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Abstract. Nonmelanoma skin cancer is the most common form of
human cancer, often resulting in high morbidity. Low visual contrast
of these tumors makes their delineation a challenging problem. Em-
ploying a linearly polarized monochromatic light source and a wide-
field CCD camera, we have developed a technique for fluorescence
polarization imaging of the nonmelanoma cancers stained using anti-
biotics from the tetracycline family. To determine the feasibility of the
method, fluorescence polarization images of 86 thick, fresh cancer
excisions were studied. We found that the level of endogenous fluo-
rescence polarization was much lower than that of exogenous, and
that the average values of fluorescence polarization of tetracycline
derivatives were significantly higher in cancerous as compared to nor-
mal tissue. Out of 86 tumors �54 stained in demeclocycline �DMN�
and 32 in tetracycline �TCN��, in 79 cases �51—DMN, 28—TCN� the
location, size, and shape of the lesions were identified accurately. The
results of this trial indicate that nonmelanoma skin tumors can be
distinguished from healthy tissue based on the differences in exog-
enous fluorescence polarization of TCN and/or DMN. Therefore, the
developed technique can provide an important new tool for image-
guided cancer surgery. © 2007 Society of Photo-Optical Instrumentation Engineers.
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1 Introduction

Nonmelanoma skin cancers, which include basal cell and
squamous cell carcinomas, are more common than all other
human cancers. Statistically, every fourth Caucasian will de-
velop at least one lesion during his or her lifetime. Most non-
melanoma skin cancers are curable by surgery if detected and
treated early. However, in many cases, the contrast of the
lesions is poor, which complicates tumor localization and pre-
cise excision.

Clinical methods of cancer delineation involve sampling
and examine only 1 to 2% of the surgical margin. For ex-
ample, the “bread loaf” method uses vertical sectioning of the
excised tissue and is prone to sampling errors. Mohs micro-
graphic surgery1 is the only clinical technique that examines
100% of the margins and allows complete control of excision
margins during the operation. It usually requires several
stages. At the first stage of the treatment, all the visible cancer
is removed, and the tissue is processed for en face frozen
hematoxylin-eosin �H&E�. Histological sections are inspected
for the presence of tumor cells by the surgeon, who is also
certified to read the histological sections. If there are still
cancer cells remaining at the margins, another piece of skin is
excised and examined. This procedure is repeated as many
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times as necessary. Mohs surgery has a success rate of 95%,2,3

but it is used in the minority of cases, as it requires a pathol-
ogy lab adjacent to the operating room and a technician to
prepare the sections.

It has been shown recently that real-time, noninvasive
fluorescence polarization imaging may provide a means to
intraoperative discrimination of tumor from the surrounding
healthy tissue,4 thus improving the outcome of cancer treat-
ments. Fluorescence polarization is a powerful technique, that
is widely used in biochemical research.5 Dependence of fluo-
rescence polarization on the average angular displacement of
the fluorophore molecule, occurring between absorption and
subsequent emission of a photon, has been used for quantify-
ing protein rotation rates, investigating denaturation, and mea-
suring internal viscosity of the membranes. However, the use
of this technique has been limited so far to the analysis of the
solutions with low scattering. Its use for demarcating tumor
margins in thick �up to 2 cm� turbid skin specimens is novel.

We have chosen antibiotics from the tetracycline family as
the exogenous fluorophores for our tumor imaging studies.
Since 1957, when Rall et al.6 had noted fluorescence in breast
tumors following tetracycline therapy, multiple clinical trials
have been conducted that utilized this phenomenon as an aid
to diagnostics7–10 and therapy9,11,12 of the different tumor
types.
1083-3668/2007/12�1�/014005/9/$25.00 © 2007 SPIE
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In this paper, we present the first report on the use of
tetracycline fluorescence polarization for the localization of
nonmelanoma skin cancers. The objective of the study was to
evaluate the potential of two tetracycline derivatives, i.e., tet-
racycline �TCN� and demeclocycline �DMN�, for the intraop-
erative demarcation of nonmelanoma skin cancer using the
technique of fluorescence–polarization imaging, with histopa-
thology as a gold standard. In particular, endogenous �en�,
exogenous �ex�, and mixed �ee� fluorescence polarization im-
ages of thick skin excisions were obtained before and after
staining with TCN or DMN. Different types of basal cell car-
cinoma �BCC� and squamous cell carcinoma �SCC� skin ex-
cisions and concentrations of the antibiotics were examined.
Qualitative and quantitative criteria for comparison of the im-
ages and histopathology were implemented. Using the devel-
oped criteria and fluorescence polarization imaging, cancer-
affected areas in 79 lesions were mapped and compared to the
corresponding frozen H&E sections processed during Mohs
surgery.

2 Materials and Methods
2.1 Tissue Samples
Freshly excised thick skin specimens with nonmelanoma skin
cancers were obtained immediately after the Mohs micro-
graphic surgeries performed at the Dermatologic Surgery Unit
of Massachusetts General Hospital. An example digital pho-
tograph of one of the specimens is shown in Fig. 1�a�. Low
contrast of the lesion with respect to the surrounding tissue
does not allow visual demarcation of the tumor boundaries.
All the experiments were conducted according to a protocol
approved by the institutional review board of Massachusetts
General Hospital. In total, 79 specimens with 86 tumors, in-
cluding 73 BCCs and 13 SCCs were examined. The lateral
size of the samples varied from 4 to 35 mm, and the thickness
from 0.5 to 20 mm. The lateral size of the tumors was in the

Fig. 1 Photograph of a sample with nonmelanoma skin cancer �nodu-
lar BCC�. The lines along the left side of the sample are surgeons’
markers that enable orientation of the excision with respect to the in
situ wound. �b� Close view of the imager: 1—CCD camera; 2—CCD
lens; 3—illuminator with variable angle of incidence; 4—bandpass
filter and linearly polarizing filter �polarizer�; 5—linearly polarizing
filter �analyzer�; 6—skin sample with BCC.
range from 0.35 to 12 mm.
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2.2 Chemicals
Demeclocycline hydrochloride was purchased from Sigma Al-
drich �Steinheim, Switzerland�. Tetracycline hydrochloride
was purchased from IVAX Pharmaceuticals, Inc. �Miami,
Florida�. Dulbecco’s phosphate buffered solution �DPBS, pH
7.4� was purchased from Mediatech, Inc. �Herndon, Virginia�.

2.3 Tissue Staining and Handling
The tissue was stained for approximately 5 min with 1 to
2 mg/ml or 0.25 to 2 mg/ml DPBS solution of TCN or
DMN, respectively. To remove excess of the TCN or DMN,
the specimens were briefly rinsed in DPBS. The tissue was
imaged again after staining. For imaging, each sample was
placed in a Petri dish on a piece of gauze soaked in DPBS and
covered with a cover slip.

2.4 Fluorescence Polarization Imaging
The fluorescence polarization imaging system is presented in
Fig. 1�b�. Imaging was performed using the equipment and in
a manner similar to that described previously.13 In short, TCN
and DMN fluorescence was excited by linearly polarized
monochromatic light centered at 390 nm with a full width at
half maximum of 10 nm. Co-polarized and cross-polarized
fluorescence emission images, denoted as I� and I�, respec-
tively, were captured by a 12-bit charge coupled device
�CCD� camera in the wavelength range from 450 to 650 nm.
Two sets of images of the specimens, i.e., prior �I�

en; I�
en� and

following �I�
ee; I�

ee� staining, were registered. The system
provided13 a field of view of 2.8 cm�2.5 cm, lateral resolu-
tion of 15 �m, and axial resolution of approximately 70 to
200 �m. The maximal integration time on the CCD array was
10 s, and the maximal incident power density on the sample
was 0.08 mW/cm2. All experiments were performed at room
temperature.

2.5 Data Processing
Endogenous �Pen� and mixed �Pee� fluorescence polarization
images �FPIs� were determined from the experimental co-
polarized and cross-polarized fluorescence intensity images,
acquired prior to and after tissue staining, using the definition
of fluorescence polarization:

Pi = �I�
i − I�

i �/�I�
i + I�

i � , �1�

where Pi is the fluorescence polarization image, I�
i and I�

i are
the co-polarized and cross-polarized fluorescence emission
images, respectively, and i=ex, en, ee.

The two experimental sets of images are: �I�
en,

I�
en�—co-polarized and cross-polarized components of endog-

enous fluorescence emission that were acquired prior to tissue
staining, and �I�

ee, I�
ee�—co-polarized and cross-polarized com-

ponents of the mixed �endogenous and exogenous� fluores-
cence emission that were acquired after tissue staining. Net

exogenous fluorescence emission cannot be measured
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directly. However, it can be calculated as the difference of the
mixed and endogenous fluorescence emission:

Iex = Iee − Ien, �2�

where Iex, Iee, and Ien are the net exogenous, mixed, and en-
dogenous fluorescence emission images, respectively. The im-
ages of the fluorescence emission intensities were calculated
using the formula: Ii= I�

i + I�
i , where i=ee, en.

Substituting Eq. �2� into Eq. �1�, we obtain the formula for
calculating net exogenous fluorescence polarization:

Pex = ��I�
ee − I�

en� − �I�
ee − I�

en��/��I�
ee − I�

en� + �I�
ee − I�

en�� . �3�

The average values of endogenous, exogenous, and mixed
fluorescence polarization of cancerous and normal areas in
each sample were calculated and compared. The average val-
ues of fluorescence polarization �AVFP� for cancerous and
normal parts of each sample were obtained by averaging the
pixel values over the entire cancer or normal areas, respec-
tively. The contrast of a lesion with respect to the surrounding
normal skin, CLN, in the mixed and exogenous FPIs, were
evaluated as the difference of the average FPI value in the
tumor and in the healthy skin of the respective image multi-
plied by 100.

2.6 Comparison to Histopathology
Preparation of the horizontal histological frozen H&E section
during Mohs surgery is described in detail elsewhere.14 As
was discussed by Yaroslavsky et al.,15 the features of the last
frozen section generated during surgery should closely re-
semble those of the FPI acquired from the remaining piece of
tissue that we used for the experiments. Therefore, the accu-
racy of the fluorescence polarization imaging method was
evaluated by comparison with frozen histopathology, pro-
cessed during Mohs micrographic surgeries. H&E histological
images and FPIs were evaluated and the tumor margins were
outlined independently by two investigators capable of read-
ing histopathology. The Mohs surgeon, who outlined the tu-
mor in histology, did not have access to the FPIs. The inves-
tigator, who outlined the tumor in the FPIs, had no access to
the histological slides. In practice, due to the preparation tech-
nique of the frozen section, it may be stretched or shrunk in
comparison with the remaining thick piece of skin. To reduce
the influence of these artifacts on the comparison of the re-
sults, we scanned each histopathological slide with the reso-
lution of 15 �m, identified four to ten pairs of common fea-
tures in histology and in the corresponding FPIs, and overlaid
FPIs with histopathological images by applying affine, projec-
tive, or polynomial transformations.16 These transformations
are widely used for correcting artifacts of magnetic resonance
imaging.17,18 The accuracy of the transformations was
checked by applying the algorithm for correcting the distorted
image of the known object.

We have introduced the following criteria for the compari-
son of FPIs to corresponding histopathology. Similarity in vi-
sual appearance or the shape of tumor-affected areas in the
FPIs and histology served as the first criterion.

To quantify the accuracy of the fluorescence polarization
technique, the surface areas occupied by the tumor in the FPI

�Sfpi� and histological slides �Sh� were processed and com-

Journal of Biomedical Optics 014005-
pared. The ratio of the cancerous areas in the FPI and histol-
ogy was selected as the second criterion. We considered the
agreement acceptable if the tumor area in the FPI was equal
or up to 15% greater than that in histology �1�Sfpi /Sh
�1.15�, i.e., would correspond to complete tumor removal by
image-guided surgery. The contrast of the lesion with respect
to the surrounding healthy tissue in the mixed FPI �CLNee�
was selected as the third criterion. CLNee values greater than
0.5 were considered acceptable. This threshold was chosen to
guarantee that the difference of the cancerous and normal
AVFP is significantly �at least 10 times� greater than the noise
level.

3 Results
3.1 Choice of the Imaging Mode
For each investigated sample, we have obtained both fluores-
cence emission and fluorescence polarization images. Out of
32 tumors stained in TCN and 54 tumors stained in DMN,
fluorescence emission images could be used for tumor detec-
tion and delineation in only 4 and 11 cases, respectively.
Thus, fluorescence emission does not provide an accurate tool
for the detection and delineation of nonmelanoma skin tu-
mors. Example fluorescence emission and polarization images
of nodular BCC stained in 2 mg/ml aqueous solution of TCN
are compared to corresponding H&E histopathology in Fig. 2.
In the fluorescence emission image �Fig. 2�a��, the tumor can-
not be identified. In contrast, in the FPI, the cancerous area is
bright, as compared to normal skin. The shape, size, and lo-
cation of the tumor in the FPI correlate well with histopathol-
ogy �Fig. 2�c��.

3.2 Endogenous and Exogenous Fluorescence
Polarization Observed from Nonmelanoma
Skin Cancer

The endogenous, mixed, and exogenous FPIs of micronodular
BCC are shown in Figs. 3�a�–3�c�, respectively. The sample
was stained in 2 mg/ml aqueous solution of TCN. Bright
parts correspond to the collagen fibers present in the dermis.
The DMN FPI in Fig. 3�b� is not corrected for the endogenous
fluorescence polarization. However, the tumor that displays a
significantly higher level of fluorescence polarization, com-
pared to normal skin, is much brighter than the surrounding
tissue. In addition, the tumor appears as a structureless and
comparatively homogeneous formation, whereas hair follicles
and sebaceous glands closely resemble the appearance of the
respective structures in histology. The combination of higher
values of fluorescence polarization in the tumor and its char-
acteristic morphological appearance makes discrimination of
cancerous areas in the FPI possible. As a result, the tumor
appears bright and can be clearly demarcated in both mixed
and net exogenous FPIs. The contrast of the mixed FPI is
4.00, and the contrast of the net exogenous FPI is 3.84. The
size, shape, and position of cancerous area are the same in
both images and correlate well with each other and with his-
tology, presented in Fig. 3�d�. The Sfpi /Sh ratio in this sample
is 1.02. Histograms shown in Fig. 3�e� demonstrate that ex-
ogenous fluorescence polarization of TCN was more than 5
times higher in tumor compared to healthy skin, whereas en-

dogenous fluorescence polarization was higher in normal tis-

January/February 2007 � Vol. 12�1�3



Yaroslavsky et al.: Fluorescence polarization of tetracycline derivatives…
sue. This representative case demonstrates that endogenous
fluorescence polarization is much lower than exogenous and
that cancerous areas in the sample can be accurately demar-
cated in the mixed FPI. There are no significant differences in
the contrast, shape, and size of the tumors in the net exog-
enous and mixed FPIs.

3.3 Exogenous Fluorescence Polarization
Examination of Nonmelanoma Skin Cancers

The potential of the fluorescence polarization imaging tech-
nique was evaluated by comparing the imaging results to his-
topathology of the respective tumors. To mimic the clinical
conditions, in the following figures, we present and compare
to histology only the mixed FPIs that were not deconvolved
using previously acquired endogenous FPIs. The mixed FPIs
are dominated by the signal from the exogenous tetracyclines;
therefore, in the remainder of this paper, these images are
referred to as exogenous FPIs.

All FPIs were diagnosed independently of the histologic
images. In Figs. 2–5, the images of the most common types of
nonmelanoma skin cancers are presented side by side with

Fig. 2 Nodular BCC. Scale bar=3 mm �a� Fluorescence emission im-
age, acquired after staining in 2 mg/ml aqueous solution of TCN, is
presented. �b� Fluorescence polarization image, acquired after stain-
ing in 2 mg/ml aqueous solution of TCN, is presented. �c� Histologi-
cal frozen H&E section. Tumor margins, as determined by Mohs sur-
geon, are outlined with black line.
corresponding histopathology.
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In Figs. 2�b� and 3�b�, the FPIs of the most frequently
occurring type of nonmelanoma skin cancer, nodular BCCs,
are shown. This prototype of BCC consists of nodular solid
aggregates of tumor in the dermis, usually arising from the
epidermis. Clinically, it may have a very subtle contrast with
imprecise margins. The tumors presented in Figs. 2 and 3
were stained with 0.25 mg/ml and 2 mg/ml aqueous solu-
tions of DMN and TCN, respectively. In both cases �Figs. 2�b�
and 3�b��, the tumors have excellent contrast with respect to
the surrounding tissue. The location, size, and shape of the
tumors in the FPIs correlate well with corresponding histopa-
thology.

In Fig. 4, infiltrative BCC stained with 0.5 mg/ml aqueous
solution of DMN is shown. Of all types of BCC, this kind of
tumor is the most aggressive with the highest recurrence rate.
Structurally, it is composed of the thin cords of tumor cells
surrounded by normal skin tissues, such as collagen. As a
result, it has a very weak contrast with respect to the sur-
rounding healthy skin, both visually and in histology �see Fig.
4�b��. In the FPI that is presented in Fig. 6�a�, the tumor is
very bright, with an average value of fluorescence polariza-
tion of 3.17�10−2, whereas the AVFP of normal tissue was
1.14�10−2, which corresponds to a CLNee of 2.03 �see Fig.
4�c��. Comparison of the FPI and histology indicates excellent
correlation. The ratio of Sfpi to Sh in this sample is 1.05.

In Fig. 5, we present an example image of invasive SCC.
SCCs often exhibit an unpredictable growth pattern and a
generally higher potential for metastasis as compared to
BCCs. Unlike BCC, which originates from the basal cell
layer, SCC originates from keratinocytes and therefore has a
different morphological appearance and staining pattern.
Comparison of the FPI and histology, presented in Fig. 5�a�
and 5�b�, respectively, shows good correlation �Sfpi /Sh

=1.06�. The histograms given in Fig. 5�c� demonstrate that
the values for AVFP for the SCC tumor are much higher than
in the adjacent healthy skin, with the CLNee=3.02.

In total, we have imaged 79 specimens with 86 tumors.
Out of 86 tumors, 13 were invasive SCCs and 73 were BCCs,
including nodular, micronodular, infiltrative, and superficial
subtypes. This is a fair sampling, as SCCs account for ap-
proximately 20% of all nonmelanoma skin cancers. Forty-
nine specimens with 54 tumors were stained using DMN. In
51 cases, the location, shape, and size of the tumors were
identified correctly. One superficial BCC tumor stained in
0.5 mg/ml DMN solution was missed. In two cases, we have
identified two false positive tumor nests in two different
samples �an invasive SCC and a superficial BCC, both stained
in 0.25 mg/ml DMN solution�. Thirty specimens with 32 tu-
mors were stained using TCN. In 28 cases, the location,
shape, and size of the tumors were identified within the crite-
ria specified in Sec. 2.6. In two cases, the location of the
tumor lobules �both were nodular BCCs� were determined
correctly, but the ratios of the surface areas occupied by the
tumor in the FPI and histological slides, Sfpi /Sh, was greater
than 1.15. In one case of nodular BCC, the tumor was missed,
and in one case of nodular BCC, a false positive tumor nodule

was found in the FPI.
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3.4 Effect of Stain Concentration on Fluorescence
Polarization Imaging

We have evaluated several concentrations of the fluorophores
for tissue staining. Concentrations of 2 mg/ml �7 samples�,
1 mg/ml �8 samples�, 0.5 mg/ml �14 samples�, and
0.25 mg/ml �18 samples� were tested for DMN. The results,

Fig. 3 Nodular BCC. Scale bar=2 mm. �a� shows endogenous fluoresc
endogenous FPI, acquired after staining in 2 mg/ml aqueous solution
was obtained using the images shown in �a� and �b�. �d� Histologica
outlined with black line. �e� Average fluorescence polarization measur
Bars are standard errors.
presented in Fig. 6�a�, show that the average values of DMN
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fluorescence polarization in the tumors are higher than in the
surrounding healthy skin for all the investigated concentra-
tions of the fluorophore. The averaged over the samples con-
trast of the lesions with respect to normal skin, CLNee, was
found to be equal to 2.03, 2.31, 1.40, and 1.94 for the DMN
concentrations of 0.25 mg/ml, 0.5 mg/ml, 1 mg/ml, and

olarization image prior to tissue staining. In �b�, mixed exogenous and
, is presented. �c� Demonstrates the pure exogeneous FPI of TCN that

H&E section. Tumor margins, as determined by Mohs surgeon, are
ormal and cancerous areas of the nodular BCC from �a�, �b�, and �c�.
ence p
of TCN
l frozen
ed in n
2 mg/ml, respectively. The data were statistically analyzed
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using Student’s t-test for the paired populations. The differ-
ences between cancerous and normal tissues were significant
for all the concentrations of the stain �p�0.001�.

For the TCN, we have used the concentrations of 2 mg/ml
and 1 mg/ml only. The employed excitation wavelength cen-
tered at 390 nm is in the vicinity of the absorption maximum
of DMN, whereas the absorption band of TCN is shifted con-
siderably toward the shorter wavelengths. Excitation of TCN
fluorescence using wavelengths shorter than 390 nm was
found to be inefficient due to the lower throughput of the
system in the UV and considerably higher attenuation in skin
below 390 nm. Comparison of the results obtained using dif-
ferent concentrations of TCN is presented in Fig. 6�b�. As in
the case of DMN, the average fluorescence polarization of
TCN was found to be significantly higher in cancerous as
compared to normal skin for both concentrations of the fluo-
rophore. The averaged over the samples contrast of the lesions
with respect to normal surrounding tissue, CLNee, was found
to be equal to 2.70 and 2.36 for the TCN concentrations of
1 mg/ml and 2 mg/ml, respectively. Statistical analysis of

Fig. 4 Infiltrative BCC. Scale bar=2 mm. Comparison of �a� fluorescen
the last frozen histological H&E section of the same specimen. Tumor m
average values of fluorescence polarization in cancerous and normal
errors.

Fig. 5 Invasive SCC. Scale bar=1 mm. Comparison of �a� fluorescenc
the last frozen histological H&E section of the same specimen. Tumor m
average values of fluorescence polarization in cancerous and normal

errors.
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the data using Student’s t-test for the paired populations has
shown that the differences between normal and cancerous tis-
sues were significant for both concentrations of the stain �p
�0.001�.

4 Discussion
This in vitro clinical study was conducted to establish the
feasibility of using fluorescence polarization imaging of the
antibiotics of the tetracycline family, i.e., TCN and DMN, for
routine intraoperative detection and demarcation of nonmela-
noma skin cancers. Our results indicate that the success rates
of TCN and DMN fluorescence emission imaging are 13%
and 20%, respectively, whereas fluorescence polarization im-
aging is successful in 88% and 94% of cases, respectively.
Therefore, imaging of tetracycline fluorescence polarization is
a significantly more accurate technique for nonmelanoma skin
cancer detection as compared to imaging of the fluorescence
emission. In addition, it enables “optical sectioning” of the
thick tissues, thus allowing imaging of the superficial tissue

arization image �stain: 0.5 mg/ml aqueous solution of DMN� with �b�
s, as determined by Mohs surgeon, are outlined with black line. In �c�,
s determined from FPI presented in �a� are shown. Bars are standard

rization image �stain: 0.5 mg/ml aqueous solution of DMN� with �b�
s, as determined by Mohs surgeon, are outlined with black line. In �c�,
s determined from FPI presented in �a� are shown. Bars are standard
ce pol
argin
tissue
e pola
argin
tissue
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layers only. In the multiply scattering media, such as skin,
fluorescence at different depths can be monitored using polar-
ized light. After the incident light excites fluorescence, the
emitted light is elastically scattered on its way to the detector.
Therefore, optical sectioning is achieved as in the case of
elastic scattering, because multiple scattering randomizes the
polarization state of the emitted fluorescence signal, whereas
single scattering events do not alter the fluorescence polariza-
tion state significantly. In the visible spectral range, the sec-
tion thickness may vary13 between 70 �m and 200 �m. Al-
though the FPI optical section is much thicker than the
histological frozen section, which is only 5-�m thick, the
resemblance of the two is remarkable �see Figs. 2–5� due to
the similarities in the distribution of the respective stains and
the rejection of the fluorescence coming from the deep tissue
layers.

In this paper, we report on the experimentally observed
reproducibly higher values of TCN fluorescence polarization
registered from cancerous as compared to normal skin �see
Fig. 6�a� and 6�b��. There exist several possible reasons that
may cause this phenomenon. In general, fluorescence polar-
ization depends on the displacement of the fluorophore during
the lifetime of the excited state.5 The diffusion coefficient of
the fluorophore molecules may be affected by the change of
the fluorescence lifetime, viscosity of the surrounding me-
dium, binding of the fluorophore molecules, and temperature.

Fig. 6 Effect of DMN concentration on the contrast of cancer with
respect to healthy tissue. Bars are standard errors. �b� Effect of TCN
concentration on the contrast of cancer with respect to healthy tissue.
Bars are standard errors.
Thus, if the fluorophore lifetime decreases in a cancerous en-
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vironment, or the viscosity of the tumor is higher than that of
the surrounding skin, or the fluorophore binds to large cell
organelles that exhibit higher concentration in cancer cells,
fluorescence polarization registered from cancerous tissue will
be higher than that of normal.

Tetracyclines have a high affinity to mitochondria,19 which
are abundant in cancer cells. Binding of the antibiotic to a
comparatively large organelle, such as mitochondria, con-
strains the mobility of the fluorophore and may result in
higher values of exogenous fluorescence polarization in car-
cinoma cells. At the same time, changes in biochemical and
optical properties of cancerous skin can also contribute to
higher values of fluorescence polarization in the tumors. Fur-
ther thorough investigation of the origins causing this experi-
mentally observed phenomenon is required.

Images and histograms presented in Fig. 3 show that the
endogenous fluorescence polarization, excited at the wave-
length of 390 nm, is not negligible. In skin there exist several
fluorophores, including collagen and porphyrins, that can be
excited at this wavelength. Figure 3�a� shows that the bright-
est pixels in the FPI of this skin sample correspond to skin
appendages, such as sebaceous glands that contain porphy-
rins. However, even though skin exhibits a considerable level
of fluorescence polarization in all of the cases, it was at least
5 times lower than the net exogenous fluorescence polariza-
tion. Figure 3�b� and 3�c� demonstrate that the position, shape,
and size of the tumor in the net exogenous fluorescence po-
larization images coincide with those in the mixed images.
These results imply that acquiring the endogenous FPIs prior
to tissue staining and consecutive deconvolution of the mixed
FPIs is not required.

Figures 2–5 show that the contrast of the tumors is excel-
lent. Although several healthy structures, for example, hair
follicles and sebaceous glands, exhibit high levels of fluores-
cence polarization, their appearance is different from that of
cancer. Morphological features of the fluorescence polariza-
tion images closely resemble the features of the frozen H&E
sections, which are routinely processed during Mohs micro-
graphic surgeries. Therefore, Mohs surgeons should be able to
interpret them in the same way that they read histology. The
use of tetracyclines, which are established and safe antibiot-
ics, should further simplify translation of the suggested
method into clinical practice.

The developed fluorescence polarization technique can be
used to image the in situ wound produced during the surgery,
or the remaining excised tissue itself, as it was done in the
present study. In general, these two approaches are equivalent
and both can be implemented in clinical practice. If the ap-
proach of imaging the excised tissue in vitro is adopted, the
procedure of cancer delineation can be performed exactly as
described earlier. Alternatively, for both in vivo and ex vivo
imaging, the antibiotic may be introduced systemically. Injec-
tion of TCN into the tumor site prior to surgery may be con-
sidered. Tetracyclines are known to accumulate in the tumors;
therefore, measurable concentration levels appear to be attain-
able. There is a substantial body of literature that reports
strong fluorescence signal registered in vivo from the tumors
of the cancer patients who were taking TCN orally.6,7,10 In the
present study, we have used the power density of
0.08 mW/cm2 incident on the sample. Optimization of the

system throughput at shorter wavelengths should easily allow
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the detection of concentrations lower than 0.25 mg/ml. At
the same time, there is at least a tenfold safety margin of the
irradiance incident on the skin surface. A comparative in vivo
versus in vitro human clinical trial is under way to estimate
the optimal technique for delineating cancers reliably and ac-
curately in a clinical setting.

The results of the study show that DMN fluorescence po-
larization enabled accurate identification of the position,
shape, and size of the tumors in 94% of cases. TCN fluores-
cence polarization imaging was successful in 88% of cases. In
6% of samples stained using TCN, the location of the lesions
was determined correctly, but the size was overestimated as
compared to histology. One of the possible reasons for the
discrepancies between imaging and histology might be the
irregular growth pattern of cancer, as we used the H&E slides
processed during the surgeries for comparison with the im-
ages acquired from the remaining pieces of tissue. The out-
come of this trial is considerably better than the results
yielded by other techniques, including confocal microscopy,20

endogenous fluorescence spectroscopy,21 and exogenous fluo-
rescence imaging of protoporphyrin IX fluorescence,22–24

which were attempted for the same purpose. The only optical
technique that provides comparable results, i.e., yields 91%
success rate, is multispectral dye-enhanced reflectance
imaging.13 This technique relies on the absorption-based con-
trast of the phenothiazine dyes that preferentially stain cancer-
ous tissue for tumor delineation. As compared to fluorescence
polarization imaging of tetracylcines, it requires longer rins-
ing times to remove the excessive stain from the tissue and
longer acquisition times to scan several wavelengths, which
may be disadvantageous in the clinical setting.

The two main challenges that complicate intraoperative de-
tection and delineation of the nonmelanoma skin cancers are
the lack of visual contrast of the lesion with respect to healthy
skin �see Fig. 1�a��, and the necessity to inspect large surgical
fields in real time. TCN fluorescence polarization imaging is a
novel and effective approach that allows for the solving of
these problems. Our trials have shown that the resolution �lat-
eral �15 �m, axial �70 to 200 �m� provided by the de-
scribed technique is acceptable. However, in the cases when
higher resolution that is comparable to that of histology is
required, the developed technique can be combined with con-
focal microscopy, as suggested by Yaroslavsky et al.15 This
combined technique enables rapid examination of the large
surfaces, as well as high resolution imaging of the cellular
detail.

Currently, except for the visual assessment of where to
excise, cancers are removed without intraoperative margin
control in the majority of cases. Introduction of exogenous
fluorescence polarization method into the clinical practice has
a potential to enable accurate cancer removal combined with
maximal tissue preservation.

In conclusion, we have developed and tested a novel tech-
nique, i.e., fluorescence polarization imaging of tetracyclines,
that may be used in clinical practice for the intraoperative
detection and delineation of epithelial tumors, such as non-
melanoma skin cancers. The suggested imaging technique and
equipment are time-efficient, accurate, simple in implementa-
tion, and inexpensive. The use of safe and readily available

contrast agents, such as TCN and DMN, warrants quick

Journal of Biomedical Optics 014005-
translation of the developed method to clinical practice. Due
to the simplicity of the developed technique and because of
the striking similarities in the appearance of the FPIs and
histology, the images can be acquired and interpreted by sur-
geons and pathologists without any assistance. The ability of
this methodology to spatially map the tumor-affected areas
should be particularly useful for the intraoperative assessment
of the cancer margins. We believe that further technical and
clinical advances of this technique could potentially provide
an in situ optical pathology tool for clinical diagnosis and
image-guided treatment of epithelial cancers.
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