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Abstract. Motion blur (MB) presents a significant challenge for obtaining high-contrast image data from
biological cells with a polarization diffraction imaging flow cytometry (p-DIFC) method. A new p-DIFC exper-
imental system has been developed to evaluate the MB and its effect on image analysis using a time-delay-
integration (TDI) CCD camera. Diffraction images of MCF-7 and K562 cells have been acquired with different
speed-mismatch ratios and compared to characterize MB quantitatively. Frequency analysis of the diffraction
images shows that the degree of MB can be quantified by bandwidth variations of the diffraction images along
the motion direction. The analytical results were confirmed by the p-DIFC image data acquired at different
speed-mismatch ratios and used to validate a method of numerical simulation of MB on blur-free diffraction
images, which provides a useful tool to examine the blurring effect on diffraction images acquired from the
same cell. These results provide insights on the dependence of diffraction image on MB and allow significant
improvement on rapid biological cell assay with the p-DIFC method. © The Authors. Published by SPIE under a Creative
Commons Attribution 3.0 Unported License. Distribution or reproduction of this work in whole or in part requires full attribution of the original pub-

lication, including its DOI. [DOI: 10.1117/1.0E.55.2.023103]
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1 Introduction

Cell function correlates strongly with structure or morphol-
ogy. For example, cellular activities such as differentiation
and apoptosis can be distinguished by changes in morphol-
ogy. Consequently, morphological features provide powerful
and often critical markers for cell assay and clinical applica-
tions."? Because of the complexity in cell morphology,
conventional microscopy methods have to be used, which
are labor-intensive for data acquisition and analysis.
Therefore, it is highly desired to develop an automated
method for rapid assay of large populations of single cells
about their morphology with flow cytometry technology.
Conventional and commercially available flow cytometers,
however, are designed to acquire fluorescence signals or
images as the major source of information for rapid cell
assay. This approach, however, provides very limited infor-
mation on cell morphology. The three-dimensional (3-D)
morphology and molecular polarization information of sin-
gle cells have been shown to correlate strongly with the spa-
tial distribution of scattered light from the cell illuminated by
highly coherent light.>® We have previously developed a
flow cytometry method for rapid acquisition of cross-polar-
ized diffraction image pairs with two cameras.””'* The new
method, termed as polarization diffraction imaging flow
cytometry (p-DIFC), has been shown to be capable of dis-
tinguishing cell lines of high similarity in their 3-D
morphology.'’

Despite the capacity for morphology-based cell assay, a
significant problem still exists that affects performance of
the p-DIFC method using conventional CCD cameras.
The images of the cells are acquired under the flow condi-
tion, which could markedly reduce the image contrast by
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motion blur (MB) with these cameras. The image blurring
makes it harder to perform accurate image analysis and
cell assay. A time-delay-integration (TDI) imaging method
can be applied to control and reduce the MB. A TDI camera
has multiple lines of pixels whose charges are transferred at a
speed controlled with an external clock pulse-train. If the
charge transfer speed of pixel lines is equal to the speed
of the moving image, MB can be eliminated.'* ATDI camera
has been developed and used to investigate the effect of MB
on characteristic parameters extracted from cross-polarized
diffraction images of microspheres and biological cells
using different image-processing algorithms. '

In this report, we focus our attention on the quantitative
analysis of the MB in measured diffraction images in the fre-
quency domain with the modulation transfer function
(MTF). The MTF-based analysis enables us to validate a
tool for numerically “blurring” diffraction images acquired
with the matched speeds between line transfer and moving
image in p-DIFC measurements, and investigate the effect of
MB on pattern analysis of the images from the same cell. We
have also proposed a single parameter of frequency modulus
for quantification of MB based on the Fourier transform of
the measured diffraction images. The MB analysis was car-
ried out on measured diffraction images acquired with MCF-
7 and K562 cells moving at seven different speeds. These
results provide insights into the effect and evaluation of
MB to further improve the p-DIFC method with the TDI
camera, and allow the use of the average frequency modulus
to assess MB quantitatively.

2 Methods

2.1 Motion Blur Assessment

We designed and developed a TDI-camera-based imaging
system for variation and elimination of MB in the acquired
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diffraction images from the moving cells.'” Quantitative
assessment of MB is needed to characterize blurring in
diffraction images. Often, a spatial domain image analysis
approach is used for blur assessment in conventional image
data. But the diffraction images concerned here carry light
scattering noise, and the frequency domain approach with
MTF becomes more suitable for MB assessment.

MB could occur when the object moves relative to the
imaging sensor. In this study, the diffraction images from
the moving object are acquired at off-focus position to
improve image contrast.'®'7 A diffraction image g¢(z,y)
acquired at an off-focus position with MB can be described
in frequency domain by its spatial frequency spectrum
G(u,w) as

G(u,w) = F(u,w) - OTFs(u,w) - OTF,,(u,w) + N(u,w),
ey

where F(u,w) and N(u,w) are, respectively, the spatial
frequency spectrum of acquired image without blur and elec-
tronic noise; OTF;(u, w) and OTF,, (u, w) are, respectively,
the optical transfer function of the imaging system translated
to off-focus positions and that with MB, both are recognized
as the causes of reduction in high-frequency information of
the acquired images in comparison to the images acquired at
the focusing position and without MB. We have previously
shown that for coherent imaging, OTF, actually increases
image contrast and content of information carried by the dif-
fraction images.'” Our purpose here is to analyze the effect of
MB given by the modulus of OTF,, from the measured dif-
fraction images and quantify MB with a TDI camera as the
imaging sensor.

The degree of MB can be determined from the distance
and orientation of the image’s movement on the image sen-
sor during an exposure time 7. For our study, the cell and its
image on the camera sensor move along the y-direction (see
Fig. 2), while the incident beam propagates along the z-axis.
Therefore, the degraded image g(z,y) in terms of incident
light energy can be expressed as integration of a series of
light rays shifting through different positions of Ay(¢) or

g(z.y) = / " Play + Av()ldr, @)

where z and y are integers representing a pixel location, P is
the distribution of incident light power on the sensor, and
Ay(t) describes the shift of a moving “light ray” contributing
to the pixel intensity g(z,y) at time ¢. Fourier transform of
g(z,y) yields the following:

N )y
G(u.w) = 3 glz.y)e i)

N T | o

T — oAy
=F(u,w)—= e /T dt, 3)
T Jo

where M and N are the number of pixels in z- and y-direc-
tion, respectively; u and w are the corresponding component
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of spatial frequency; and F(u, w) is the Fourier transform of
P(z, )T or the image g(z, y) without MB as given in
Eq. (2). Given d as the pixel size, the pixel shift Ay(z) is
given by

for CCD

, 4
for TDI @

Vit

d b
Ay(t) - {M AVt
d T TVa/S®

where V; is the image’s moving speed on a conventional
CCD sensor and AV is the difference between the line charge
transfer speed V., = df and V;, if a TDI sensor is used
instead with f as the line transfer frequency and § as the
total line number of the TDI sensor. Comparison of
Egs. (1) and (3) provides the modulation transfer function
MTEF,,(u, w) for a blurred image as'®*"

L [r 0]
MTF,,(u,w) = |OTF,,| = T e /N dt
0

{ sin c(8%TV,;), for CCD
= ®)

sin (52 97),  for TDI

For this study, we denote AV/V,, as the speed-mismatch
ratio. From Eq. (2) we can verify that at synchronization,
the speed difference AV for a TDI camera becomes zero
and the MB is eliminated with MTF,, = 1. Figure 1 presents
four cases of MTF,, calculated by Eq. (5) for imaging sys-
tems with TDI cameras and different mismatch ratios, and a
comparison to a system with a conventional CCD camera of
the same image speed and equivalent exposure time. These
results show quantitatively that the TDI camera can reduce
and eliminate MB effectively and produce images of larger
bandwidths than those acquired with conventional CCD
cameras.

Figure 1 shows that the MB can be eliminated by synchro-
nization at AV /Vy, = 0 with a TDI camera, and the MTF,,
remains maximized at 1 for all frequencies. Once the mis-
match ratio starts to increase, MB occurs with the values
of MTF,, markedly reduced in the frequency domain. We
can quantify the frequency decrease of a blurred image to
evaluation of the degree of MB by an averaged modulus
of its Fourier transform |G|,,, defined as

1.0
"\ AVIVgp, =0.05 AVIVeh=0
EAY -« AVIV g, = 0.1
L FW 1
EosE o) AVIVg, =02 3
= P |
SN
[ \ AL~ ]
r NV N - S —. s ]
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[ \ - ~ Y= ]
:CCD\. ~/
Lo b b b b s b b b b

10 12 14 16 18 20
w

Fig. 1 MTF,, of imaging systems using TDI camera with different val-
ues of speed-mismatch ratio and of an imaging system using a con-
ventional CCD camera with equivalent exposure time of T =2 ms
and image speed of V; =200 mm/s.
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]-\1_1 N,_l G u;,w;
|G|av _ 2170 l;})]\'] ( )| , (6)

which is proportional to MTF,,.

2.2 Polarization Diffraction Imaging Flow Cytometry
System With One Time-Delay-Integration
Camera

Figure 2 shows the p-DIFC system constructed for this study
based on previous research.'™'>*! A cw laser of 532 nm in
wavelength (MGL-III-532-100 mW) is focused by two
cylindrical lenses on the core fluid in an elliptical spot
with major diameter of about 300 ym along the y-axis
and minor diameter of about 50 ym, and the polarization
and power of the incident beam are controlled by one
half-wavelength plate and one Glan prism. The coherent
side-scatter by the illuminated cells is collected by an infin-
ity-corrected, nontelecentric 50X objective lens (378-805-3,
Mitutoyo), followed by a Wollaston prism (LSP-3A14, Laser
Institute, QFNU) of 14 mm X 14 mm aperture. The p-polar-
ized and s-polarized scattered light after the Wollaston prism,
separated by 10 deg in directions, are focused with a tube
lens of focal length F' = 75 mm onto the TDI-CCD sensor
(S10201-4 Hamamatsu). The imaging system can be trans-
lated along the x-axis toward the flow chamber from the
focused position of Ax =0 at which the core fluid is on
the object plane of the imaging system.

Different from conventional CCD cameras, the TDI cam-
eras allow synchronization between the cell speed and line-
pixel transfer frequency as discussed above. To determine
cell speed, we measured the flow rate of the sheath fluid,
which is proportional to the cell speed ** and can be con-
trolled by the sheath fluid pressure. The line-pixel transfer
frequency f of the TDI camera was set to be 16.67 KHz
with an in-house developed software. Given the number
of pixel lines S of the TDI-CCD sensor as 128 and the sensor
height L4 as 1.536 mm, the synchronous image speed V; ..
can be calculated from

Luif
g

Vi _cal — (N

which yields V; .,; = 200 mm/s.

“—— F—>
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Fig. 2 Schematic of the p-DIFC system: HWP, half-wave plate;
GP = Glan prism; M, mirrors; CL, cylindrical lens; FC, flow chamber;
OBJ, objective lens; WP, Wollaston prism; IF, 532 nm interference
filter; TL, tube lens. The green arrow and shaded lines indicate the
incident laser beam and scattered light of s- or p-polarization.
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We used polystyrene microspheres of 1 ym diameter and
a conventional CCD camera (Lumenera Lt225) of a 6-mm
height (L,) sensor for flow-speed measurement. The shadow
lengths L of the imaged microspheres, proportional to the
exposure time, were used to determine the speed of micro-
spheres. The exposure time 7T of the conventional camera
was set to 3 ms, so the image speed V; ... can be deter-
mined by

L
Vi_meas = 78 . ®)

For the 50x objective and tube lens of focal length
F =75 mm, the magnification of the imaging system
(M;) is given by 18.75, and the microspheres’ speed or
core-fluid speed is given by

Vo =Vi/M,. (€))

After sample injection into the core-fluid reservoir, the
particle or the core-fluid speed V, was adjusted by the sheath
fluid pressure and measured by the shadow lengths. For three
different speed settings, five measurements were performed
to obtain the averaged core-fluid speed with an interval of
20 min between measurements. The averaged values and
standard deviations show that the maximum relative change
is 2%, which indicates that the flow speed was stably
controlled.

2.3 Diffraction Image Acquisition

After the measurement of flow speed with microspheres, two
cancer cell lines were used to investigate the effect of MB on
diffraction images. The human breast carcinoma cell line
MCF-7 and chronic myelogenous leukemia cell line K562
(ATCC, Manassas, Virginia) were chosen for this study
due to their large difference in morphological structures.
The cells were maintained in the RPMI 1640 culture medium
supplemented with 10% fetal bovine serum. The adherent
MCEF-7 cells were detached from culture flask with tryp-
sin-EDTA to prepare suspension cell samples in culture
medium before each measurement. Cross-polarized diffrac-
tion images of the cells were acquired at the off-focus posi-
tion of Ax = 220 um with seven different flow speeds.

2.4 Simulated Motion Blur in Diffraction Images

To accurately investigate the effect of MB on cell classifica-
tion, it is highly desired to obtain diffraction images with
different degrees of MB from the same cell. This is very dif-
ficult, if not impossible, to achieve in p-DIFC measurements,
because no two cells are identical even if they belong to the
same type. For this purpose, we applied an existing filtering
algorithm in MATLAB® (7.2, MathWorks) with simulated
MB in diffraction images acquired with a TDI camera
under the condition of zero speed-mismatch ratio or
AV = 0. The applied MATLAB® algorithm (fspecial) con-
volutes an input image with a kernel for window-smoothing
the input image over a length of m pixels along a specified
direction.

3 Results and Discussion

The MB similarly affects the different polarized diffraction
images. The raw diffraction images from the TDI camera
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I

simulation

simulation

Fig. 3 The p-polarized diffraction images g(z, y) of single K562 (top row) or MCF-7 (bottom row) cells of
200 x 200 pixels: (a) measured with TDI of f=16.67 kHz or conventional CCD camera at
Vo =10.6 mm/s; (b) measured with the same TDI camera; (c) simulated MB on image acquired
with the TDI camera in (a). The labels at the lower left corners are values of V, in mm/s in (a) and
(b) or numbers of smoothed pixels m in (c) for images in both rows.

were cropped to obtain 200 X 200 pixels near the maximum
pixel of each polarized diffraction image for analysis.
Figures 3(a) and 3(b) present examples of p-polarized dif-
fraction images ¢(z,y) acquired at three different values
of core-fluid speed V, with one TDI camera and similar
images with a conventional CCD camera of exposure time
T = 0.3 ms and V, = 10.6 mm/s. It is clear that the diffrac-
tion images acquired with the TDI camera at V; = 6.8 or
9.4 mm/s show severe degradation due to MB, which is
also the case for the one acquired with a conventional
CCD camera. In contrast, the images acquired with the
TDI camera at the zero speed-mismatch ratio of
Vo = 10.6 mm/s display minimal blur. Figure 3(c) further
presents two diffraction images with numerically simulated
MB using different values of m for pixel numbers of win-
dow-smoothing along the vertical direction on the TDI-
acquired image shown in Fig. 3(a). One can observe that
the two related images in Figs. 3(b) and 3(c) with
Vo = 9.4 mm/s versus m = 15 pixels or 6.8 mm/s versus
48 pixels present similar MB even though they were acquired
from different cells.

To analyze the p-polarized diffraction images ¢(z,y) in
the frequency domain, 2-D Fourier transforms were per-
formed on ¢(z,y) to obtain |G(u,w)|, and the results of
|G(u, w)| normalized by the central peak or DC component
are shown in Fig. 4 with the vertical w-axis corresponding
to the vertical y-axis of motion in g(z, y) images of Fig. 3.
Since the Fourier components are concentrated in the low-
frequency range or the central region, the spectral images in
Fig. 4 present only the middle part of the 2-D frequency
image |G(u, w)| with 100 x 100 pixels and values of central
peaks as 255. Comparison of the images in Figs. 4(a) and
4(b) indicates clearly that MB reduces the frequency infor-
mation along the w-axis in frequency domain and agrees
well with the MTF analysis. The results of frequency analy-
sis of the p-DIFC image data acquired with the TDI camera
can also be compared with those acquired with the
conventional CCD camera in Fig. 4(a), which shows that
larger frequency band or information can be obtained
with the TDI camera than with the conventional CCD.
Furthermore, comparison of the spectral images in
Figs. 4(b) and 4(c) proves that the simulated MB on

Fig. 4 The central regions of normalized Fourier transform modulus images |G(u, w)| of 100 x 100 pix-
els obtained by from the diffraction images g(z, y) in Fig. 3 with identical labels. The values of |G(u, w)]
in the images are indicated in color as the legends present.
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Fig. 5 The dependence of (a) averaged modulus |G|, of diffraction images acquired by TDI camera or of
simulated blur and (b) averaged gradient |5g|,, of acquired diffraction image g(z, y) on core-fluid speed
V. The symbols and error bars represent the mean values and standard deviations obtained from five
randomly selected diffraction images and the lines are for visual guide. Inset: The number of pixels m for

simulated blur on the images acquired with V4 = 10.6 mm/s versus V.

diffraction images acquired with AV = 0 produces distribu-
tions in frequency space similar to those in measured
images with AV # 0. It should be noted that the similarity
is achieved with the images acquired from different cells of
K562 or MCF-7. These results validate a very useful tool
to accurately model the effect of MB on image patterns
and cell classification with polarized diffraction images
acquired with a TDI camera. A study is underway with
this tool to investigate the effects of MB on GLCM param-
eters extracted from the diffraction images of cells acquired
under the condition of zero speed-mismatch.

In addition to the modulus image |G (u, w)|, one can also
quantify MB by a single parameter of averaged frequency
modulus |G|,, defined in Eq. (6). The mean values and stan-
dard deviations of |G|,, were obtained from five randomly
selected p-polarized images ¢(z,y) of 200 x 200 pixels at
different values of core-fluid speed V|, and are plotted in
Fig. 5(a). In the same figure, we also plot the same modulus
parameter versus core flow speed from the images obtained
with simulated MB performed on those images acquired with
zero speed-mismatch by window-smoothing over m pixels. It
can be seen that both the mean values and standard devia-
tions of spectral amplitude reduce with the increased
speed-mismatch, which significantly affects the accuracy
of pattern analysis for cell assay and classification. The
high similarity between the two sets of curves of diffraction
images acquired with a TDI camera at different core flow
speed and those by simulated MB shows further that the
simulated MB can be used for analysis of MB using only
the diffraction images acquired with zero speed-mismatch.
We note that the conventional blur evaluation parameter
of averaged gradient |5¢g|,, does not perform well in the
case of diffraction images ¢(z,y) presented in this study.
The parameter |8g|,, is typically defined by the following
for a given image ¢(z,y) along the direction of MB or
y-axis

E

-1 N-1

lg(z.y +1)—
=1

9(z, y)I-

(10)

|5g|av =
e 1 1

()

4

We have also investigated the possibility of MB quantifica-
tion by the full-width-half-maximum (FWHM) bandwidth of
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the central peak in G(u, w). The results demonstrate that the
FWHM bandwidths of blurred images in Fig. 4 are less than
2 pixels and are not sensitive to the speed-mismatch ratio,
because the central peak is dominated by the DC noise,
which can be observed from the images of plotted in log-
scale for |G(u, w)| in Fig. 4.

Finally, it is interesting to examine whether the MB can
be effectively removed by deconvolution. For this purpose,
a MATLAB® function (deconvwnr) was applied to the mea-
sured diffraction images to perform Wiener-filter-based
deconvolution. The deconvolution function requires appro-
priate selection of three parameters of pixel-smoothing
length m, direction of motion in degree from the horizontal
direction of the blurred image, and value of §,/S; as the
noise-signal-power-ratio (NSPR) to achieve best effect of
deblur. The optimized results of deconvolution are
shown in Fig. 6 by applying the MATLAB® function on
the blurred images acquired with a flow speed of
Vo =94 and 6.8 mm/s as presented in Fig. 3(b). One
can clearly see that even with the optimized parameters
of deconvolution, the MB cannot be fully removed if the
speed-mismatch becomes large. Furthermore, the deconvo-
lution calculations are computationally expensive and are
difficult to apply for rapid image analysis required in p-
DIFC method.

(@)

Fig. 6 (a) The deconvoluted images by performing Wiener-filtering
deconvolution on the blurred images shown in Fig. 3(b) with two
K562 cells (top row) and two MCF-7 cells (bottom row); (b) central
regions of |G(u, w)| with 100 x 100 pixels of the deblurred images
in (a) with the values of |G(u, w)| indicated in color as the legends
present. The values of m, direction, and NSPR are labeled on
each image.
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4 Conclusion

A diffraction imaging method and system with one TDI cam-
era has been developed for acquisition of diffraction images
of flowing cells. We performed MTF analysis of the mea-
sured diffraction images from two different cancer cell
lines and validated a numerical method for the simulation
of motion-blurring effects on images acquired with zero
speed-mismatch. These results show that the MTF analysis
provides an accurate approach for characterization of the MB
effect on diffraction images and significant insights on
improvement of image analysis by eliminating blur with a
TDI camera. We further show that the averaged modulus
of a diffraction image in the frequency domain yields a
much improved single parameter than does the averaged gra-
dient calculated directly from the diffraction image for the
quantification of MB.
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