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Abstract. We propose a novel application of microscopic Förster
resonance energy transfer (FRET) to clinical cytological diagnosis
based on sensitive measurements of distance changes between fluo-
rescently labeled deoxyribose nucleic acid (DNA) molecules. We
have employed the microscopic FRET imaging for investigation of six
papillary carcinomas and eight benign cases. In each case the FRET
images of 20 cells stained by the AT-specific donor Hoechst 33258
and the GC-specific acceptor 7-aminoactinomycin D were acquired
and analyzed by texture analysis. We have not found significant dif-
ference of the mean FRET efficiency between the benign and malig-
nant groups. On the other hand, the texture analysis revealed a sig-
nificant difference of the intranuclear spatial distribution of FRET
efficiencies between the benign and malignant groups. The results
indicate that despite the similar average distance between the AT- and
the GC-rich DNA segments in the papillary carcinomas and the be-
nign cases, the former has more heterogeneous distribution of the AT-
and the GC-rich DNA segments in nuclei compared to the benign
groups. We have demonstrated that the FRET imaging is a helpful tool
for the medical cytological diagnosis of human tumors by giving in-
formation on the chromatin topology on the scale below the resolu-
tion of conventional optical microscopes. © 2005 Society of Photo-Optical
Instrumentation Engineers. [DOI: 10.1117/1.1924667]
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1. Introduction
Aspiration biopsy cytology of thyroid tumors is currently one
of the most employed diagnostic methods for the differentia
diagnosis of malignant and benign lesions in the clinical
medicine.1,2 The cytological diagnosis of the thyroid lesions is
based on the cellular atypia. These include the nuclear mo
phology such as the nuclear size, shape, and the chromat
pattern.3–5 Since evaluation of the nuclear chromatin pattern
is of a particular importance in the diagnosis of the thyroid
papillary carcinoma~PC!, significant work has been done to
develop reliable method for differentiation between chromatin
patterns of the PC and other thyroid lesions, including hyper
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plasia, adenoma and follicular carcinoma.6–17 The majority of
the studies have approached this issue by looking for chan
of the local deoxyribose nucleic acid~DNA! concentration.
However, characteristic chromatin patterns of the thyroid
mors are described not only by the local DNA concentrati
but also by the DNA conformation and/or by the thre
dimensional relationship between different chromosom
This requires investigation of the structural and topologi
changes of the DNA on the angstrom scale. Fo¨rster resonance
energy transfer~FRET! is a great tool for such distanc
measurements.18

We have reported on the cell cycle-related structural a
topological changes in interphase nuclei of culture cells
amined by the microscopic FRET method.19,20The FRET is a
nonradiative process when the excitation energy of the exc
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Murata et al.: Application of microscopic Förster resonance . . .
fluorescent donor is transferred to the acceptor molecule.18,21

Since the FRET efficiency depends on the inverse sixth powe
of the donor-acceptor distance, the FRET can be used as
highly sensitive ruler for measurements of intermolecular dis
tances on the scale of 10–100 Å.22–24 When used in micros-
copy, the microscopic FRET of samples specifically labeled
by a proper donor-acceptor pair makes possible to extract in
formation on distances below the diffraction limit, which are
normally inaccessible by the optical microscopy. Therefore
measurements of the distance change between segments
DNA molecules related to the structural and topological
changes of the DNA are possible.19,20,25,26

In this paper, we present a novel medical application of ou
previous microscopic FRET work to the clinical cytological
diagnosis of thyroid tumor cells.19,20,24,26We describe in more
detail difference in the DNA organization between the papil-
lary carcinoma and the follicular lesions of the thyroid by
means of the microscopic FRET measurement between th
AT-specific dye Hoechst 33258~Ho! and the GC-specific dye
7-aminoactinomycin D~7-AAD!. Results are interpreted in
terms of the spatial proximity of the AT- and the GC-rich
DNA regions. In order to quantitatively evaluate the FRET
images, the two-dimensional maps of the corrected FRET sig
nal were classified by the texture analysis.27,28

2. Materials and Methods
2.1 Cytological Specimens and Fluorescence Staining
Biological material was obtained from the files of the Kofu
Municipal Hospital~Yamanashi, Japan!. Touch smear cytol-
ogy ~TSC! specimens were prepared from the fresh section
taken from 14 patients with tumorous lesions by lobectomy o
thyroidectomy. A group of the 14 Japanese patients include
five male patients and nine female patients with mean age a
diagnosis of 49.6 years. The histological diagnosis was don
according to the WHO criteria. The 14 cases consisted of 6
papillary carcinomas~PCs!, 6 adenomatous goiters~AGs!,
and 2 follicular adenomas~FAs!. The TSC specimens were
fixed in 90% ethanol~4 °C, at least 30 min!. After a rinse, the
cells were stained by 0.8mM Ho and 1.6mM 7-AAD, which
were used as the donor and the acceptor, respectively. Th
donor-acceptor pair exhibited a good spectral match for th
FRET experiments.19,26 Ho and 7-AAD were obtained from
the Molecular Probes~Eugene, OR!. Other experimental de-
tails are described elsewhere.19,20,26

2.2 Acquisition of FRET Images
The steady state FRET microscopy with multiple acceptors
can suffer from several sources of distortions including direc
excitation of the acceptor at the donor excitation wavelength
and the dependence of FRET on the concentration of accepto
Therefore we measured corrected FRET(I cFRET) signal using
the Gordon’s method@Eq. ~1!#. The method is based on a
usage of three fluorescence filter sets correcting data for cro
talk, i.e., for detection of donor fluorescence with the accepto
emission filter and detection of acceptor fluorescence with th
donor emission filter. The three filter sets were:~1! The donor
filter set ~D! consisting of the 360–370 nm excitation filter,
the 400 nm dichroic mirror, and the 420–460 nm emission
filter; ~2! the acceptor filter set~A! consisting of the 530–550
nm excitation filter, the 590 nm dichroic mirror, and the 590
034008Journal of Biomedical Optics
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nm long-pass emission filter;~3! the FRET filter set~F! con-
sisting of the 360–370 nm excitation filter, the 400 nm d
chroic mirror, and the 590 nm long pass emission filter.26,29

We acquired three fluorescence intensity images with
three filter sets in order to calculate the corrected ene
transfer signal represented as the2I cFRET image of each cell

I cFRET5

F~da!2D~da!
F~d!

D~d!
2A~da!

F~a!

A~a!

G•D~da!•A~da!
. ~1!

The termF(da) is a fluorescence signal from cells doubl
stained with the donor and acceptor and collected with
filter set,F, D(da) and A(da) is a signal from the double-
stained cells collected with the filter setD andA, respectively.
Similarly, F(d) and D(d) is a signal from a donor-only
stained cell using the filter setF andD, respectively. Finally,
F(a) and A(a) is emission from the acceptor-only staine
cell acquired with the filter setF andA, respectively. Ratios
F(d)/D(d) andF(a)/A(a) are constant and depend on flu
rophores and instrumentation only. We have used val
F(d)/D(d)50.34 and F(a)/A(a)50.03. The ratios were
measured with the donor-only and the acceptor-only stai
cell, respectively. We have applied a constant scaling coe
cientG51026 to transform pixel values of theI cFRET images
to the 12 bit region.

The fluorescence intensity images were acquired on an
illuminant fluorescence microscope BX50~Olympus, Tokyo,
Japan! equipped with an UplanApo X40 oil immersion objec
tive ~numerical aperture51.0! and a scientific-grade coole
charge coupled device~CCD! camera, Sensys~Photometrics,
Tucson, AZ! connected to a personal computer. The imag
were pre-processed by the IPLab software~Scanalytics Inc.,
Fairfax, VA!. The neutral-density filters were utilized to adju
an adequate illumination and minimize photobleaching.

At first, we have evaluated an amount of the nuclear DN
in the double-stained cells. The total acceptor fluoresce
proportional to the DNA content, has been used for selec
of cells in theG0/1 phases having the same amount of DNA
lymphocytic nuclei in theG0 phase. The signal was collecte
with the filter setA in order to excite acceptor molecules onl
Twenty cells of each tumor case have been selected. T
three fluorescence intensity images of each cell, were m
sured using theA, D, andF filter sets and theI cFRET images
were constructed by pixel-by-pixel evaluation of theI cFRET
intensity from Eq.~1!.

2.3 Quantitative Analysis of the FRET Images
To extract and compare characteristic features of cells fr
the papillary thyroid tumor and from the follicular lesions, th
I cFRET images were quantitatively analyzed by texture ana
sis. The total FRET signal was calculated in every nucleus
a sum of the pixel values. For the description of the ima
texture we have used the coefficient of variation~CV! and
three parameters from the Haralick’s method based on
co-occurrence matrix.27,30 Specifically, we have chosen th
angular second moment~ASM!, which shows spatial homo
geneity of the image, the sum variance~SVar!, which reveals
spatial heterogeneity, and the difference variance~DVar!,
which characterizes contrast of theI cFRET image. These three
-2 May/June 2005 d Vol. 10(3)



Murata et al.: Application of microscopic Förster resonance . . .
Fig. 1 Nuclear fluorescence intensity and IcFRET images of a single cell
double-stained by Ho and 7-AAD. (a) The fluorescence intensity im-
age taken with the FRET filter set; (b) the fluorescence intensity image
acquired with the donor filter set; (c) the fluorescence intensity image
collected with the acceptor filter set; and (d) the IcFRET image corrected
by the Gordon’s equation [Eq. (1)].
d

e

A

e

-
u

e

t

oiter

ET
han
o
rall

i-

of
are

en-
u-
ive
on-
r
eity,

Var
am-
r the
cter-
of
In
ver-
Al-
the
tal
Haralick’s parameters are independent from the size an
shape of the cells, and describe pure texture features of th
images.16,17 The relevant co-occurrence matrix was con-
structed for everyI cFRET image after reduction of its bit depth
from 12 to 8 bits. Equations used for calculation of the pa-
rameters have been described by Murata et al.20 The four tex-
ture parameters served as mathematically independent d
scriptors of theI cFRET images since they have been found to
be sensitive enough to detect subtle changes of the DN
organization.16,17,31

In each case the case summary statistics was construct
from the mean value of the total FRET signal and from mean
values of the texture parameters. The averaging was don
over the 20 cells of the each case. The Mann-Whitney U tes
was applied to compare benign and malignant cancer group
and distinguish between them.

3. Results
Representative fluorescence intensity images of a nucleu
from a single papillary carcinoma cell double-stained by Ho
and 7-AAD taken with theF, D, andA filter sets are shown in
Figs. 1~a!, 1~b!, and 1~c!, respectively. TheI cFRET image cal-
culated from the intensity images~a!–~c!, and representing
the corrected FRET signal is shown in Fig. 1~d!. The I cFRET
image exhibits considerable spatial heterogeneity of the fluo
rescence energy transfer that indicates uneven spatial distrib
tion of the donor-acceptor distances. Consequently, the imag
reports on an uneven separation of the AT- and GC-rich DNA
segments in these locations. The bright and dark regions in th
I cFRET images correspond to high and low efficiency of the
energy transfer, respectively.

Typical I cFRET images of nuclei from single cells extracted
from the papillary carcinoma, adenomatous goiter, and th
follicular adenoma are presented in Figs. 2~a!, 2~c!, and 2~e!,
respectively. Visually inspected, the images reveal differen
distribution of the FRET efficiency in the nuclei. TheI cFRET
image of the papillary cell exhibits highly heterogeneous
034008Journal of Biomedical Optics
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FRET pattern whereas, the image of the adenomatous g
cell is homogeneous. TheI cFRET image of the follicular ad-
enoma cell shows granular spatial distribution of the FR
signal. This heterogeneity, however, seems to be lower t
that of the PC cell, Fig. 2~a!. Moreover, the cell nuclei seem t
display a different total FRET signal, as judged by the ove
brightness of theI cFRET images.

To quantitatively support conclusions of the visual exam
nation, we have performed the texture analysis of theI cFRET
images and quantification of the total FRET signal. Results
the texture analysis and values of the total FRET signal
shown in radar charts in Figs. 2~b!, 2~d!, and 2~f!. The total
FRET reports on the extent of the three-dimensional cond
sation of the AT- and the GC-rich DNA segments in the n
clei. The calculated texture coefficients provide a quantitat
evaluation of the spatial heterogeneity, homogeneity, and c
trast of theI cFRET images. In particular, the CV and the SVa
are texture parameters characterizing the image heterogen
the ASM characterizes image homogeneity, and the D
quantifies image contrast. Mean values of the texture par
eters averaged over 20 cells in each case were used fo
case summary statistics, where we have compared chara
istics of the PC, AG, and FA. Figure 3 shows distribution
the average total FRET signal for the individual cases.
parenthesis are given characteristic values calculated by a
aging the plotted values over the cases in each group.
though the PC cases exhibit somehow higher values of
total FRET, there was not found significant difference of to

Fig. 2 Typical results obtained on a single cell of the papillary carci-
noma [(a) and (b)], adenomatous goiter [(c) and (d)] and the follicular
adenoma [(e) and (f)]. The IcFRET images [(a),(c),(e)] were calculated
from the Gordon’s equation [Eq. (1)]. The radar charts show results of
the quantitative texture analysis. The CV and the SVar are texture
parameters characterizing the image heterogeneity, the ASM charac-
terizes image homogeneity, and the DVar quantifies image contrast.
The characteristic shape of the radar chart reflects spatial distribution
of the FRET efficiency in the cell nucleus. All radar charts are pre-
sented in the same scale.
-3 May/June 2005 d Vol. 10(3)
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Murata et al.: Application of microscopic Förster resonance . . .
Fig. 3 Scatter graph of the total FRET signal in the PC, the AD, and the
FC cells. Each data point represents a mean value calculated from 20
nuclei of one case. Means calculated over all cases in each group are
given in parenthesis.
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FRET signal between benign and malignant tumor groups af
ter averaging these values over the whole group. Neither th
ASM, describing image homogeneity, nor the DVar, describ-
ing the image contrast, revealed significant difference be
tween the tumor groups, Figs. 4~b! and 4~d!. Fortunately, val-
ues of the CV and SVar, which describe image heterogeneity
exhibited significant difference~CV, p,0.02; SVar, p
,0.04) between the groups, suggesting possibility to distin-
guish the malignant papillary carcinoma from the adenoma
tous goiters and follicular adenomas, Figs. 4~a! and 4~c!.

The results of the quantitative analysis suggest that th
papillary carcinomas and follicular tumors have on average
similar distance between the AT- and the GC-rich DNA seg-
ments. The papillary carcinomas, however, exhibit more het
034008Journal of Biomedical Optics
,

erogeneous distribution of the FRET efficiency in the nucle
than the adenomatous goiters and the follicular adenoma

4. Discussion
The characteristic nuclear chromatin pattern of the papill
thyroid carcinomas is regarded as a criterion for the cytolo
cal diagnosis.4,32,33Previously, we have quantitatively invest
gated the chromatin pattern of thyroid tumor cells by the te
ture analysis. Difference in the spatial distribution of t
nuclear DNA between the thyroid carcinoma and benign
mor cells have been reported.11,16,17The chromatin pattern of
tumor cells originates from the DNA conformation, whic
depends on chromosome territories, the DNA concentra
and condensation, the transcription activity, and the spa
correlation between the heterochromatin and the euchrom
Specifically, the spatial correlation between the heterochro
tin and the euchromatin in the nuclei is an important diagn
tic marker in the cytological specimens.4 The transcriptionally
inactive heterochromatin contains the AT-rich DNA, where
the transcriptionally active euchromatin consists mainly of
GC-rich DNA.34 To extend our previous studies, we have us
FRET technique to analyze the DNA organization on its m
lecular level, i.e., on the scale below the diffraction limit
the conventional optical microscopes.19,20,26

The unique property of FRET is its ability to measure m
lecular distances on the scale of tens of angstroms. An
proved sensitivity of CCD cameras makes measurement
FRET under microscopes possible.21,24,35At present, the mi-
croscopic FRET is widely utilized for number of application
in biology and medicine.21,23,36 Nevertheless, only a few
FRET studies of the DNA organization in the interphase n
clei were reported.25,37 Recently we have studied the cel
Fig. 4 Scatter graphs of the texture parameters calculated from the IcFRET images of cells from the PC, AG, and FA. Each circle represents mean value
of the CV, ASM, SVar, and DVar in one case. Mean calculated over all cases in each group are given in parenthesis. (* : PC versus AG and FA: CV,
p,0.02; SVar, p,0.04.)
-4 May/June 2005 d Vol. 10(3)
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Murata et al.: Application of microscopic Förster resonance . . .
cycle dependent changes of the spatial distribution and th
organization of the AT- and the GC-rich nuclear DNA regions
in culture cells. Experiments were based on the microscopi
FRET measurements using both the fluorescence intensity an
the fluorescence lifetime imaging.20,26,31We have shown a dif-
ference between the microscopic FRET measurements wit
and without the Gordon’s correction.26 It was shown that the
uncorrected FRET images were influenced not only by the
donor-acceptor distance, but by the concentration of the dono
as well. The corrected FRET efficiency was affected only by a
variation of the distance between the AT- and the GC-rich
DNA.

In this study, we have employed the corrected FRET mea
surement for estimation of the DNA topology unaffected by
the local difference in the DNA condensation. Because al
tumor cells were measured in theG0/1 phases, we can elimi-
nate an influence of the cell-cycle related change of the DNA
organization. We have not found significant difference of the
overall FRET efficiency between the benign and the malig-
nant tumor groups. This suggests that the papillary carcino
mas and the follicular tumors have on average similar dis
tance between the AT- and the GC-rich DNA segments. Sinc
the FRET signal calculated by the Gordon’s equation is no
rigorously equal to the real FRET efficiency, we have to note
that the high averageI cFRET values found in the few PC cases
might not be related to an extremely large change of the DNA
topology. On the other hand, the quantitative analysis of a
few as 20 cells of the each case reveals that the papillar
carcinomas exhibit more heterogeneous distribution of the to
tal FRET signal in the nucleus than the adenomatous goiter
and the follicular adenomas. As shown in Fig. 4, some papil
lary carcinoma cases exhibit overlapped parameters with ad
enomatous goiters, which can be troubling in the clinical ap-
plication. In this study, however, we have demonstrated tha
the corrected FRET measurement of as few as 20 cells ca
give valuable information for detection of the tumorous
changes in the DNA topology, that has been so far inacces
sible by the conventional steady-state fluorescence micros
copy. Due to a limed number of cases available for this study
we do not propose to use the corrected FRET method as a
exclusive tool for detection of the tumorous changes in the
DNA topology. This would certainly require careful examina-
tion of much larger ensemble of cases. However, characteris
tic chromatin feature of the papillary carcinoma cells revealed
by the corrected FRET method can add significant informa
tion to the ordinary cytological findings such as nuclear size
shape, and conventional chromatin patterns.

In conclusion, we have demonstrated that the correcte
FRET imaging is a helpful tool for the clinical cytological
diagnosis of human tumors by giving additional information
on the characteristic chromatin patterns.
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