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ABSTRACT 
 
We describe work on producing a selective plane illumination microscope for cardiac imaging in zebra fish embryos. 
The system has a novel synchronization system for imaging oscillating structures (e.g. the heart) and will have adaptive 
optics for image optimization. 
 
Keywords: Optical Microscopy, Selective Plane Illumination, Synchronization 
 
 
 

1. Introduction 
 
The requirement to image biological samples has always played a significant role in the development of optics both at a 
practical and theoretical level. In the past ten years there has been an explosive growth in new optical methods in 
microscopy linked closely to the development of methods of genetic manipulation, specifically the incorporation of 
fluorescent proteins to enable precise visualization of specific biological events. A particular focus of these optical 
methods has been the desire for in vivo methods in a range of samples from bacteria to rats. An area of specific interest is 
the use of zebra fish, and their use for studying embryo development [1]. At first inspection the idea that a fish may be a 
good model to study and to understand human physiology may seem strange but it has now been demonstrated that for 
many areas of research the zebra fish provides a very suitable model. They are comparatively easy to generically 
manipulate and they mature quickly (they can provide breeding stock in around 3 months). Crucially, in terms of optical 
microscopy, they are basically transparent, in particular at the embryonic stage of development. It is even possible to 
generate strains of fish with no pigment, or to inhibit the development of pigmentation through the addition of chemicals 
to the water. 
 
Their use in cardiac studies would appear to be less obvious as they only have a very simple two chamber heart 
compared to the apparently more complex four chambered heart of mammals, and, in particular, the human heart. 
However, the zebra fish provides an excellent model for many aspects of the human heart and especially for the study of 
early stage development, when many genetic malformations take place in humans.  At this stage of development it is also 
possible to cause controlled local damage to the tissue to observe the recovery of injured tissue. 
 
The original imaging of developing zebra fish was undertaken using conventional wide-field and confocal microscopy, 
which proved to be very successful. However, in the case of wide-field methods, although real time imaging was 
possible, the inability to observe three dimensional structure, through optical sectioning was a limitation. The inverse 
was the case in confocal and non-linear microscopy (multiphoton, second and third harmonic, CARS) where the optical 
sectioning capability was limited by the speed possible even using spinning disc systems. Thus a novel method was first 
reported in 2001 [2] with various improvements since [3]. In so called Selective Plane Illumination Microscopy (SPIM), 
a single sheet of light is used to illuminate the sample and the observations are made normal to this illumination plane. It 
should be noted at this point that the sample can be kept alive, and embryos develop normally by placing the sample in a 
transparent medium such as agar, which permits oxygen to permeate whilst restraining the lightly anesthetized fish, so 
the instrument does not needs to follow a rapidly moving fish through water! One can thus image at a relatively high 
speed, determined by the light level and sensitivity of the camera, and build up optical sections by moving the 
illumination beam through the samples, in synchronism with the objective lens, or more normally by moving the sample 
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the high speed camera (Prosilica GS650). In the current system a typical frame rate of around 100 Hz has been found 
sufficient to achieve excellent precision in the synchronization. 
 

2.3. Software Description 
 
The full software algorithm description is currently in preparation [6] with the outline description being given here with 
the crucial feature being the quantified relationship of the spatial and temporal properties of the heart. The algorithm 
takes the images of the heart (containing both spatial and temporal information) to build up an accurate model of the 
temporal behavior. This temporal model is then used to predict when the heart will next be in the correct position for 
image acquisition. There are thus four building blocks. (i) An initial frame comparison is undertaken using a similarity 
metric to identify frames which “look the same”, and thus are assumed to correspond to same points on the cardiac cycle. 
(ii) This enables us to build up a set of reference frames corresponding to a single heart cycle, with each one being 
assigned a phase between 0 and 2π. (iii) We can then perform phase recovery by comparing the current frame against 
these reference frames in order to quantify the phase of the current frame. This phase development over time can then be 
extrapolated into the future to anticipate when an imaging frame should be taken. (iv) The real time trigger control 
system is then used to trigger the actually acquisition of the required frame (or to activate any other device) that is 
required in synchronization with the heart. 
 
The initial frame comparison uses a simple sum of absolute differences (SAD) method “as its comparison metric,” 
which, despite its simple nature, functions well in this situation. A sample graph is shown in figure 3 illustrating that we 
have a periodic pattern from our images as expected. These data points are then fitted to a simple V interpolation model 
when the SAD value is below a certain threshold value. This same comparison metric is used in the phase recovery step, 
with sub-frame interpolation to determine where the current frame fits into the set of reference frames, and hence 
establish the phase of the current frame. 

 
 Figure 3. SAD value plotted against time for a beating Zebra fish heart. Here the comparison is between the frame that has 
just been acquired (Δt = 0 s) and the frames from the preceding three seconds (up to Δt = - 3 s) 
 
To actually synchronize the image capture and associated light sources the timing available on a personal computer is not 
accurate enough as the operating system is designed for consumer activities which do not require guaranteed high 
accuracy timing. We have thus used a dedicated FPGA device (Xilinx Spartan-3 200) based upon previous experience 
[7]. Any such system has an in-built latency and thus it is crucial that the computer informs the FPGA device sufficiently 
in advance of requiring the image. This latency must include possible delays in the software algorithm caused, as 
described above, by other background activity within the host operating system. Occasionally it may not complete in 
time, but this situation can be identified when it occurs and is reported by the timing controller as an error. Such a 
protocol ensures that either a frame will be acquired (or laser trigger signal sent, etc) at precisely the desired trigger time; 
or (occasionally) the frame will not be acquired at all and that error condition will be correctly identified by the code. 
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The assessment of the performance of the system does not lend itself to the written page as we are looking for small 
changes in a series of effectively still video images. In the first experimental verification we used our new image 
selection system to record a series of frames of a beating zebra fish heart and compared these to the streamed images 
taken at 100 Hz where the frames with the heart in the “same position” were selected from the video sequence. Figure 4 
shows two images taken from a video stream and the synchronization method. 
 

 
 

Figure 4. Still image from a movie [6] comparing postprocessing with live synchronization. (Left) A movie frame showing 
input data used for cardiac gating and (right) a synchronized frame. The original movie shows postprocessing first, followed by live 
synchronization, which gives more consistent synchronized images 
 
 
 

(a)  
 

(b)         (c)  
  
Figure 5. Top 5(a) shows heart structure (field of view around 500 microns) with 5(b) on the left showing the difference of two 
successive frames (in red) using the new synchronization method and 5(c) (right) showing the differences of two frames selected from 
a video stream. The center oval is grayed out as blood cells are clearly visible which are not correlated from frame to frame. 5(b), on 
the left, has less areas of red than the right frame, 5(c) showing that our method produces frames which are more similar than simply 
collecting a video sequence. 
 
The difference between successive images can also be used to compare the two methods. In figure 5(a) we show a single 
image of the heart with a field of view of around 500 microns. 5(b) and 5(c) then show two successive frames where the 
heart should be in the same position, 5(b) from two successive synchronized frames, 5(c) from two frames selected from 
a video sequence where the heart is a close as possible in the same position. The centre portion of the image has been 

3. RESULTS 
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grayed out as red blood cells are clearly visible in the frames and of course have no correlation. Areas where the images 
differ are shown in red with 5(c) showing a significantly higher level of differences between two frames that are 
supposed to be the same. 
 
These results (movie and stills) clearly demonstrate the improved consistency that can be achieved using real- time 
synchronization. This results in improved 3D tomographic data, as well as being the only option in laser targeting 
applications. Note that while all these examples show white-light transmission images for reasons of clarity, some of the 
greatest benefits are obtained using a two-camera system, with continuous transmission imaging and triggered 
fluorescence imaging. 
 
Figure 6 shows a single raw image of a GFP transfected zebra fish heart taken with the SPIM imaging system. No post 
processing has been undertaken and this is one optical section for a complete series through the heart recorded using the 
SPIM system described above. This image and others indicate that adaptive optics will be necessary to produce the very 
high quality images. 
 

 

 
  

Figure 6. SPIM sectioned image through a zebra fish heart, taken using our system, fitted with the gating system. 
 
 

 
4. CONCLUSIONS AND DISCUSSIONS 

 
We have developed a heart synchronization system suitable for use in the live image of structures that follow a repeated 
pattern such as the heart. The system is suitable for triggering both the illumination source and recording camera in a 
SPIM microscope but has potential applications for any optical system which requires triggering at a particular moment 
in a repetitive cycle. We have also undertaken preliminary experiments to trigger a UV laser to cause minor cell damage 
in specific cells in the heart to study the response to such trauma. Using the system described here to trigger the ablation 
laser we can be sure of targeting the same position on each heat cycle. We believe that the system also has applications 
for various forms of microscopy where it is crucial that images are recorded in the same physical position on each 
occasion. 
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