Journal of

B1omed1cal Optlcs

SPIEDigitalLibrary.org/jbo

Impact of the optical depth of field on
cytogenetic image quality

Yuchen Qiu
Xiaodong Chen
Yuhua Li

Bin Zheng
Shibo Li

Wei R. Chen
Hong Liu



Journal of Biomedical Optics 17(9), 096017 (September 2012)

Impact of the optical depth of field on cytogenetic

image quality

Yuchen Qiu,* Xiaodong Chen,*” Yuhua Li,* Bin Zheng,* Shibo Li,¥ Wei R. Chen,® and Hong Liu®
University of Oklahoma, Center for Bioengineering and School of Electrical and Computer Engineering, 660 Parrington Oval, Norman,

Oklahoma 73019

PTianjin University, College of Precision Instrument and Opto-electronics Engineering, Weijin Road, Tianjin 300072, China
“University of Pittsburgh, Department of Radiology, 3362 Fifth Avenue, Pittsburgh, Pennsylvania 15213

dUniversity of Oklahoma Health Sciences Center, Department of Pediatrics, 1100 N. Lindsay, Oklahoma City, Oklahoma 73104
“University of Central Oklahoma, Department of Engineering and Physics, 100 North University Drive, Edmond, Oklahoma 73034

Abstract. In digital pathology, clinical specimen slides are converted into digital images by microscopic image
scanners. Since random vibration and mechanical drifting are unavoidable on even high-precision moving stages,
the optical depth of field (DOF) of microscopic systems may affect image quality, in particular when using an
objective lens with high magnification power. The DOF of a microscopic system was theoretically analyzed
and experimentally validated using standard resolution targets under 60x dry and 100x oil objective lenses, respec-
tively. Then cytogenetic samples were imaged at in-focused and off-focused states to analyze the impact of DOF on
the acquired image qualities. For the investigated system equipped with the 60x dry and 100x oil objective lenses,
the theoretical estimation of the DOF are 0.855 ym and 0.703 um, and the measured DOF are 3.0 yum and 1.8 um,
respectively. The observation reveals that the chromosomal bands of metaphase cells are distinguishable when
images are acquired up to approximately 1.5 um or 1 ym out of focus using the 60x dry and 100x oil objective
lenses, respectively. The results of this investigation provide important designing trade-off parameters to optimize
the digital microscopic image scanning systems in the future. © 2012 Society of Photo-Optical Instrumentation Engineers (SPIE). [DOI:
10.1117/1JBO.17.9.096017]
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1 Introduction

In digital pathology, high throughput digital microscopic image
scanning is a fundamental technique for the diagnosis of various
diseases.'™'* For this technique, however, one of the technical
challenges is to maintain the pathologic specimen in focus
during the image scanning, which may affect the reliability
and efficiency of the image acquisition. The off-focused images
can be attributed to several different factors, including the nar-
row depth of field (DOF) of an optical imaging system, and the
impact of mechanical drifting and random vibrations of a scan-
ning stage. These factors are often unavoidable even when using
high-precision moving stages that may blur the scanned images.
Although researchers continue to develop a precise focusing
trace technique for high-quality microscopic image scanners,
it is still necessary to understand the impact of the DOF on the
scanned digital images. To do so will help balance the trade-off
between scanning efficiency and image quality in the design of
cost-effective digital microscopic image scanners.

This study aims to systematically investigate the tolerance
level of off-focusing in diagnostic cytogenetic images. For
this purpose, we first analyzed optical DOF of a microscope
in theory. Then we measured the DOF using a standard resolu-
tion target under objective lenses with different magnification
powers and numerical apertures (NA). After that, cytogenetic
images from different clinical specimens were acquired and
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analyzed using the same microscope equipped with a 60X (dry,
NA =0.95) and a 100x objective lenses (oil, NA = 1.25),
respectively. The chromosomal band sharpness was subjectively
assessed to investigate the image quality deterioration when the
metaphase or interphase cells were captured at in-focused and
off-focused states. The detailed experimental procedures and
image quality analysis results are presented in this article.

2 Materials and Methods
2.1 Theoretical Analysis of DOF

The DOF of an optical system is defined as the axial range in the
object space where the object is imaged with an acceptable dete-
rioration.!! There are two different types of DOF which contri-
bute to the system DOF: geometric and diffractive. The
geometric DOF is the axial range in the object space within
which the blurred spot on the image space cannot be distin-
guished by the detector. It can be calculated by the following
formula:!!

2n
A =
= NA P

D

where n is the refractive index in the object space,ff and NA are
the magnification and numerical aperture of objective lens, and
p is the pixel size of the detector.

The diffractive DOF is based on the light intensity distribu-
tion along the optical axis. The image deterioration is considered
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to be acceptable if the intensity does not fall below 80% of
the maximum. The corresponding distance can be computed
as follows:!!
I’MVO
Ay NAZ’ 2
where n is the refractive index in object space, NA is the numer-
ical aperture of objective lens, and 4, is the wavelength of the
illumination. In this investigation, it is assumed to be 0.550 ym.
Thus, for a realistic microscopic imaging system, both
geometrical and diffractive effects exist simultaneously. The
calculation of the total DOF has been thoroughly discussed
in the last several decades.!'™'® Although a standard method
of determining the total DOF has not been established to date,
the following method is the most recommended in this field to
compute total DOF, which is the sum of the diffractive and geo-
metric DOF:!!-14
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2.2 Measurements of DOF

During the microscopic imaging process, the contrast of the cap-
tured image decreases when the object is moved away from the
focal plane.!”!® Measuring the contrasts at specific spatial fre-
quencies is often performed in an effort to assess the micro-
scopic image system.'*! Accordingly, in this study the DOF
of the microscopic system was investigated experimentally by
measuring the contrast at in-focused and off-focused positions.
The DOF can be estimated experimentally by determining the
range where the contrast is larger than 80% of its maximum.'”

In order to acquire digital images, we modified a conven-
tional microscope by installing a time delay integration (TDI)
detector that enables obtaining a pixel size of 7 ym in one
dimension. The microscope is also equipped with two different
objective lenses providing the magnification power of 60X (dry,
NA = 0.95) and 100x (oil, NA = 1.25), respectively.

During the experiment, the DOF range was estimated sepa-
rately when applying each of the above two objective lenses.
The experiment was divided into three steps. First, we measured
the modulation transfer function (MTF) to determine the spatial
frequency for DOF estimation. MTF was accomplished by mea-
suring the image contrast at a series of discrete spatial frequen-
cies from O to the system-resolving limit, with the measured
contrast values normalized for the final MTF curve. Second,
according to the MTF curve, the frequency where the contrast
drops to half of the maximum was selected to estimate the DOF.
Finally, at the selected frequency, the contrast was measured to
determine the system DOF.

In order to determine the spatial frequency of a DOF estima-
tion, the MTF was first measured using standard resolution tar-
gets. Two different bar pattern targets were used in the
experiments. The USAF1951 resolution target contains different
bar patterns with discrete spatial frequencies up to 645 lIp/mm
(USAF1951, Edmund Optics, NJ). Another target with maximal
frequency of 2000 Ip/mm was also applied to measure the con-
trast at spatial frequencies higher than 645 lp/mm when it is
necessary (MRS-4, Geller Microanalytical Laboratory, MA.).

For each microscopic objective lens, the MTF was estimated
through measuring the contrast at different spatial frequencies
from O to the resolving limit. In this investigated system, the
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pixel size of the camera is smaller than half of the resolving
limit. Therefore, the spatial resolution is determined by the fol-
lowing formula: "'

0614
TONA

“

o

where NA is numerical aperture of the objective lens, and 4 is
the wavelength of the illumination. In this investigation, it was
assumed to be 0.55 ym. Thus, when using the two objective
lenses with 60X and 100X magnification power, the spatial reso-
Iution calculated with Eq. (4) is 0.353 and 0.268 um, or 1416
and 1863 Ip/mm, respectively.

In the MTF measurement, the test target was placed on the
stage. The system was manually adjusted to ensure that the tar-
get is imaged at the in-focused condition. After that, the target
was captured and the contrast of each pattern on the target was
calculated by the following formula:*?

C:Imax_lmin, (5)
Imax +Imin

where I, and I;, are the average maximum and minimum
digital pixel values of the imaged test bar patterns at different
frequencies. Based on the calculated contrasts at different spatial
frequencies, the curve fitting method was then applied to create
a smooth MTF curve.” The frequency where the MTF decreases
to 0.5 is selected for the DOF estimation.

After the spatial frequency was determined, the DOF range
was estimated for each objective lens. This was accomplished
using the above test bar pattern targets. Before the measurement,
the target was placed on the stage and the in-focused position
was visually adjusted and determined. Then, starting from this
in-focused position, the stage was gradually moved up and down
with a series of steps. At each position, the target image was
obtained by the detector and the contrast of the image is com-
puted by Eq. (5). Finally, the calculated contrast was curved as a
function of focusing positions. The range where the contrast is
larger than 80% of the maximum is determined as the system
DOF estimation.

2.3 Evaluation of the DOF Impact on the Cytogenetic
Image Qualities

In this study, we selected multiple pathological specimen slides
that cover a variety of clinical samples acquired from bone mar-
row, blood, amniotic fluid, and products of conception (POC).
These collected samples were all prepared using the standard
clinical procedure. The digital images were then acquired
from these specimen slides’ regions of interest (ROIs) to assess
the impact of the microscope’s DOF on the cytogenetic image
qualities. Since the resolving power of the 60X and 100x objec-
tive lenses are 0.353 um and 0.268 um, respectively, which pro-
vides enough meaningful information for clinical diagnosis, all
the cytogenetic images were captured under these two 60X and
100x objective lenses in this study. Each ROI depicted an ana-
lyzable metaphase or interphase cell and each ROI was imaged
at nine different positions, including the focal plane and the
other positions away from the focal plane.
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Table 1 The depth of field of our microscopic scanning system equipped with two different objective lenses.

Refractive index Numerical Detector
Magpnification Type of object side aperture (NA) pixel size Geometric DOF Diffractive DOF System DOF
60x Dry 1 0.95 7 ym 0.246 ym 0.609 um 0.855 um
100x oil 1.515 1.25 7 um 0.170 um 0.533 um 0.703 um
Q g 3 Results
3.1 DOF Theoretical Results

n‘: R |||

Fig. 1 Sample images of an USAF 1951 standard resolution target,

acquired using a 100x (oil, NA =1.25) objective lens including
(@) in-focused image, (b) blurred image acquired 3.5 ym away from
the focal plane.
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The theoretical results calculated by Eq. (3) in Sec. 2.1 are tabu-
lated in Table 1. The one-dimensional (1-D) pixel size of the
CCD detector used in this system is 7 um. When applying a
dry 60x (NA = 0.95) microscopic objective lens and an
oil-emerged 100X (NA = 1.25) objective lens, the computed
system DOF are 0.855 and 0.703 um, respectively. As expected,
using higher magnification power results in a smaller DOF.

3.2 DOF Experimental Measurement

Two example images of the USAF1951 resolution test bar target
are demonstrated in Fig. 1(a) and 1(b), which were captured at
the focal position and 3.5 ym away from the focal plane of an
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Fig. 2 The measured MTF curve for the tested microscope using (a) 60x (dry, NA = 0.95) objective lens and (b) 100x (oil, NA = 1.25) objective lens.
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Fig. 3 The measured “half-maximum” contrast values versus focusing positions for the tested microscope using (a) 60x (dry, NA = 0.95) objective lens

and (b) 100x (oil, NA = 1.25) objective lens.
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Fig. 4 Microscopic images of a clinically analyzable cell contained in a
bone marrow sample, captured using a 60x objective lens (dry,
NA = 0.95), at positions of (a) in-focused, (b) 1 um, (c) 1.5 um
(d) 2 um, and (e) 2.5 um away from the focal plane.

oil-emerged 100X objective lens, respectively. The image in
Fig. 1(b) was acquired at the off-focused state, as it is obviously
blurred. Figure 2 illustrates two measured MTF curves of the
microscope when using two 60X and 100X objective lenses
separately. Based on the measured MTF, the MTF decreases
approximately to its half maximum value at 456 and 645 Ip/mm,
respectively. These spatial frequencies were therefore used to
estimate the system DOF when the 60X and 100x objective
lenses were applied.
The “half-maximum” contrast measurements, plotted as a
function of focusing positions, are shown in Fig. 3(a) and 3(b)
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Fig. 5 Microscopic images of a clinically analyzable cell contained in a
blood sample, captured using a 60x objective lens (dry, NA = 0.95), at
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Fig. 6 Microscopic images of a clinically analyzable cell contained in a
POC sample, captured using a 60x objective lens (dry, NA = 0.95), at

positions of (a) in-focused, (b) 1 pm, (c) 1.5 gm, (d) 2 um, and (e) 2.5 ;4m
away from the focal plane.

when the 60X and 100X objective lenses were used, respec-
tively. For each curve, the contrast value reaches its maximum
at the in-focused position (0 at x-axis), and decreases as the tar-
get is moved away from the in-focused position. As mentioned

the DOF can be estimated as the range where the contrast is
higher than 80% of its maximal value.!”

Therefore, the actual

positions of (a) in-focused, (b) 1 um, (c) 1.5 gm, (d) 2 um, and (e) -2.5 ,;4m

away from the focal plane.

Journal of Biomedical Optics 096017-

Fig. 7 Microscopic images of a clinically analyzable cell contained in a
bone marrow sample, captured using a 100x objective lens (oil,
NA = 1.25), at positions of (a) in-focused, (b) 0.5 pum, (c) 1 um
(d) 1.5 um, and (e) 2 um away from the focal plane.
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measured system DOF are 3.0 ym and 1.8 ym when applying
the 60x and 100x objective lenses, respectively.

As predicted by theoretical calculations, the results reveal
that the DOF decreases when increasing the NA Due to the
experimental restriction, the measured DOF is substantially
greater than the theoretical prediction. In the experiment, we
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Fig. 8 Microscopic images of a clinically analyzable cell contained in a
blood sample, captured using a 100x objective lens (oil, NA = 1.25), at
positions of (a) in-focused, (b) 0.5 gm, (c) 1 gm, (d) 1.5 pm, and (e) 2 um
away from the focal plane.
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Fig. 9 Microscopic images of a clinically analyzable cell contained in a
POC sample, captured using a 100x objective lens (oil, NA = 1.25), at
positions of (a) in-focused, (b) 0.5 gm, () 1 pm, (d) 1.5 um, and (e) 2 um
away from the focal plane.
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could not directly measure the size of the image spot or the
axial light intensity for the geometrical and diffractive DOF
separately. Alternatively, the DOF was estimated by measuring
the image contrast. But the z-position where the image contrast
drops to 80% of the maximum is not exactly the same position
for the geometrical or diffractive DOF. In other words, theore-
tical computation can only be used as a reference.

3.3 DOF Impact on Diagnosis of Clinical Cytogenetic
Images

The microscopic images of analyzable cells acquired from four
pathological samples including bone marrow, blood, amniotic
fluid, and POC are shown in Figs. 4 to 11 as examples. Figures 4
to 6 are metaphase cells acquired by the microscopic system
using a 60X (dry, NA = 0.95) objective lens, and Figs. 7 to 10
are metaphase cells acquired under 100x (oil, NA = 1.25)
objective lens. Figure 11 illustrates an interphase cell captured
under a 100x (oil, NA = 1.25) objective lens. In each of Figs. 4
to 6, Image (a) was obtained at the focal plane result-
ing in clear and sharp chromosome band patterns, which are
adequate for clinical diagnosis. Image (b) was acquired 1 ym
out of focus, and the band patterns are as clear as Image (a).
When the cell was obtained 1.5 ym away from the focal
plane, the image is somewhat blurred but still recognizable,
as shown in Image (c). The band contrast decreases more sig-
nificantly when the cell moves further away from the focal
plane, with the band shapes becoming barely recognizable
and then totally unrecognizable in Image (d) and (e), both of
which were acquired 2 and 2.5 um out of focus, respectively.

In Figs. 7 to 10, the band sharpness decreases at a faster rate
as compared with those shown in Figs. 4 to 6. In Figs. 7 to 10,
Image (c) was obtained 1 gm away from the focal plane, which
shows a cell containing somewhat recognizable band shapes
with decreased contrast. However, these cells are still suitable
for clinical practice. Furthermore, when the image was obtained
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Fig. 10 Microscopic images of a clinically analyzable cell contained in
an amniotic fluid sample, captured using a 100x objective lens (oil,
NA = 1.25), at positions of (a) in-focused, (b) 0.5 um, (c) 1 um,
(d) 1.5 um, and (e) 2 um away from the focal plane.
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Fig. 11 Microscopic fluorescent in situ hybridization (FISH) images of a
clinically analyzable interphase cell contained in a POC sample. The
chromosomes of interest are marked as the fluorescent dots, and the cell
is captured by the system under investigation using 100X objective lens
(oil, NA = 1.25), at positions of (a) in-focused, (b) 1 gm, and (c) 2 um
away from the focal plane.

2 um out of focus, the band patterns become completely unrec-
ognizable and unsuitable for diagnosis purposes, as illustrated in
Image (e).

Figure 11 shows a typical image of an interphase cell
acquired from a POC sample. This cell was processed by the
fluorescence in situ hybridization technique (FISH) biomarkers.
The diagnostic genome fragments are demonstrated as bright
dots in the captured image. The cell in Fig. 11(a) was imaged
at the focal plane, and shows two clear green dots on the blue
background. When the cell was moved 1 ym away from the
focal plane, as shown in Fig. 11(b), the dots become smaller
but still recognizable. However, the dots disappear completely
in Fig. 11(c), which was captured 2 pum out of focus.

In summary, these experimental and observation results
agree with the measured DOF ranges demonstrated in Sec. 3.2.
For the investigated microscopic system, the range of DOF is
approximately 3.0 ym and 1.8 pym when applying 60X (dry,
NA =0.95) and 100x (oil, NA = 1.25) objective lenses,
respectively. The images acquired within DOF illustrate clearly
cytogenetic features, which are adequate for the diagnosis of
diseases in clinical practice. However, when the cell is moved
out of the DOF range, the pathological meaning of the acquired
images slowly diminishes.

4 Discussion and Conclusion

Pathological examination of clinical specimens provides ground
truth of disease diagnosis. In clinical practice, there are many
types of pathological tools to examine the abnormalities of tis-
sue, cell, and chromosome.' > For example, consistent chro-
mosome abnormalities have been proved to be associated with
some serious diseases.!” In order to diagnose these diseases,
clinicians in the cytogenetic laboratories need to obtain in-
focused images with clear and sharp chromosome bands, as
the blurred bands in the digital images may result in misdiag-
nosis. For instance, among the karyotyping of metaphase chro-
mosomes, the 21st trisomy is an important diagnostic evidence
of Down’s syndrome.? Since the size of 21st chromosome is
shorter than the others, these chromosomes can be easily mis-
understood as small debris in the off-focused state. In another
example, Philadelphia translocation t(9;22)(q34;q11), a recipro-
cal translocation between the 9th and 22nd chromosome, is
highly related to chronic myelogenous leukemia.®> Clinicians
need to locate the region q34 in the 9th chromosome and
qll in the 22nd chromosome by analyzing the band shape
and counting the bands. In the off-focused image, however,
the band shape becomes fuzzy; hence it is extremely difficult
to distinguish between these two different regions, which
might cause false positive or false negative results.
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In order to ensure that the imaged chromosome bands are
adequately sharp for the diagnosis, currently many microscopic
systems perform the auto-focusing operation repeatedly for each
useful cell.>® However, this method is often inefficient because
the auto-focusing operation is quite time-consuming. Therefore,
to balance the trade-off between the scanning efficiency and the
image quality for a clinical diagnostic purpose, it is clinically
meaningful to analyze how the DOF impacts on the acquired
chromosome bands. To the best of our knowledge, no similar
studies have been previously conducted and reported to inves-
tigate the tolerance level of out-focusing in automatically scan-
ning pathological specimen slides.

In this study, we first computed DOF using a well-recognized
theoretic model of an optical image system and then measured
DOF of the same optical system using a standard test bar pattern
target. Our results showed that the experimentally measured
DOF was substantially greater than that computed by the the-
oretic model. This suggests the importance of using well-
designed experiments to assess and measure the actual DOF
of an optical system (e.g., a microscope). In addition to
using the standard test bar target, we also analyzed DOF (or
off-focusing tolerance level) by obtaining cytogenetic images
under this specific microscope with two objective lenses of
60x (dry, NA =0.95) and 100x (oil, NA = 1.25). Four
types of commonly cytogenetic specimens acquired from
bone marrow, blood, amniotic fluid, and POC in our cytogenetic
laboratory were tested and analyzed in this study. Although the
quality (i.e., sharpness and/or contrast of the metaphase chromo-
somes) of the images acquired from these four types of speci-
mens varies, our experimental results demonstrated that the
chromosomal band remained analyzable if the cells were cap-
tured within the range of 1.5 or 1.0 ym away from the focal
plane when using the two 60X or 100X objective lenses, respec-
tively. Comparing the experimental results acquired from using
these two objective lenses, one could find that the microscopic
system’s DOF would be wider if low magnification objective
lenses were utilized. However, the resolution of the pathological
features also decreased. In summary, the results from this study
support the feasibility of developing the automated microscopic
or pathological image scanners with limited power of auto-
focusing, which will significantly increase the efficiency of
image scanning, as well as the efficacy of digital pathology.

Although the results of this preliminary study are encoura-
ging, there are several limitations. First, we did not consider
the effect of the chromosome thickness in this study.24 Second,
a simple DOF measurement was used and we did not test
whether applying the new contrast calculation methods pro-
posed recently could achieve more accurate results.”>>°
Third, although the DOF of the human eye is also an important
factor affecting subjective evaluation of the cytogenetic image
qu211ities,30’31 it was not tested or discussed. Hence, a more com-
prehensive investigation is underway from which we hope to
acquire better knowledge about the designing trade-off para-
meters to optimize the automated digital microscopic image
scanning systems for cytogenetic image diagnosis and other
digital pathology applications in the future.
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