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bstract. To develop an accurate and convenient method
or measuring the heart rate of zebra fish in vivo, a system
ombining fast differential interference contrast �DIC� im-
ging with an autocorrelation technique is established.
he imaging correlation coefficient corr�i , j� between

rame i, selected from the obtained time-lapse imaging
eries as the reference image, and any other frame j, is
alculated as the time-dependent cycle course. Heat rate
s determined by the cycle period of the corr with a high
emporal resolution of 4 ms, achieved by fast charge-
oupled device �CCD� imaging of 250 frames per second.
ith this high-resolution system, we find that 1-mg/L

admium not only induces the slowing of the heart rate,
ut also caused signs of arrhythmia in treated fish. © 2008
ociety of Photo-Optical Instrumentation Engineers.
�DOI: 10.1117/1.2904667�

eywords: heart rate; differential interference contrast; imaging;
orrelation.
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Zebra fish are an established model of vertebrate
evelopment,1 and have already become a popular animal
odel in various types of experimental researches.2 Particu-

arly, embryonic hearts have attracted much attention, as in-
ivo imaging and function of the embryonic heart tube have
een addressed.3,4 Heart disease is the leading cause of human
eath. Heartbeat measurements of zebra fish can provide more
xperimental information about the disease, and have been
pplied in a nonautomatic way by direct observation using
ideo microscopy.5,6 Recently, Burns et al. found an assay to
easure heart rates using an automated fluorescence micro-

cope in transgenic fish embryos expressing green fluorescent
rotein �GFP�.7 Since the heart rate of zebra fish can be used
s a probe to evaluate drugs that may have potentially fatal
ardiac side effects, precise measurement of the heart rates is

Tel.: 086-21-65642366; E-mail: jychen@fudan.edu.cn
ournal of Biomedical Optics 020503-
important. However, in Burns’ method, the transgenic treat-
ment for acquiring the GFP-expressed embryos must be car-
ried out before the measurements. Moreover, the weak fluo-
rescent signal of GFP does not allow for fast imaging, so the
frame rate Burns et al. used was 512 frames per minute, re-
sulting in a low temporal resolution of 117 ms.7 This system
is probably not suitable for detection of a high heart rate
��300 BPM�, and is also not able to discern heartbeat periods
with variations smaller than 117 ms, such as in the case of
arrhythmia. To improve the assay of heart rates in zebra fish,
we report a new system that combines a fast differential
interference contrast �DIC� imaging technique with autocorre-
lation treatments. Since a higher imaging rate of 250
frames per second was used in our system, the temporal res-
olution is as high as 4 ms, which ensures the precise measure-
ments of heartbeat periods.

The zebra fish were raised at 28 °C according to the
literature.8 Before the measurements, the embryonic fish were
dipped in the culture liquid on the coverslip. The sealed
sample was then put into a transparent, temperature-
controllable cell �Olympus� on the measuring stage of the
microscope. The Olympus IX71 microscope, containing the
DIC function and equipped with a high-speed charge-coupled
device �CCD� camera �480�420 pixels� �MotionScope PCI
8000 S�, was used to acquire DIC images of a zebra fish
continuously with a frame rate of 250 frames /s. In the DIC
imaging measurements, the transmitted light was strong
enough so that the imaging exposure time could be as short as
milliseconds, resulting in a high temporal resolution. In fact,
DIC images recorded the intensity in each pixel that corre-
lated with the optical path length accordingly. With the heart
beating, the optical path length of the transmitted light in the
heart area correspondingly changed, leading to the imaging
differences in time-lapse DIC images, as shown in Fig. 1. The
heart beating is a cycle course. Figures 1�b� and 1�c� differ
much from that of Fig. 1�a�, showing that the imaging simi-

1083-3668/2008/13�2�/020503/3/$25.00 © 2008 SPIE

Fig. 1 The different states of the beating heart in a zebra fish. The DIC
images were recorded from a fish on day 3 postfertilization.
March/April 2008 � Vol. 13�2�1
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arity is poor between them. When beating heart finished a
ycle reaching Fig. 1�d�, the similarity between Figs. 1�d� and
�a� became great. Such similarity could be defined as auto-
orrelation, and quantitatively described as the correlation co-
fficient R�t0 , t0+ t� in Eq. �1�.9

R�t0,t0 + t� =
�I�t0�I�t0 + t��

�I�t0���I�t0 + t��
, �1�

here, in our case, I�t0� is the intensity of a pixel in the frame
f time t0, I�t0+ t� is that of the same pixel in the frame of
ime t0+ t, and � � denotes an ensemble average. Based on Eq.
1�, the imaging correlation coefficient corr�i , j� between
rames i and j, defined for our case, can be transformed as Eq.
2�.

corr�i, j� =
�nIi�n�Ij�n�

��nIi�n�2�nIj�n�2�1/2 , �2�

here Ii�n� is the intensity of pixel n in frame i, and Ij�n� is
hat of pixel n in frame j. The value of corr�i , j� should be
rom 0 to 1.

Selecting a reference image from an obtained imaging se-
ies, corr�i , j� was calculated as the time-dependent function.
igure 2 shows the typical corr in the heart area �Fig. 1� of the
sh, in which a reciprocal of the cycle period represents the
eart rate. Thus, by combining the fast DIC imaging and au-
ocorrelation treatment, a new modality of heart rate measure-

ents for zebra fish was developed.
Referring back to the 28 °C, temperature alteration will

hange the heart rate of the fish as reported.7 With tempera-
ure increments from 22 to 34°C, we found that the heart rate
radually increased from 120 to 285 BPM, which is in good
greement with the result in Ref. 7, but is a slight difference
ompared with other reports.5,6 Furthermore, as shown in Fig.
, the variation of heartbeat periods also increased for fish at
he abnormal temperature of 34 °C, compared to the distribu-
ion of heartbeat periods of fish at the normal temperature of
8 °C, indicating that abnormal temperature induced abnor-
al heartbeats.

ig. 2 The time-dependent corr. The reciprocal of cycle periods rep-
esents the heart rate. Here the picture in Fig. 1�c� is selected as a
eference image.
ournal of Biomedical Optics 020503-
Cadmium �Cd� is a known toxic element that affects the
cardiovascular function of fish with the typical phenomenon
of slowed heart rates.10 After 1-mg /L cadmium was added to
the fish dish for 2 days, we found that the average heart rates
of these treated fish at the normal temperature of 28 °C indeed
decreased. Moreover, the variation of heartbeat periods also
increased in the treated fish, compared with that of the control
fish �Fig. 4�. Arrhythmia is defined as the variation range of
heartbeat periods between the longest and shortest periods
exceeding the common range of healthy groups. In contrast to
the 24-ms variation range of heartbeat periods in the control
fish �the right one in Fig. 3�b��, the 36-ms variation of heart-
beat periods demonstrates the signs of arrhythmia in Cd

Fig. 3 �a� Heartbeats of the embryonic fish on day 3 postfertilization
at 34 °C. �b� The distribution of heartbeat periods at 34 °C compared
with that at the normal temperature of 28 °C.

Fig. 4 �a� Heartbeat of the Cd-treated fish on day 3 postfertilization at
28 °C. �b� The distribution of heartbeat periods in the treated fish.
March/April 2008 � Vol. 13�2�2
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reated fishes. Since the variation of heartbeat periods is
round 30 ms, our system was good enough to reliably mea-
ure such period changes, while the previous system7 with
oor temporal resolution would not be reachable. In addition,
ince numerous commercial microscopes have the DIC func-
ion, this measuring system is easy to acquire and adapt.
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