness ∼2 mm) of a human cervix. The
backscattering spectral MM measurements were performed from
intact tissues containing superficial epithelium layer and under-
lying connective tissue layer. The measurements were performed
on six nonoverlapping spots from five healthy and five precancer
tissues. Subsequent inverse analysis was carried out on selected
spectral MM elementM34 to extract equivalent RI fluctuations of
the underlying anisotropic stromal layer. Figure 5(a) shows the
moment (q) dependence of the generalized Hurst exponent,
hðqÞ, from healthy (black circle) and precancerous (red square)
intact tissues. Figure 5(b) shows the corresponding singularity
spectrum, fðαÞ, for healthy (black circle) and precancerous
(red square) tissues. In agreement with previous measurements
on thin connective tissue sections, for the intact tissues, precan-
cerous alterations are associated with a reduction of the general-
ized Hurst exponent [hðq ¼ 2Þ ¼ 0.71� 0.02 to 0.60� 0.02

from healthy to precancerous tissue] accompanied with an
increase of the strength of multifractality (Δα ¼ 0.98� 0.05

to 1.31� 0.08 from healthy to precancerous tissues). Note
that the above trends were observed for all the tissue samples
investigated. Accordingly, the multifractal parameters shown in
Fig. 5, are the mean values and the corresponding standard devi-
ations are also displayed [percentage standard deviation in hðqÞ ∼
1% to 2.4% to 1% to 5% and in α: 1% to 4.47% to 1.31% to
29.5%). The results presented above indicate that the changes
in the multifractal parameters (in the precancerous tissues) are
primarily related to the changes in the connective tissue ultrastruc-
ture. These also demonstrate that the method can capture and
quantify the multifractality of index fluctuations in the underlying
anisotropic connective tissue layer through the superficial epi-
thelial layer. The extracted multifractal parameters from underly-
ing connective tissue may therefore serve as potential biomarker
for precancer detection.

5 Conclusion
In conclusion, we have demonstrated a spectral MM-based
approach in combination with MFDFA to exclusively pick
out the signature of the underlying connective tissue multi-
fractality through the superficial epithelium layer. The
method is based on inverse analysis on selected spectral scat-
tering MM elements, encoding the birefringence information
on the anisotropic connective tissue. The approach was vali-
dated by quantifying alterations of multifractality in the
underlying anisotropic layer through the superficial isotropic
layer of a model system. In these control experiments, the
method could successfully probe the changes in the multifrac-
tal parameters of the underlying anisotropic collagen layer
(through superficial isotropic layer of TiO2 scatterers)
induced by acetic acid treatment. Following successful test-
ing, it was employed on pathologically characterized intact
tissues from human cervix. Extraction and quantification
of the precancer-related subtle changes in the multifractality
and correlations of spatial RI fluctuations of underlying
anisotropic connective tissue network in the presence of
the superficial epithelium layer was enabled by this method.
These findings are particularly promising in the context of
potential in vivo applications of tissue multifractality for
cancer/precancer detection. We are currently expanding our
investigations toward this direction.
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