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A B S T R A C T   

Loud acoustic noise from the scanner during functional magnetic resonance imaging (fMRI) can affect functional 
connectivity (FC) observed in the resting state, but the exact effect of the MRI acoustic noise on resting state FC is 
not well understood. Functional ultrasound (fUS) is a neuroimaging method that visualizes brain activity based 
on relative cerebral blood volume (rCBV), a similar neurovascular coupling response to that measured by fMRI, 
but without the audible acoustic noise. In this study, we investigated the effects of different acoustic noise levels 
(silent, 80 dB, and 110 dB) on FC by measuring resting state fUS (rsfUS) in awake mice in an environment similar 
to fMRI measurement. Then, we compared the results to those of resting state fMRI (rsfMRI) conducted using an 
11.7 Tesla scanner. RsfUS experiments revealed a significant reduction in FC between the retrosplenial dys-
granular and auditory cortexes (0.56 ± 0.07 at silence vs 0.05 ± 0.05 at 110 dB, p=.01) and a significant in-
crease in FC anticorrelation between the infralimbic and motor cortexes (− 0.21 ± 0.08 at silence vs − 0.47 ±
0.04 at 110 dB, p=.017) as acoustic noise increased from silence to 80 dB and 110 dB, with increased consistency 
of FC patterns between rsfUS and rsfMRI being found with the louder noise conditions. Event-related auditory 
stimulation experiments using fUS showed strong positive rCBV changes (16.5% ± 2.9% at 110 dB) in the 
auditory cortex, and negative rCBV changes (− 6.7% ± 0.8% at 110 dB) in the motor cortex, both being con-
stituents of the brain network that was altered by the presence of acoustic noise in the resting state experiments. 
Anticorrelation between constituent brain regions of the default mode network (such as the infralimbic cortex) 
and those of task-positive sensorimotor networks (such as the motor cortex) is known to be an important feature 
of brain network antagonism, and has been studied as a biological marker of brain disfunction and disease. This 
study suggests that attention should be paid to the acoustic noise level when using rsfMRI to evaluate the 
anticorrelation between the default mode network and task-positive sensorimotor network.   

1. Introduction 

Functional ultrasound (fUS) imaging is a promising tool for visual-
izing brain activity at high spatiotemporal resolution through assess-
ment of relative cerebral blood volume (rCBV) images (Mace et al., 
2011). It has been used to investigate functional networks as well as 
rCBV signal changes coupled with neuronal activity (Bergel et al., 2018; 
Ferrier et al., 2020; Osmanski et al., 2014). fUS offers several features 
that make it attractive for the imaging of brain activity, such as high 
sensitivity (Deffieux et al., 2021), imaging of freely-moving rodents 

(Sieu et al., 2015; Tiran et al., 2017; Urban et al., 2015), and 4D imaging 
(Brunner et al., 2020; Rabut et al., 2019), and its use is rapidly 
increasing, with high clinical utility being suggested (Baranger et al., 
2021; Soloukey et al., 2019). 

An important feature of fUS is that the frequency of the emitted ul-
trasound is a few MHz, and therefore, unlike MRI, there is no acoustic 
noise in the audible range. This means that the localization of auditory- 
responsive regions in the cerebral cortex and deep brain areas, and their 
functional connectivity (FC), can be accurately mapped without inter-
ference from acoustic noise, offering potential as an auditory research 
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tool. Bimbard performed fUS in ferrets presented with sounds of 
different frequencies and reconstructed tonotopic maps of the auditory 
cortex, medial geniculate nucleus, and lateral lemniscus, which together 
compose the auditory pathway (Bimbard et al., 2018). 

By comparison, when using functional MRI (fMRI), attention should 
be paid to the effects of acoustic noise on the results of fMRI experi-
ments. Previous studies revealed that the presence of this acoustic noise 
during task-based fMRI affects the blood oxygenation level-dependent 
(BOLD) response, not only in the auditory cortex (Bandettini et al., 
1998; Gaab et al., 2007), but also in several other regions such as the 
prefrontal cortex (Tomasi et al., 2005) and visual cortex (Zhang et al., 
2005). It was also reported that in resting state fMRI (rsfMRI), differ-
ences in the level of acoustic noise affect the resting state FC between 
anatomically separated brain regions, including the default mode 
network (DMN), auditory network, and sensorimotor network (Andoh 
et al., 2017; Gaab et al., 2008; Langers and van Dijk, 2011; Rondinoni 
et al., 2013). However, the precise effects of loud acoustic noise on 
brain-wide activity are not known. 

In this study, the effects of MRI acoustic noise on resting state FC 
were investigated using fUS by comparing it with fMRI. The acoustic 
noise level was set to 80 dB or 110 dB because the MRI acoustic noise 
generated by a typical MR sequence used for fMRI is generally within the 
range of 80–110 dB (Price et al., 2001). The target brain regions were 
part of the DMN, sensorimotor network, and auditory network, which 
are present in both mice and humans (Mandino et al., 2022; Sforazzini 
et al., 2014). 

2. Materials and methods 

2.1. Animals 

A total of 20 male mice (C57Bl/6 J, CLEA Japan, Japan) were used in 
this study, 11 for fMRI experiments and 9 for fUS experiments. The 
sample sizes for fMRI and fUS experiments were determined according 
to previous studies (Ferrier et al., 2020; Osmanski et al., 2014; Tsur-
ugizawa and Yoshimaru, 2021). fUS experiments, unlike fMRI experi-
ments, require craniotomies, and obtaining a sufficient number of 
animals is not as easy as with MRI. Therefore, the number of samples 
used in this fUS experiment was smaller than in fMRI. All procedures 
were performed in accordance with the Laboratory Animal Welfare Act 
and the Guide for the Care and Use of Laboratory Animals (National 
Institutes of Health). The experimental protocols were reviewed by the 
Institutional Animal Care and Use Committees of the National Institute 
of Advanced Industrial Science and Technology of Japan (Approval No. 
2020–0359) and the Okinawa Institute of Science and Technology 
Graduate University of Japan (Approval No. 2018–214) and approved. 
All mice were housed under a 12-hour light/dark cycle and had free 
access to food and water. 

2.2. Surgery and habituation for awake imaging 

In our previous functional brain network study, we found that resting 
state FC, calculated from synchronization of BOLD signal fluctuations 
between brain regions, was reduced by anesthesia not only in subcor-
tical regions including insular cortex, thalamic nuclei, and parts of the 
limbic system, but also in a brain-wide area, including interhemispheric 
connectivity (Tsurugizawa and Yoshimaru, 2021). In this study, to 
investigate the effects of MRI acoustic noise on functional brain net-
works without the influence of anesthesia, we performed the following 
surgery and habituation training required for rsfMRI and rsfUS mea-
surements in awake animals. 

For the rsfMRI experiments using awake mice, we conducted the 
surgery for head bar implantation, following the methods of our previ-
ous study (Yoshida et al., 2016). The mice were anesthetized by sub-
cutaneous injection of ketamine (75 mg/kg, Fujita, Japan) plus 
medetomidine (1.0 mg/kg, Kyoritsu Seiyaku, Japan) diluted in saline 

(0.9% NaCl). Heart and breathing rates were monitored, a rectal ther-
mometer was inserted to monitor core body temperature, and a heating 
pad was placed under the animal during surgery to maintain the body 
temperature at 36.5 ± 0.5℃. The scalp was shaved and cleaned with 
povidone-iodine. The scalp was removed over the entire dorsal skull, 
and then the periosteum was also removed with a scalpel blade. Blood 
was carefully removed from the imaging area. Then, a head bar (20 × 3 
× 2 mm) made of polyether ether ketone resin (PEEK), a non-metallic 
and strong resin that does not affect MRI measurements, was attached 
horizontally to the skull with dental cement (Super-Bond C&B, Sun 
Medical, Japan) in the flat skull position using a stereotaxic frame 
(SR-5M1-HT, Narishige, Japan). The head bar was positioned with the 
end of the bar 3 mm posterior to the bregma. 

For the fUS experiments using awake mice, head plate implantation 
and craniotomy were performed following the method of a previous fUS 
study (Brunner et al., 2020), using the same anesthetic and vital control 
protocols as for the rsfMRI. The scalp was shaved and cleaned with 
povidone-iodine. The scalp was removed over the entire dorsal skull, 
and then the periosteum was also removed with a scalpel blade. A 
stainless-steel head plate with a large rectangular opening (13 × 11 mm) 
was attached to the skull with dental cement in the flat skull position. 
The head plate was positioned with the front end of the opening 5 mm 
anterior to the bregma. A craniotomy was performed with a dental drill 
using a 0.5 mm burr and the cranial window was protected when the 
mice were not being imaged. After surgery, mice were placed on a warm 
plate and monitored until awakening. Postoperative care included an-
algesics (buprenorphine, 0.1 mg/kg, NISSIN, Japan), antibiotics (cefa-
zolin, 300 mg/kg, Nichiiko, Japan), and anti-inflammatory agents 
(dexamethasone, 0.5 mg/kg, Fuji Pharma, Japan). After recovery from 
the surgery, handling, and habituation to the head bar and plate holders 
and habituation training to MRI acoustic noise were performed 
following the method of our previous study (Tsurugizawa et al., 2021; 
Yoshida et al., 2016). First, the cupped hand method was used for the 
mice. Prior to habituation training, it was verified that the mice did not 
urinate and did not jump off the cupped hand during handling. 

Then, the mice for rsfMRI and rsfUS measurements were fixed in a 
plastic head bar holder or metal head plate holder, respectively, and 
their bodies were placed on a plastic half-pipe (29 mm inner diameter). 
To minimize stress from the restraint, their bodies were gently wrapped 
in paper towels and absorbent pads were laid under the mice for urine 
absorption. Habituation to MRI acoustic noise was performed for 5 days 
in a soundproof box (O’Hara & Co., Japan) that mimicked the dark 
environment of an actual fMRI experiment, with MRI acoustic noise 
(110 dB, a spectrum with peaks in the range of 2–4 kHz; Supplementary 
Fig. 1) at a level equivalent to that measured at the center of the magnet 
bore during an rsfMRI experiment (Hamada, 2019). 

2.3. Resting state fMRI acquisition 

We scanned eleven mice using an 11.7-Tesla small animal MRI 
scanner (BioSpec117/11, Bruker Biospin GmbH, Germany) and a 
cryogenically-cooled RF coil (CryoProbe, Bruker Biospin AG, 
Switzerland). The imaging parameters included the following: gradient- 
echo-planar imaging; echo time (TE), 15 ms; repetition time (TR), 1500 
ms; flip angle, 50◦; number of averages, 1; spatial resolution, 0.2 × 0.2 
× 0.5 mm; and 310 vol (acquisition time, 7.75 min). Two scans were 
acquired (one each in the anterior-posterior and left-right readout di-
rections), and the left-right read out direction scans, which had rela-
tively low distortion and ghost artifacts, were selected for analysis. For 
spatial normalization, a structural volume with the same field of view as 
the rsfMRI was acquired using a T2-weighted multi-slice rapid acquisi-
tion with relation enhancement (RARE) with the following parameters: 
TR, 2500 ms; effective TE, 20 ms; spatial resolution, 0.1 × 0.1 × 0.5 mm; 
RARE factor, 8; and two averages. 

The animal handling and procedures used for rsfMRI measurements 
in awake mice, such as fixing the head bar to a plastic head bar holder 
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and holding the body to the bed, were the same as those used in the 
acclimation training for the awake measurements described earlier, and 
the measurement environment was shown in Fig. 1. 

2.4. Functional US acquisition 

The brain was covered by low-melting point 2% agarose (A9414, 
Sigma-Aldrich, USA) to reduce brain motion, and ultrasonic gel was 
placed on the agarose to ensure the proper acoustic coupling required 
for optimal transmission of the ultrasonic beam through the brain tissue. 
A high frequency linear array transducer (L22–14vX, Verasonics, USA) 
and a Vantage 128 ultrasound system (Verasonics, USA) controlled by a 
high-performance computing workstation equipped with four GPUs 
(AUTC, fUSI-2, Estonia) were used for the rCBV imaging. The L22–14vX 
transducer has 128 elements with a pitch of 0.1 mm and a center fre-
quency of 18 MHz. High temporal resolution rCBV images at 10 Hz were 
acquired from awake mice in the soundproof box, mimicking the dark 
environment of the MRI experiment. 

For the rsfUS experiments, six mice were scanned for 7.5 min each 
under three acoustic noise conditions (silence, 80 dB, or 110 dB). The 
silence consisted of the background noise intensity (40 dB) in the 
soundproof box. 

For the event-related acoustic stimulation experiments, six mice 
(three of them also underwent the rsfUS experiment) were scanned, and 
each fUS trial consisted of a 15-s pre-stimulus baseline period followed 
by a 4-s stimulus of MRI acoustic noise (80 or 110 dB), and then a post- 
stimulus period for a total duration of 30 s. Ten trials were repeated for 
each stimulus. 

The animal handling and procedures used for fUS measurements in 
awake mice, such as fixing the head plate to the head plate holder, 
holding the body to the bed, and soundproof box were the same as those 
used in the acclimation training for the awake resting state fMRI mea-
surements described earlier, and the measurement environment was 
shown in Fig. 1. 

2.5. Analysis of functional activity and resting state connectivity 

The processing procedure for calculating FC from the rsfMRI and 
rsfUS signals is shown in Fig. 2. 

For the preprocessing of rsfMRI data (n = 11) and rsfUS data (n = 6), 
SPM12 (Wellcome Trust Centre for Neuroimaging, UCL Institute of 
Neurology, London, UK) was used for motion correction with the default 
parameters (for rsfMRI data processing, the first 10 vol were discarded 
to account for non-steady state longitudinal magnetization, and ad-
justments for the timing of slice acquisition were applied prior to the 

motion correction). The voxel size was multiplied by 10 for use directly 
in SPM software. Framewise displacement (FD) was used to check head 
motion (Power et al., 2012), as shown in Supplementary Fig. 3. FD was 
calculated using six motion parameters (three for translation and three 
for rotation) from realignment, and the FD value was divided by 10 
(because the pixel size was multiplied by 10 for analysis). The FD of the 
rsfMRI was comparable with that in our previous study (Tsurugizawa 
and Yoshimaru, 2021). For all animals, it was confirmed that the head 
motion was within the following criteria: (1) mean FD averaged over all 
time points of less than 0.03 mm; and (2) FD of less than 0.05 mm at all 
time points. 

Next, to remove non-neural regions from the time series data, masks 
of the cerebral ventricles and large blood vessels were created using a k- 
means clustering filter in Advanced Normalization Tools software 
(ANTs) (Avants et al., 2011) applied to the time-averaged data, and 
these masks were applied to both the rsfMRI and rsfUS data. Next, to 
apply the same anatomical regions of interest (ROIs) to both rsfMRI and 
rsfUS data, all images were transformed to a C57Bl6 
population-averaged stereotaxic brain template (https://www.nitrc. 
org/projects/tpm_mouse) (Hikishima et al., 2017) using ANTs. 

Then, to remove movement artifacts from the temporal profile dur-
ing scanning, the global change in the BOLD signals of rsfMRI or rCBV 
signals of rsfUS of the brain in each slice were regressed out (Ferrier 
et al., 2020) in the respective rsfMRI and rsfUS experiments. 

Finally, low-frequency fluctuations (LFF) of rsfMRI and rsfUS signals 
were extracted using a bandpass filter (0.01–0.08 Hz) and the FC be-
tween brain regions were calculated from the extracted LFF with 
MATLAB version 2023a (The Mathworks, USA). The frequency range of 
the bandpass filter was based on parameters used in previous mouse 
studies and our experiments (Sforazzini et al., 2014; Tsurugizawa and 
Yoshimaru, 2021). FC is analyzed as the statistical dependence of LFF 
between brain regions. Various methods have been proposed for its 
analysis, including the Pearson correlation coefficient, which assumes 
linearity of activity between brain regions, and mutual Information and 
transfer entropy, which can analyze nonlinear dependence (Wang et al., 
2014). For the FC analysis of fMRI and fUS in this study, we used the 
Pearson correlation coefficient, which is statistically easy to interpret 
and the most widely used method. The Pearson correlation analysis was 
applied to the time series data (7.5minutes, 300 points for rsfMRI and 
4500 points for rsfUS) to calculate correlations between brain regions 
using anatomical ROIs at +1.5 mm and − 3 mm slices from the bregma, 
according to the Paxinos atlas (Paxinos and Franklin, 2019). 

In the event-related fUS analysis of the mice subjected to the acoustic 
noise stimulus, group-averaged (n = 6) correlation maps were generated 
by calculating the Pearson correlation coefficients between the rCBV 

Fig. 1. Schematic of the experimental setup for awake fMRI and awake fUS.  
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Fig. 2. Overview of resting state brain functional connectivity analysis applied to rsfMRI and rsfUS datasets. For the resting state functional MRI (rsfMRI) and resting 
state functional ultrasound (rsfUS) data, the non-neural components of the ventricles and macro-vasculature regions were removed with a k-means clustering filter, 
the images were registered to a population-averaged stereotaxic brain template, and after bandpass filtering, the synchronization of LFF between brain regions was 
evaluated using the Pearson correlation coefficient. Abbreviations: RSG, retrosplenial granular cortex; RSD, retrosplenial dysgranular cortex; Au, auditory cortex; 
MG, medial geniculate nucleus; V1, primary visual cortex; V2, secondary visual cortex; Hip, hippocampus. 
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signal changes and the square-wave pattern of the stimulus. Those 
voxels with correlation coefficients exceeding a threshold of ±0.1 and 
forming a cluster larger than four voxels were displayed on the 
population-averaged stereotaxic brain template. The temporal profiles 
of the rCBV changes in the auditory and primary motor (M1) cortexes 
were extracted from each mouse and were temporally smoothed with a 
1.5 s moving average time window to reduce high-frequency fluctua-
tions before group averaging. 

2.6. Statistical analysis 

Differences in the FC matrices between the three acoustic conditions 
(silence, 80 dB, or 110 dB) and differences in the FC matrices between 
rsfUS and rsfMRI were quantified using Cohen’s d effect size estimates. 
Changes in FC between silence, 80 dB, and 110 dB were evaluated using 
t-tests with Bonferroni correction of significance thresholds for multiple 
comparisons, performed using SPSS Statistics version 28.0.1.0 (IBM, 

Fig. 3. Resting state FC changes measured by functional US under MRI acoustic noise within an image slice including the auditory cortex. A, Resting state functional 
connectivity (FC) matrices showing Pearson correlation coefficients between brain regions within a slice at − 3 mm from the bregma (silence, 80 dB, or 110 dB of 
acoustic noise, averaged over n = 6). B, Cohen’s d matrix showing the effect size used to indicate the standardized difference between the FC matrices of silence and 
110 dB. The hot color in the matrix shows that the FC was higher at silence than at 110 dB, while the cold color shows that the FC at 110 dB was higher than at 
silence. C, Resting state FC under the three acoustic noise conditions of silence, 80 dB, and 110 dB for RSD-auditory and RSG-RSD connectivity. Abbreviations: rsfUS, 
resting state functional ultrasound; RSG, retrosplenial granular cortex; RSD, retrosplenial dysgranular cortex; Au, auditory cortex; MG, medial geniculate nucleus; V1, 
primary visual cortex; V2, secondary visual cortex; Hip, hippocampus. 
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USA). 

3. Results 

3.1. MRI acoustic noise caused reduced functional connectivity in 
auditory networks 

First, we investigated how MRI acoustic noise modulates the audi-
tory network, brain regions for which previous studies have reported the 
effects of acoustic noise on FC in the resting state. The MRI acoustic 
noise was applied throughout the rsfUS acquisition. At 110 dB of 
acoustic noise, FC with the auditory cortex was substantially reduced in 
many brain regions (effect size >0.9) compared with silence, except for 
connectivity with the medial geniculate (MG) nucleus (auditory 
thalamic relay nucleus) (Fig. 3). Among the regions analyzed, the 
reduction in FC between the retrosplenial dysgranular cortex (RSD; the 
core of the DMN) and the auditory cortex was most pronounced (effect 
size 3.4), as shown in Fig. 3B. By contrast, FC between the retrosplenial 
granular cortex (RSG)-RSD network, which is a part of the DMN, was not 
affected by 110 dB (effect size 0.0). We examined changes in FC between 
RSD-auditory and RSG-RSD at two different acoustic noise levels and 
found that the FC correlation coefficient for RSG-RSD did not change 
with greater sound level (0.37 ± 0.15 at silence vs 0.36 ± 0.10 at 110 
dB, p=.99, uncorrected), whereas the RSD-auditory FC showed a lower 
correlation coefficient with greater sound level (0.56 ± 0.07 at silence 
vs 0.05 ± 0.05 at 110 dB, p=.01, Bonferroni corrected; Fig. 3C). 

Next, we investigated the difference between the results of rsfUS 
under MRI acoustic noise and results obtained from actual rsfMRI 
(Fig. 4A), and found that the rsfUS-measured FC for RSD-auditory cortex 
became more similar to the rsfMRI results at greater sound levels 
(Fig. 4B). 

For the whole FC matrix, the difference in the global effect size 
decreased from 0.86 to 0.69 with greater sound level, showing that 
although the FC measured by rsfUS was still significantly different from 
that measured by rsfMRI, the rsfUS-measured FC obtained with a similar 
acoustic noise level to the fMRI (110 dB) was more similar to the rsfMRI- 
measured FC (Fig. 4C). 

3.2. Positive hemodynamic response in the auditory cortex elicited by MRI 
acoustic noise 

For further confirmation, we additionally investigated the direct ef-
fects of MRI acoustic noise by performing an event-related fUS experi-
ment with acoustic noise stimulation (4-s stimulus duration) in the same 
slice as the RSD-auditory network, a brain network that was altered by 
the presence of acoustic noises in the resting state experiments. Fig. 5A 
shows the averaged correlation maps between the rCBV changes and the 
stimulus square-wave pattern in a slice including the auditory cortex. 
Increased rCBV was observed in the bilateral auditory cortex and the MG 
of the thalamus during both 80 and 110 dB stimulation. The correlation 
coefficient in the auditory cortex with a 110 dB stimulus was greater 
than that with an 80 dB stimulus. We then extracted temporal changes in 
rCBV from an ROI of the auditory cortex (Fig. 5B). The peak percent 
changes in rCBV signal compared with the pre-stimulation baseline were 
11.7% ± 2.1% (mean ± standard error of the peak values in each ani-
mal) at 80 dB and 22.0% ± 0.8% at 110 dB, respectively. The peak 
percent change at 110 dB was significantly higher than that at 80 dB 
(p=.027). The time-to-peak from stimulus onset was 3.0 ± 0.4 s at 80 dB 
and 2.4 ± 0.2 s at 110 dB. These results demonstrate that fUS is very 
sensitive to brain activity elicited by MRI acoustic noise and that the 
peak of rCBV change in the auditory cortex depended on the sound 
pressure level. 

3.3. Anticorrelation between the DMN and motor cortex caused by MRI 
acoustic noise 

Finally, as in the experiments on the auditory network, we examined 
how the MRI acoustic noise modulated the motor network in the resting 
state (Fig. 6). The largest differences in FC between brain regions at 
silence and 110 dB in rsfUS experiments were found between the 
infralimbic cortex (IL) and M1 (effect size 1.6), which is a part of the 
connections in the DMN and sensorimotor network (Fig. 6B). By 
contrast, the smallest difference in resting state FC was between the IL 
and the prelimbic cortex (PrL), which is an intra-DMN connection (effect 
size 0.0). We examined the changes in resting state FC between the 
above two brain connections (IL-M1 and IL-PrL) at two different acoustic 
noise levels and found that the correlation coefficient between IL and 
PrL did not show significant change with greater sound level (0.47 ±
0.06 at silence vs 0.47 ± 0.13 at 110 dB, p=.99 uncorrected), whereas 
the resting state FC between IL and M1 changed from a weak to mod-
erate negative correlation (− 0.21 ± 0.08 at silence vs − 0.47 ± 0.04 at 
110 dB, p=.017), as shown in Fig. 6C. 

We further investigated the difference between rsfUS measured 
under the MRI acoustic noise environment and the actual rsfMRI 
(Fig. 7), and found that the FC between IL and M1 calculated from rsfUS 
became more similar to the rsfMRI results with greater sound level 
(Fig. 7B). For the FC matrix, the difference in the global effect size was 
not changed significantly, although the effect size gradually decreased 
with greater sound level (effect size of 1.29, 1.25, and 1.23 at silence, 80 
dB, and 110 dB, respectively; Fig. 7C). 

3.4. Negative hemodynamic response in the motor cortex elicited by MRI 
acoustic noise 

For further confirmation, we additionally investigated the direct ef-
fects of MRI acoustic noise by performing an event-related fUS experi-
ment with acoustic noise stimulation (4-s stimulus duration) in the same 
slice as the IL-M1 network, a brain network that was altered by the 
presence of acoustic noise in the resting state experiments. 

Fig. 8A shows the averaged correlation maps with the stimulus in a 
slice including M1. Lower rCBV was observed in the bilateral M1 for 
both 80 and 110 dB conditions, and the hemodynamic response at 110 
dB was widely decreased in M1 in comparison with 80 dB (Fig. 8A). The 
averaged rCBV change extracted from an M1 ROI at 110 dB showed a 
robust negative peak of − 6.7% ± 0.8% at a time of 2.7 ± 0.1 s from 
stimulus onset, while the averaged rCBV change in M1 during 80 dB 
acoustic stimulation was not statistically significant. 

4. Discussion 

The present study demonstrated alterations in two fUS measures of 
brain activity under MRI acoustic noise; one was altered resting state FC, 
and the other was a hemodynamic response to MRI acoustic stimuli. 
Event-related fUS experiments with an MRI acoustic noise stimulus 
revealed a robust negative hemodynamic response in the motor cortex, 
in addition to a strong positive hemodynamic response in the auditory 
cortex. Greater acoustic noise levels induced widespread decreases in 
resting state FC with the auditory cortex and with the motor cortex, 
respectively, and anticorrelation between the DMN and motor cortex. FC 
measured by rsfUS became more similar to that measured by rsfMRI as 
the MRI acoustic noise level increased from silence to 80 dB and 110 dB 
(i.e., the loudness of the noise in rsfUS experiments approached that of 
the actual noise during rsfMRI, indicating that the MRI acoustic noise 
level modulates resting state FC). 

4.1. MRI acoustic noise reduces resting state FC 

Echo-planar imaging, a high-speed sequence used in fMRI measure-
ments, generates extremely loud acoustic noise levels of about 110 dB 
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Fig. 4. Resting state functional MRI (rsfMRI)-measured FC within a slice including the auditory cortex. A, Resting state functional connectivity (FC) matrix showing 
the Pearson correlation coefficients between brain regions within a slice at − 3 mm from the bregma, as measured by rsfMRI (averaged over n = 11). B, Cohen’s 
d matrices showing the effect size used to indicate the standardized difference between the resting state FC matrices of fMRI and functional US (fUS) (silence, 80 dB, 
or 110 dB). Hot color in the matrix shows that the FC by rsfUS is higher than that by rsfMRI, while cold color shows that the FC by rsfMRI is higher than that by rsfUS. 
C, Global effect size within the Cohens’s D matrix of (B) under the three acoustic noise conditions (silence, 80 dB, and 110 dB). 
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due to the Lorentz forces acting on the gradient coils during the rapid 
switching of the magnetic gradient field used for image readout 
(Counter et al., 1997). Soundproofing devices such as headphones can 
reduce the acoustic noise level to about 80 dB, but it is still loud. To 
study auditory function with fMRI, a sparse temporal sampling method 
(Hall et al., 1999) was developed to reduce acoustic noise effects. This 
involved using a long repetition time and presenting the auditory task 
during a non-scanning period, and then measuring the hemodynamic 
response immediately after the auditory task. To investigate the effects 
of MRI acoustic noise on resting state brain activity, a relatively low 
acoustic noise level sequence based on the sparse temporal sampling 
method was compared to a normal sequence, and it was reported that 
the normal sequence resulted in weak FC in auditory and motor net-
works (Andoh et al., 2017). More recently, taking advantage of the 
quietness of magnetoencephalography, MRI acoustic noise was shown to 
decrease resting state FC in broad cortical regions connected to the 
auditory network and sensorimotor network (Pellegrino et al., 2022b). 
The reduction in FC measured by magnetoencephalography in the 
auditory network and sensorimotor network is not specific to MRI 
acoustic noise, but was also reported to occur with exposure to white 
noise (Pinardi et al., 2023), which is defined as a random acoustic signal 
with a flat spectral density. 

In this study, rsfUS measurement under a greater acoustic noise 
condition resulted in lower FC in the auditory and motor networks, 
indicating that we may have captured the same biological phenomenon 
caused by MRI acoustic noise as that found in previous studies, although 
the functional contrast mechanism used in our experiment was rCBV 
changes measured by fUS, rather than BOLD signal changes measured by 
fMRI or alpha band changes on magnetoencephalography. 

Even when loud acoustic noise is continuously present during scan-
ning, as in fMRI, it is thought that the acoustic noise elevates the BOLD 
baseline in the auditory cortex (Hall et al., 1999). Although the reduc-
tion of resting state FC in the auditory network is thought to be due to 
the direct influence of acoustic noise on auditory functions, the reasons 
for the reduction in FC in non-auditory networks are not well 
understood. 

4.2. Negative hemodynamic response in M1 due to MRI acoustic noise 

Sound is known to be processed in various brain regions depending 
on the individual, the type of sound, and the situation (Lima et al., 2016; 
Medalla and Barbas, 2014; Rauschecker, 2018). It was also reported that 
providing white noise at some loud volume produces excitatory activity 
in the motor cortex and improves sensorimotor performance (Pellegrino 
et al., 2022a). Conversely, several groups reported that M1 activity was 
suppressed by loud sounds (Furubayashi et al., 2000; Kuhn et al., 2004). 
This suppression of M1 by loud sound has been found to be induced only 
in a resting state and not during voluntary muscle contraction of the 
upper arm (Chen et al., 2016). The suppression of M1 activity is thought 
to be partly mediated via ascending polysynaptic reticulocortical path-
ways, but little is known about this phenomenon (Kuhn et al., 2004). 

The decreased rCBV in M1 elicited by loud acoustic noise stimuli in 
this study may capture the same suppression of M1 activity as that re-
ported in previous studies using loud sound. Negative rCBV change was 
not only detected in M1 but also extended to regions in the sensorimotor 
network. Negative rCBV changes and suppression of neural activity 
shown by fUS have been discussed previously. Urban et al. reported that 
fUS imaging of rats undergoing forepaw electrical stimulation under 

Fig. 5. Functional US (fUS)-measured positive rCBV changes in the auditory cortex elicited by the MRI acoustic noise stimulation. A, Correlation coefficient map 
showing correlations between rCBV changes and the square-wave pattern of the stimulation at − 3 mm from the bregma (acoustic noise level of 80 or 110 dB, 
averaged over n = 6). Those voxels with correlation coefficients exceeding a threshold of ±0.1 and forming a cluster larger than four voxels were displayed on the 
population-averaged stereotaxic brain template. B, Averaged rCBV change in the auditory cortex region of interest (mean ± standard error, n = 6). Abbreviations: 
rCBV, relative cerebral blood volume; Au, auditory cortex; MG, medial geniculate nucleus. 
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Fig. 6. Resting state functional US (rsfUS)-measured FC changes under MRI acoustic noise within a slice including the primary motor cortex. A, Resting state 
functional connectivity (FC) matrices showing the Pearson correlation coefficients between brain regions within a slice at +1.5 mm from the bregma (silence, 80 dB, 
or 110 dB MRI acoustic noise level, averaged over n = 6). B, Cohen’s d matrix showing the effect size used to indicate the standardized difference between the resting 
state FC matrices for silence and 110 dB. The hot color in the matrix shows that the FC was higher at silence than at 110 dB, while the cold color shows that the FC 
was higher at 110 dB than at silence. C, Resting state FC under the three acoustic noise conditions of silence, 80 dB, and 110 dB in the IL-M1 and IL-PrL connections. 
Abbreviations: IL, infralimbic cortex; PrL, prelimbic cortex; Cg1, cingulate cortex area 1; M1, primary motor cortex; M2, secondary motor cortex; S1, somatosensory 
cortex; Ins, insular cortex. 
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Fig. 7. Resting state functional MRI (fMRI)-measured FC within a slice including the primary motor cortex. A, Resting state functional connectivity (FC) matrix 
showing the Pearson correlation coefficients between brain regions within a slice at +1.5 mm from the bregma, as measured by rsfMRI (averaged over n = 11). B, 
Cohen’s d matrix showing the effect size used to indicate the standardized difference between the FC matrices of rsfMRI and rsfUS (silence, 80 dB, or 110 dB). Hot 
color in the matrix shows that the FC by rsfUS is higher than that by rsfMRI, while cold color shows that the FC by rsfMRI is higher than that by rsfUS. C, Global effect 
size within the Cohens’s D matrix from (B) under the three acoustic noise conditions (silence, 80 dB, or 110 dB). 
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ketamine/ xylazine anesthesia detected positive rCBV changes of around 
20% in the contralateral forelimb somatosensory cortex (S1FL), whereas 
negative rCBV changes of around − 5% were detected in the ipsilateral 
S1FL, with these being thought to be due to interhemispheric suppres-
sion (Urban et al., 2014). 

4.3. Anticorrelation between the DMN and motor cortex 

The discovery of resting state functional networks began with the 
reporting of the sensorimotor network by Biswal (Biswal et al., 1995). 
The sensorimotor network, a part of the task-positive network (TPN) 
responsible for somatosensory and motor control that is activated during 
motor tasks, is similar in rodents, monkeys, and humans (Schwarz et al., 
2013; Sierakowiak et al., 2015). 

The DMN, which is active at rest and inactive during cognitive tasks, 
was reported by Raichle (Raichle et al., 2001). It is temporally anti-
correlated with TPNs such as the sensorimotor network, with this anti-
correlation between the networks reflecting the antagonistic state 
between the DMN and TPNs (Fox et al., 2005). This anticorrelation is an 
important feature of resting state networks because it is closely related 
to brain functional dynamics. 

It was reported that the anticorrelation between the sensorimotor 
network (one of the TPNs targeted by this study) and the DMN is weaker 
in older than in younger people (Rodriguez-Sabate et al., 2019). 
Furthermore, the higher the clinical dementia scale in Alzheimer’s dis-
ease, the weaker the anticorrelation (Brier et al., 2012), implying that 
the DMN-TPN anticorrelation can be a potential biological disease 
marker. 

Valchev reported that continuous theta burst stimulation to the so-
matosensory cortex delivered by transcranial magnetic stimulation, 

which suppressed neural activity during rsfMRI acquisition, resulted in 
reduced FC in the somatosensory cortex (Valchev et al., 2015). 

We thus hypothesize that MRI acoustic noise exogenously affects the 
weak endogenous DMN-sensorimotor network anticorrelation, changing 
it to moderate anticorrelation. When the subject’s sensitivity to sound 
differs from normal level (e.g., because of age-related hearing loss, de-
mentia, or hearing hypersensitivity), modulation of the antagonistic 
state between the DMN and sensorimotor network during fMRI scanning 
could possibly differ from that of subjects with a normal hearing level 
because of the MRI acoustic noise. Future validation is needed to clarify 
this, such as research using MRI acoustic noise conditions with fUS in 
animal models of auditory disease. Future experiments using functional 
near infra-red spectroscopy (fNIRS) to validate the results of this study in 
humans may also advance our understanding of the effects of MRI 
acoustic noise on functional brain networks. Functional NIRS, despite its 
limited spatial resolution and measurement depth, can observe changes 
in the concentration of oxygenated and deoxygenated hemoglobin, 
providing a contrast similar to BOLD in fMRI (Pellegrino et al., 2016), 
and also allowing evaluation of resting state functional connectivity 
(Zhang et al., 2010). Furthermore, fNIRS causes no acoustic noise during 
the measurement and the small size of the device makes it easy to control 
the measurement environment and the posture of the examinee. 
Therefore, measurements under MRI noise and silence conditions can be 
performed with that the subject in the same posture as in MRI 
experiments. 

4.4. Limitations 

Our study has some limitations. We used MRI acoustic noise that 
consisted of a wide continuous frequency range with a peak between 2 

Fig. 8. Functional US (fUS)-measured negative rCBV changes in the primary motor cortex elicited by the MRI acoustic noise stimulus. A, Map of the correlation 
coefficients between rCBV changes and the stimulus pattern at +1.5 mm from the bregma (acoustic noise levels of 80 and 110 dB, averaged over n = 6). Those voxels 
with correlation coefficients exceeding a threshold of ±0.1 and forming a cluster larger than four voxels were displayed on the population-averaged stereotaxic brain 
template. B, Averaged rCBV change in the M1 region of interest (mean ± standard error, n = 6). Abbreviations: rCBV, relative cerebral blood volume; M1, primary 
motor cortex. 
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and 4 kHz, rather than a specific frequency. Therefore, it is unclear 
which frequency range of sound affected resting state FC in this study. 
Further experiments under various conditions, such as using a pure tone 
or combinations of sounds with multiple frequencies as a stimulus, could 
be considered to address the remaining questions. However, these 
questions are beyond the scope of this study. 

Another limitation is that fUS is invasive because of the craniotomy 
required for widespread imaging of deep brain. Furthermore, ultrasound 
has difficulty penetrating past the anterior temporal bone, which is 
difficult to remove by craniotomy, and there was signal loss in the sur-
rounding brain area in our fUS experiments. In our fMRI experiments, 
some auditory cortex images showed distortion and signal loss due to 
magnetic susceptibility effects from air in the ear canal (Supplementary 
Fig. 3). These modality-specific artifacts may reduce the accuracy of 
resting state FC analysis. However, fMRI can also measure resting state 
FC by obtaining rCBV measurements using blood-pool super-
paramagnetic iron oxide (SPIO) (Sforazzini et al., 2014). This method 
makes it possible to compare fMRI and fUS through a more similar 
functional contrast. Therefore, we consider that it would be interesting 
future work to investigate whether rCBV-based rsfMRI and rsfUS under 
acoustic noise show the same FC patterns as shown in the present study. 

5. Conclusions 

The functional US measurements made under MRI acoustic noise 
clearly showed that the resting state functional connectivity of the 
auditory network was suppressed and that the anticorrelation between 
the default mode network and motor network was strengthened. These 
findings suggest that attention should be paid to acoustic noise levels 
when assessing those networks using rsfMRI. These findings also high-
light the advantage of using fUS to investigate functional connectivity 
across extensive brain regions under various sound conditions, a mea-
surement challenge typically encountered in fMRI studies. 
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