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Abstract. The cell nucleus is the dominant optical scatterer in the
cell. Neoplastic cells are characterized by cell nucleus polymorphism
and polychromism—i.e., the nuclei exhibits an increase in the distri-
bution of both size and refractive index. The relative size parameter,
and its distribution, is proportional to the product of the nucleus size
and its relative refractive index and is a useful discriminant between
normal and abnormal �cancerous� cells. We demonstrate a recently
introduced holographic technique, digital Fourier microscopy �DFM�,
to provide a sensitive measure of this relative size parameter. Fourier
holograms were recorded and optical scatter of individual scatterers
were extracted and modeled with Mie theory to determine the relative
size parameter. The relative size parameter of individual melanocyte
cell nuclei were found to be 16.5±0.2, which gives a cell nucleus
refractive index of 1.38±0.01 and is in good agreement with previ-
ously reported data. The relative size parameters of individual malig-
nant melanocyte cell nuclei are expected to be greater than 16.5.
© 2009 Society of Photo-Optical Instrumentation Engineers. �DOI: 10.1117/1.3207141�
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Introduction

elanocyte cells reside in the lower layers of the skin’s epi-
ermis. These cells produce melanosomes, which contain
ight-absorbing melanin pigments. Melanoma is a tumor of

elanocytes, usually caused by long-term exposure to UV
adiation.1–3 Currently, the best method of treatment is sur-
ery, where malignant cells are physically removed.4 The sur-
ical treatment option relies on early detection of malignant
ells such that minimal tissue is removed and the chance of
etastasis is reduced.5

One method of detection is by observation of the cell
ucleus. Stolz et al.6 observed changes in the mean cross-
ectional area of the nucleus between malignant melanomas
nd benign compound nevi �pigmented moles�. Authors found
he area in malignant melanomas varied from
7.4 to 52.8 �m2 to 15.8 to 24.2 �m2 in benign compound
evi. This suggests nuclei increase in size in the neoplastic
ells. This is supported by the work of Backman et al.,7 who
lso observed the enlargement, crowding, and increased chro-
atin content of nuclei in the epithelial cells. Processes such
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gy and Electrical Engineering, The University of Queensland, St Lucia, Queen-
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atseet@gmail.com
Current affiliation: MQ Centre of Photonics, Department of Physics and Engi-
eering, Macquarie University, Sydney, Australia
ournal of Biomedical Optics 044031-
as mitosis or meiosis �cell division� cause an increase in den-
sity of chromatin strands. Changes in chromatin content di-
rectly affect the refractive index of the cell nucleus. There-
fore, the cellular status can be monitored by the refractive
index of the cell and used as a diagnostic indicator. Typical
average values of the cell nuclei range8 between 1.38 and
1.47. In this paper, the size and refractive index of melano-
cytes were measured using digital Fourier microscopy, which
can be applied to melanoma study in future.

Digital Fourier microscopy �DFM� is a recently introduced
imaging technique based on the recording of a hologram in
the image transfer plane �also referred to as the Fourier plane�
using digital recording media. It is suitable for imaging bio-
logical tissue, which consists of scatterers of various size and
shapes.9 The technique relies on the recording of a Fourier
hologram of the specimen, from which the image is recon-
structed. Imaging in such a manner maximizes the system
sensitivity to the small features of the specimen and provides
flexibility in Fourier filtering, where algorithms can be de-
signed to further enhance the contrast of specific scatterers of
interest. Additionally, the principle of dark-field imaging can
be applied to DFM where transmitted light is blocked. The
choice of digital filtering algorithms in the Fourier domain
allows minimization of imaging artifacts, typical in dark-field
microscopy.10 An example of such quantitative information on
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he same object include the determination of the object’s
hape and refractive index.

Biomedical applications of DFM include the detection of
orphological variations that are observed in cells as a result

f cancer development. Cancerous cells are characterized by
heir enlarged cell nuclei, which are accompanied by changes
n the refractive index.7 DFM can therefore be used to detect
ancerous cells and distinguish them from normal, healthy
ells. This technique does not require staining of biopsy
amples as other methods do. The DFM technique could also
e used for studying the onset and early stages of cell calci-
cation in cell cultures as in coronary artery disease.11 The
rogression of calcification can therefore be monitored by re-
ractive index measurements of the cell culture constituents.
he use of DFM for the determination of the refractive index
nd diameter of polymer beads may also assist the refinement
f the existing DNA sequencing methods.12,13 Currently, this
s limited by the use of colloid dye-doped beads.14,15

Optical scatter field recorded by DFM contains informa-
ion about the object’s size, shape, relative location, and re-
ractive index. This information can be retrieved by fitting the
easured optical scatter field �the distribution of light scat-

ered by the object� to theoretical models. For spherical scat-
erers, the theoretical model is based on Mie scattering theory,
here the intensity �I� and angle ��� of scattered light can be

alculated using Eq. �1�. The functions �n and �n relate to the
ultipole expansion of light,16 and the real components of
ie coefficients an and bn �Eqs. �2� and �3�� are complex

unctions of the dimensionless scatterer size parameter � and
elative refractive index m. Within the Mie coefficients are
icatti-Bessel functions � and �17

I = Io
�

8�2r���n=1

	
2n + 1

n�n + 1�
�an�n�cos �� + bn�n�cos ����2

+ ��
n=1

	
2n + 1

n�n + 1�
�an�n�cos �� + bn�n�cos ����2� , �1�

aN =
�N� �m���N��� − m�N�m���N� ���
�N� �m��
N��� − m�N�m��
N� ���

, �2�

nd

bN =
m�N� �m���N��� − �N�m���N� ���
m�N� �m��
N��� − �N�m��
N� ���

. �3�

Referring to Fig. 1, the intensity distribution of the Fourier
ologram, IF, can be represented as

IF�x,y� � F	 x

�fF
,

y

�fF

cos� 2�

�fF
�xxo� + yyo��� , �4�

here F is the two-dimensional �2-D� spatial Fourier trans-
orm of the object function f�x� ,y��, with origin at �xo� ,yo��.

18

fF is the focal length of the lens, and � is the wavelength of
ncident light.

The Fourier hologram of a scattering object, represented in
q. �4� is characterized by low- and high-spatial frequency
ands. These are labeled as the form- and structure-factors,
ournal of Biomedical Optics 044031-
respectively. The form-factor is, conveniently, also the Fourier
transform of the function located at the image plane. For an
ensemble of scatterers, F is the sum of all individual 2-D
Fourier transforms, each of which is centered about the origin
of the transfer plane. To demonstrate, consider a slit situated
at the image plane, whose transmission function is repre-
sented as

f�x�� = 1 for −
d

2
� x� �

d

2

0 otherwise
� . �5�

The resultant optical intensity pattern is proportional to

F	 x

�fF

 = F�� =

2


sin	d

2

 , �6�

where the spatial frequency =x /�fF. The form-factor for a
rectangular scatter is, therefore, a sinc function. This function
depends on  and d—i.e., the imaging system parameters and
object size, respectively. From Eq. �4� for the one-
dimensional �1-D� case, the recorded intensity of the Fourier
hologram for a rectangular scatter is given by

Irect�x� � � 2


sin	d

2

cos�2�xo�x��2

. �7�

This is the form-factor modulated by the cosine factor
cos�2�xo�x�. Note that in the case of a scattering object, an
additional factor of refractive index will appear in the form-
factor expression, as can be seen via the relative size param-
eter m in Eqs. �1�–�3�. This function represents the structure-
factor and corresponds to the location of an individual object
or scatter. The removal of high frequencies—i.e., the
structure-factor—isolates the Fourier transform and simplifies
the conditions for inverse scattering problems, where the scat-
terer characteristics can be determined. Since filtering is ap-
plied to the Fourier hologram, this process is termed Fourier
filtering. Boustany et al.19 have demonstrated Fourier filtering

Fig. 1 Schematic diagram of the DFM configuration. Light from a laser
�not shown� is split into an object and a reference arm. The reference
field is generated by an optical fiber, whose illuminating end is lo-
cated at the object plane. The object arm, which begins at the sample,
is scattered and projected as a magnified image by the objective lens,
Lobj. Lenses L1 to L5 optimize the size of the image, projected at the
primary object plane. A beamsplitter, located between lenses L4 and
L5, divides the sample wave such that a bright-field image can be
recorded with CCD2. The Fourier lens, LF, of focal length fF, forms an
optical Fourier transform of the object. The Fourier transform inter-
feres with the reference wave at the transfer plane and is recorded by
CCD1.
July/August 2009 � Vol. 14�4�2
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y placement of an optical filter in the imaging setup. A vari-
ble diaphragm in the back focal plane of the Fourier lens
electively transmits light of particular scattering angles. In
FM, however, Fourier filtering is performed at the postpro-

essing stage by application of digital filters.
The size parameter �=�d /� is used as the fitting param-

ter for modeling with optical scatter obtained by DFM. Note
hat the related quantity, m�=�dm /�o, which we will call the
relative size parameter,” is dependent on the relative refrac-
ive index �m=nsca /nmed� and wavelength. nsca and nmed are
he refractive indices of the scatterer and surrounding media.
o determine the relative refractive index of the scatterer, the
iameter �d� of the scatterer must be known, since the relative
ize parameter includes refractive index. Using Mie theory,
he relationship between scattering angle, scatterer size, and
efractive index is illustrated in Fig. 2. Direct measurements
sing conventional microscopy or image reconstruction of the
ecorded digital Fourier hologram can be used to measure the
catterer size. In some instances, the relative size parameter
lone can contain useful information, relaxing the need for
ccurate measurement of size and refractive index of the scat-
erer separately. For example, the relative size parameter of
he cell nuclei can serve as a useful reporter of the cell abnor-

ality related to cancer. It is well known that, on average, the
alignant cells are characterized by enlarged nuclei and in-

reased refractive index, hence the mean cell nucleus size
arameter is increased due to the two factors in cancerous
ells with respect to normal cells. In fact, this parameter may
e more sensitive than the separate size and refractive index
arameters alone. In this paper, we demonstrate that the rela-
ive size parameter in � of the cell nuclei can be determined
easonably accurately in a relatively simple digital Fourier
icroscopy system. The complete schematic diagram of the
FM experimental system is presented in Fig. 1. Note that the
asic DFM system is a part of the complete system �second-
ry object plane-LF-transfer plane, see Fig. 1�.

Experimental Method
.1 Optical Scatter Spectrum
s was introduced earlier, m� is a parameter of the form-

actor, which can be retrieved from the optical scatter distri-
ution. In this paper, we define optical scatter as the scattering
mplitude dependency versus scattering angle, �. The digital
ourier microscopy technique is used to acquire the optical
catter. The simplified basic optical configuration of DFM is

2.0 2.5 3.0 3.5 1.00
1.05

1.10
15

20

25

30

m
Size (µm)

F
W

H
M

(°
)

ig. 2 Relationship between scatterer size, relative refractive index
m�, and FWHM of the form-factor.
ournal of Biomedical Optics 044031-
illustrated in Fig. 3. A beamsplitter, BS, divides a highly co-
herent �spatially and temporary� illumination wave into a
sample and reference wave. The reference wave is guided by
an optical fiber, OF, whose illuminating end is located at the
object plane. The sample wave is optically transformed by a
Fourier lens, LF, which has a focal length fF. This results in
the recording of the optical Fourier transform of the image
located in the object plane.

To obtain an optical scatter spectrum from one scatterer, a
four-step process was used, and is explained in Fig. 4. The
first step requires the Fourier transform of the recorded holo-
gram, which produces an array of complex amplitudes. This
step is the reconstruction of the object image. For a sample of
monodisperse spheres in a homogeneous medium, the array is

Fig. 3 The basic configuration of DFM using the f-f configuration. A
Fourier lens, LF, forms an optical Fourier transform of the optical field
perturbation by the object at the transfer plane, where it interferes
with the reference field and is recorded by a CCD. The reference field
is generated by an optical fiber, OF, whose illuminating end is located
off the optical axis at the object plane. A beamsplitter, BS, divides the
illumination wave into the sample and reference waves. The focal
length of the Fourier lens is fF.

Fig. 4 The theoretically modeled four-step process to obtain an opti-
cal spectra of an individual scatterer. �a� Object image obtained by
Fourier transformation of the recorded DFM hologram; �b� an isolated
scatterer image; �c� the result of the inverse Fourier transform of an
isolated scatterer, and �d� the optical spectra envelope obtained by
square-law detection low-pass filtering.
July/August 2009 � Vol. 14�4�3
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imilar to Fig. 4�a�. Note that the Fourier transform is sym-
etric and alternate quadrants are identical; hence, only the
rst quadrant of the array is shown. The second step is the

solation of an individual scatterer, which uses an apodization
unction such that diffraction edge effects are avoided.10 A
aussian function is therefore used as a cropping apodization

unction. The resultant array has one quadrant similar to Fig.
�b�, where only one scatterer is displayed and surrounding
ixels are assigned a zero value. Third, an inverse Fourier
ransform is applied to the resultant array, producing Fig. 4�c�,
hich is the optical scatter spectrum of the isolated scatterer.
o extract the form-factor envelope, represented by the low
patial frequency band of the optical scatter spectrum, a
quare-law detector followed by a low-pass filter was applied,
nd the resultant signal is presented in Fig. 4�d�. For spherical
catterers, spectra are circular symmetric. The profile of this
pectra can therefore be used as a measurable feature, which
s directly related to the relative size parameter. The full width
t half maximum �FWHM� was chosen as this parameter,
here the “half maximum” is defined as the median of the
reatest intensity, where the lowest intensity is the standard
eviation of the background signal.

.2 Digital Fourier Microscopy
he DFM setup is illustrated in Fig. 1. An optical output from
helium-neon laser ��=632.8 nm, P=5 mW� was equally

plit into object and reference arms. In the object arm, a
ample was placed in the path of the collimated laser beam,
here light was either scattered or transmitted through the

ample. An assembly of an infinity-corrected objective lens
obj �Olympus, 40�, NA=0.65�, and a relay lens LF

achromat-doublet, focal length fr=60 mm�, produced a mag-
ified image of the object at the secondary object plane. An
perture was placed in the first image plane �between L1 and
2� to limit the field of view of the overall imaging system,
nd in order to avoid aliasing in the reconstructed image. The
agnified image was projected onto the transfer plane by a
ourier lens LF �achromat-doublet, focal length

fF=100 mm�, where a CCD camera �Photometrics, Cool-
NAP cf , 12-bit, 1392�1040� was situated. In the reference
rm, the laser light was coupled into a single-mode optical
ber �mode-field diameter 4.0 �m at 632.8 nm, NA=0.11�.
he illuminating end of the fiber was placed off-axis at the
bject plane. The interference between the optical field due to
he magnified image of the object and the quasi-plane refer-
nce field combined at the transfer plane was recorded by the
CD camera.

.3 Verification of the DFM Technique
he refractive index of polystyrene and organosilica micro-
pheres were determined to demonstrate the measurement ac-
uracy of DFM. 2.01-�m polystyrene microspheres
ProSciTech, product number QPP-02-10�, 3.27-�m �Dako
pectrAlign, product number K0111�, and 5.94-�m organo-
ilica microspheres were used for measurements. Two meth-
ds of refractometry, as described by Seet et al.13 were em-
loyed for the calibration of microspheres. First, a refined
ptical scattering spectroscopy method was applied, where a
ommercial laboratory Lamda40 spectrophotometer �Perkin-
lmer� was used to measure the refractive index of the bio-
ournal of Biomedical Optics 044031-
logical phantoms. Second, the refractive index of single mi-
croparticles were measured using optical tweezer
refractometry.20 The two methods were compared, and very
good agreement was achieved.13

Several optical scatter spectra were measured for each type
of microsphere. The FWHM and refractive index distribution
of 2.01-�m and 3.27-�m polystyrene and 2.80-�m organo-
silica microspheres are shown in Fig. 5, Fig. 6, and Fig. 7. For
2.01-�m polystyrene microspheres, the mean relative refrac-
tive index was found to be 1.04�0.01. Using a value of
1.531 for the refractive index of polyvinyl-alcohol �PVA� at
20% concentration, the refractive index of polystyrene was
found to be nPS=1.59�0.01. The FWHM distributions for
3.27-�m polystyrene and 2.80-�m organosilica were also
measured and were found to be nPS3=1.59�0.01 and nOgSi
=1.52�0.01, respectively. Measured values, shown in Table
1, agreed within experimental uncertainty with these deter-
mined using the scattering spectroscopy method. This demon-
strated the refractometry potential of DFM as applied to the
biological phantoms, with controlled scattering parameters.
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Fig. 5 Refractive index distribution of �a� FWHM and �b� relative re-
fractive index measurements for 2.01-�m polystyrene microspheres.
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.4 Imaging Cells Using DFM
e applied DFM to optical characterizations of the melano-

yte cell culture. Melanocytes were cultured onto glass cov-
rslips placed on the bottom of culturing flasks. This allowed
ells to grow onto a thin layer of glass, which was later im-
ersed in a phosphate buffered saline �PBS� solution. Mel-

nocyte cells were imaged using the DFM configuration illus-
rated in Fig. 1. Although the sample image can be obtained
y discrete Fourier transform of the recorded hologram, it was
ifficult to achieve a trade-off between the optical scatter re-
ording and optimal magnification of the sample image—the
ollection of wide-angle scatter corresponds to a highly mag-
ified image. Therefore, to maximize the accuracy of the size
easurements, a direct image of the sample was obtained

sing an auxiliary imaging device �CCD2�, illustrated in Fig.
. One of the several images recorded by CCD2 is shown in
ig. 8, where characteristic dendrites can be observed, and at

he center of these are cell nuclei �labeled A�. From individual
easurements, it was found that the mean diameter of nuclei
as 2.4�1.0 �m. This agrees with the previously published
alues of 3 to 10 �m for mammalian cell nuclei.21 The error
n the mean size determination is predominantly due to the
maging specifications of CCD2 and diffraction limit of the
mployed imaging system. This error can be reduced by using
high-resolution CCD or field of view with greater magnifi-

ation.
The optical scatter spectra of 21 cell nuclei were deter-

ined by extraction of the form-factor, as described earlier. A
istogram of the measured FWHM values are shown in Fig. 9.
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ig. 7 Refractive index distribution of �a� FWHM and �b� relative re-
ractive index measurements for 2.8-�m organosilica microspheres.

Table 1 Relative and absolute refractive indices
scattering spectroscopy �nSS�.

Diameter/Material mD

2.01±0.05 �m/polystyrene 1.04±

3.27±0.06 �m/polystyrene 1.041±

2.80±0.26 �m/organosilica 0.99±
ournal of Biomedical Optics 044031-
The mean FWHM of all cells were found to be
23.2�0.3 deg. Using Eq. �1�, a lookup table of scattering
angles for various spheroid sizes and relative refractive indi-
ces was determined �illustrated in Fig. 2�. The relative refrac-
tive index of melanocyte nuclei was determined to be
1.03�0.01. This yields an average absolute refractive index
of 1.38�0.01, assuming that the surrounding cell medium is
water, nwat, and is 1.33.

3 Discussion
The ideal optical scatter profile of a spherical scatterer is char-
acterized by a central maximum and concentric rings.10 How-
ever, the intensities of the rings appeared diminished due to
the background noise. As an illustration of the relative signal
intensity of the first scatter ring, Fig. 10 shows the optical
scatter 2-D map and horizontal, vertical, and two diagonal
profiles. One unavoidable source of noise is the nonunifor-
mity of PVA in which microspheres are embedded. Addition-
ally, reflections and scattering from the optical components
also contributes to these fluctuations. The current DFM sys-
tem sensitivity precludes acquisition of the high-angle optical
scattering rings of 2.01-�m sphere, which are undetectable. A
useful inseparable feature of the optical scatter distribution
appeared to be the at full width of the central peak at the half
the maximum intensity �FWHM, illustrated by the arrow in
Fig. 10�c��. Typically, the intensity of sidelobes was less than
10% of that of the central maximum. For the background
fluctuations less than 10% of the maximum signal value, the
FWHM angle was not significantly affected by the back-
ground fluctuations and was therefore suitable for determina-
tion of the scatterer.

To determine the refractive index of an individual micro-
sphere, the exact size must be known. It is possible to deter-
mine the size by image reconstruction of the recorded holo-

ined by DFM �mDFM and nDFM, respectively� and

nDFM nSS

1.59±0.01 1.582±0.001

1.59±0.001 1.582±0.001

1.52±0.01 1.522±0.001

Fig. 8 Image of the melanocyte cells �arrows show cell dendrites�
obtained by �a� auxiliary imaging device �CCD2� using the configura-
tion shown in Fig. 1. The image aperture appears as a circular outline.
�b� The recorded Fourier hologram of cells.
determ

FM

0.01

0.007

0.01
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ram. However, this is limited to the resolution of the
econdary imaging system. For example, a direct bright-field
mage can be recorded by CCD2, which is illustrated in the
chematic diagram of the DFM setup in Fig. 1. The resolution
s limited to 0.3 �m due to the number of pixels and size.
lthough this can be overcome by modification of the focal

ength of L6, which determines the system’s magnification,
his would reduce the field of view, which was undesirable for
ur experiments. Alternatively, for monodisperse size distri-
utions, an average size and refractive index value can be
sed. Multiple measurements of the FWHM were therefore
erformed and a refractive index histogram was produced.

In order to ascertain that the recorded optical scatter was
ominated by the contributions from the cell nuclei, we con-
idered the presence of the other cell structures and their scat-
ering and absorption efficiency. Melanin plays a photoprotec-
ive role by absorbing a broad spectrum of radiation,
redominately UV. The absorption spectrum of eumelanin,
llustrated in Fig. 11, shows that the absorption rapidly de-
reases with wavelength.22 In the analysis of FWHM angles,
bsorption by melanin is dominant in the short wavelength
ange and is, therefore, not accounted for since the laser pro-
uces light in the longer wavelength region of 633 nm. As for
he effect of absorption, a small amount of absorption merely
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ig. 9 FWHM distribution melanocyte cell nuclei refractive index.
he mean FWHM was found to be 23.2±0.3 deg, which corresponds
o the relative size parameter, m�=16.5±0.2, respectively, based on
1 cell measurements.
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ig. 10 �a� A reconstructed image of a polystyrene microsphere, �b� its
ptical scatter spectra, and �c� the optical scatter spectra profile, with
he FWHM angle indicated by the arrow.
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reduces the amount of scattering, and larger amounts of ab-
sorption will reduce the amount of light, which, while reduc-
ing amplitude of the scattering profiles from the nuclei, will
not change their shapes. Scattering by melanin was therefore
assumed to be much greater than its absorption at 633 nm.

Scattering from the cell organelles and melanosomes was
also considered. The cell organelles were typically less than
1 �m in size. For example, mitochondria are approximately
0.3 to 0.7 �m in diameter, and lysosomes and peroxisomes
are roughly spherical in shape and approximately
0.2 to 0.5 �m in diameter.23,24 Cell organelles have been
reported8 to have refractive indices less than the cell nuclei:
cell nuclei 1.38 to 1.47, extracellular fluid 1.35 to 1.36, cyto-
plasm 1.36 to 1.37, and mitochondria 1.38 to 1.41. Since cell
organelles are smaller than cell nuclei, scattering from these
would be characterized by the larger average cosine than that
from cell nuclei. Melanin within melanosomes also scatters.
Eumelanin pigments are typically 31�1 nm,25 while melano-
somes range from �0.46 to 2.11��10−2 �m2 in area �average
size of 0.76 to 1.64 �m, assuming that diameter D is related
to area A by D= �A /��1/2.� Note that the sizes of melano-
somes vary with ethnicity, where melanosomes in dark skin
are the largest, and have been measured to be �1.44�0.67�
�10−2 �m2. Asian skin and Caucasian skin have also been
measured to be �1.36�0.15��10−2 �m2 and �0.94�0.48�
�10−2 �m2, respectively.26 For such small sizes, light is scat-
tered at angles larger than the FWHM of cell nuclei. There-
fore, cell organelles do not affect the FWHM distribution of
cell nuclei.

The refractive index of organelles and melanosomes was
also considered. The refractive index of melanosomes has
been found to be 1.55 to 1.65 and 1.59 at 589 nm.27 To dem-
onstrate effects on FWHM, the size parameter was calculated
for cell nuclei, cell organelles, and melanosomes �see Table
2�. From the average published values, the size parameter for

Fig. 11 Absorption spectra of eumelanin by Nofsinger et al.22

Table 2 Average refractive index �nave�, size �d�, and relative size
parameter �m�� of cell components.

Cell component nave d ��m� �m��

Nuclei 1.42 5.0 35.7

Melanosomes 1.60 1.2 9.5

Organelles 1.37 0.42 2.9
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ell nuclei was found to be 35.7. This value is much larger
han the size parameters of cell organelles �m�=2.9� and mel-
nosomes �m�=9.5�, indicating that scattering by cell nuclei
s by far the greatest and at smaller angles than the cell or-
anelles. Since the size parameter directly relates to the
WHM of the optical scatter distribution, we conclude that

he optical spectra recorded by DFM were due to the melano-
yte cell nuclei scattering. This is supported by the work of
ourant et al.,21 where the cell organelles have been shown to

ave minimal effect on the small-angle scattering.
For the application of DFM as a diagnostic indicator of

ellular disease, the relative size parameter m� alone can be
sed, since it is directly proportional to size and the relative
efractive index of the cell nuclei. It would be highly desirable
o perform cross-comparison of the normal and malignant

elanocyte relative size parameters using the DFM technique.
owever, melanoma cells were not available for measure-
ents during the study. A detectable increase of the relative

ize parameter of malignant cell nuclei is expected to increase
n size and relative refractive index. The size parameter for

elanocyte cell nuclei was determined to be 16.5 using DFM
nd is expected to increase for melanoma cell nuclei.

Conclusion
FM is a simple and versatile technique that records a Fourier
ologram of scattering particles. Optical scatter of individual
catterers can be extracted and processed, yielding useful
cattering characteristics using DFM. Although a product of
he scatterer size and refractive index, the relative size param-
ter, can be readily determined, their decoupling requires ad-
itional measurements and can result in the overall accuracy
oss. Fortunately, in some optical measurement scenarios, the
ecoupling is not necessary. For example, the relative size
arameter can be used as a useful reporter of the cell condi-
ion �normal versus malignant�, e.g., malignant cell nuclei in-
rease in both size and refractive index. Such changes are
xpected to cause an increase of the relative size parameter of
n average cell nucleus. In this paper, we have successfully
emonstrated the application of DFM to retrieve the relative
ize parameter of the melanocyte cell nuclei, which yielded
easonable and interpretable results.
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