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ABSTRACT

3D functional imaging of the whole brain activity during visual task is a challenging task in rodents due to the
complex tri-dimensional shape of involved brain regions and the fine spatial and temporal resolutions required
to reveal the visual tract. By coupling functional ultrasound (fUS) imaging with a translational motorized stage
and an episodic visual stimulation device, we managed to accurately map and to recover the activity of the visual
cortices, the Superior Colliculus (SC) and the Lateral Geniculate Nuclei (LGN) in 3D. Cerebral Blood Volume
(CBV) responses during visual stimuli were found to be highly correlated with the visual stimulus time profile in
visual cortices (r=0.6), SC (r=0.7) and LGN (r=0.7). These responses were found dependent on flickering
frequency and contrast, and optimal stimulus parameters for largest CBV increases were obtained. In particular,
increasing the flickering frequency higher than 7 Hz revealed a decrease of visual cortices response while the SC
response was preserved. Finally, cross-correlation between CBV signals exhibited significant delays (d=0.35 s
+/-0.1 s) between blood volume response in SC and visual cortices in response to our visual stimulus. These
results emphasize the interest of f{US imaging as a whole brain neuroimaging modality for brain vision studies in

rodent models.

Introduction

The ability to process visual information surrounding each indivi-
dual 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. Visual information travels along the optic
nerves, is pre-processed in sub-cortical 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 (Nolte, 2009). This complex and
multi-component system has been widely studied using electrophysiol-
ogy (Adams and Forrester, 1968; Espinoza et al., 1983; Hubel et al.,
1962). Nevertheless, due to its three dimensional spatial complexity at
varying depths in the brain, to its interactions with other functional
regions of the brain and to a variety of dynamic tasks performed
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along the chain, the full understanding of the visual system remains a
challenge.

Although electrophysiology benefits from an excellent sensitivity
and gives fundamental information from the direct measurement of the
neurons activity, it is mainly restricted to local measurements.
Mapping the full visual system activity, is therefore a time-consuming
task and remains constrained by a limited number of implantable
electrodes per subject. Furthermore, this approach is very invasive
when considering deep brain areas like thalamic relays.

Additionally functional Magnetic Resonance Imaging (fMRI), has
extensively contributed to understand the visual system through its
ability to map the brain activity in 3D (Op de Beeck et al., 2008). Its
non-invasiveness and ability to map the brain in 3D makes it a highly
suited method for the study of vision in human (Denison et al., 2012;
Reitsma et al., 2013; Warnking et al., 2002). However, its spatial and
temporal resolution can become a struggle when scaling down the
technique to rodents, since it requires always higher magnetic fields,
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averaging functional maps over several animals (Niranjan et al., 2016;
Pawela et al., 2008a, 2008b; Zhou et al., 2012) or contrast agent (Chan
et al., 2014) to resolve smaller structures, especially for the study of
small sub-cortical structures such as the LGN (Lau et al., 2011a,
2011b) and SC (Chan et al., 2010) or for retinotopic map reconstruc-
tion in the rodent visual cortex (Bissig and Berkowitz, 2011, 2009).
Moreover, the limited temporal resolution of fMRI makes it difficult to
estimate response delays between different brain regions. To answer
this drawback in rodents, optical intrinsic imaging becomes a compe-
titive imaging modality and allows to realize accurate measurements at
the surface of the cortex (Gias et al., 2005; Kalatsky and Stryker, 2003;
Schuett et al., 2002). However, optical imaging is limited by the strong
multiple scattering of the optical waves in biological tissues and is
restricted to measurements at the superficial layers of the cortex, down
to a few micro-meters (Gias et al., 2005). Neither the function of deep
layers of the visual cortex nor of the thalamic relays can be imaged this
way with a wide field of view.

In the present study, a new technique so-called functional ultra-
sound (fUS) imaging (Macé et al., 2011) is presented. fUS is a recently
developed functional neuroimaging technique based on ultrafast ultra-
sound imaging (Tanter and Fink, 2014) which has already offered new
insights in diagnostic imaging (Tanter et al., 2008) and blood flow
imaging (Bercoff et al., 2011; Osmanski et al., 2012; Udesen et al.,
2008). Ultrafast ultrasound imaging can capture more than 20,000
frames per second, compared to the usual 50 frames per second in
conventional ultrasound scanners. This increase in temporal resolution
allows to revisit Power Doppler imaging (Rubin et al., 1994) and results
in a high boost (up to 50) of sensitivity to blood flow. Contrary to the
Doppler frequency which is dependent on the angle between the
ultrasonic beam and the vessel, the integral of the Doppler spectrum
(known as Power Doppler) in a pixel is proportional to the number of
moving red blood cells within the ultrasonic sample volume (Rubin
etal., 1995, 1997; Shung et al., 1976). This proportionality is valid only
if backscattering properties do no vary versus time. As long as the
haematocrit and shear rate remain time-invariant during the acquisi-
tion time, this assumption was proven to be valid (Cloutier and Qin,
1997). Note that the CBV measurement from Power Doppler is
independent of the direction of the flow except when the flow direction
becomes almost perpendicular to the ultrasonic beam (between 80°
and 90°) as shown in (Mace et al., 2013). Thus measuring CBV with
ultrafast ultrasound allows a detection of subtle hemodynamic changes
in much smaller vessels compared to conventional Doppler ultrasound.

Similar to other neuroimaging techniques based on the neurovas-
cular coupling such as fMRI (Ogawa and Lee, 1990) with Blood-Oxygen-
Level-Dependant (BOLD) and optical intrinsic imaging (Frostig et al.,
1990; Grinvald et al.,, 1986), fUS relies on activity-dependant CBV
changes in small blood vessels to detect active neuronal assemblies in
vivo (Mace et al., 2013; Shung et al., 1976). Though CBV convey distinct
information from BOLD, they both are a manifestation of the neurovas-
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cular coupling (Martindale et al., 2003) and their measurements yield
indirect information on brain neuronal activity. CBV gives access to the
number of red blood cells within the pixel whereas BOLD signal depends
on Blood Oxygenation. Similarly to BOLD fMRI fUS was shown to map
the brain activity in response to sensory-motors stimuli (Macé et al.,
2011) and to odor-evoked stimuli deep in the brain (Osmanski et al.,
2014) with an excellent spatiotemporal resolution (100 pm in plane and
100ms for a single trial acquisition).

By using fUS imaging and a simple visual stimulation setup we
investigated the feasibility of mapping the visual system in the rat
brain. Using a motorized translation of the ultrasonic probe to over-
come the two dimensional limitation of our field of view and extend it
to 3D, we were able to map the activation of the visual cortex and of the
SC and LGN along the visual pathway. We leveraged simple changes in
the visual stimuli to assess changes in the response intensity or
localization in these visual areas. We also measured CBV response
delays between the different vision-involved areas.

Materials and methods
Animals, surgical procedures

Adult male Long-Evans rats (Janvier Labs; France) weighting 250 g
to 350 g, and aged 7 to 9 weeks were included in this study. They were
housed two by cage with free access to food and water and maintained
under standard conditions (12/12 h light-darkness cycle, 22 °C). All
experiments were conducted in accordance with the European Council
Directive (2010/63/EU) and the study was approved by the institu-
tional and regional committees for animal care (Committee Charles
Darwin n°5, registration number 5486).

All rats underwent surgical craniotomy before the imaging session.
Anaesthesia was induced with 5% isoflurane and followed by intraper-
itoneal (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). Anaesthesia was maintained by a
periodic i.p. dosage using 1/3 of the initial dose every 45 minutes.
Buprenorphine was injected subcutaneously (0.05 mg/kg, Buprecare®).
Body Temperature was maintained at 37 °C using a heating blanket
throughout the experiment. Animals were placed in a stereotaxic
apparatus during surgery and imaging. A sagittal skin incision was
performed across the posterior part of the head to expose the skull.
Parietal bone were removed by drilling rectangular flaps and gently
moving the bone away from the dura mater. Thus exposing the cortex
over the visual cortex from Bregma -4 to Bregma -7 mm, with a
maximal width of 14 mm. For 3D scans more of the bone was removed
so that the cortex exposure spans from Bregma +2 to Bregma -8 mm.
The animals were kept under dark conditions from the beginning of the
surgery to the stimuli trials. The surgery lasting about an hour, animals
can be considered to be dark-adapted.
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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] range.
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Stimuli delivery

Visual stimuli were delivered using a 51x29 cm2, 1920x1080 pixels
screen (P2314H 23”, Dell), in front of the rat at 8 cm, therefore
covering 145° of the visual field in the horizontal dimension and about
122° in the vertical dimension. At 8 cm, we measured a maximum
luminance of 8 cd/m2 (full white screen) and a minimum luminance of
0.04 cd/m2 (full black screen). Stimulation runs consist in episodic
presentations of black and white flickering on the screen interleaved
with black screen period for rest: A run consisted in 30s of rest
followed by 30 s of flicker repeated 5 times and ended with 30 s of rest
for a total duration of 330 s (Fig. 1A and B). The stimuli were designed
and displayed using Matlab (Psychtoolbox-3, Mathworks, Natick,
Massachusetts, USA), which allows a great flexibility in the change of
the stimuli parameters. Between stimuli presentation sessions, the rats
were kept in a dark environment.

2D fUS acquisition sequence and data analysis

fUS imaging was performed using a linear ultrasound probe (128
elements, 15 MHz, 110 um pitch and 8 mm elevation focus, Vermon;
Tours, France) driven by an ultrafast ultrasound scanner (Aixplorer,
Supersonic Imagine; Aix-en-Provence, France). The biophysics, tech-
nical procedure and statistical analysis for fUS were fully explained in
our previous publications (Mace et al., 2013; Macé et al., 2011;
Osmanski et al., 2014).

In summary, the ultrasound sequence works as follow: First, the
brain is insonified by using ultrasonic plane wave with a high Pulse
Repetition Frequency (PRF) (25kHz). Second, the backscattered
echoes coming from a wide-field view on the transducer array are
recorded. Finally, the raw data are beamformed to produce an image in
few hundreds of milliseconds.

In order to ensure a high-quality ultrasound image while preserving
an ultrafast framerate, we added several plane wave images coherently
(with amplitude and phase) from successive transmissions of tilted
plane waves (Montaldo et al., 2009). In this study, the plane wave
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compounding consisted of coherently adding the images of the brain
tissue from 11 different tilted plane waves, with angles varying from
—-10° to 10° and at 2° step in order to compute one high-quality
ultrasound image. To sample blood flow changes, we repeated this
sequence 200 times with a 500 Hz frame rate (corresponding to a 400
ms acquisition time). To discriminate the blood motion from tissue
motion artefacts in these sets of data, we used a recently developed
Singular Value Decomposition (SVD) based spatiotemporal clutter
filter technique (Demene et al., 2015). Finally one image of Power
Doppler intensity is obtained by the incoherent temporal averaging of
the blood signal in each pixel. Our ultrafast scanner (6 CPU core unit,
24 GB RAM) requires 0.6 s to beamform the 200 echo-based images,
resulting in a final temporal sampling rate of 1 s per power Doppler
image. After 5 minutes and 30 seconds of a 5-trials session, we thus
obtain 330 images with a dimension of 14.08 mm along the direction
(x) and 8 mm in depth (z), with 128 x 78 pixels of 110x100 um2
resolution.

As well as in (Macé et al., 2011; Osmanski et al., 2014), for each
session, a map of activated pixels was reconstructed by computing the
normalized correlation coefficient () between the local power Doppler
signal obtained from fUS and the temporal pattern of the visual
stimulus. Activation was considered significant for a correlation r>
30, where o is the spatial standard deviation of at least 400 correlation
values from non-active areas of the correlation map, in agreement with
the Paxinos rat brain atlas. The time course for a given region was
calculated by averaging the Power Doppler signal over time for all
responding pixels in the activated region (r > 30). The intensity of the
Power Doppler was represented as the percentage of change relative to
the baseline calculated during the 30 s of rest before each 5-trials
session.

3D acquisition protocol
For 3D fUS acquisition sequences, we used a 4 axis motorized stage

(three VT-80 Pollux and one DT-80 Pollux, PI Micos; Germany): 3
translations along x, y and z axis and one rotation around z (Fig. 1A)
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Fig. 2. Result of a single 5-trials 330 seconds fUS imaging session 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 Superior Colliculus (SC). B. fUS imaging of the vision-induced activity at Bregma -4.5 mm, with superimposition of the
correlated pixels (hot scale) over the brain vasculature (grey scale). The precision of the map allows to retrieve the shape of the 3 vision related structures present in that coronal slice.
Scale bar=2 mm. C. Mean CBV signal over responding pixels in the visual cortices (blue, up), SC (red, middle) and LGN (green, bottom) during that single imaging session composed of 5
flickering screen stimulation trials. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

269



M. Gesnik et al.

E 0.8

E <

® 2

g 506

[}

Tt

= S04

—

| o

£

5 02

z V] SC

V1/V2

0
0 2 4 6 8 10

D.

Flickering Frequency [Hz]

Neurolmage 149 (2017) 267-274

1
5 0.8
E =
% .8
£ 506
%]
°E
= So4
= e
® ©
=i
5 02
Z
VINV2
0
0 0:2 0.4 0.6 0.8 1
E. Flickering Contrast

Fig. 3. Evolution of the rat brain response to variation of flickering parameters. A to C: fUS imaging of a rat during a 0 Hz (A), 3 Hz (B) and 10 Hz (C) flickering stimulus. Each
activation map is the average of 5 imaging sessions. Scale bar=2 mm. E and D: Influence of flicker parameters for fUS imaging of vision. Influence of the flickering frequency on rat #1
(D.) and the flickering contrast on rat #2 (E.) on the response amplitude in the SC (dashed red line) and in the visual cortex (solid blue line). The quality of the 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 of the normalized maximum of correlation in the considered area over the 5 trials of each parameter. See Supplementary Fig. 1 for the influence of the flickering
frequency on rat #3 and #4. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

that has been previously described in (Demené et al., 2015). The 3D
fUS sequence consists in the repetition of the 2D stimulating (Fig. 1B)
imaging sequence we previously described in each coronal plan
spanning from Bregma -3 mm to Bregma -8 mm, with a 0.5 mm step.
The thickness of the imaging plane, shaped by the elevation lens of our
ultrasonic probe being approximately 500 pm, this is the biggest step
we can achieve without missing a potentially activated structure in the
brain. Our voxel size is therefore 110x500x100 um?®. Since we repeat
2D fUS acquisitions in different planes that last 330 s each, with no
supplementary time for rest, the overall time of acquisition of a whole
volume is about an hour (11 plans from B-3 to B-8 mm times 5 minutes
and 30 s). We therefore spaced the i.p. injections of anaesthetic from
1 h instead of 45 min.

Delays measurement

For delay measurement between two signals, the parabolic inter-
polation of the maximum of correlation of those two signals has been
used. This consists in the construction of the unique parabola that
passes through the three points around the maximum of correlation to
locate its summit. This constitutes an unbiased estimator of the delay
between two correlated band-limited signals. Previous reports have
shown a typical precision below 5% of the sampling time which is
ultimately limited by the SNR of the signals (Carter, 1987; DEJONG
et al., 1990; Sandrin et al., 1999; Walker and Trahey, 1994).

Results
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 plane presents several known vision-involved structures
(Paxinos and Watson, 2007). Those structures are, the visual cortex
(V1/V2), the Lateral Geniculate Nucleus (LGN) and the Superior
Colliculus (SC) (Fig. 2A). While imaging with fUS ultrasonic sequence,
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we episodically stimulated the full visual receptive field by 3 Hz full
screen flickering during stimulation periods. Fig. 2B-C present the
results of that 330 s 5-trials single imaging session.

After correlation with the stimulus pattern and noise o-threshold-
ing, we obtained a functional activation map (Fig. 2B) that matches
very nicely the expected areas. Making the assumption that each cluster
of correlated pixels constitutes one of these areas, we extracted and
plotted the mean CBYV signal over the responding pixels in the visual
cortex area (Fig. 2C). We can clearly see an increase in CBV correlated
to the stimulation periods. A similar increase in CBV during stimula-
tion periods can also be observed in the other vision-involved areas, the
LGN and SC (Fig. 2C).

Influence of stimulus parameters

After demonstrating the feasibility of using fUS to image vision-
involved structures, we tackled the task of finding optimal stimulation
parameters in terms of frequency and contrast. The whole screen was
used to stimulate the full receptive field and investigate two para-
meters. First the Flickering frequency: is simply defined by the
frequency of the black/white alternation of the screen during the 30 s
stimulation periods. A flickering frequency of 0 Hz corresponds to a
steady white screen for 30 s. Second the Flickering contrast: is defined
by the luminance ratio between the white screen and the black screen
during the stimulation period. A flickering contrast of 1 corresponds to
the most brilliant white and the darkest black we can get with our set-
up. While a contrast of 0 correspond to a constant 50% grey screen.
Only these two parameters of the protocol were modified during the
experiment.

For the optimization part, we first evaluated the effect of these
parameters on two rats (one for frequency, one for contrast) over the
Bregma -5 mm coronal plane. The 5-trials imaging session protocol
described above was used. Each session was dedicated to test one
different value (e.g. 5 times 30 s of flickering at 5 Hz with a contrast of
1 interleaved with 30 s of black for rest) in a randomized order. Each
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imaging session was repeated five times. In post-processing, for each
session, fUS activation maps were computed and the maximum value
of correlation was recovered. To get a good compromise for the whole
brain, we choose to recover the maximum of correlation in two
different vision-involved areas: the SC region and the visual cortex
(both hemispheres). A contrast of 1 is expected to produce the best
response. Therefore we first performed the frequency study with a
contrast of 1. Fig. 3A to C illustrate the evolution of response in the rat
brain to a flickering frequency of 0 Hz, 3 Hz and 10 Hz and Fig. 3D
summarizes this evolution for the different tested frequencies. In the
visual cortex, it appeared that the best response is obtained at a 3 Hz
flickering frequency with a contrast of 1 while the higher 10 Hz
frequency was eliciting a lower response. In SC, the maximum was
reached earlier at a 1 Hz frequency and the responses remained stable
for higher frequencies up to 10 Hz. The 3 Hz frequency, which
represents the peak sensitivity for the cortex, was therefore selected
to perform the contrast frequency analysis. In the contrast sensitivity,
the maximum was reached at a contrast of 0.5 and remained stable for
the subsequent contrast values up to 1 in the two structures, the SC and
the cortex (Fig. 3E). The flickering frequency investigation protocol was
repeated on two other rats and similar curves were obtained (see
Supplementary Fig. 1). Thus, despite individual variations, the flicker-
ing frequency seems rather robust and was kept at the value eliciting
the maximum responses in the following of the study (3 Hz).The
contrast was also kept at 1.

Lateralization of the visual response to simple stimuli

The visual cortex treats information coming from the contralateral
visual field, for instance, the left hemisphere treats visual information
from the right visual field (Nolte, 2009). This lateralized response can
thus serve as an additional confirmation that fUS imaging observations
are not mere artefacts but true measurements of visual circuit
activities. To address this question the ultrasonic probe was positioned
over a coronal slice containing the visual cortex in both hemispheres.
The stimulus parameters were fixed at 3 Hz flickering frequency and a
contrast of 1. However, instead of stimulating the complete visual field
using the whole screen, the screen was divided in 5 column sectors of
identical width. In a first 5-trials imaging session, only the extreme-
right sector was flickering, whereas in the second session, we shifted
the illumination to the extreme-left sector.

Fig. 4 illustrates the results of those 2 imaging sessions. Each
stimulation sector elicits a fUS signal only in the respective contral-
ateral 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.

3D fUS imaging of the visual system

fUS imaging provides a 2D information coming from the imaging
plane of the ultrasonic probe. However, the visual cortex and the sub-
cortical visual areas are 3D structures that cannot be imaged entirely
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using a single imaging session. To generate 3D fUS imaging of these
structures, several linear scans were performed while moving the probe
to successive planes to perform a fUS acquisition at each position.

Following this strategy, we scanned the rat brain from Bregma
-8 mm to Bregma -3 mm by 0.5 mm steps. Fig. 5 and supplementary
video 1 show the functional 3D volumes that can be reconstructed by
this imaging strategy. The 3D structures of the visual function are well
recovered and the shape of the visual cortex atop the LGN and the SC
can easily be identified.

Supplementary material related to this article can be found online
at http://dx.doi.org/10.1016/j.neuroimage.2017.01.071.

Measuring CBV response delays

As three areas of the brain are mainly involved here, CBV response
delays between those zones were investigated. First, plotting the mean
CBV response to N = 30 stimuli in responding pixels in the SC and in
the visual cortex (Fig. 6A) reveals a difference of shape of the CBV
response curve for this two areas. We can, for instance, observe the
“on” and “off” peaks in the SC response (Fukuda and Activity, 1978;
Van Camp et al., 2006; Wang et al., 2010). Furthermore, the response
in the visual cortex seems to be slower.

To go further, on N=8 rats, we performed the fUS imaging over a
plane containing the visual cortex and the SC (Bregma -5.5 mm) and
on N=5 rats we performed the imaging over a plane that contains also
the LGN (Bregma -4.5 mm). Stimuli consisted in 3 Hz full field
flickering. Then the temporal CBV response was recovered over
responding pixels in the visual cortex, SC and LGN. Within cortices
and LGNs the CBV response was averaged over both hemispheres. The
CBV in the SC was taken as a reference. Delays between the SC and
cortex and between the SC and LGN were measured using a parabolic
interpolation of the maximum of cross-correlation between both
signals (see example, Fig. 6B). However, the “off” peaks in the SC
response might lengthen the CBV response with respect to the other
areas and therefore distort the delay measurement. Thus the falling
edge of all CBV responses were cut beforehand and replaced by the
mean CBV value over the following period of rest. On Fig. 6C are
presented CBV response delays for both couple of regions. It appears
that the CBV response happens about 0.35 s earlier in the SC than in
the visual cortex (two-tailed t-test, p < 0.001). It also seems that the
CBV response happens earlier in the SC than in the LGN. The CBV
response seems to happen significantly earlier in V1/V2 than in the
LGN (two-tailed t-test, p < 0.002).

Discussion

In the present study, fUS imaging was used on anesthetized rats to
perform several basic functional imaging studies related to vision. The
high resolution mapping of visual patterns in the whole brain such as
lateralized stimuli and flickering stimuli was presented. The best
stimulation parameters for imaging of the visual cortex were investi-
gated. A flickering frequency of 3 Hz was found to elicit the highest

JUBIIIIJA0)) UONE[ILIOD)

Fig. 4. Visualization by fUS of the lateralization of the visual response in the visual cortex: A. Activation map after a single 5-trial imaging session, while stimulating only with the
extreme right sector of the screen. A CBV increase in the left visual cortex is observed. B Activation map after a single 5-trial imaging session, while stimulating only with the extreme left
sector of the screen. A CBV increase in the right visual cortex is observed. Scale bar=2 mm.
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Fig. 5. 3D fUS imaging of brain structures responding to visual stimuli. A. General View of the activated areas, left and right visual cortices (V1/V2), Superior Colliculus (SC) and LGN,
which were manually superimposed to a Calabrese rat brain model. B. Sagittal cut at Bregma showing the activated SC. C. Sagittal cut at Bregma +3.7 mm showing both LGN and V1/V2.
D. Top view of the brain surface showing V1/V2 activation. E. Transversal cut at 3 mm depth showing the activated SC. F. Transversal cut at 5.4 mm depth showing the activated LGN.
Scale bars=2 mm. Brain mini-maps made using (Bakker et al., 2015; Kjonigsen et al., 2015; Papp et al., 2014; Sergejeva et al., 2015) brain atlas.
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(Solid blue line) and between SC and LGN (dashed green line), zoom around the maximum of cross-correlation. Crosses: experimental data points. Lines: interpolated curves between
data points to visualize the delay at maximum of cross-correlation (black arrows) (not used for measurement). Mini-box in up-right corner: Full view of the cross-correlation curves. C.
CBV response delays measured between SC and both visual cortices (V1/V2), N=8 rats, and between SC and both LGNs, N=5 rats. *p < 0.002. (For interpretation of the references to

color in this figure legend, the reader is referred to the web version of this article.)

CBV response in accordance with previous BOLD studies (Bailey et al.,
2013; Pawela et al., 2009). We also showed a contrast saturation effect
after a 0.5 contrast value also in accordance with the literature
(Albrecht and Hamilton, 1982; Lund et al., 1999).

A 3D protocol was developed and tested and has allowed the
reconstruction of the main visual structures of the brain in 3D. The
anaesthesia was performed in i.p. just before the beginning of the scan.
It is then to be expected that the last planes to be acquired may have a
different response than the first ones. Therefore an intravenous drip
anaesthetic might benefit the measurement of the functional volume.
Furthermore, the development of full 3D ultrafast scanners (Provost
et al., 2014) will allow instantaneous acquisitions of the whole brain
and remove the need for successive planes acquisitions.
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Compared to BOLD fMRI, the fUS technique benefits from a high
spatial and temporal resolution at low cost with a portable device.
When fMRI needs to average over several animals or to inject contrast
agents, fUS allowed us a quicker and simpler retrieval of the visual
areas. The main inconvenience of fUS lays in the necessity of a
craniotomy to overcome the distortion of the ultrasound waves through
the skull and the limitation of the measure in a 2D plane. However it
has been shown that fUS can be perform through the skull using
microbubbles (Errico et al., 2016).

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 SC in our case.
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It has been widely demonstrated through different functional
imaging methods (Engel et al., 1997; Espinoza et al., 1992) that the
treatment of the visual information is spatialized in the rodent brain.
By stimulating the left visual field and the right visual field, we showed
that it is possible to study visual spatialization in the brain with fUS. As
in (Gias et al., 2005; Schuett et al., 2002), 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. Furthermore, the high in-plane resolution of fUS
could be leveraged to more finely segregate areas of the brain according
to their function. For instance reducing the width of the stimulation
sectors on the screen, would yield the detection limit of fUS in term of
spatial extend of the responding cerebral areas.

The ability of fUS to measure delays in the CBV response between
regions consistent with previous BOLD measurement (Yen et al., 2011)
was highlighted, therefore demonstrating its high temporal resolution.
However those hemodynamic delays are far larger than the neural
delays directly measured in electrophysiology, which are in the
[10;100 ms] range (Saul and Feidler, 2002). Thus, the hemodynamic
delays we measured here could as well be due to effective delays in the
neural response than to different vascular, or neurovascular coupling
dynamics (Li and Freeman, 2007; Wibral et al., 2007). Nonetheless,
this could be combined with continuously moving bars stimuli that has
been shown to produce retinotopic measurements in a much shorter
time than by stimulating selectively and successively sectors of the
visual field (Kalatsky and Stryker, 2003; Vanni et al., 2010a, 2010b).

Finally, this study investigated rather simple stimuli and simple
responses of the rat brain with simple analysis. However the functional
imaging of vision is a very rich field of research. Many subtler stimuli
have been designed to stimulate the visual field and investigate the
richness of visual information processing in the brain. Furthermore, to
date, no side by side comparison between the respective sensitivity of
fUS imaging and fMRI was done, but previous fUS papers on whisker
or olfactory stimuli have shown that fUS imaging is able to map
functional activity for subtle stimuli difficult to assess in fMRI, such as
single whisker stimulus. It gives hope that fUS will perform well for
these other types of visual stimuli already investigated by fMRI.

The recent demonstration of fUS in awake and freely moving
rodents (Sieu et al., 2015) also opens exciting possibilities to study
the visual response of the brain in more complex and natural
environments and without influence of the anaesthesia.

The association of state of the art visual stimulation techniques with
high resolution and sensitivity whole brain functional imaging paves
the way to novel original experiments to push our understanding of the
vision in the brain.

Conclusion

The fUS imaging technique coupled with a 4 axis motorized stage
and a visual stimulation device was shown to accurately detect and 3D
map the activation of visual functions in the rat brain. Responses to
simple visual flickering were presented. The high sensitivity of fUS
imaging enables to record unbiased and repeatable CBV responses even
with a small number of stimuli repetition. These experiments empha-
size the capability of fUS imaging to become a particularly suitable
neuroimaging tool for the fundamental understanding of the cerebral
visual system.
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