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Diagnostic ultrasound enhances, 
then reduces, exogenously 
induced brain activity of mice
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Transcranially delivered diagnostic ultrasound (tDUS) applied to the human brain 
can modulate those brains such that they became more receptive to external 
stimulation relative to sham ultrasound exposure. Here, we sought to directly 
measure the effect of tDUS on mouse brain activity subjected to an external 
stimulation—a blinking light. Using electrocorticography, we observed a substantial 
increase in median brain activity due to tDUS plus a blinking light relative to 
baseline and relative to sham tDUS plus a blinking light. Subsequent brain activity 
decreased after cessation of tDUS but with continuation of the blinking light, 
though it remained above that demonstrated by mice exposed to only a blinking 
light. In a separate experiment, we showed that tDUS alone, without a blinking 
light, had no observable effect on median brain activity, but upon its cessation, 
brain activity decreased. These results demonstrate that simultaneous exposure 
to tDUS and blinking light can increase the receptivity of the visual cortex of mice 
exposed to that light, and that prior exposure to tDUS can reduce subsequent 
brain activity. In each case, these results are consistent with published data. 
Our results on mice echo published human results but do not directly explain 
them, since their test subjects received less intense diagnostic ultrasound than 
did our mice. Given the near ubiquity of diagnostic ultrasound systems, further 
progress along this line of research could one day lead to the widespread use 
of diagnostic ultrasound to intentionally modulate human brain function during 
exogenous stimulation.
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1 Introduction

1.1 Ultrasound background

Ultrasound has played important roles in medical care for many years (e.g., Soni and 
Lucas, 2015; Miller et al., 2012). Diagnostic ultrasound (DUS) illuminates a plane of tissue 
approximately a millimeter thick and at least as wide as the scan head itself (typically 2–3 cm). 
For those sufficiently trained, use of DUS can rapidly triage people with potential internal 
bleeding (the FAST exam – Quinn and Sinert, 2011), monitor fetal development (Kenneth, 
1975), and other applications. Typical parameter ranges (Hoskins et al., 2019) include the 
carrier frequency of the ultrasound wave (~1–30 MHz), the length of pulses (1–3 pressure 
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cycles for imaging, ~10–20 for Doppler analysis), number of pulses 
per second or pulse repetition frequency (PRF, ~1 kHz for imaging, 
~5–10 kHz for Doppler), and intensity (less than 0.7 W/cm2 spatial 
peak, temporal average value (Ispta) as determined by the FDA). Brain 
imaging applications require carrier frequencies in the lower portion 
of that range, to facilitate transmission through human skull (~2 MHz) 
with all other parameters staying the same.

Recent therapeutic applications of ultrasound take advantage of 
the ability of devices to produce focused ultrasound (FUS) in small 
volumes (~10s of microliters) in which large physical effects can 
occur (heating, cavitation, tissue or fluid displacement), thereby 
producing therapeutic effects (Mourad, 2013; Izadifar et al., 2020). 
For example, high-intensity focused ultrasound (HIFU) delivered 
transcranially, can ablate brain tissue primarily through heating 
(Zhou, 2011; Krishna et al., 2023) and can break up tissue primarily 
via cavitation (Xu et al., 2021; Choi et al., 2024). Typical parameters 
include lower carrier frequencies (< 1 MHz), longer individual 
treatment pulses (seconds to minutes) and much greater intensities 
(> 1 kW/cm2 Ispta) relative to DUS. FUS at lower intensities and in 
conjunction with acoustic microbubbles can enhance drug delivery 
into the brain (Burgess et al., 2015; Mainprize et al., 2019; Bunevicius 
et al., 2020).

Transcranially-delivered focused ultrasound (tFUS) for 
modulating (e.g., activating or suppressing) focal brain function has 
gained increasing attention in recent years, as reviewed in and 
appreciated by comparing Fini and Tyler (2017); Bobola et al. (2018); 
Blackmore et  al. (2019); Spivak et  al. (2022) and Murphy and 
Fouragnan (2024).

Compared to DUS, typical tFUS parameters (e.g., Blackmore 
et al., 2019) include lower frequencies (~0.25–2.0 MHz), longer pulses 
(10s-100s of cycles), and higher intensities (0.5–5 W/cm2 Ispta), all of 
which are typically smaller than for HIFU. PRF values are typically 
either comparable or not applicable, since tFUS like HIFU application 
may be continuous.

1.2 Ultrasound can alter human brain’s 
response to external stimulation

Most research on ultrasound-facilitated neuromodulation study 
its effects in isolation, asking in essence: how does the application of 
tFUS to a particular portion of neuroanatomy change its intrinsic 
fuction? In contrast, Legon et al. (2014) showed that tFUS applied to 
human somatosensory cortex made that cortex more sensitive to 
external stimulation (two-point discrimination test; differential 
frequency vibration). Liu et al., 2021 demonstrated improved sensory 
discrimination caused by tFUS, due to its ability to excite the sensory 
cortex. Butler et al. (2022) showed that tFUS applied to the visual 
motion processing cortex of healthy human subjects improved their 
ability to track seen objects.

Importantly, little is known about the effects of transcranial 
diagnostic ultrasound (tDUS) on brain function compared to tFUS, 
given the typically higher carrier frequency and reduced intensity of 
tDUS relative to tFUS. However, there exist two reports on this 
subject. Gibson et  al. (2018) showed that human motor cortex 
subjected to 2 min of tDUS responded to transcranial magnetic 
stimulation at lower intensity levels than those exposed to sham 
ultrasound. Schimek et al. (2020) demonstrated that repeated but 

intermittent application of tDUS toward the visual cortex induced 
illusory visual percepts in human participants as they stared at a mark 
on a computer screen.

Together, Gibson et al. (2018) and Schimek et al. (2020) motivate 
our hypothesis: that transcranially delivered diagnostic ultrasound can 
enhance the brain’s response to external stimuli.

Following Fry (1956) and Fry et al. (1958), who first demonstrated 
using a cat model the ability of ultrasound to alter the brain’s response 
to external light exposure, we measured brain activity in anesthetized 
mice subjected to an external stimulation — a (sham) blinking light 
— simultaneously with (sham) tDUS, then continued blinking light 
stimulation without ultrasound. We hypothesized that tDUS would 
enhance the brain’s response to external stimulation by light relative 
to light exposure alone. We further hypothesized that tDUS alone 
would not activate brain. Our experiments support these hypotheses. 
In addition, however, we observed that the enhanced activity due to 
tDUS plus light persisted after discontinuing tDUS, activity that 
remained above levels associated with continued blinking light 
exposure alone. These results are consistent with recent literature on 
the persistence of ultrasound’s modulation of brain function. Finally, 
we observed for those mice exposed to only tDUS, that their brain 
activity decreased after subsequent cessation of tDUS exposure: an 
unexpected finding about which we offer informed speculation.

2 Materials and methods

2.1 Approval

All animal procedures were vetted and approved by the University 
of Washington’s Institutional Animal Care and Use Committee under 
protocol number 4084–10.

2.2 Surgery

Fourteen C57BL/6 mice (Jackson Laboratories, Farmington CT) 
were randomly assigned into two cohorts (n = 7), one to receive 
periodic blinking light stimulation with tDUS (the ‘US+Light’ cohort), 
the other to receive periodic blinking light stimulation without tDUS 
(the ‘Light-only’ cohort). A subsequent cohort of mice received tDUS 
without light stimulation (n = 6; the ‘US-only’ cohort). These animal 
numbers are consistent with those used by others in the field (e.g., 
Baek et al., 2020; Xu et al., 2023; Zhao et al., 2023). After induction of 
an adequate anesthetic plane with isoflurane gas, verified via toe 
pinch, each mouse was placed in a mouse stereotax (WPI, Sarasota, 
FL) with their heads held in place via ear bars and a bite bar. A light 
coat of artificial tears (Akorn, Lake Forest, IL) was then applied to 
both eyes to prevent corneal drying for the duration of the experiment. 
Subsequently, fur was removed from the scalp via 1 min application 
of Nair. Subcutaneous injection of lidocaine (2.0 mg/kg) and 
bupivacaine (2 mg/kg) (AuroMedics, East Windsor, NJ) was given as 
a local anesthetic. Initial vertical midline incision along the dorsal 
aspect of the scalp was then achieved using a no. 10 scalpel, exposing 
the underlying skull and anatomical landmarks. 25G x 5/8″ needles 
were then used to hand-drill holes in the skull in which to implant 
four in-house made electrocorticography (ECoG) electrodes (Pinnacle 
Technology, 8,415), one inserted into each of the visual (AP = -3.5 mm, 
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ML = ±2.2 mm, DV = 1.0 mm) and somatosensory cortices 
(AP = -0.2 mm, ML = ±2.5 mm, DV = 2.0 mm), to brain cortex, with 
depths determined by a mouse brain atlas. We used a four-channel 
ECoG array (LabChart, ADInstruments, Inc., Colorado Springs, CO) 
to sample brain activity at 20 kS/s. To minimize interference between 
the delivery of ultrasound and the ECoG wires, we bent the wires away 
from the site of insertion, the DU transducer, and from the sides of the 
head. After placement of the electrodes and application of 
approximately 10 mm3 of Aquasonics ultrasound gel (Parker, Clinton 
Township, MI), the mouse and stereotaxic were enclosed within a 
custom-built copper Faraday cage to shield the mouse from the 
electromagnetic pulses generated by the ultrasound device while still 
allowing ultrasound transmission into mouse brain. More ultrasound 
gel was placed on the cage and over the mouse to ensure adequate 
transcranial ultrasound transmission into the brain. A micropositioner 
and a series of clamps and vice grips were used to hold the ultrasound 
scan head as it was lowered into place over the left visual and right 
somatosensory cortices, such that the center of the transducer was 
directly above the left visual cortex (AP = -3.5 mm, 
ML = -2.2 mm) – Figure 1.

2.3 Experimental design

2.3.1 Exposure to light
After the procedures listed above, an LED light driven by a 

function generator (Agilent Technologies, Santa Clara, CA) was 
placed approximately 2–3 centimeters from the right eye of the mouse. 
We then made a five-minute baseline brain-activity recording with the 
light turned off. Next, for the two cohorts of mice that we exposed to 
a blinking light (0.1 s in duration, followed by 9.9 s of background 
room light), we performed a light-titration experiment to obtain a 
light intensity value to use for the subsequent part of the experiment, 
specific to each mouse. Specifically, the voltage driving the light was 
manipulated within the range of 2.47–5 V to achieve a minimal 
response to the light from each mouse as assessed in real-time. 2.47 V 
was the lowest voltage at which the LED would generate observable 
light. These titration experiments were conducted to achieve 
approximately a 50% response rate and lasted 12.29 ± 5.03 min per 

mouse; the titration ensured the voltage level selected for optical 
stimulation of each mouse was neither too weak to generate any brain 
activity, nor too strong to always generate brain activity, which may 
have made the effects of tDUS difficult to observe. For mice exposed 
to only tDUS, prior to experimention, we  kept the mice under 
anesthesia with ophthalmic cream and exposed them to only 
background room light for a length of time comparable to the average 
of that used to titrate the intensity of blinking light in the 
other experiments.

2.3.2 Exposure to ultrasound
To deliver the ultrasound as described below, we used a P21x5–1 

scan head deployed by a Sonosite MicroMaxx using the same device 
and settings as used by McClintic et al. (2014). Supplementary Table S1 
lists the ultrasound parameters of this exposure. For the sham tDUS 
trials, we used the same scan head deployed in the same way, but 
without turning on the ultrasound.

2.3.3 Experimental steps – exposure to light plus 
(sham) ultrasound

After the titration step, we performed three separate trials that 
together we define as one experiment as illustrated in Figure 2.

Regarding the first two trials, performed together, mice from the 
‘Light-only’ and ‘US+Light’ cohorts were allowed to rest under 
anesthesia for a second five-minute baseline, after the titration step 
and before the experiment began. The RMS value of the last minute of 
this second baseline was used to normalize all our trial data. Then, to 
summarize, Trial 1 consisted of exposing each mouse to only a 
blinking light, Trial 2 consisted of exposing each mouse to a blinking 
light simultaneously with (sham) tDUS, and Trial 3 consisted of 
exposing each mouse to only a blinking light. In greater detail, Trial 1 
consisted of exposing the right eye of each mouse to a blinking light 
of 0.1 s in duration, every 10 s, using the voltage determined during 
the titration portion of the experiment. We define each such 10 s 
interval as an “event.” Each mouse was exposed to approximately 60 
events during Trial 1. We followed this first light exposure phase with 
a four-minute time period during which the mice remained under 
anesthesia without exposure to the blinking light. Trial 2 then 
followed, consisting of (sham) tDUS paired with the same light 
exposure paradigm as in Trial 1 (10 min of exposure to 0.1 s light 
stimulus every 10 s, for approximately 60 events). Trial 2 was then 
followed immediately by Trial 3 (10 min of exposure to 0.1 s light 
stimulus every 10 s, for approximately 60 events).

As a control, we performed a separate experiment to test whether 
tDUS alone could activate brain. This separate cohort of mice (the 
‘US-only’ cohort) underwent the three Trial protocols outlined above 
without turning on the blinking light before or during any of the three 
Trials, hence exposing them to only background light throughout the 
experiment. Instead, they experienced tDUS during only the second 
trial. We analyzed these control results against those derived from the 
Light-only and US+Light cohorts described above.

2.4 ECoG data collection and initial data 
conditioning

LabChart (ADInstruments, Inc., Colorado Springs, CO) was used 
to sample brain activity via our ECoG arrays at 20 kS/s. MATLAB 

FIGURE 1

Schematic of experimental setup. (A) Shows setup from the side. 
(B) Shows setup from above. Dotted line shows the position and 
orientation of the ultrasound scan head. Dots in the mouse brain of 
(B) denote the position of ECoG electrodes.
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(Mathworks, Natick, MA) was used to analyze the ECoG signals, first 
by applying a zero-phase 5–55 Hz filter with MATLAB’s butter and 
filtfilt functions. Data with RMS values greater than four standard 
deviations were removed from analysis (Krugliak and Clarke, 2022). 
Initial analysis of the data showed that light-induced brain activity 
could span up to 4 s after its initiation. We therefore divided our data 
into much smaller segments — choosing 0.25 s increments — 
producing a running RMS time series for each light event using 
MATLAB’s movmean function over all of the light events for each 
trial type for each mouse (Figure 3). Pooling these data for each trial 
type across all mice produced ~60 values per mouse and ~420 values 
per cohort for a given trial type.

2.5 ECoG data analysis

We initially normalized the RMS time series of our ECoG data 
for each 10 s (light) event within every trial by each animal’s median 
RMS value of cortical activity as measured during the last minute 
of their second baseline session, after titration but before the start 
of Trial 1 (Figure  3). Subsequent statistical analysis showed 
meaningful differences in brain activity between the Light-only 
versus Light+US cohorts during Trial 1 for subsets of the events, 
such as comparing two cohorts after the first second of every event. 
When comparing activity among the three cohorts of mice, all 
subsets of events (1 through 10 s) demonstrated a statistically 
significant difference. To account for these differences in brain 
activity during Trial 1, we chose to normalize all the trial data with 
Trial 1 data, for each mouse. Specifically, we first calculated the 
RMS value of median brain activity of the data from all ~60 events 
for a given mouse from Trial 1. We then used that RMS value in 
subsequent analysis to normalize that mouse’s Trial 1, Trial 2 and 
Trial 3 data. For example, when analyzing whether the brain activity 
of the cohorts were different from one another 3 s into an event 
between Trial 2 and Trial 3, we would use the RMS value calculated 
for each mouse across all ~60 events in Trial 1, up to 3 s of each 
event, to normalize the RMS data for all ~60 events in Trial 2 and 
Trial 3, up to 3 s of each event.

We used ratio normalization to avoid generating bias, which 
can occur with other normalization methods such as z-scoring 

(Ciuparu and Mureşan, 2016). For each mouse Trial data set, 
we normalized that data by the average of that mouse’s Trial 1 data, 
to avoid generation of bias that can occur when each trial is 
normalized to data immediately before the trial (Ciuparu and 
Mureşan, 2016). Further, we used wideband analysis (5–55 Hz) to 
avoid biases that can arise when analyzing ratios of narrow 
frequency bands (Donoghue et al., 2020), such as variation in center 
frequencies, which can lead to misleading estimations of band 
powers (Lansbergen et al., 2011).

2.6 Statistical analysis

We used Kruskal-Wallis analysis in MATLAB (Mathworks, 
Natick, MA) to determine whether there exists a statistically 
significant difference between the median values of three or more 
pairs of data, with a Bonferroni correction. Where appropriate, 
we applied Mann–Whitney U-Tests to determine whether or not pairs 
of data had statistically significant differences in their median value, 
with a Bonferroni correction. In each case, we specify the number of 
data sets and associated effective p-value—denoted as α—in our 
description of the results.

2.7 Resources

ECoG data were preprocessed and exported using a custom 
Python script designed for the batch conversion of mat files into 
the BrainVision file format (vhdr, vmrk, eeg) using the MNE-Python 
library for electrophysiological data handling to ensure 
compatibility with standard neuroimaging formats. Metadata were 
extracted and stored in JSON file format, detailing experimental 
parameters, recording conditions, and preprocessing steps. The 
dataset was organized according to the Brain Imaging Data 
Structure (BIDS) standard (Pernet et al., 2019), with subject and 
session-specific folders, and a participants.tsv file summarizing 
experimental subjects.

The complete dataset is openly available on OpenNeuro (https://doi.
org/10.18112/openneuro.ds005688.v1.0.1), enabling reproducibility and 
further analysis by the scientific community. We  have made our 

FIGURE 2

Schematic representation of the experiment for a given mouse. Here, Trial 1 refers to mice exposed only to (sham) blinking light. Trial 2 refers to mice 
exposed to (sham) blinking light plus (sham) tDUS. Trial 3 refers to mice exposed only to a (sham) blinking light. The Light+US cohort received each of 
blinking light and tDUS. The Light-only cohort experienced only a blinking light. The US-only cohort received only tDUS.
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MATLAB code available to those interested on https://github.com/
cIiche/vis_stim, repository ID: 659440878.

3 Results

3.1 Overview of the data

Figure 4 shows the average median brain activity per cohort 
across all cohorts and trials. While missing the variance of this 
data, which we use below, we drew initial guidance from these 
results. We  first noted that the blinking light generated a large 
value of RMS brain activity during the first few seconds of each 
event for the Light-only and US+Light cohorts, activity that was 
missing from the US-only cohort, whose mice were not exposed to 
blinking light. Next, we observed that the average data showed 
clear differences between the cohorts during Trial 1, before 
exposure of any of the mice to (sham) tDUS.

3.2 Short data segments showed the 
strongest influence of blinking light

These observations motivated our first analysis step: 
determination as a function of subsets of the 10 s event length if 
there exists a statistically significant difference in brain activity 
during Trial 1, when we expected that at least the Light-only and 
US+Light cohorts would have comparable brain activity. For those 
two cohorts, our analysis demonstrated a statistically significant 
difference in brain activity for subsets of event lengths (with 
durations of one through 5 s, inclusive) but not for longer subsets 
of event lengths (6 through 10 s event length)—Figure 5A. When 
we  included all three cohorts from Trial 1, all subsets of event 
lengths demonstrated a statistically significant difference in brain 
activity during Trial 1—Figure 5B. These differences likely arose 
because of the different titration history of each mouse in each of 
the US+Light and Light-only cohorts, and the lack of exposure to 
light of the US-only cohort.

FIGURE 3

Schematic of analysis, here applied to sample representative data. (A) Sample baseline-normalized ECoG data from one light event (from top to bottom): 
raw data, 1 second block RMS (tick marks denote center of time segment), 0.25-second running RMS (used in our analysis) and 0.1-second running RMS 
(tick marks denote end of time segment). (B) Representative set of 55 brain-activity events collected during the entire Trial 1 for a single mouse. Each row 
contains 0.25-second running RMS brain-activity data. The red box outlines the entire set of brain activity events for this mouse. The dotted green box 
outlines the first two seconds of that data. (C) Results of averaging the 0.25-second running RMS of each event over the entire ten seconds for each 
event. (D) Results of averaging the 0.25-second running RMS of each event over the first two seconds of each event. (E) Calculation of the median of all 
55 calculations shown in (D). We used this median value calculated for each mouse to normalize all the event data for each mouse in all Trials.
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FIGURE 4

Median RMS brain activity in the brains of mice as a function of their cohort and Trial types, for event lengths of 10 s. Each line shows the median of a 0.25 s 
running RMS of brain activity during each event, normalized by baseline brain activity. Light stimulation, lasting 0.1 s, occurred at the start of each event.

FIGURE 5

Statistical significance versus length of subset of events for Trial 1 cohorts, data normalized by baseline brain activity. (A) Mann-Whitney analysis p-value 
versus event length of median RMS brain activity for the US+Light and Light-only cohorts during the first Trial. (B) Kruskal-Wallis analysis of the 
US+Light, Light-only, and US-only cohorts. The red line denotes the log10 of the effective p-value (α = 0.005, adjusted for multiple comparisons of  
n = 10 pairs of data) below which values denote statistical significance between cohorts and above which comparisons do not differ in a statistically 
significant fashion. Grey areas denote statistically significant cases as a function of subset of event length.
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3.3 Trial 1 results differed between cohorts, 
requiring re-normalization of the data

We therefore normalized all subsets of event data for each mouse 
collected during the three Trials with the median RMS value of brain 
activity across all subsets of events from Trial 1, for each mouse. 
We then determined ranges of subsets of event lengths over which 
our normalized data demonstrated different characteristics. Kruskal-
Wallis analysis showed that there exist statistically significant 
differences for each cohort across all three trials (α = 0.0017, n = 30 
multiple comparisons, see Supplementary Table S2) and within each 

of Trials 2 and 3 for all three cohorts (α = 0.0025, n = 20 multiple 
comparisons, see Supplementary Table S3).

3.4 Intra-cohort statistical analysis

3.4.1 Trial 1 versus trial 2 – determining 
significance versus length of event analyzed

As a function of the length of event analyzed, the median RMS 
brain-activity values of the US+Light cohort always showed a 
difference in brain activity during Trial 2 versus Trial 1. This is 

FIGURE 6

Log10 of the p-value for Mann-Whitney analysis of intra-cohort brain activity observed during Trial 1 versus Trial 2, as a function of subset of event 
length. (A) Shows this comparison within the US+Light cohort. (B) Shows this comparison within the Light-only cohort. (C) Shows this comparison 
within the US-only cohort. The red line denotes the log10 of the effective p-value (α = 0.0017, adjusted for multiple comparisons of n = 30 pairs of data) 
below which values denote statistical significance between cohorts and above which comparisons do not differ in a statistically significant fashion. 
Grey areas denote statistically significant cases as a function of subset of event length.

FIGURE 7

Log10 of p-value for Mann-Whitney analysis of intra-cohort brain activity observed during Trial 2 versus Trial 3 as a function of event length. (A) Shows 
this comparison within the US+Light cohort. (B) Shows this comparison within the Light-only cohort. (C) Shows this comparison within the US-only 
cohort. The red line denotes the log10 of the effective p-value (α = 0.0017, adjusted for multiple comparisons of N = 30 pairs of data) below which 
values denote statistical significance between cohorts and above which comparisons do not differ in a statistically significant fashion. Grey areas 
denote statistically significant cases as a function of subset of event length.
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when we  applied tDUS plus blinking light, relative to its prior 
exposure to only a blinking light during Trial 1 (Figure 6A). The 
Light-only cohort also always showed a difference in brain activity 
during Trial 2 versus Trial 1 (Figure  6B). The US-only cohort 
showed no difference in brain activity during Trial 2 (tDUS 
exposure only) versus Trial 1 (no tDUS exposure, no blinking light 
exposure) – Figure 6C.

3.4.2 Trial 2 versus trial 3 – determining 
significance versus data length analyzed

As a function of the length of event analyzed, the median RMS 
brain-activity values of the US+Light and Light-only cohorts 
dichotomized between short-and long-subsets of event lengths when 
comparing brain activity during Trial 2 versus Trial 3 (Figures 7A, B, 
respectively). In contrast, the brain activity of the US-only cohort 
brain always reduced during Trial 3 (no tDUS exposure) relative to 
Trial 2 (tDUS exposure) – Figure 7C.

3.5 Comparison of intra-cohort brain 
activity

Figure 8 shows representative intra-cohort brain activity plots 
versus Trial number with a short subset of event length (3 s) and with 
a long subset of event length (the entire 10-s event duration).

3.5.1 Regarding the US+light cohort
It showed enhanced brain activity during Trial 2 (tDUS + blinking 

light) relative to that observed during Trial 1 (blinking light only, 
before tDUS delivery), consistent with our governing hypothesis. In 
addition, brain activity decreased during Trial 3 (blinking light; no 
tDUS) relative to that observed for Trial 2 for short subsets of event 
lengths, for which the majority of the data shows brain activity 
generated by the blinking light. Brain activity maintained (statistically 

speaking) during Trial 3 relative to that observed for Trial 2 for long 
subsets of event lengths, for which the majority of the data does not 
show brain activity generated by the blinking light—only background 
light from the room. In all cases, brain activity during Trial 3 for this 
cohort was above that measured during their first exposure to blinking 
light (Trial 1).

3.5.2 Regarding the light-only cohort
It showed a small but statistically significant reduction in brain 

activity between Trials 1 and 2, independent of the subset of event 
length that we analyzed. The results for this cohort differed as a 
function of the subset of event lengths between Trial 2 and Trial 3: 
brain activity maintained for short subsets of event lengths, while it 
continued to decrease for long subsets of event lengths. This net 
decrease in brain activity exposed to blinking light during our 
experiment is consistent with the literature (Minamisawa 
et al., 2017).

3.5.3 Regarding the US-only cohort
It showed no statistically significant change in brain activity 

between Trial 1 (before tDUS delivery) and Trial 2 (during tDUS 
delivery), also consistent with our hypothesis. In contrast, brain 
activity decreased during Trial 3 relative to Trial 1 and to Trial 2, when 
the mice experienced only background light from the room (no tDUS 
delivery). These results did not depend on the length of event 
data analyzed.

3.6 Inter-cohort analysis

Figure 9 shows representative intra-trial brain activity plots 
versus cohort type with a short subset of event length (3 s) and 
with a long subset of event length (the entire 10-s event duration). 
Normalized RMS median brain activity for the US+Light group 

FIGURE 8

Representative intra-cohort comparison of brain activity versus Trial number. Meaningful differences occur as a function of event length between Trial 
2 and Trial 3 for the US+Light and Light-only cohorts. NS denotes insignificant difference, while asterisk denotes statistical significance with  
p < 0.00056, adjusted for n = 90 multiple comparisons using Mann-Whitney. The central mark of each boxplot denotes the median value of the 
distribution of the data while the bottom and top of the box mark the 25th and 75th percentiles of the data, respectively. Whiskers enclose greater than 
99% of the data.
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always had a greater value than that of the other groups for each of 
Trial 2 and Trial 3. During Trial 2, the US-only group always 
showed more normalized brain activity than did the Light-only 
group (though again it did not differ from brain activity during 
Trial 1). During Trial 3, brain activity in the US-only group 
reduced or trended toward reduction, depending on the subset of 
event length that we analyzed.

Finally, given the limited bandwidth of our data acquisition 
system, we could not resolve whether or not individual tDUS pulses 
generated individual brain activity events.

4 Discussion

We performed an experiment on three cohorts of mice (Figure 2). 
We exposed one cohort of mice (the ‘Light-only’ group) to a blinking 
light of 0.1 s in duration, otherwise background light in the room, 
every 10 s for our three Trials. We exposed a second cohort of mice 
(the ‘US-only’ group) to background light in the room (no blinking 
light) during the first 10-min Trial, then tDUS plus background light 
during the second 10-min Trial, then to only background light during 
the third 10-min Trial. We  exposed a third cohort of mice (the 
‘US+Light’ group) to blinking plus background light during the first 
Trial, then to blinking plus background light and tDUS during the 
second Trial, then to blinking plus background light during the 
third Trial.

We observed enhanced brain activity in the Light+US cohort 
when they experienced simultaneous tDUS and light relative to mice 
exposed to only a blinking and background light (Light-only cohort) 
and to mice exposed to only tDUS and background light (US-only 
cohort). These results are consistent with our governing hypothesis. 
The enhanced brain activity of the Light+US cohort persisted after 
cessation of tDUS (from Trial 2 to Trial 3). In contrast, brain activity 
for the US-only cohort did not change between 10 min of exposure to 
background light (Trial 1) then tDUS plus background light (Trial 2), 

though it did decrease upon cessation of tDUS but not background 
light (Trial 3).

Different aspects of our data are consistent with the 
observations of others, each with subtle differences in method and 
parameters that can yield robustly different results. Fry (1956) and 
Fry et al. (1958) reported early observations of a transient effect of 
ultrasound on brain function; they exposed an anesthetized cat 
first to a blinking light, then to (uncharacterized) ultrasound 
without a blinking light, then to more blinking light. They observed 
reversibly reduced amplitude of various components of the visually 
evoked potential (VEP) generated by the light after cessation of 
ultrasound. Similarly, Yoo et al. (2011) demonstrated that tFUS 
could either reduce or enhance various components of the VEP of 
anesthetized rabbits (measured with electrophysiological 
recordings and with fMRI) when applied simultaneously with a 
blinking light after prior exposure to a blinking light, depending 
on a range of specific tFUS parameters. Importantly, they also 
reported that delivery of tFUS without blinking light did not 
induce measurable brain activity. Also following Fry (1956), Kim 
et  al. (2015) demonstrated in a rat model that simultaneous 
exposure of tFUS and blinking light in a dark room after prior 
exposure to only blinking light in a dark room could either 
enhance, reduce, or fail to change associated brain activity, 
depending again on a range of specific tFUS parameters.

Furthermore, we note that several papers demonstrate that the 
effect of tFUS on brain activity can persist beyond its time of 
application. For example, Fry (1956) and Fry et al. (1958) showed 
continued suppression of visually evoked potentials in a cat model 
lasting 30 min after cessation of ultrasound delivery. Yoo et  al. 
(2011) showed that when observed, the reduction in brain activity 
persisted for approximately 10 min beyond the time of tFUS 
application. Yoo et  al. (2018) applied tFUS to anesthetized rats 
subjected to electrical stimulation of their hind leg. Relative to sham 
application of tFUS, these authors observed differences in the shape 
of the observed sensory evoked potentials for up to 35 min after 

FIGURE 9

Representative intra-trial comparison of brain activity versus cohort type. Meaningful differences occur as a function of event length only during Trial 3. 
NS denotes insignificant difference, while asterisk denotes statistical significance, with p < 0.00083, adjusted for n = 60 multiple comparisons using 
Mann Whitney.
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cessation of 10 min of tDUS. Dallapiazza et al. (2018) reported a 
reduction in the amplitude of somatosensory evoked potentials for 
at least 10 min after 40 s of tFUS to the thalamus of pigs. Folloni 
et al. (2019) reported discernible changes in endogenous activity 
between different neuroanatomical structures with the brains of 
macaques that lasted up to an hour after cessation of 40 s of 
tFUS. Niu et al. (2022) demonstrated that 5 min of tFUS applied to 
rat hippocampus induced observable changes in the structure of 
postsynaptic action potentials induced via direct electrical 
stimulation pre-synaptically, changes that lasted 45–60 min after 
cessation of ultrasound.

Regarding the results we  report here, our observation of 
enhanced brain activity during simultaneous delivery of tDUS plus 
light (blinking and background) after exposure to just a blinking 
plus background light is consistent with some of the observations 
of Kim et al. (2015) and Yoo et al. (2011). Subsequent maintenance 
of enhanced brain activity after cessation of tDUS while in the 
presence of blinking plus background light is consistent with the 
other observations we cited above. Our US-only cohort, which 
experienced tDUS without blinking light (but with background 
light) during Trial 2, did not demonstrate increased brain activity 
during the time of application of tDUS, consistent with Yoo 
et al. (2011).

Motivated by the literature summarized above, we hypothesize 
that the observed subsequent reduction in brain activity for the 
US-only cohort during Trial 3 arose because tDUS during Trial 2 
made the brains of these mice less receptive to background light 
during Trial 3 relative to the receptivity of their brains to background 
light during Trial 1, before exposure to tDUS. These observations are 
similar to those of Yoo et al. (2011), who used tFUS and a blinking 
light. We also hypothesize that the partial reduction in brain activity 
experienced by the US+Light cohort during Trial 3 occurred in part 
due to this same effect.

We also observed that tDUS with light produced stronger brain 
activity than light alone and that tDUS alone did not generate brain 
activity. We  infer, therefore, that our tDUS dosage amounts to 
sub-threshold neural stimulation, i.e., stimulation too weak to evoke 
neural activity directly, but strong enough to enhance the neural 
responses generated by other stimuli. In our case, we observed that 
tDUS enhanced the brain’s response to signals originating from the 
eye. There exist observations of externally applied sub-threshold 
electrical energy altering CNS function, which motivates our 
inference. For example, sub-threshold electrical stimulation of the 
spine during therapeutic load bearing improved motor performance 
in rats with spinal cord injuries (Gad et al., 2013) and improved stroke 
rehabilitation in humans (Kim et  al., 2021). Kim et  al. (2021) 
hypothesized that electrical energy reduced the post-synaptic energy 
required for exogenous activation. Our results suggest that 
sub-threshold ultrasound stimulation is another way to create the 
same effect, and non-invasively, hence the underlying neural 
mechanisms deserve comparable exploration.

While motivated by Gibson et al. (2018) and Schimek et al., our 
work can only obliquely address their results. There exist meaningful 
differences between the exposure of transcranial diagnostic ultrasound 
to mice described here versus its transcranial exposure to humans, due 
to the significant differences in skull thickness between mice and 

humans. Those differences—significantly greater intensity and dose 
exposure for mice—require mitigation before mouse-based research 
can definitively inform the human condition.

4.1 Future work

We calculated the RMS of our ECoG data to highlight gross 
changes in brain function to test our primary hypotheses. Future 
research might consider search for frequency-dependent changes in 
brain function created by tDUS. tFUS, for example, delivered with 
a given PRF can generate activity at that frequency, e.g., enhanced 
gamma activity (Bobola et al., 2020; Park et al., 2021). Diagnostic 
ultrasound systems use PRF values that range from 1 to 10 kHz 
(Szabo, 2014). Relevant here, Dong et al. (2023) showed modulation 
of low-frequency activity in the theta band created by tFUS applied 
in vivo with a PRF of 1 kHz. Another line of research relies on the 
fact that neurosurgeons often use diagnostic ultrasound imaging 
intra-operatively to assess tumor margins that may have shifted 
between preoperative imaging and post-craniotomy (Mahboob 
et al., 2016). However, intra-operative brain stimulation to identify 
eloquent brain (Berger et  al., 1989), when used with DUS 
(Silbergeld, 1994), may unintentionally influence the brain’s 
response to that stimulation. These observations suggest research of 
naming tasks during awake neurosurgery: those tasks may improve 
during and immediately after application of sufficient diagnostic 
ultrasound to Broca’s area and to Brodmann areas 44 and 45.

Active research built on advanced engineering concepts are 
steadily bringing modulation of brain function by tFUS forward 
toward eventual common use and analysis (Martin et al., 2024; 
Murphy and Fouragnan, 2024). In contrast, FDA-approved 
diagnostic ultrasound systems are nearly ubiquitous throughout 
the health-care system, world-wide. There exists, however little 
exploration of the potential use of DUS for neuromodulation, due 
to the intrinsic barriers for its reliable and sufficient transcranial 
delivery. Given the ready availability of such systems, our work 
and that of Gibson et al. and Schimek et al., along with future 
research that surmounts those barriers, may point the way toward 
eventual adoption of diagnostic ultrasound as a means of 
modulating the function of human brains subjected to 
exogenous stimulation.
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