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ABSTRACT

With the availability of new confocal laser scanning microscopes, fast biological processes, such as the blood flow in living
organisms at early stages of the embryonic development, can be observed with unprecedented time resolution. When the
object under study has a periodic motion, e.g. a beating embryonic heart, the imaging capabilities can be extended to
retrieve 4D data. We acquire nongated slice-sequences at increasing depth and retrospectively synchronize them to build
dynamic 3D volumes. Here, we present a synchronization procedure based on the temporal correlation of wavelet features.
The method is designed to handle large data sets and to minimize the influence of artifacts that are frequent in fluorescence
imaging techniques such as bleaching, nonuniform contrast, and photon-related noise.
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1. INTRODUCTION

One of the most challenging objectives in developmental biology is being able to acquire, visualize, and analyze three-
dimensional time-series (4D data) at high frame-rates. Dynamic in vivo imaging of fast biological processes at the cellular
and sub-cellular levels requires appropriate microscopes and procedures. While the 1-2 frames per second (fps) frame-rate
of a conventional confocal microscope is sufficient to monitor slow movements (e.g. cell migrations occurring at 20-50
pm/h, see Ref.l), the swifter ones (e.g. red blood cells in the developing cardio-vascular system, that move at 1-10 mm/s,
see Ref.?), or those imaged at high magnification, require 1 to 2 orders of magnitude faster microscopes. Imaging the
developing heart in the zebrafish embryo typically requires acquisition speeds of 100 fps and above.

Recent developments in fast confocal laser scanning microscopy (such as those implemented in the Zeiss LSM 5 LIVE?
microscope) allow the acquisition of 2D slices at high frame-rates, i.e. above 120 frames per second (fps). Direct dynamic
3D imaging is currently not possible without reducing the acquisition rate by at least one order of magnitude. This makes
the observation and analysis of the fast-moving heart-wall cells difficult. Indeed, it is not possible to gain insights into the
3D geometry from 2D slice-sequences only and too low a frame rate induces aliasing and blurring artifacts.

Despite this limitation, and when the imaged motion is periodic, it is possible to reconstruct dynamic 3D volumes
from sequentially acquired 2D slice-sequences (at different positions along the z-axis of the sample) without giving up
temporal resolution. Similar approaches are commonly used for cardiac imaging using other, macroscopic, modalities
such as magnetic resonance imaging, computerized tomography, or ultrasound® ''; if the acquisition is always triggered
at the same moment in the heart cycle (gated acquisition), the different slice-sequences can directly be assembled to form
a dynamic 3D volume. In the absence of a reliable external gating signal, the acquisition intervals do not match (nongated
acquisition) and direct reconstruction is not possible. In the case of the beating embryonic zebrafish heart, it is currently
difficult to acquire a reliable external gating signal, implying that the sequences are nongated. In order to synchronize
them a posteriori (post-acquisition synchronization), we have developed a procedure based exclusively on the information
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Figure 1. Consistent reconstruction is not possible if the acquisition procedure is not compatible with the imaged motion. (a) Time-
sequence of a periodically constricting tube and measured slice-sequences (ideal PSF) (b) Time-sequences of four different objects that
yield equivalent measurements (up to a temporal shift). From the measurements in (a) the least-squares criterion yields the 3D object
depicted in A.

contained in the nongated sequences themselves.'? Because of the tremendous amount of data involved for 4D imaging
and the specificity of fluorescence imaging artifacts, the alignment is carried out on a limited set of thresholded wavelet
coefficients corresponding to specific frequency-bands. Here, we review and further discuss some characteristics of this
method.

2. ALGORITHM

During acquisition, the measured intensity is given by

I (%, 2k, t /// x',2,t — s) PSF(x — x', 2 — z) dx'dz (1)

with sy, the unknown time shift at depth z;, = kh, k = 0,..., N,, where h is the axial slice spacing. The optical system’s
point spread function is denoted PSF. We assume that the measured intensity is periodic with period 7', i.e.,

[I(x,2,t) —I(x,2,t+T)| < I'ax, 2)

and that each sequence has a duration L = mT with m € N*. In order to recover the original volume I(x, z, t) from the
measurements I,,, (X, z, t), we consider the following objective least-squares criterion to measure the similarity between
the data from neighboring depths zj, and z

Q. (s // / (%, 20, O + I (%, 210, t — 5)[° dt dx
R2
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where C'is a constant. The shift s € R that minimizes Qy, & (s) corresponds to the relative shift s, ;- between two pairs of
z-slices at depths z; and zx-. To achieve consistent reconstructions, the acquisition must be performed with a sampling step
h in the z-direction that is smaller than the axial extent of the point spread function. In Fig. 1 (a), we show a deformation
that is not homogeneous with respect to the z-direction, and is acquired with a device whose point spread function does
not fulfill the latter requirement,

3

PSF(x, z) = §(x)d(z2). 4)



In that case, the similarity criterion (3) yields an erroneous reconstruction, i.e. object A, depicted in Fig. 1 (b). Note that
objects A-D all yield equivalent slice-sequences, up to a temporal shift. Accurate reconstructions are only possible if the
axial PSF-extent is larger than the z-sampling step h, the motion is known a priori to be homogeneous in the z-direction,
or supplementary information is available (electrocardiogram,.. . ).

The quantity in Eq. (3) strongly depends on the image-sequence quality. The images are typically corrupted by noise,
non-uniform background, etc. Therefore, instead of correlating image pixels (in time), we correlate wavelet coefficients.
To this end, we consider a separable orthogonal wavelet basis of LQ(RQ),

{0 (%), 0] m (%), V5 m(¥)} ez (5)
where the two-dimensional wavelets
U () = 507 (5~ m) ©
are constructed with separable products of the 1D scaling function ¢(z) and wavelet ()
Ul (x) = $(@)1(y), ¥* (x) = Y(@)(y), ¥* (x) = Y(a)P(y). ©)

We index the basis functions with a single index k that includes the scale j € Z, translation m € Z2, and wavelet type
pe{1,2,3}:
wk(x) = §7m(x)7 k= (paja m) (8)

An image, at a fixed depth zj; and time-point ¢, is expanded in the wavelet basis as

(%, 2k, t chk ) (x )

where the coefficients are given by the inner products (wavelet transform)

cx(t) = 2Ky t), i) (10)

// (5, 25, )t () dx (11

Since the basis functions are orthogonal, i.e. ({k, k) = Ok k, we may rewrite Eq. (3) as

Qi (Jhe) = —2/ chk ek x(t — jhe)dt
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k spans a finite number of scales and translations since the image support as well as the initial image resolution are finite.

The number of wavelet coefficients is the same as the number of pixels [see Fig. 2 (b)]. Therefore, the evaluation of
Eq. (12) has the same complexity as Eq. (3). However, since the wavelet transform is an organized and concise represen-
tation of the signal, it allows us to work with a subset of the full dataset. For our purposes, we may discard the higher
frequency bands, an operation which results in a important data-size reduction. To avoid contributions to the correlation
signal from non-uniform background artifacts (that may vary with time) we discard the low frequency coefficients [see
Fig. 2 (c)]. Robustness to random photon noise is obtained via a soft-threshold of the remaining coefficients. Although
Eq. (12) requires an orthogonal wavelet basis to be strictly valid, we implemented our algorithm with Daubechies 9/7
wavelets'3: They are nearly orthogonal, have good approximation properties, and are symmetric.'* The latter property
allows for implementations that do not require that the image-size be a multiple of a power-of-two.'® Therefore, it is also
possible to perform the synchronization on manually selected regions-of-interest.
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Figure 2. Data Reduction. (a) Raw-data frame of confocal slice through the embryonic heart, 256 141 pixels. Scale-bar is 20 um. (b)
Wavelet Transform, 256 x 141 pixels. (c) The registration is performed on the reduced data-set obtained by cropping the lowest and the
three highest frequency bands and applying a hard threshold to the remaining coefficients. The image is 32 x 18 pixels.

3. RESULTS

In Fig. 2 (a), we show a single frame of a sequence acquired in a 48 hours post fertilization (hpf) transgenic zebrafish
embryo'® (danio rerio) using a prototype of the Zeiss LSM 5 LIVE microscope.? The zebrafish heart’s two chambers, the
atrium and the ventricle, are visible, separated by the atrioventricular canal (center). The image is corrupted by various
artifacts, including structured noise, nonuniform background, detector and photon noise. Fig. 2 (b) shows the corresponding
wavelet coefficients. In order to perform the time-synchronization in a robust manner, we only keep the four lowest
frequency scales (since high frequency bands are corrupted by structured noise and we want to reduce the data size), and
remove the lowest frequency band (to avoid dependence on a non-uniform background). We apply a soft threshold to
the remaining coefficients. Compared to the original 256x 141 pixel large picture, the synchronization is based on the
correlation of the 32x 18 wavelet coefficients, a reduction in size of about 70%. Finally, in Fig. 3, we show the rendering
of data from a 54 hpf zebrafish heart. The atrium and ventricle have been segmented. Three-dimensional renderings allow
for the precise inspection of the heart development.

4. CONCLUSION

Recently developed confocal microscopes allow imaging of fast processes with good depth discrimination. For periodic
motions, 4D data may be reconstructed reliably from nongated slice-sequences by use of a wavelet-based synchronization
method. The approach benefits from the concise data and selective space-frequency wavelet representations, and allows
to overcome size constraints and acquisition artifacts. For some particular deformations, and when the sampling along the
z-axis is too sparse compared to the axial point spread function extent, supplementary information is required to achieve
correct reconstructions.



Figure 3. 3D reconstruction of a zebrafish heart. The atrium and ventricle have been segmented. The grid spacing is 20 um. (Rendering
obtained using Imaris, Bitplane AG)
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