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Abstract—The spatiotemporal study of the visual system of the 

rodent is a challenging area that conventional functional imaging 

modalities, despite fundamental achievements, still struggle to 

study nowadays. In the other hand Functional Ultrasound (fUS) 

offers an unprecedented combination of spatiotemporal 

resolution. By coupling fUS with an adapted visual stimulation 

device, we mapped the vision-evoked activity in the rodent brain. 

We then optimized the visual-stimulus toward the spatiotemporal 

study of the rodent visual pathway using fUS. 
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I.  INTRODUCTION 

The ability to process visual information surrounding each 
individual is one of the most astonishing and complex task each 
vertebrate can perform. This ability relies on the cerebral visual 
system. Its complex chain of information processing begins with 
the gathering of photons on the retina. The visual information 
travels along the optic nerves, is pre-processed in thalamic relays 
such as the left and right Lateral Geniculate Nuclei (LGN) or the 
Superior Colliculus (SC) and is finally processed in the Visual 
Cortex. The so-processed information is then sent to other 
cerebral areas that will for instance trigger an action or a 
memorization [1]. This complex and multi-component system 
has been widely studied using electrophysiology [2]–[4]. 
Nevertheless, due to its three dimensional spatial complexity at 
varying depth in the brain, its interactions with other functional 
regions of the brain and a variety of dynamic tasks performed 
along the chain, the full understanding of the visual system 
remains a challenge. 

Although electrophysiology, fMRI [5] and optical intrinsic 
imaging [6], [7] have largely contributed to understand the 
visual system, they all suffer drawbacks. The electrophysiology, 
though precise and direct is local and invasive. fMRI, though 
3D, has a pour spatiotemporal resolution and need higher and 
higher magnetic fields to resolve the small structures involved 
in the rodent vision. And optical intrinsic imaging, though richly 

resolved in time and space, does not image in depth because of 
light scattering in biological tissue. 

In the present study, we studied the ability of functional 
ultrasound (fUS) imaging [8] to image the visual system. fUS is 
a recently developed functional neuroimaging technique based 
on plane waves ultrafast ultrasound imaging [9] and blood flow 
measurement which has already offered new insights in 
diagnostic imaging, blood flow imaging [10]–[12] and 
functional imaging [13].  

By using fUS imaging and a simple visual stimulation setup 
we investigated the feasibility of spatiotemporally studying the 
visual system in the rat brain. Using a motorized translation we 
were able to map the activation of the visual cortex and of the 
Superior Colliculus and LGN along the visual pathway in 2D 
and in 3D. We also leveraged simple changes in the visual 
stimuli to assess changes in the response intensity or localization 
at these visual areas. 

II. METHODS 

A. Animals, surgical procedures 

Adults male Long-Evans rats (Janvier Labs; France) 
weighting 250 g to 350 g, and aged 7 to 9 weeks were included 
in this study. All rats underwent surgical craniotomy before the 
imaging session. Anaesthesia was induced with 5% isofluorane 
and followed by intraperitoneal (i.p.) injection of a mixture of 
ketamine (60 mg/kg, Imalgene 1000®, Merial; France) and 
medetomidine (0.4 mg/kg, Domitor®, Pfizer, Santé Animal; 
France) and then was maintained by a periodic i.p. dosage using 
1/3 of the initial dose. Buprenorphine was injected 
subcutaneously (0.05 mg/kg, Buprecare®). 

All experiments were conducted in accordance with the 
European Council Directive (2010/63/EU) and the study was 
approved by the institutional and regional committees for animal 
care (Committee Charles Darwin n°5, registration number 
5486).  

B. Stimuli delivery 

Visual stimuli were delivered using a LCD screen (P2314H 
23”, Dell), in front of the rat at 8 cm, therefore covering 145° of 
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the visual field in the horizontal dimension. Stimulation runs 
consist in episodic presentations of 30 s of flickering on the 
screen interleaved with 30 s black screen period for rest (Fig. 1A 
and B). 

C. fUS acquisition sequence and data analysis 

fUS imaging was performed using a linear ultrasound probe 
(128 elements, 15 MHz, 110 µm pitch and 8 mm elevation 
focus, Vermon; Tours, France) driven by an ultrafast ultrasound 
scanner (Aixplorer, Supersonic Imagine; Aix-en-Provence, 
France). The biophysics, technical procedure and statistical 
analysis for fUS were fully explained in our previous 
publications [13], [14]. 

In summary, the ultrasound sequence works as follow: First, 
the brain is insonified by using tilted ultrasonic plane wave [15] 
with a high Pulse Repetition Frequency (PRF) (20 kHz). 
Second, the backscattered echoes coming from a wide-field of 
view on the transducer array are recorded. Finally, the raw data 
are beamformed to produce an image in few hundreds of ms. 

The ultrasonic sequence consists in 5 to 10 min of continuous 
firing at 500 frames/s. Each frame is a coherent compounding of 
11 plane waves with a 20 kHz pulse repetition frequency. To 
discriminate the blood motion from tissue motion artefacts in 
these set of data, we used a recently developed Singular Value 
Decomposition (SVD) based spatiotemporal clutter filter 
technique [16]. Finally one image of power Doppler intensity 
(which is proportional to the cerebral blood volume, (CBV) 
[17]) is obtained by the incoherent temporal mean of the blood 
signal in each pixel. The continuous firing allows a temporal 
sampling of the CBV that can go down to 500 frames/s.  

The ultrasonic probe can be translated using a motorized 
stage described in [18] and the fUS sequence repeated in other 
planes to obtain 3D fUS acquisition. 

III. RESULTS 

A. 2D fUS imaging of the CBV response to a simple visual 

stimulus 

The ultrasonic probe was positioned over a coronal plane at 
Bregma -4.5 mm that presents several known vision-involved 
structures. Those structures are, the visual cortex (V1/V2), the 
Lateral Geniculate Nucleus (LGN) and the Pretectal Nucleus 
(PT), located in the colliculi region (Fig. 2A). While imaging 
with fUS ultrasonic sequence, we episodically stimulated the 
full visual receptive field by 3 Hz full screen flickering during 
stimulation periods. 

After correlation with the stimulus pattern and noise σ-
thresholding, we obtained a functional activation map (Fig. 2B) 
that matches very nicely the expected areas. Furthermore, the 

 

Fig. 2. fUS imaging of the visual areas in the rat. A. Coronal schematic view 

of the rat brain at Bregma -4.5 mm with the delimitations of Visual Cortex 

(V1/V2), Lateral Geniculate Nucleus (LGN) and Pretectal Nucleus (PT). B. 
fUS imaging of the vision-induced activity at Bregma -4.5 mm. The precision 

of the map allows to retrieve the shape of the 3 vision related structures present 

in that coronal slice. C. 3D fUS imaging of the vision induced activity in the rat 
brain. V1/V2, PT and LGN, which were manually superimposed to a Calabrese 

rat brain model. . Scale bars = 2 mm. D Mean CBV signal over the activated 

pixels in the visual cortex. 

 

Fig. 1. A. Schematic view of the experimental setup. B. Stimulus pattern for 

episodic visual stimulation: 30 s of rest are followed with 30 s of flickering of 

the screen at a frequency in the [0; 10 Hz]. 



CVB profile in the visual cortex follows accurately the periods 
of stimulation (Fig. 2D). The operation can be repeated in 
several plan. Thus, staking the 2D fUS data, we retrieved the 
vision involved area in the rat brain in 3D (Fig. 2C). 

B. Optimisation of stimulus parameters 

In order to enhance the functional response for further 
studies we searched for an optimal flickering stimulus. The 
simplest parameter that we can optimized is the flickering 
frequency. It is simply defined by the frequency of the 
black/white alternation of the screen during the 30 s stimulation 
period. A flickering frequency of 0 Hz corresponds to a steady 
white screen for 30 s. On a rat we performed repetitively the 
imaging session for 8 different flickering frequencies. fUS 
activation maps were computed and the maximum value of 
correlation was recovered in two different vision-involved areas: 
the colliculus region and the visual cortex (both hemisphere).  

Fig. 3 illustrates the response amplitude for the different 
tested frequencies.  In the visual cortex, it appeared that the best 
response is obtained at a 3 Hz flickering frequency while the 
higher 10 Hz frequency was eliciting a lower response. In the 
colliculus, the maximum was reached earlier at a 1 Hz frequency 
and the responses remained stable for higher frequencies up to 
10 Hz. We repeated the protocol on another rat and obtained a 
similar curve.  

C. Lateralization of the visual response to simple stimuli 

The visual cortex treats information coming from the 
contralateral visual field, for instance, the left hemisphere 
treating visual information from the right visual field [1]. This 

lateralized response can thus serves as an additional 
confirmation that fUS imaging observations are not mere 
artefacts but true measurements of visual circuit activity. To 
address this question the ultrasonic probe was positioned over a 
coronal slice containing the visual cortex in both hemispheres. 
The flickering frequency was fixed at 3 Hz. However, instead of 
stimulating the complete visual field using the whole screen, the 
screen was divided in 5 column sectors of identical width. In the 
first imaging session, only the extreme-right sector was 
flickering, whereas in the second time, we shifted the 
illumination to the extreme-left sector. 

Fig. 4 illustrates the results of those 2 imaging sessions. Each 
sector is producing a fUS signal only in the respective 
contralateral visual cortex. These observations demonstrate the 
ability of the fUS imaging set-up to discriminate the projection 
of spatially distinct stimuli in the brain consistent with the visual 
processing lateralization. 

IV. DISCUSSION AND CONCLUSION 

In the present study fUS imaging was used on anesthetized 
rats to perform several basics functional imaging studies related 
to vision. The high resolution and 3D mapping of visual patterns 
in the whole brain such as lateralized stimulus and flickering 
stimulus was presented. The best stimulation parameters for 
imaging of the visual cortex were found to be a 3 Hz flickering 
frequency in accordance with the literature [19]. 

Compared to BOLD fMRI, the fUS technique benefits from 
a high spatial and temporal resolution at low cost with a portable 
device. Compared to optical imaging techniques which provides 
high resolution functional imaging but are limited to the 
superficial cortical areas, fUS can be used to image the full depth 
of the brain, including the LGN or the colliculus in our case.  

 

Fig. 4. Optimization of flicker parameters for fUS imaging of vision. 

Influence of the flickering frequency on the response amplitude in the 
colliculus (dashed red line) and in the visual cortex (solid blue line). The 

quality of response is measured via the maximum of correlation on the fUS 

data map. Each curve is normalized with the maximum value of correlation 
coefficient obtained in the corresponding brain area. Error bars: standard 

deviation on the normalized maximum of correlation in the considered area 
over the 5 trials of each parameter 

 

Fig. 3. Optimization of flicker parameters for fUS imaging of vision. 

Influence of the flickering frequency on the response amplitude in the colliculus 

(dashed red line) and in the visual cortex (solid blue line). The quality of 

response is measured via the maximum of correlation on the fUS data map. 
Each curve is normalized with the maximum value of correlation coefficient 

obtained in the corresponding brain area. Error bars: standard deviation on the 

normalized maximum of correlation in the considered area over the 5 trials of 
each parameter. 

 

Fig. 4. Visualization by fUS of the lateralization of the visual response in the 

visual cortex: A. A stimulus in the right part of the visual field results in a CBV 

increase in the left visual cortex, when (B.) a stimulus in the left part of the 
visual field results in a CBV increase in the right visual cortex. Scale bar = 

2 mm. 



It has been widely demonstrated through different functional 
imaging methods [20] that the treatment of the visual 
information is spatialized in the rodent brain. By stimulating the 
visual field with a different kind of stimuli, we showed that it is 
possible to study visual spatialization in the brain with fUS. As 
in [6], the screen was divided in different sectors and 
successively used to stimulate the rat visual field by using those 
different sectors to infer the corresponding activated regions in 
the brain. 
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