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1.

Introduction

Vesicle trafficking is a biological process whereby sub-cellular particles transport materials within cells and to/from
cells. The healthy behaviour of eukaryotic cells is dependent on the faithful transport of these materials to, and fusion
with, the appropriate cellular membrane [1]. Vesicles are critical to a cell’s internal organization and are involved in a
variety of functions such as metabolism and enzyme storage, and can have fatal consequences when they malfunction.
Automated tracking of vesicles is of great interest in cancer research, and cellular biology in general, [2–7]. However,
because of their transparent nature, fluorescent tagging is used which can affect functionality, and the high light intensities of 3D microscopes such as confocal microscopes impede their regular use over long timescales. The inability to
accurately identify, and track in three-dimensions, thousands of single particles, non-invasively in a label-free manner,
via high-throughput microscopy has impeded dynamic studies of vesicle trafficking.
Digital holographic microscopy (DHM) is a label-free, single-shot technique that is well suited for imaging three
dimensional objects [8]. DHM has been studied extensively in particle tracking and various different methods for
tracking particles have been proposed [9]. We propose to use multiple-depth amplitude reconstructions in the tracking
as the amplitude reconstruction of a MDCK cell reveals in-focus vesicle positions accurately and efficiently.
2.

Digital holographic microscopy

A digital hologram H0 (x, y) = |R|2 + |O|2 + R∗ O + RO∗ that is sampled by a digital camera, can be propagated at any
depth z of the reconstruction volume using the Fresnel approximation [10] as
U(x, y; z) =
 2

−i
x + y2
exp (ikz) I0 (x, y) ⊗ exp iπ
λz
λz

(1)

where λ is the wavelength of the light, ⊗ denotes a convolution operation, and k = 2π/λ . The terms R∗ and O∗
denote the complex conjugates of the reference wave and the object wave, respectively. From the complex valued
reconstruction, the intensity component is defined
I(x, y; z) = Re[U(x, y; z)]2 + Im[U(x, y; z)]2

(2)

and phase component is defined

φ (x, y; z) = arc tan

Im[U(x, y; z)]
Re[U(x, y; z)]


(3)
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Vesicle tracking

MDCK cells can be considered as phase objects that in general do not admit a significant signal in an amplitude
reconstruction, however vesicles in the amplitude reconstruction can be distinguished extremely well. Amplitude reconstructions from digital holograms can therefore be used to track vesicles and their position both axially and laterally.
After capturing a time-lapse sequence of living MDCK cells, a hologram from which the tracking will start is
chosen. By searching for local minimum along the z axis of the amplitude reconstruction stack one can identify an infocus vesicle as shown in the Fig. 1. For this, the chosen hologram is reconstructed through a volume using predefined
reconstruction depths. The depth map D(x, y) is formed as

arg minz [Vz (x, y)]if min[Vz (x, y)] ≥ τ
D(x, y) =
(4)
0, otherwise
where Vz (x, y) is the amplitude reconstruction volume in which each amplitude reconstruction is multiplied by the
mask, and τ is a manually adjusted threshold. The mask is obtained for each depth by an adaptive thresholding of each
amplitude reconstruction. D(x, y) is binarized to M(x, y) by setting all the values greater than 0 to 1, and running a
morphological image opening operation on the result. Unique labels are given to each independent region in M(x, y).
After extracting each region with a unique label, size of the region is calculated; if the size is below a threshold, (x0 , y0 )
coordinates of the region are used to obtain a mask M 0 (x0 , y0 ) for a vesicle. Median value of D at the same (x0 , y0 )
coordinates is the starting depth for the tracking.
Tracking can be realized by using a template matching in which the template T is an amplitude reconstruction
M 0 ∩ Vσ . The template with size w × h is convolved over larger region Cz with size of w + η × h + η centered at the
same (x, y) than T. The matching is performed on the next frame of the sequence at all the reconstructed depths z as
Rz (x, y) = q

∑x0 ,y0 [T 0 (x0 , y0 ) ·C0 (x + x0 , y + y0 ; z)]

(5)

∑x0 ,y0 T 0 (x0 , y0 )2 · ∑x0 ,y0 C0 (x + x0 , y + y0 ; z)2

where T 0 (x0 , y0 ) = T (x0 , y0 ) − 1/(w · h) · ∑x00 ,y00 T (x00 , y00 ), C0 (x + x0 , y + y0 ; z) = C(x + x0 , y + y0 ; z) − 1/(w · h) · ∑x00 ,y00 C(x +
x00 , y + y00 ; z), x0 = 0...w − 1, and y0 = 0...h − 1. The best match is extracted by finding the global maximum of Rz (x, y)
and the template is updated accordingly for the next tracking round. If the maximum coefficient value is below a
threshold, the size of η is incremented and therefore the size of C(x, y; z) is increased for the next round.

Fig. 1. Focus metric. (a) shows amplitude values of a single pixel of a vesicle at different reconstruction depths; (b) amplitude reconstruction of a MDCK cell hologram at -5.6 cm from the hologram
plane where some of the vesicles are in focus, inlet in (b) show an in-focus vesicle; (c) unwrapped
phase reconstruction at -5.6 cm from the hologram plane.

4.

Results

Figure 2 shows tracking result with MDCK cells. MDCK cells were grown in a traditional growth medium and the
time-lapse imaging was performed by using an off-axis Mach-Zehnder digital holographic microscope. Imagings were
done by using a dry 40X microscope objective with 0.7 numerical aperture (Leica HCX PL Fluotar). One 1024×1024
(6.45 µm pixel pitch) hologram was captured every 20 seconds. Aperture apodization was applied on the holograms
and the reconstruction volume was reconstructed with 0.5 mm steps from -65.0 mm to -50.5 mm. Adaptive gaussian
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thresholding with 40 pixel block size and offset of 40 was applied on the normalised amplitude reconstructions. τ was
set to 50% of the maximum of each amplitude reconstruction, offset of C was 10 pixels, coefficient threshold was 0.95,
and η was 2 pixels.

Fig. 2. Result. (a) depth map of the starting frame; (b) last frame of the sequence with red rectangle
showing the identified object position; (d) trajectory of the tracked vesicle.

5.

Conclusions

In this paper, it was shown that vesicle trafficking can be monitored efficiently by using amplitude reconstructions
of digital holograms with template matching. The method was theoretically described and experimental results were
demonstrated.
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