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The author proposes a method to identify the three-dimensional positions of fluorescent biomarkers by
recording just two images. In the proposed method, the x and y positions of all fluorescent markers are
recorded in the first exposure, and the zpositionsare obtained fromablurred image in the secondexposure.
The author has verified this method using a specimenwith 1 μmdeep grooves and applied it to measuring
chromatic aberration and the separation between two biological probes in fluorescence in situ hybridiza-
tion cells. Themethod offers the advantage of greatly reduced data storage requirements. © 2011Optical
Society of America
OCIS codes: 180.2520, 180.6900, 110.4190.

1. Introduction

To analyze specific chromosomes in human cells,
fluorescence in situ hybridization (FISH) [1,2] is com-
monly used in diagnosis and drug discovery. FISH
analysis is used to observe a fluorescent probe that
is hybridized to a specific chromosome with a fluores-
cence microscope. In current cancer research, three-
dimensional (3D) analysis of specific chromosomes
and proteins in cells is becoming more important
for understanding signal transduction mechanisms,
drug sensitivity, and in activating mutations [3].
The intrachromosomal recombination frequency
was shown to be inversely proportional to thedistance
between two recombination sites by applying a Cre-
mediated chromosomal recombination system using
fluorescent proteins and different site-specific recom-
binases [4]. To perform 3D analysis of chromosomes
and proteins in cells, it is necessary to identify the
3D positions of fluorescent probes.

In the research field of fluorescence microscopy,
the optical diffraction limit has been overcome using
new concepts such as stimulated emission depletion
[5,6], structured illumination microscopy [7], photo-
activated localizationmicroscopy (PALM) [8], and sto-
chastic optical reconstruction microscopy (STORM)
[9]. The PALMandSTORMmethods employ photoac-
tivated fluorescent probes to achieve super-resolution
imaging of spatial differences in dense populations of
molecules. Single-molecule localization is achieved
by superimposing the point-spread function of a
widefield fluorescence microscope onto a wireframe
representation of the pixel array of a digital camera.
Research into super-resolution imaging in fluores-
cence microscopy is still being actively pursued, and
there have been reports of live-cell imaging [10] and
3D imaging [11,12] being achieved. In addition to
super-resolution imaging, 3D fluorescence micro-
scopy has also received considerable attention re-
cently, with reports on the use of a spatial light
modulator [13,14], a cylindrical lens [15], and a quad-
ratically distorted grating [16]. Although thesemeth-
ods are convenient for acquiring multiple images at

0003-6935/11/254989-09$15.00/0
© 2011 Optical Society of America

1 September 2011 / Vol. 50, No. 25 / APPLIED OPTICS 4989



different focal positions simultaneously, the observa-
tion area decreases in inverse proportion to the num-
ber of focal layers because a different part of the
imaging device area is assigned to each layer.

In the semiconductor field, fluorescence micro-
scopy can also be applied to nondestructive defect in-
spection of silicon substrates. Navin et al. reported
the use of fluorescence microscopy to identify the
position of defects at depths from 1 to 3 μm from the
surface of a silicon substrate by detecting a photolu-
minescence signal during illumination with 532nm
light [17]. Recently, electronic and photonic inte-
grated circuits [18,19] have received considerable
attention as high-speed next-generation signal pro-
cessing devices. The use of electronic and photonic
double-layer substrates is a promising approach
since it allows the optimum use of the silicon surface
[20]. However, there is a risk of defect introduction
into the substrate due to previously fabricated opti-
cal circuits. Because optical circuits are less sensitive
to defects than electronic circuits, defects at depths
of about 1 μm or more from the surface have an al-
most negligible impact on the device, whereas those
within the top 0:5 μm can cause serious problems
[21]. Therefore, a nondestructive inspection method
which can identify the depth of defects is required.

When the region of interest in a specimen is lim-
ited, locating it can be time-consuming using current
3D fluorescence microscopy techniques because of
the reduced observation area. An extended depth
of field method employing a phase mask have been
shown to be effective in identifying the target for ob-
servation because the depth of focus is extended [22].
However, it is difficult to extend the depth of focus to
about 5 μm, which is the normal thickness of a biolo-
gical sample, without a degradation of the optical
quality. In addition, this method does not support
3D imaging.

As a result, in many cases, a method of recording
multiple images at different focal positions using a
widefield microscope, which is a traditional method,
is used to find the target area for 3D fluorescence
microscopy observations.

On the other hand, in the field of computational
photography, there has recently been remarkable pro-
gress in handling blurred images [23–25]. Flexible
depth of field photography [25] can create focused
images of objects atdifferent focal positions byanalyz-
ing blurred pictures taken by an imaging device mov-
ing in the focal direction during exposure.

The author has proposed a method to determine
the depth of fluorescent markers by analyzing
blurred images that contain projected depth informa-
tion. This method requires only two exposures using
a conventional widefield fluorescence microscope,
and it has sufficient precision to identify the 3D posi-
tion of fluorescent probes. The accuracy of the depth
measurements has been confirmed using a specimen
in which fluorescent beads are placed both on the top
and at the bottom of 1 μm deep grooves fabricated
on a fused silica substrate. The application of this

method to measure the chromatic aberration of the
microscope optics and the true separation between
different color fluorescent bio probes in FISH cells
is demonstrated. Because there is no need to use
photoactivated protein, this method is applicable
to all kinds of fluorescent markers in addition to non-
destructive defect inspection of silicon substrates.

2. Traditional Method for Obtaining Depth Information
in Fluorescence Microscopy

Figure 1 shows the procedure for identifying the 3D
position of fluorescent markers using the traditional
method. Multiple images are recorded at different
focal positions (z positions) at fine step intervals,
as shown in Fig. 1(a). Next, the brightness of the
fluorescent markers is plotted against the z position
corresponding to each image, as shown in Fig. 1(b).
The actual z position of each marker can then be de-
termined from the peak of the brightness curves.

The analysis can be carried out by computer using
a simple algorithm to automatically determine the
3D position of fluorescent markers. However, if the
region of interest is limited, computer analysis
requires a large amount of memory to handle the
high volume of data associated with the multiple
images. For example, if the sample dimensions are
15mm× 15mm× 5 μm and the pixel resolution is
0:15 μm =pixel, the data size is 600GB in Tiff format
and 30GB in JPEG format even if the focal interval
between images is 0:25 μm. This corresponds to
about 130MB=mm2 in JPEG format. Since the area
of a current 300mm silicon substrate is about
70000mm2, about 9TB of storage space is required
per wafer, even if image files are compressed to JPEG
format. Therefore, a method with smaller storage
requirements is desirable. The data size cannot be
reduced by applying current 3D imaging techniques

Fig. 1. Procedure for finding the z positions of the fluorescent
markers in the traditional method. (a) First step: capturing multi-
ple images with fine intervals in the z direction. A red and a green
fluorescent marker are seen in the right and left portion of the im-
age, respectively. They have different focus positions. (b) Second
step: plotting the peak brightness data for each fluorescence mar-
ker, determining the focal depth, identifying the position of the
markers.
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[13–16] because the image quality is the same as that
for the traditional method.

3. Proposed Through-Focus Exposure Method

In the through-focus exposure method, the specimen
is moved in the x, y, and z directions during expo-
sures, and the positions of the fluorescent markers
are identified by a two-step process. Figure 2 shows
a schematic illustration of a 3D structure for analy-
sis. Marker A emits green fluorescent light and mar-
ker B emits red light. The z positions of markers A
and B are zA and zB, respectively. In addition, zA is
at the midpoint between zstart and zend, whereas zB
is closer to zend.

The first step involves moving the microscope
stage with the specimen in the z direction only. This
movement can be described by Eq. (1). The focal
plane of the microscope moves from zstart to zend at
constant velocity during the exposure time t. At the
beginning of exposure (t ¼ 0), the focal plane is at
zstart and at the end of exposure (t ¼ tex) it is at
zend. The x and y positions are fixed during exposure,
as expressed by Eqs. (2) and (3).

zðtÞ ¼ zstart þ ðzend − zstartÞ
t
tex

ð1Þ

x ¼ x0 ð2Þ

y ¼ y0: ð3Þ
Figure 3(a) shows a schematic diagram illustrating

the change in the image of fluorescent marker Awith
time t during exposure. At the beginning of the expo-
sure (t ¼ 0), the focal plane is at zstart and the image
is defocused. When t ¼ 1=2tex, the focal plane of the
microscope is at ðzend þ zstartÞ=2 where marker A ex-
ists and the image is in focus. At this moment, the
size of the image is at a minimum and its brightness
is at a maximum. At the end of exposure (t ¼ tex), the
image plane is at zend and the image of marker A is
again defocused.

Figure 3(b) shows an illustration of the recorded
image. Because both marker A and B are between
zstart and zend, at some point during the exposure each
will be in focus. Because the stage was not moved in
the x or y directions during exposure, the x and y

positions of markers A and B can be identified in
the recorded image.

In the second step of the process, information on
the z position of the fluorescent markers is obtained
from blurred images produced by moving the micro-
scope stage in the x, y, and z directions during
exposure, as expressed by Eqs. (4)–(6). The z axis
movement is the same as in the first step, whereas
the x and y movements describe a circular path with
a radius of L. The center of the circle is the point
ðx0; y0Þ, at which the previous exposure was
performed:

zðtÞ ¼ zstart þ ðzend − zstartÞ
t
tex

ð4Þ

xðtÞ ¼ x0 þ L × cos
�
π t
tex

�
ð5Þ

yðtÞ ¼ y0 þ L × sin
�
π t
tex

�
: ð6Þ

Figure 4(a) shows a schematic diagram illustrating
the change in the image of fluorescent marker Awith
time t during exposure. At the beginning of exposure
(t ¼ 0), the focal plane is at zstart and the image of
marker A is defocused. As t increases, the image of
the marker on the imaging device follows a circular
path with a radius of L ×M, where M is the micro-
scope magnification. When t ¼ 1=2tex, the focal plane
of the microscope is at ðzend þ zstartÞ=2 where marker

Fig. 2. 3D structure to explain the proposed method. Marker A
is on the zA plane and marker B is on the zB plane.

Fig. 3. First step: identifying the xy position of markers using through-focus exposure. (a) Image of fluorescent marker A on imaging
device as a function of time t during exposure. (b) Image of markers A and B recorded by through-focus exposure. xy positions of marker
A and B are identified as ðXA;YAÞ and ðXB;YBÞ, respectively.
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A exists. The marker image is then in focus and has a
minimum size and maximum brightness. At the end
of exposure (t ¼ tex), the focal plane is at zend, and the
image is again defocused.

Figure 4(b) shows a schematic of the final recorded
image, with the blurred circular arcs associated with
markers A and B, whose centers correspond to the
positions of these markers in Fig. 3(b). The points
on the arcs where the biomarkers are in focus can
be identified as the points of maximum brightness.
Lines A and B can then be drawn between the center
points and the focus points, as shown in the figure.
The angles θA and θB are indicators of the elapsed
time when the focal plane was on marker A and
marker B, respectively, which directly corresponds
to the z position of the markers. In Fig. 4(b), lines
A and B are drawn merely to illustrate the relation-
ship between the angles and the z position; in actual
measurements there is no need to draw these lines.

If the purpose of the observation is simply to
measure the separation between two fluorescent
markers, the x and y components can be obtained
from Fig. 3(b) and the z component by measuring
the difference between the angles in Fig. 4(b).

4. Experimental Verification of Proposed Method

A. Experimental Setup and Sample Preparation

The experimental setup is shown in Fig. 5. The fluor-
escence microscope used was a widefield system
(Axio Imager Z1, Carl Zeiss). A piezo-type xy stage
(P-628K001, Physik Instrumente) and piezo-type z
stage (P-622.ZCL, Physik Instrumente) is placed on
the microscope stage in order to move the specimen
during exposure. The xy stage is controlled by an xy
stage controller (E-710.4CL, Physik Instrumente)
and the z stage by a z stage controller (E-661CP,
Physik Instrumente). The z stage position is set
using a function generator. Both stages are con-
trolled by a closed loop servo system. The position
of the z stage is monitored using a digital oscilloscope
(TDS220, Tektronix). A digital SLR camera (Alpha
900, Sony) is connected to the fluorescence micro-
scope using a 2:5× adapter lens (Carl Zeiss). The
Alpha 900 has a full-size CMOS color image sensor
(24.81 megapixels) with a pixel pitch of 5:94 μm. The

digital camera and xy stage controller are directly
controlled by a PC.

By applying a sine and cosine function (amplitude
5 μm, frequency 0:2Hz) to the x and y inputs of the
xy stage, respectively, the stage is made to follow a
circular path with a radius of 5 μm and an angular
velocity of 72 deg =s. Either a 20× objective lens
(Plan-APOCHROMAT 20×=0:8, Carl Zeiss) and a
40× objective lens (EC Plan-NEOFLUAR 40×=0:75,
Carl Zeiss) are used in the experiments. Since the im-
age sensor has dimensions of 36:2mm × 24:1mmand
a 2:5× adopter lens is used, the image capturing area
with the 20× and 40× objective lenses is 724 μm ×
482 μm and 362 μm× 241 μm, respectively. In addi-
tion, due to the circular motion of the xy stage, the
entire boundary of the image capturing area is re-
duced by 5 μm, so the effective image sizes with
the 20× and 40× objective lenses are 714 μm × 472 μm
and 352 μm× 231 μm, respectively.

The speed of the z stage is set to 3 μm=s and the
exposure time is 4 s for both the first and the second
exposure. Therefore, the z stage moves by a total of
12 μm during exposures. Between the first and the
second exposure, the XY stage moves 5 μm in order
to set a center position of circular movement to the
position of the first exposure. However the second ex-
posure time is 4 s and traveling angle is 288 deg dur-
ing exposure. The stage has started to move on the
full circle before the second exposure in order to have

Fig. 4. Second step: identifying the z position of markers from blurred image. (a) Image of fluorescent marker A on imaging device as a
function of time t during exposure. (b) Final blurred images of markers A and B.

Fig. 5. Experimental setup. Piezo-type stages xy and z stages are
placed on the stage of FOV-type fluorescent microscope; Axio
Imager Z1 (Carl Ziess). Color digital SLR camera is used.
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settling time of 1 s. The total consuming time of this
method is about 12 s from the start of the stage move-
ment of the first exposure to the end of the second
exposure. In other words, an acquisition time of pin-
pointing data for all markers in the captured area of
714 μm × 472 μm or 352 μm× 231 μm is 12 s. Although
the resolution of the servo systems for both the xy
and z stages is 10nm, the precision in the z direction
is only about 0:05 μm due to the presence of vibra-
tions at about 200kHz.

The specimen used for validation of this method is
shown in Fig. 6. It consists of a fused silica substrate
with a groove structure produced by reactive ion etch-
ing. The groove depth was determined to be 1 μm
using a surface profiler (P10, KLA Tencor). Green
fluorescent beads with diameters of 0:3 μm (Fluoro-
max G300, Thermo Fisher Scientific) are placed ran-
domly on the substrate and covered by a 0:17mm
thick cover glass for microscopy observations.

Figure 7 shows images of the fluorescent markers
on the specimen taken using the proposed method
with 20×=0:8 objective lens. The images are filtered
using filter set No. 38 (Carl Zeiss; emission wave-
length 525nm). Figures 7(a) and 7(b) correspond to
the two steps described in Section 3 to determine the
xy and z positions, respectively. The arrow in Fig. 7(b)
shows the image movement direction as the z stage
moves closer to the objective lens. The effective NA of
objective lens in the first exposure was evaluated by
using Fourier optics [26]. The width at the brightness
level of 1=e2 of the image of a point source in the first
exposure with NA 0.8 objective lens is same with the
width of focused image with NA 0.62 objective lens.
As can be seen from Fig. 7(a), there is sufficient con-
trast to easily identify the center positions of the
marker images.

B. Results of Verification Experiment

Figure 8 shows the process for determining the z posi-
tion of the fluorescent markers from the blurred im-
age. Based on Fourier optics, theoretical images were
calculated for a monochromatic point source at a gi-
ven wavelength and a defocus value from 3 to −3 μm
[26]. The magnification is defined as the ratio of the
numerical apertures of the objective and imaging
lens. The final theoretical blurred image was pro-
duced by placing each image obtained above at the

appropriate position based on the movement of the
stage. This composite image was then rotated at 1 de-
gree intervals to produce a total of 360 images for
comparison with the experimentally obtained image.
MATLAB (Mathworks) was used to calculate the cor-
relation between the cropped experimental image
and each of the 360 calculated images in order to ob-
tain theappropriate value of theangle θ (seeFig. 4(b)).
The total calculation time was less than 1 s on a stan-
dard Windows XP machine (Optiplex 745, Dell Inc.)
for image sizes of 100 × 100 and 121 × 121 for the
cropped experimental image and theoretical images,
respectively.

Figure 9 shows the localization results for beads A
and B on the specimen. The vertical axis is the nor-
malized correlation coefficient between the blurred
images of beads A and B in Fig. 7(b) and the theore-
tical images. The horizontal axis is the image file
number of the theoretical images that directly indi-
cates the angle of the images. As can be seen, there
is a 25 degree difference between the maxima for
beads A and B. Because the speed of the z stage was
3 μm=s and the angular velocity of the xy stage was
72 deg =s, this corresponds to a difference of 1:04 μm
in the z positions of beads A and B. This value is very
close to the actual groove depth of 1 μm. Based on the
direction of movement of the xy and z stages, as indi-
cated inFig. 7(b),we candeterminewhich of the beads
is in the groove. The results indicate that bead B is
closer to the objective lens than bead A, i.e., bead A
is in the groove.

A XY position of the marker is determined by
analyzing the centroid of the image. Since the loca-
lization process of marker in z direction uses the cor-
relation between the cropped experimental image
and theoretical images, the error in XY position is
not sensitive to the localization process only if the
cropped experimental image is properly cropped.
The error margin associated with the localization
process is less than 0:1 μm since 1 degree rotation
intervals are used for the theoretical images. TheFig. 6. Specimen for verification of the proposed method.

Fig. 7. Images of fluorescent beads on specimen. (a) Image the
first step exposure. The z stage wasmoved during exposure. (b) Im-
age by the second step exposure. The xy stage and z stage were
synchronously moved.
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high-frequency vibration of the z stage described
earlier has little effect on the localization process
because the stage movement is slow.

These results confirm the effectiveness of the pro-
posed method in pinpointing fluorescent markers
three dimensionally. However, since the scanning
range in the z direction is 12 μm in this experiment,
localization of fluorescent markers near the bottom
or top of this range is more difficult because the the-
oretical images are calculated for a defocus range of
−3 toþ3 μm. As a result, the effective scanning depth
is 6 μm for a localization error of less than 0:1 μm.
However, this is sufficient for many biological and
semiconductor applications. It must again be empha-
sized that in this method only two captured images
are required. By contrast, for a z range of 6 μm at
0:1 μm intervals, the traditional method would re-
quire 61 exposures.

5. Application to Chromatic Aberration Measurements

Before describing the application of the proposed
method to biological cells, the results of measuring

chromatic aberration are presented. Figure 10 shows
the specimenused for themeasurements.Blue, green,
and red fluorescent beads with diameters of 0:3 μm
(Fluoro-max B300, G300, and R300; Thermo Fisher
Scientific) were placed on a flat glass substrate with
a 0:17mm thick cover glass. Since the z position was
the same for all of the beads, the z positions deter-
mined using the proposedmethod should be the same
in the absence of chromatic aberration. This implies
that any differences due to the color of the beads are a
reflection of the degree of chromatic aberration.

Figure 11 shows an image of the second-step expo-
sure to determine the z positions of the fluorescent
markers using the 40× objective lens. The filter set
used was the triple band fluorescent filter set of
25HE for DAPI (460nm), FITC (530nm), and TxRed
(630nm) manufactured by Carl Zeiss. The stage
parameters and exposure time were as described in
the previous section.

Figure 12 shows the localization results for the
blurred images highlighted in Fig. 11, averaged over
5 green and 5 red beads. The theoretical images were
calculated based on FITC and TxRed wavelengths
for the green and red markers, respectively. A differ-
ence of about 10 degrees can be seen between the
maxima, corresponding to a z difference of 0:42 μm

Fig. 8. Localization process of fluorescent marker in z direction.

Fig. 9. Results of localization of bead A and B in test specimen. Fig. 10. Specimen for measuring chromatic aberration.
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between the FITC and TxRed wavelengths of 530
and 630nm, respectively. This result indicates that
a combination of different colored fluorescent beads
placed on a flat substrate, a multiband fluorescent
filter set, and a color camera, it is possible to measure
the chromatic aberration of the system using the pro-
posed method.

6. Measurement of Distance between FISH Probes in
a Biological Cell

A. Sample Preparation and Experimental Conditions

A biological specimen of FISH cells was produced
using aUroVysionBladderCancerKit [27], with a cell
line of MRC-5 [28]. UroVysion has 4 fluorescent
probes that emit different colors for counterstaining
cell nuclei. In the present study, attentionwas focused
on two fluorescent probes that emit SpectrumRed and
SpectrumGreen, which hybridize to the centromere
regions of chromosomes 3 and 7, respectively.

A dual band filter set (#51006, Chroma Technology
Corp.) was used with the 40× objective lens. This fil-
ter set is designed for FITC and TxRed and it is also
applicable to SpectrumGreen and SpectrumRed. The
center wavelengths of the FITC and TxRed emission
filters are 530 and 630nm, respectively, which are
the same as the wavelengths used in measuring the
chromatic aberration. The stage parameters and
exposure time are also as described earlier.

B. Experimental results

Figures 13(a) and 13(b) show first-step and second-
step images of the fluorescent probes, respectively,
whereas Fig. 13(c) is a fixed-focus image for reference.

Although there are background signals due to
counterstaining of the cell nuclei around the FISH
markers, the images have sufficient contrast to dis-
tinguish the FISH markers even Fig. 13(b). Since the
pair of markers of chromosomes 3 and 7 indicated in
Fig. 13(a) are in very close proximity, these were cho-
sen for the distance measurement. From Fig. 13(a),
the distance between the twomarkers in the xy plane
was 0:96 μm. The same result was obtained from
Fig. 13(c). Figure 14(a) is a cropped image of the mar-
kers chosen for the localization process. Figures 14(b)
and 14(c) show the red and green color components of
Fig. 14(a), respectively. These are used to identify the
positions of chromosomes 3 and 7, respectively.

Fig. 11. Images of fluorescent beads of different colors on flat sub-
strate by the second step exposure. The xy stage and z stage were
synchronously moved.

Fig. 12. Results for chromatic aberration measurements. Results
of localization of red and green beads on flat substrate.

Fig. 13. Images of FISH cells of UroVysion Bladder Cancer Kit.
Red color fluorescent probe hybridizes to the centromere regions of
chromosomes 3 and green probe hybridizes to the centromere re-
gions of chromosomes 7. (a) Image by the first step exposure. The z
stage was moved during exposure. (b) Image by the second step
exposure. The xy stage and z stage were synchronously moved.
(c) Reference image captured with xy and z stages fixed.

Fig. 14. Cropped blurred images of FISH cells for localization of
probe position. (a) Original color (3 color component image) of
cropped blurred image (b) Red component of cropped image for lo-
calization of probe hybridized to chromosome 3. (c) Green compo-
nent of cropped image for localization of probe hybridized to
chromosome 7.
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The localization results are shown in Fig. 15. There
is a difference of 14 degrees between the maxima for
chromosomes 3 and 7, corresponding to a z difference
of 0:58 μm. Since it is known that a chromatic aber-
ration of 0:42 μm exists between the FITC and TxRed
wavelengths, as shown in Fig. 12, the z distance be-
tween chromosomes 3 and 7 is modified to 0:16 μm.
Combining this with the xy value of 0:96 μm gives
a true separation of 0:97 μm.

7. Conclusion

A method was proposed to measure the 3D positions
of fluorescent markers using just two images, and
it was experimentally validated using fluorescent
beads on a grooved substrate. The technique was
then applied to the measurement of chromatic aber-
ration and the true separation between FISH probes.
Because there is no need to use a photoactivated pro-
tein, this method is applicable to a wide range of
fluorescent probes and to nondestructive defect in-
spection of silicon substrates. The proposed method
was composed on the assumption that the fluores-
cent markers are point sources. Therefore this meth-
od is suitable for pinpointing small markers. Because
the normal length of FISH probes is 500 kilobase and
its size is less than 1:5 μm, the proposed method is
suitable for FISH specimen. On the other hand, there
are many shapes and sizes of the defect in silicon sub-
strate. Although the precision of localization is de-
graded when the defect is not small, the rough
localization precision is permissible. In actual case
of nondestructive defect inspection of silicon sub-
strate, the precision of localization is required when
the small defect is within the top 0:5 μm of the
substrate.

This method uses two exposure steps. In the first,
the x and y positions of fluorescent markers are iden-
tified using through-focus exposure. In the second
step, the z position is identified by analysis of a
blurred image taken while moving the specimen
along three axes. Using a multiband filter set and

a color camera, themethod can be applied tomeasure
the distance between fluorescent probes of different
colors.

In case the marker images with same colors are
closely located or overlapped either in the first or
in the second exposure, the localization process in
z direction should be modified. The modified localiza-
tion process will pinpoint the multiple markers by
following two steps. First is estimating a number
of overlapped markers by analyzing the brightness
and shapes of images captured by the first and the
second step exposures. Second is localizing the
numbers of markers with assuming that there are
estimated numbers of markers. By adopting this
modification, three dimensional shape and size of
the marker will be measured.

With the experimental parameters in this paper,
the depth scanning range was 6 μm with a localiza-
tion error of less than 0:1 μm. The effective image
capturing area was 714 μm× 472 μm and 352 μm ×
231 μm using a 20× and 40× objective lens, respec-
tively, which corresponds to 96% and 93% of the ori-
ginal image area. We have not completely optimized
the parameter of stage movement. The 5 μm of radius
L was decided from the memory capacity of XY stage
controller. The stage parameters and the exposure
times can be modified if necessary.

The proposed method is fast and requires much
less memory for image storage than conventional
methods. It is therefore promising as a technique
for routinely measuring the separation of fluorescent
markers.

Because the depth information for the fluorescent
marker is projected onto the xy plane of the imaging
device, each marker occupies more pixels than with
the traditional method. Therefore, specimens with a
high density of markers are less suitable since over-
lap is likely to occur. However, the method is highly
suited to studies of biological specimens such as ur-
ine or blood and for defect inspection in semiconduc-
tors. With regard to the requirement condition of the
specimen in proposed method, the marker is fixed
and its brightness is stable during whole process
time of 12 s. Considering that the current in vivo ima-
ging using PALM was performed with the exposure
time of 25 s [10], an application of proposed method
for in vivo imaging might be controversial.
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