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Abstract. Digital holographic microscopy �DHM� enables quantita-
tive multifocus phase contrast imaging for nondestructive technical
inspection and live cell analysis. Time-lapse investigations on human
brain microvascular endothelial cells demonstrate the use of DHM for
label-free dynamic quantitative monitoring of cell division of mother
cells into daughter cells. Cytokinetic DHM analysis provides future
applications in toxicology and cancer research. © 2010 Society of Photo-
Optical Instrumentation Engineers. �DOI: 10.1117/1.3431712�
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Introduction

igital holographic microscopy �DHM� enables label-free,
uantitative phase contrast imaging for high-resolution tech-
ical inspection and minimally invasive live cell analysis1–7

hat is also suitable for modular add-on integration into com-
ercial microscopes.8 Compared to other phase contrast

ethods,9,10 interferometry-based techniques,10–15 and optical
oherence tomography or optical coherence microscopy,16–21

HM provides quantitative phase contrast with subsequent
umerical focus correction �multifocus imaging� from a single
ecorded hologram. In combination with algorithms for the
uantification of the image sharpness, numerical autofocusing
ithout mechanical focus realignment is possible.22 These
HM features are of particular advantage for measurements
n cellular specimens with high-magnification optics and for
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ournal of Biomedical Optics 036009-
the detection of fast processes. Furthermore, long-term mea-
surements, where focus tracking is required due to mechanical
instability or thermal effects,23 and 3-D tracking of living
cells24 are enabled. Here, we demonstrate the use of DHM for
label-free quantitative dynamic monitoring of endothelial cell
division.

2 Materials and Methods
In order to explore the applicability of DHM for the quanti-
tative analysis of cell division, investigations on human brain
microvascular endothelial cells �HBMECs�25 were performed.
For the experiments, the HBMECs were cultivated in a Petri
dish �ibidi �-Dish, ibidi GmbH, Munich, Germany� using
Leibowitz L-15 medium �PAA, Pasching, Austria� supple-
mented with 10% Nu-Serum �Becton Dickinson Biosciences,
Bedford, Massachusetts�, 10% fetal calf serum �FCS-Gold,
PAA, Pasching, Austria�, 1 mM sodium pyruvate, 2 mM
L-glutamine, 1% nonessential amino acids �100� �, and 1%

1083-3668/2010/15�3�/036009/6/$25.00 © 2010 SPIE
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itamin mix �100� � �all from Lonza, Cologne, Germany�.
he cells were observed with an inverse microscope �iMIC,
ill Photonics, Gräfelfing, Germany� with attached DHM
odule that is based on a principle described in Ref. 8. The

oherent light source was a frequency-doubled Nd:YAG laser
Compass 315M-100, Coherent, Lübeck, Germany, �
532 nm�. A climate chamber �Solent Scientific Ltd., Segen-

worth, UK� was utilized for temperature stabilization at
7°C. In a time-lapse series, digital off-axis holograms of
elected cells were recorded every 3 min over a period of
5 h with a charge-coupled device sensor �CCD, 1280
960 pixels, The Imaging Source DMK 41BF02, Bremen,

ermany�. For imaging, a 40� microscope lens �Zeiss
-Plan 40� /0.65� was used. The numerical evaluation of the

esulting 900 digital holograms was performed by spatial
hase shifting reconstruction, as described in Refs. 2 and 26.
rom the resulting quantitative phase contrast images, the lat-
ral position of the cells and the maximum cell thickness were
etermined.24 Therefore, in a first step, the phase distributions
ere low-pass-filtered two times, with a box average filter of
�5 pixels. In this way, substructures of the specimen in the
hase distributions and noise—e.g., due to parasitic interfer-
nces and coherent noise—were reduced. Afterward, within a
egion of interest �ROI� in which the analyzed cell was lo-
ated, the pixel coordinates of the maximum phase contrast
ere determined. The automated tracking of dynamic dis-
lacements of time-lapse sequences was performed by succes-
ive recentering of the ROI to the coordinates of the preceding
aximal phase value.24 By calibration of the imaging scale
ith a USAF 1951 test chart, the resulting lateral displace-
ent trajectories of the cells in pixel coordinates were con-

erted to metric units. During the cell tracking procedure, in
ddition to the lateral x ,y-coordinates of the cell position, the
aximum phase contrast ��cell,max�x ,y� was obtained. From
�cell,max�x ,y�, the maximum cell thickness dcell,max�x ,y� was

alculated3,26:
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ig. 1 Time-dependent quantitative DHM phase contrast images of li
fter t=19.7 h �cell A�, t=35.5 h �cell B�, and t=37.7 h �cell D�. Fo
orresponding daughter cells after the cell division process are denote
ata evaluation for two-dimensional cell tracking is indicated in the p
ournal of Biomedical Optics 036009-
dcell,max�x,y� =
���cell,max�x,y�

2�
·

1

ncell − nmedium
. �1�

The integral cellular refractive index ncell in Eq. �1� was esti-
mated by the average value ncell=1.373�0.005 that was re-
trieved from DHM measurements on HBMECs in suspension
�N=54; see detailed description of the procedure in Ref. 27�.
The refractive index of the cell culture medium was deter-
mined by an Abbe refractometer �WYA-2W, Hinotek Ltd,
Ningbo, China� to nmedium=1.337�0.001.

3 Results
Figure 1 shows representative results for the obtained quanti-
tative DHM phase contrast images �coded to 256 gray levels�.
Video 1 presents a fast-motion movie of the phase contrast
images for the whole experimental period. After t=19.7 h,
t=32.5 h, and t=37.7 h, the HBMECs denoted as A, B, and
D, respectively, underwent a cell division. The corresponding
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1, a2, b1, b2, d1, and d2. The typical size of the ROI that was used for
ontrast image for t=0 by a dashed box around cell C.

Video 1

Video 1 Fast-motion movie of quantitative DHM phase contrast im-
ages of living HBMECs for the whole experimental period of 45 h
�2.1 MB, QuickTime�. �URL: http://dx.doi.org/10.1117/1.3431712.1�.
a2

b2

A

B

a2

ving H
r cell
d as a
hase c
May/June 2010 � Vol. 15�3�2

http://dx.doi.org/10.1117/1.3431712.1
http://dx.doi.org/10.1117/1.3431712.1


d
a
e
i
t
s
r
n
a
t
u
t
p
t
w
i

t
t
c
o
i
=
p
w
w
c

t
s
P
i
m
p
c
i
a
o
t
t

Kemper et al.: Label-free quantitative cell division monitoring of endothelial cells by digital holographic microscopy

J

aughter cells after the cell division process are designated as
1, a2, b1, b2, and d1, d2. Cell C did not divide during the
xperimental period. It was observed that the phase contrast
ncreases significantly before the cell division process. During
he cell cycle phases in which the cells adhere on the substrate
ubcellular regions with a higher density than that of the sur-
ounding areas like the nucleus, the nuclear membrane and the
ucleoli become visible. In analogy, during mitosis, bright
reas in the phase contrast images indicate the separation of
he chromosomes—in particular, for cell D at t=37.7 h. Fig-
re 2 shows a gray–level coded pseudo-3-D representation of
he quantitative contrast images in Fig. 1. For cell cycle
hases in which the cells adhere on the substrate, the quanti-
ative phase contrast images correspond to the cell shape,26

hile during cell rounding, the projection of the cell thickness
s measured.28

For further evaluation of the DHM phase contrast images,
he maximum phase contrast ��cell,max, the maximum cell
hickness dcell,max, and the cell migration trajectories of all
ells were determined, as described in Sec. 2. The typical size
f the ROI that was used for two-dimensional cell tracking is
ndicated in Fig. 1 in the DHM phase contrast image for t
0 by a dashed box around cell C. During the evaluation
rocedure, the trajectories of the remaining daughter cells that
ere not detected by the automated cell tracking algorithm
ere started by manual selection after the cell division pro-

ess.
Figure 3 shows for each cell the temporal dependence of

he maximum phase contrast ��cell,max as well as the corre-
ponding cell thickness dcell,max that is obtained from Eq. �1�.
rior to the cell division, for cells A, B, and D, cell rounding

s induced, which causes a significant increase of the maxi-
um phase contrast and the cell thickness. The resulting

eaks in the plots in Fig. 3 are marked with arrows. After the
ell division for all cells, a decrease of ��cell,max and dcell,max
s detected. For cell C, which undergoes no cell division, only

few fluctuations of phase contrast and cell thickness are
bserved. Figure 4 shows the automated obtained cell migra-
ion x-y-trajectories for all evaluated cells and demonstrates
he reliability of the applied cell tracking algorithm.

t = 0 h t =

t = 19.7 h t =

t = 36.8 h t =

cell division

cell division

12 rad

0

Fig. 2 Gray-level-coded pseudo-3-D representation of
ournal of Biomedical Optics 036009-
4 Discussion and Conclusions

The results demonstrate the capabilities of DHM for dynamic
cell division monitoring by simultaneous cell thickness mea-
surement and two-dimensional cell tracking. The cell division
is clearly detected by the phase contrast images in Figs 1 and
2, and by the temporal dependency of phase contrast and cell
thickness demonstrated in Fig. 3. However, as slight changes
of the integral cellular refractive index cannot be completely
excluded during the cell division process, the obtained values
for the cell thickness in Fig. 3 have to be handled carefully.26

A further increase of the measurement accuracy for the cell
thickness may be achieved by DHM-based decoupling
procedures29,30 but requires more complex experimental
equipment or measurements with different light wave-lengths
and a suitable dispersive dye. As the x ,y-position data in Fig.
4 are obtained by the determination of the coordinates of the
maximum phase contrast, the precision of the applied algo-
rithm can be estimated to be sensitive to cell thickness fluc-
tuations. Furthermore, the magnification of the applied experi-
mental setup and disturbances in the phase contrast images
due to scattering effects, e.g., by the cell culture medium,
have to be taken into account. Thus, the error for the detection
of the lateral cell position was estimated by the fluctuations of
the curves in Fig. 4, which are found in the range of
1 �m to 2 �m. These values are specific for the applied mea-
surements setup and amount in the range of about 10% of the
average lateral cell diameter. This is low in view of the cell-
shape changes that are observed in the DHM phase contrast
images in Fig. 1 and can be explained as follows: For the cell
cycle phases in which the cells adhere on the substrate, the
nucleoli predominate the coordinates of the maximum phase
contrast. As the nucleoli are located in the nucleus, the result-
ing x ,y-values can be expected to be a good approximation of
the cell center. The influence of cellular organelles other than
the nucleoli is expected to be small due to the applied smooth
filter of 5�5 pixels. This is supported by the small fluctua-
tions in the x ,y-trajectories in Fig. 4 as well as by the fact that
in the phase contrast images in Fig. 1, the cellular organelles
other than the nucleoli appear only with a marginal contrast.

t = 18.4 h t = 18.7 h

t = 32.5 h t = 33.5 h

t = 38.4 h t = 38.8 h

cell division

antitative contrast images of living HBMECs in Fig. 1.
14.3 h

32.4 h

37.7 h

the qu
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uring the cell rounding process, the maximum phase con-
rast is well defined by the center of the resulting spherical
tructure. Thus, also for this period of the cell cycle, a reliable
etection of the cell center is possible. For the phases of the
ell cycle in which the cells adhere on the substrate with thin
orphology, our algorithm is expected to be more efficient

han the evaluation of the DHM phase contrast images for
wo-dimensional cell tracking by classical edge detection al-
orithms. During the periods when the cells adhere, the thick-
ess of the outer cell border areas is �1 to 2 �m. Conse-
uently, the cells appear with a low contrast of the boundaries
n the DHM phase contrast images �see Fig. 1�, which would
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affect the robustness of an edge detection–based determina-
tion of the lateral cell position.

Following the approach of Barer,31 additional quantitative
temporally resolved information about a concentration change
of the intracellular substances may be obtained by dry mass
measurements, as proposed previously.32,33 However, this re-
quires further research on the development and optimization
of suitable robust image processing algorithms.

In conclusion, the data in Figs. 1–4 demonstrate the appli-
cability of DHM for quantitative monitoring of the cell divi-
sion processes during long-term time-lapse observations.
DHM provides an efficient method for automated cell thick-
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ess monitoring, while simultaneously the two-dimensional
ell migration trajectories are obtained. Furthermore, subcel-
uar regions with a higher molecular density than that of the
urrounding cell compartments, such as nucleus and nucleoli,
re visible in the phase contrast images. Possible applications
f the method include the minimally invasive quantification of
ell vitality in the research fields of toxin-mediated cell dam-
ge and tumor cell migration analysis in cancer research.
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