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Quantitative fluorescence spectroscopic Mueller matrix measurements from the connective tissue regions of
human cervical tissue reveal intriguing fluorescence diattenuation and polarizance effects. Interestingly, the
estimated fluorescence linear diattenuation and polarizance parameters were considerably reduced in the precan-
cerous tissues as compared to the normal ones. These polarimetry effects of the autofluorescence were found to
originate from anisotropically organized collagen molecular structures present in the connective tissues. Conse-
quently, the reduction of the magnitude of these polarimetric parameters at higher grades of precancer was
attributed to the loss of anisotropic organization of collagen, which was also confirmed by control experiments.
These results indicate that fluorescence spectral diattenuation and polarizance parameters may serve as potentially
useful diagnostic metrics. © 2014 Optical Society of America

OCIS codes: (120.5410) Polarimetry; (240.2130) Ellipsometry and polarimetry; (170.6935) Tissue characterization;
(300.6280) Spectroscopy, fluorescence and luminescence.
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Fluorescence spectroscopy has emerged as a promising
tool for noninvasive and early diagnosis of cancer [1-4].
The parameters of autofluorescence from tissue that
has been exploited for diagnosis include differences in
the static spectra, decay Kinetics, and polarization
[1-4]. While volumes of literature are available on ex-
ploiting the former two parameters of fluorescence, there
are only a few reports on the polarization properties of
autofluorescence from tissue [56-7]. These limited studies
have shown that the measurement of the depolarization
of autofluorescence or polarized autofluorescence may
yield additional diagnostic information [5-7]. However,
these studies are primarily based on the conventional
measurement of fluorescence polarization anisotropy
(the ratio of the polarized fluorescence component to
the total intensity, a measure of depolarization [8]) with
linear polarization excitation alone [5-7]. The fluores-
cence polarization anisotropy determined by using
such a conventional approach reflects “lumped” effects
arising from several simultaneously occurring polarizing/
depolarizing interactions taking place during the fluo-
rescence emission process [5,9]. Specifically, for fluores-
cence emission from a turbid medium like tissue, the
emitted fluorescence is additionally (in addition to the
intrinsic causes of depolarization such as the rotational
diffusion of the fluorophore’s random orientation of the
fluorophore molecules, the radiationless energy transfer
among fluorophores, etc.) depolarized due to multiple
scattering effects [5]. Further, when the emission takes
place from fluorophores having anisotropically oriented/
organized molecular structures, the other polarimetry
characteristics may also contribute significantly [9]. The
prominent effects that may additionally exhibit in fluo-
rescence from such anisotropic systems are diattenua-
tion (the differential excitation of fluorescence with
orthogonal linear and circular polarization states) and
polarizance (the differential emission of fluorescence
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having orthogonal linear and circular polarization states)
[9-11]. The simultaneous occurrences of all these polari-
zation effects (as usually encountered in tissues [10])
contribute in a complex interrelated way to the conven-
tionally measured polarization anisotropy [9] masking
the potentially interesting effects and hindering their
interpretation. The measurement of the full 4 x 4 fluores-
cence Mueller matrix may prove to be useful for this pur-
pose. Once measured, the fluorescence Mueller matrix
can be analyzed further to extract the individual fluores-
cence polarimetry characteristics containing information
on the structure and organization of the contributing flu-
orophores [9,10]. The extracted fluorescence polarimetry
parameters may thus reveal additional biochemical
information, which may be exploited for enhancing the
diagnostic ability of the fluorescence-based approach.
Therefore, we have investigated this possibility by meas-
uring 4 x 4 fluorescence spectral Mueller matrices from
human cervical tissues (from the connective tissue re-
gion) having different grades of precancers. The connec-
tive tissue (stroma) region is specifically chosen because
collagen, the major fluorophore in connective tissue
[1,2,12], is known to possess oriented/organized molecu-
lar structures in the form of cross-links between the indi-
vidual molecules [13]. Moreover, recent studies have
demonstrated that alterations in stromal biology play
an important role in stimulating neoplastic progression
in preinvasive disease [1,13,14]. Monitoring the altera-
tions in a collagen structure via its characteristic fluores-
cence polarimetry parameters may thus prove to be
useful for the prognosis of the disease.

The specifics of the experimental system for the fluo-
rescence spectroscopic Mueller matrix measurement can
be found in our previous paper [15]. Briefly, the system is
comprised of a polarization-state generator (PSG) unit
and a polarization-state analyzer (PSA) unit. The PSG
consists of a horizontally oriented fixed linear polarizer

© 2014 Optical Society of America
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and a rotating quarter-wave retarder. Analogously, the
PSA unit consists of the same system arranged in the op-
posite order with the analyzer oriented vertically. The
strategy for recording the fluorescence spectroscopic
Mueller matrix measurement is based on recording 16
sets of spectra for four different optimized orientations
of rotatable quarter-wave retarders of the PSG and PSA
units [15]. The system has been eigenvalue calibrated to
correct for the wavelength response of the PSG and PSA
units, ensuring high accuracy of the Mueller matrix mea-
surements in the entire wavelength range of 400-800 nm
[15]. For recording the 4 x 4 fluorescence Mueller matri-
ces, the 405 nm line of a diode laser was used as an
excitation source. The spot size of the laser at the sample
site was kept at ~1 mm. The tissue sections were histo-
pathologically characterized [cervical intraepithelial neo-
plasia (CIN) or dysplasia grades I, II, and III] biopsy
samples of human cervical tissues with normal counter-
parts obtained from G. S. V. M. Medical College and Hos-
pital in Kanpur, India. The unstained tissue sections
(thickness ~b pm, lateral dimension ~4 mm x 6 mm)
were prepared on glass slides. The standard method em-
ployed was tissue dehydration, embedding in wax, sec-
tioning under a rotary microtome, and subsequent
dewaxing. The fluorescence spectroscopic Mueller ma-
trices were recorded both from the precancerous tissue
sections and from their normal counterparts. The control
experiments were performed on the extracted bovine
collagen (collagen from bovine achilles tendon, type I,
C4387 SIGMA) samples. The collagen was treated with
5% (weight by volume) acetic acid and the fluorescence
Mueller matrices were recorded both before and after
(30 min) treatment. The acetic acid treatment was
employed to study the effect of the breaking of collagen
cross-links [16] on the resulting fluorescence Mueller
matrix elements and on the derived fluorescence polar-
imetry parameters.

Figure 1 shows the typical fluorescence spectral
Mueller matrices recorded with 405 nm excitation from
the connective tissue region of a grade-IIl precancerous
tissue sample. Several interesting trends are apparent.
The first element M;; (which represents the unpolarized
fluorescence emission) shows a characteristic peak
around 500 nm, which has been previously identified
primarily due to the emission from collagen [1-4]. The
considerably weaker intensities of the diagonal elements
(Mss, M3, and My,) underscore the strong depolariz-
ing nature of the fluorescence from tissue that arises
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Fig. 1. 4 x4 fluorescence spectroscopic (lem = 475-750nm)
Mueller matrix recorded (in the exact backscattering configu-
ration) with 405 nm excitation, from the connective tissue re-
gion (stroma) of a typical grade-III precancerous tissue section.

500 600 700 800

due to both the intrinsic and extrinsic (due to multiple
scattering) causes of depolarization [5].

The elements My, (M) and Mgy (My3) in a Mueller
matrix typically characterize the phase retardance effect.
Since the fluorescence process is inherently associated
with strong dephasing effects, the intensity values of
these elements are also consequently quite weak. More-
over, such dephasing also induces randomness to the
corresponding intensities of these elements (manifested
as larger fluctuations at around 500 nm, corresponding to
the fluorescence peak).

In contrast, the elements of the first row and first col-
umn of the Mueller matrix show significant intensities
with spectral variations similar to the collagen emission.
While the M5 and M3 elements of the first row represent
a horizontal/vertical and +45°/ — 45° linear diattenuation
(fluorescence linear dichroism) effect, the M;, element
characterizes (left/right) a circular diattenuation (fluo-
rescence circular dichroism) effect. Analogously, My,
and M3, represent linear polarizance effects, and My; rep-
resents a circular polarizance effect (linearly and circu-
larly polarized emissions, respectively) [9,10]. In order to
gain some quantitative information on the contributing
polarization effects, the spectral Mueller matrices were
decomposed into basis matrices of constituent polarim-
etry effects, namely, depolarization matrix M,, retard-
ance matrix Mg, and diattenuation matrix Mp, using
the polar decomposition [10,17]. However, we would like
to note that such a sequential decomposition might not
be strictly valid for analyzing the Mueller matrix of a com-
plex process like fluorescence from a turbid medium.
Specifically, the contributing depolarization process may
be far more complex than representing it via a single
sequential depolarization matrix. In addition to the intrin-
sic depolarization mechanisms of fluorescence, this will
have contributions of multiple scattering-induced depo-
larizations at the excitation and the emission wave-
lengths exhibited in a complex distributed fashion. The
formulation of an appropriate inverse analysis method
that can encompass all these complexities is a formidable
task, and such a method does not currently exist. Thus,
we have initially explored the widely used polar decom-
position approach [17] for decoupling the polarimetry ef-
fects (fluorescence diattenuation and polarizance effects
are of particular interest). As expected, the decomposi-
tion process yielded quite a high magnitude of depolari-
zation (the magnitude of the depolarization coefficient A
was ~0.9 over the entire spectral range) and rather weak
magnitude of retardance (~0 rad, not shown here). More-
over, as also anticipated, the decomposition yielded
significant values for both the linear and circular diatten-
uation (dfl , df ) and polarizance (pil , pL ) parameters of
fluorescence. These are shown in Fig. 2, where the spec-
tral dependence of the extracted fluorescence diattenu-
ation [Fig. 2(a)] and polarizance [Fig. 2(b)] parameters
for the precancerous and normal tissue samples are dis-
played. Here, the mean values for these parameters for 15
precancerous [grade I (four), grade II (six), and grade III
(5)] and five normal tissue sections are plotted; the error
bars represent the corresponding standard deviations.

Both the precancerous and normal tissues are ob-
served to exhibit the fluorescence linear diattenuation
and linear polarizance effects; the corresponding circular
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Fig. 2. Spectral variation of (a) fluorescence linear diattenua-
tion dfl and (b) fluorescence linear polarizance pfl parameters
(shown by triangles) for normal (open symbol) and precancer-
ous (solid symbol) connective tissue sections. The insets of (a)
and (b) show the fluorescence circular diattenuation and circu-
lar polarizance parameters, respectively (shown by circles).
The values of the parameters reported here are the mean values
over 15 precancerous and five normal tissue sections, respec-
tively, and the error bars represent corresponding standard
deviations.

effects (shown in the inset of the figures) are relatively
weaker. Interestingly, the magnitudes of both di} and pf,
are observed to be significantly reduced in the precancer-
ous tissues, with the difference being more pronounced
for the linear diattenuation effect as compared to the lin-
ear polarizance effect. The linear diattenuation param-
eter is a manifestation of the differential excitation of
fluorescence by the orthogonal linear polarization states
(horizontal/vertical and +45°/ — 45°). Similarly, circular
diattenuation arises due to the differential excitation of
fluorescence by left/right circularly polarized light [9].
These effects may be interpreted as fluorescence-
detected linear and circular dichroism, respectively,
and may, accordingly, be related to the anisotropic (lin-
ear and circular) absorption properties of the ground
molecular state of the emitting fluorescent species [9].
The considerably high magnitude of linear diattenuation
may thus originate due to the anisotropic absorption
properties arising from the linear anisotropic organiza-
tion (cross-linked fibrous structures) of collagen in the
connective tissue. The relatively weaker (not negligible
though) magnitude of circular diattenuation possibly
arises due to the presence of chiral moiety in collagen
[18]. The polarizance effects, on the other hand, deal with
anisotropic emission properties of the excited molecular
state (preferential emission of fluorescence having
orthogonal linear and circular polarization states) [9].
Like the linear diattenuation effect, the prominence of
the linear polarizance effect (as compared to circular po-
larizance) also underscores the dominant role of the
cross-linked molecular structure of collagen to the result-
ing linear anisotropic fluorescence emission. Never-
theless, the significant reduction in the magnitudes of

both the fluorescence linear diattenuation dfj, and the
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linear polarizance pf}n in higher grades of precancer indi-
cates the loss of anisotropic organization/orientation of
collagen molecular structures in the connective tissue re-
gions of the precancerous tissues. This may arise due to
the destruction of collagen cross-links and the resulting
randomization of the fibrous collagen structures with the
progression of precancers [1,12,13].

In order to comprehend the above hypothesis, we con-
ducted preliminary controlled experiments on extracted
bovine collagen samples by treating them with 5%
(weight by volume) acetic acid. An acetic acid treatment
is known to degrade the organized collagen fibrous struc-
tures (microfibrils and fibers) by breaking the molecular
cross-links [16]. The aim of these control experiments
was not to mimic the exact nature of the morphological
alterations in the collagen structures induced by neoplas-
tic transformations of connective tissue [14]; rather, the
idea was to gain qualitative understanding about the re-
sulting effects of collagen molecular structure degrada-
tion on the fluorescence diattenuation and polarizance
parameters.

The results of these control experiments are shown in
Fig. 3. Both the fluorescence linear diattenuation df}, and
linear polarizance pf parameters of the type-I bovine
collagen samples were observed to decrease significantly
after the acetic acid treatment. The fluorescence Mueller
matrices from these collagen samples also exhibited non-
zero values of circular diattenuation and polarizance ef-
fects, with the magnitudes being considerably lower as
compared to the corresponding linear effects (a trend
that has been observed from the connective tissue sam-
ples as well). These results confirmed that the degrada-
tion of a collagen fibrous structure (as a result of
breaking of the molecular cross-links) leads to an appre-
ciable reduction in the fluorescence diattenuation and
polarizance parameters, which may thus be exploited
for probing structural changes in collagen. In addition
to the reduction of the d}, and pfl, parameters, an overall
decrease of the total fluorescence intensity was also
observed after the acetic acid treatment. This was
expected, because the fluorescence emission is known
to originate from the collagen molecular cross-links,
the breakage and degradation of which leads to a de-
crease of the fluorescence quantum yield. Note that
due to the presence of collagen in the connective tissue
layer, one would expect a similar reduction of the abso-
lute fluorescence intensity with a degradation of the
cross-linked collagen fibrous structures [1,2,12,19]. How-
ever, the quantification of such absolute changes in the
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Fig. 3. Spectral variations of (a) fluorescence linear diattenu-
ation dﬂn and (b) fluorescence linear polarizance p{}n for the un-
treated (open triangle) and acetic-acid-treated (solid triangle)
type-I bovine collagen samples.
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fluorescence intensity as a signature of the structural
alterations of the collagen in actual tissue would be
rather complex. This follows because the recorded fluo-
rescence intensity from actual tissue is contributed by
other tissue fluorophores having overlapping fluores-
cence emission bands (e.g., with 405 nm excitation, tis-
sue fluorescence is also contributed by nicotinamide
adenine dinucleotide hydride (NADH) and flavins, etc.
[1,2,4,12]), and it is also strongly modulated by the wave-
length-dependent absorption and scattering properties of
tissue [4,6,12]. The isolation and quantification of the
changes in the absolute fluorescence intensity due to col-
lagen structural alterations alone is thus a formidable
task. In contrast, the fluorescence linear diattenuation
and linear polarizance effects are not expected to be in-
fluenced by the emission from isotropic molecules such
as NADH or flavins; thus, these parameters bear an ex-
clusive signature of the anisotropic organization of the
collagen fibrous structures in connective tissue.

To summarize, the results presented demonstrate
that the fluorescence emission from anisotropically
organized/oriented molecular structures (like collagen
present in connective tissue) manifests itself as fluores-
cence linear diattenuation and linear polarizance effects.
These intrinsic fluorescence polarimetry parameters can
be interpreted by the fluorescence spectral Mueller
matrix measurement and its subsequent analysis via
the Mueller matrix decomposition. The initial studies
performed on the connective tissue regions of human
cervical tissue sections revealed significant differences
in these fluorescence polarimetry parameters between
precancerous and normal tissues. The magnitudes of
these parameters were found to be significantly reduced
at higher grades of precancers, which were attributed to
the loss of the anisotropic organization of collagen
present in connective tissues. Our current studies are
directed toward the development of a more encompass-
ing approach for the analysis/interpretation of the
fluorescence Mueller matrix. Nevertheless, our initial
exploration shows considerable promise of the fluores-
cence linear diattenuation and linear polarizance

parameters as novel diagnostic metrics for precancer
detection.
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