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Abstract: We have compared multiple exposure speckle imaging using two approaches: (i) duration modulation of 
laser diode pulses with fixed exposure time and (ii) synthetic exposure created from the sum of frames obtained at 
1ms exposure time.  Both methods have been applied to evaluate controlled flows in micro-channels. The results 
demonstrate that the synthetic exposure method provides accurate speckle contrast data over a wide range of 
exposures, channel diameters and flows.  © 2021 The Author(s)  
 
1. Introduction  

Multiple exposure speckle imaging (MESI) has emerged as an efficient and reliable tool for in vivo relative blood flow 
changes monitoring and tissue perfusion assessment. It has been found as a powerful diagnostic tool in several medical 
fields such as rheumatology, dermatology, ophthalmology, and neurology among others [1]. MESI has been proven 
to be more accurate than the previous laser-speckle imaging tools when it comes to flow quantification and the 
capability of distinguishing the contribution of static scatters (i.e. bones, cartilages, etc.) from that of the moving 
scatterers (i.e. blood cells) in the speckle pattern. The MESI system developed previously in our lab relied on a post-
treatment of speckle images followed by a nonlinear fit to the MESI model in the aim of extracting the functional 
blood flow maps [2]. However, the acquisition of multiple exposure relied on a fixed camera exposure associated to 
laser pulses varying in duration and intensity. This implies the use of an acousto-optic modulator (AOM) associated 
to an arbitrary waveform generator (AWG) and the synchronization of the camera to the laser pulses. We investigate 
here a much simpler instrumental approach by creating synthetic exposure by the summation of images acquired at a 
short exposure time (a 10ms synthetic exposure is obtained by the summation of 10 images obtained at 1ms). Such 
approach has been proposed and validated using high sensitivity, low noise SPAD detectors but at the expense of a 
limited spatial resolution [3]. Further studies have used CMOS cameras but no comparison to the “classical” AOM 
was performed as a validation [4,5]. On one hand, the camera noises (dark, read-out and shot noise) add linearly with 
the exposure time in the synthetic exposure scheme, thus decreasing the speckle contrast. On the other hand, the 
synthetic exposure scheme is likely to be much less sensitive to the intensity calibration bias observed in the AOM 
multiple exposure approach. Indeed, in this approach, not only the duration of pulses is modulated, but also their 
amplitude to keep a similar light level at the detector for all exposure times. The present study was designed to compare 
the synthetic exposure approach to the laser modulation approach in typical conditions associated with speckle blood 
flow imaging in the brain of rodents [6].  

 
2. Materiel and Methods 

The imaging set-up used in this study is showed in figure 1. The laser used is a 634 nm laser diode (Shangai laser, 
China) with a maximum output power of 419 mW. A genI sCMOS camera (Orca Flash 2.8, Hamamatsu, Japan) was 
used. It has a 42% spectral sensitivity at 634 nm, a typical read noise of 3e- and a dark noise of 1e-. The microfluidic 
channels and set-up were described in details previously [2]. Speckle images were recorded for microfluidic channels 
with a rectangular section of 100, 300 and 500 µm of widths and 75 µm of length. We used 2% intralipid as the flowing 
media since its optical scattering properties are close to that of blood. Flows from 1 µl.min-1 up to 7 µl.min-1 were 
controlled using a pressure controller with inline flow feedback (Fluigent, France). 

For all conditions, contrast images were computed using the following equation: 
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Where σ is the standard deviation of the intensities in the acquired image, and <I> is the average intensity in the same 
image. A spatial window of 5x5 is used for the calculation of contrast.  The assumption behind the speckle contrast 
imaging of biological flows is that the flow is inversely proportional to the decorrelation time tc of the scatterers. 
Using multiple exposure contrast images, it is possible to derive tc while considering the contribution of static 
scatterers. Multiple exposure speckle contrast data as a function of exposure are fitted to the following equation [7]:  
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In the present study, we have acquired and compared multiple exposure speckle contrast data at Texposure  of 1, 2, 5, 10, 
25 and 50ms using two different approaches. In a first approach, called laser modulation method, the acquisition of 
multiple exposure relies on a camera exposure fixed at 60ms associated to laser pulses varying in duration and intensity 
using an acousto-optic modulator. The width of each pulse is set to the desired exposure duration (same values as the 
previously chosen 6 exposure times), while its amplitude is set so that the areas for all the pulses (in other words the 
pulses energies) are equalized. The shortest exposure time requires the maximum amplitude whereas the longest 
exposure is associated with the lowest amplitude. Contrast images are then calculated for the 6 exposure times using 
equation (1) and tc is derived from a fit of the contrast data to equation (2). In a second approach, called synthetic 
exposure, contrast images are generated using synthetic exposures as follows: the camera exposure time is set at 1ms 
and the laser diode power is adjusted to ensure that the maximum dynamic of the sensor is used. 50 independent 
frames at 1ms are acquired and contrast images for Texposure : 1, 2, 5, 10, 25, and 50ms are computed as the sum of the 
corresponding number of 1ms-frames. In other words, short exposure frames (1ms) are summed to create longer 
exposure times. In order to limit the bias due to summation of noise (dark, readout and shot-noise), noise corrections 
are applied and contrast images are computed using equation (1). Both acquisition set-ups are shown in figure 1.  
 

 
Fig. 1. Set-ups used for laser modulation method (A) and synthetic exposure (B) acquisition of multiple 

exposure speckle images. 
 

 

 
 
 
 



3. Preliminary results 
 

 

Fig. 2. Speckle contrast images calculated for a channel of 300 µm width and a flow of 3 µl.min-1 using the 
synthetic multi-exposure approach. (A) 1 image acquired at 1ms; (B) 2 images acquired at 1ms thus a total 

exposure of 2ms; (C) 5 images acquired at 1ms thus a total exposure of 5ms; (D) 10 images acquired at 1ms 
thus a total exposure of 10ms; (E) 25 images acquired at 1ms thus a total exposure of 25ms; (F) 50 images 

acquired at 1ms thus a total exposure of 50ms. 
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