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A B S T R A C T

Ultrasound-mediated neuromodulation is emerging as a key technology for targeted noninvasive brain stimula-
tion, but key insights into its effects and dose-response characteristics are still missing. The purpose of this study is
to systematically evaluate the effect of low-intensity transcranial ultrasound stimulation (TUS) on complementary
aspects of cerebral hemodynamic. We simultaneously record the EMG signal, local field potential (LFP) and
cortical blood flow (CBF) using electrophysiological recording and laser speckle contrast imaging under ultra-
sound stimulation to simultaneously monitor motor responses, neural activities and hemodynamic changes during
the application of low-intensity TUS in mouse motor cortex, using excitation pulses which caused whisker and tail
movement. Our experimental results demonstrate interdependent TUS-induced motor, neural activity and he-
modynamic responses that peak approximately 0.55s, 1.05s and 2.5s after TUS onset, respectively, and show a
linear coupling relationship between their respective varying response amplitudes to repeated stimuli. We also
found monotonic dose-response parametric relations of the CBF peak value increase as a function of stimulation
intensity and duration, while stimulus duty-cycle had only a weak effect on peak responses. These findings
demonstrate that TUS induces a change in cortical hemodynamics and LSCI provide a high temporal resolution
view of these changes.
1. Introduction

As a close proxy to cortical activity, cerebral hemodynamics studies
are important for characterizing, validating and optimizing the effects
induced by brain neuromodulation, and for illuminating and studying the
underlying modulation mechanisms (Koch et al., 2009; Thomson et al.,
2011). Indeed, studies utilizing neuroimaging techniques such as func-
tional magnetic resonance imaging, near-infrared spectroscopy or posi-
tron emission computed tomography found that deep brain stimulation
(Shih et al., 2014), transcranial direct current stimulation (Baudewig
et al., 2001) and transcranial magnetic stimulation (Hubl et al., 2008)
systematically alter cerebral hemodynamics.

Low-intensity transcranial ultrasound stimulation (TUS) is emerging
as a new modality for noninvasive neuromodulation (Naor et al., 2016),
with advantageous characteristics of high spatial resolution and pene-
tration depth in comparison to transcranial direct current stimulation and
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transcranial magnetic stimulation. Multiple earlier studies have demon-
strated that TUS can causally modulate brain activity, including the in-
duction of motor responses (King et al., 2013; Yu et al., 2016; Yuan et al.,
2016). However, to date only a few scattered studies examined the effect
of TUS on cerebral hemodynamics. Yoo et al. (2011) used functional
magnetic resonance imaging to monitor blood-oxygen level-dependent
signals induced by TUS in rabbits, finding signal responses on the order of
1.5% at acoustic intensities �3.3 W/cm2. However, due to the tech-
nique’s limitations, this foundational study did not map the fine temporal
properties of the hemodynamic TUS-responses. In recent work, Kim et al.
(2017) monitored cerebral hemodynamic changes during TUS by
intrinsic signal optical imaging in mice, showing that ultrasonic stimu-
lation increases hemoglobin oxygenation and that the response ampli-
tude is related to the pulse repetition frequency. However, their protocol
used a very low (non-standard) ~7% duty cycle which likely elicited
mixed suppression-excitation responses and was not shown to elicit any
inhuangdao, 066004, China.
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Table 1
Combination of ultrasonic parameters used in this study (FF ¼ 500 kHz, PRF ¼ 1
kHz).

Isppa(W/cm2), SD ¼ 400
ms, DC ¼ 40%

SD(ms), Isppa ¼ 0.8 W/
cm2, DC ¼ 40%

DC(%), Isppa ¼ 0.8 W/cm2,
SD ¼ 400 ms

0.2 50 10
0.4 100 20
0.8 200 30
1.1 300 40

400
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causal motor responses or other localized responses (Kim et al., 2017;
Plaksin et al., 2014). Moreover, their 5-s-long cortical ultrasound stim-
ulation protocol continuously extends over most of the response dura-
tion, and thus precludes observing a unitary hemodynamic response
function to single short TUS pulses, and its precise onset and return times
and response duration remain unknown.

Another well-known aspect of ultrasound neuromodulation is the key
role that ultrasound parameters play in leading to different stimulation
effects, including a transition between stimulation and suppression re-
gimes (Yoo et al., 2011; Plaksin et al., 2016). To characterize parameter
dependence, King et al. (2013) used TUS to stimulate the mouse nervous
system in vivo and to induce motor responses. They found that stimula-
tion success systematically increases as a function of both ultrasonic in-
tensity (UI) and stimulation duration (SD). Kim et al. (2014) examined
the range of ultrasonic parameters that minimize the UI while success-
fully stimulating the motor brain area in Sprague-Dawley rats. They also
found that motor responses were related to UI. However, the temporal
cerebral hemodynamic response characteristics with different stimulus
parameters including UI, SD and duty cycle (DC) remain unclear.

Here, we aim to address a gap left open by these earlier studies, by
using laser speckle LSCI in mice to measure at high temporal resolution
the cortical hemodynamic responses induced by a relatively standard,
short TUS protocol that is shown to elicit causal motor responses and
neural activity. Hemodynamic responses induced by multi-parameter
ultrasound were analyzed in a cohort of mice. We find that relatively
rapid hemodynamic responses follow the motor responses to single-pulse
TUS, and that there is the linear coupling relationship between the he-
modynamic, motor response and neural activity. Furthermore, the peak
values of CBF increase as increase of ultrasonic intensity and stimulation
duration. These findings inform our interpretation of short-term stimuli
driven immediate hemodynamic response, and provide a quantitative
investigation of hemodynamic response in TUS with multi-parameter.

2. Materials and methods

2.1. Animal surgery and anesthesia

A total of twenty-nine BALB/c mice were used in the experiments (all
male, body weights 20–25g, ages 4–5 weeks, Beijing Vital River Labo-
ratory Animal Technology Co., Ltd. China; nine mice were used for ISOI
and twenty mice for LSCI). All procedures were carried out according to
the Animal Ethics and Administrative Council of Yanshan University.
Furthermore, the manuscript was written in accordance with the ARRIVE
(Animal Research: Reporting In Vivo Experiments) guidelines. Surgical
anesthesia was induced with sodium pentobarbital (3%, 5 mg/100g,
i.p.), and lasted throughout the stimulation experiments. The anes-
thetized mice were fixed on a stereotaxic apparatus (ST-5ND-C, Stoelting
Co., U.S.A) with ear bars and a clamping device. The surgical procedure is
similar to our previous study (Yuan et al., 2019). A 4 mm � 4 mm square
skull section was removed to expose the brain tissue. The mice’s body
temperature was maintained at 37 �C using a closed-loop animal tem-
perature controller (69002, RWD., Shenzhen, China).

2.2. Experimental groups and US parameters

Three groups were used in our experiments: Group 1, six mice for the
tail motor response, neural activity and CBF response experiments. Group
2, nine mice for the whisker motor response and deoxyhemoglobin
metabolism. Group 3, eleven mice for CBF response vs multi-parameters.
Group 4, three mice for evaluating the thermal effects for CBF response.
An f ¼ 500 kHz US frequency, 1 kHz PRF pulse train was used across all
experiments. For group 1 and group 2, the SD and DC were 400 ms and
40%, respectively. For the group 3, additional combinations of ultra-
sound parameters were used, including Isppa, DC and SD as shown in
Table 1. The sequence diagram of the ultrasound stimulation and image
recording is shown in Fig. 1(C).
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2.3. Combined TUS - optical imaging experimental setup

The schematic of the experimental setup is shown in Fig. 1(A). The
TUS setup is similar to the setup used in our previous study (Yuan et al.,
2019). An unfocused ultrasound transducer (V301-SU, Olympus, USA)
with center frequency f ¼ 500 kHz and a 31 mm diameter. A 3D-manual
adjustment is used to fix the transducer so that it can accurately move to
the stimulus position. The ultrasound transducer connects to the mouse
skull by a 3D printed conical coupling cone that is filled with an ultra-
sound coupling gel. The gap between the coupling cone and skull is filled
with glycerol so that the ultrasound wave can stimulate the brain tissue.
The two-dimensional distribution of ultrasound field in oblique and
longitudinal cross section (Fig. 1(B)) is measured by a calibrated
needle-type hydrophone (HNR500, Onda, Sunnyvale, CA).

2.4. Optical imaging experimental setup

A custom imaging systemwas configured to perform LSCI. The system
is based on a monocular tube microscope (CM-10, Nikon, Japan) with an
extended working-distance objective lens (Working distance: 34.6 mm,
NA: 0.055, WD-5002, PDV, China). A CCD camera (Pixelfly, 14bit, PCO,
Germany) mounted on the single-passed microscope is used to record the
raw images. An electronic lifting platform (KSAV1010-ZF, Zolix, China)
placed under the mouse stereotaxic apparatus was used to adjust the
distance between the objective lens and the mouse’s head, for image
focusing. A diode laser (MW-SGX-635, 635 nm, 20 mW, Leishi, China)
beam coupled with a 600-nm diameter silica optical fiber is used as the
light source. The laser speckle images were acquired at 21fps (frame per
second) and the exposure time was 20 ms.

2.5. LSCI image reconstruction

The speckle contrast value (K) is calculated as the ratio of standard
deviation (σs) to the mean intensity of each binning window <I>. The
raw images recorded by the camera are converted to speckle contrast
images using Eq. (3).

K¼ σS

〈I〉
¼
�
τC
2T

�
1� exp

�
� 2T

τC

���0:5

(3)

where T is exposure time of the camera, τc is the correlation time, which
is assumed to be inversely proportional to a measure of the velocity of the
scattering particles. In our study, temporal laser speckle contrast analysis
algorithm was used to calculate the contrast value from the speckle im-
ages (Li et al., 2009).

2.6. LFP and EMG recording

A tungsten microelectrode (WE50030.1B10, MicroProbe, USA) and a
homemade EMG electrode (Tufail et al., 2011) were used for recording
LFP signal and EMG signal, respectively. The LFP signals and EMG signals
were simultaneously recorded by using a dual-channel pre-amplifier
(63386, A-M Systems Inc., USA) and saved by a neural signal processor
system. (Cerebus Data Acquisition System, Blackrock Microsystems,
USA). The raw LFP signals and EMG signals produced in response to TUS



Fig. 1. Experimental setup and protocol. (A)
Schematic of ultrasound stimulation and optical
imaging system. The transducer connects to the
mouse head by a coupling cone filled with ultra-
sound coupling gel. There is a thin layer of glycerin
between the coupling cone and the skull. The angle
between the coupling cone and the skull is about
40�. A microscope directly above the mouse head
records raw optical images. Light of brain. For LSCI,
the light wavelength is 635 nm, irradiates the im-
aging region from the side. (B) The 2D distribution
of the ultrasound field in oblique and longitudinal
cross section. The long axis and short axis of ul-
trasound spot is ~6.5 mm and ~5.7 mm, respec-
tively. (C) Time sequence of the imaging
experiments in which a CCD camera records for
25s. Ultrasound was delivered to brain tissue fol-
lowed by baseline of 5s. Sixteen trials were aver-
aged to improve signal-to-noise ratio. TBD: tone
burst duration, FF: fundamental frequency, NC/p:
number of cycles per pulse, UI: ultrasonic intensity,
SD: stimulation duration, PRF: pulse repetition
frequency.
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were acquired at a sampling frequency of 2 kHz.
2.7. Analysis of LFP signals and EMG signals

We analyzed the amplitude of EMG and LFP signals. The EMG
waveform was obtained from raw EMG signals by FIR filtering from 300
to 1000Hz according to the literature (King et al., 2013). The mean
amplitude (MAMP) of the signals before and after TUS were calculated by
the formula

MAMP¼
XT2
T1

jAMPj
,

ðT2 �T1Þ (1)

where AMP is the amplitude of signal, and T1 and T2 are the start and end
time of the signal. The percent change in the MAMP was calculated using
the following formula:

ΔMAMP =MAMP¼ðMAMPt1�t2 �MAMP�3�0s Þ =MAMP�3�0s (2)

where MAMPt1-t2 is the mean amplitude between time t1 and time t2, the
interval is 0.1s. MAMP-3-0 is the mean amplitude between from -3s to 0s
and used for baseline. We defined 0s as the starting point of the TUS.
2.8. Data statistics

All data processing procedures were implemented in MATLAB
(Mathworks, Natick, Massachusetts, USA). In data analysis, we take the
time of stimulus onset as the zero moment. The statistics method is
Friedman test in our study.
3

3. Results

3.1. Motor response induced by low-intensity TUS

First, to verify that our TUS protocol induces time-locked neural
excitation, we monitored bilateral whisker and tail motion during the
stimulation paradigm. As shown in Fig. 2 (A), the mouse whiskers move
bilaterally during TUS, with their orientation displaced relative to the
pre-stim observed orientation. Whisker motion continues until relaxing
back to their rest orientation. The entire stimulus-response dynamical
process is shown in Fig. 2(A), where the abrupt and overt bilateral
whiskers’ response to TUS is clearly visible. We consistently observed
these bilateral whisker motor responses in all the mice used in our ex-
periments. Measuring the central whisker’s distances relative to rest
(Fig. 2(B)) indicates that the maximum displacement is observed
approximately at t¼ 0.1s, while the complete relaxation back to baseline
process lasts to ~1s. As shown in Fig. 2(C), the mouse tail moves during
TUS and the tail motion continues until relaxing back to their rest
orientation as shown in video in the supplementary material. Fig. 2(D) is
the trigger signal of TUS, EMG signal (300–1000Hz) and LFP signal
(4–500Hz) (from one representative mouse) indicate that there is the
immediate motor response and neural activity with TUS. These results
confirm that our stimulation protocol modulates neuronal activity, trig-
gering a robust bilateral whisker and tail motor response.
3.2. Characteristics and coupling of TUS-induced neuro-vascular responses

We next studied the fundamental characteristics of the TUS-induced
time-locked neural activity and hemodynamic responses, by simulta-
neously monitoring LFP and CBF signals in addition to the motor-related



Fig. 2. Motor response. (A) Whisker movement: time-lapse photographs of representative mouse bilateral whisker field immediately before, during and after the
ultrasonic stimulus onset (t ¼ 0). (B) The displacement of one whisker at different times relative to TUS (N ¼ 9). (C) Tail movement: Motor response of mouse tail
before and during the TUS. (D) The trigger signal of TUS and the corresponding EMG signal (300–1000Hz) and LFP signal (4–500Hz) for one trial.

Fig. 3. TUS-induced time-locked neural activity and hemodynamic responses. (A) Location of ultrasound spot and electrode in motor cortex. (B) The raw CBF image of
CBF response induced by TUS in one mouse (average values with 16 trials). (C) The EMG, LFP and CBF response induced by TUS (N ¼ 6, Mean � SEM) (Isppa ¼ 1.1 W/
cm2, SD ¼ 400 ms, DC ¼ 40%).
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EMG signals during the stimulation paradigm. Fig. 3(B) shows the tem-
poral evolution of a representative CBF response induced by TUS, (Isppa
¼ 1.1 W/cm2, SD ¼ 400 ms, DC ¼ 40%). Comparing to the baseline
image at t ¼ -1s, we observe a CBF response that begins as early as 1s,
peaks and then decreases gradually back to baseline at t ~ 5s. The
different motor, LFP and CBF average response time traces (Fig. 3(C), N
¼ 6, Mean � SEM), clearly demonstrate the TUS-evoked impulse
response functions that peak at ~0.55s, ~1.05s, ~2.5s and decay back to
4

baseline by ~3.7s, ~2.6s and ~5.5s, respectively. These experimental
results show that TUS induces motor, neural and hemodynamic re-
sponses, putatively by stimulating motor cortex.

To further study and potentially establish this putative relationship
we next examined several related aspects and potential confounds of
these observed responses. First, we examined whether our TUS protocol
also induces changes in the brain’s blood oxygen metabolism, by
measuring the associated HbR responses (Fig. S1; N ¼ 9, Mean � SEM).
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The results indicate that in response to TUS ΔR/R increases to a peak
value, reached 2.55 � 0.09s after the stimulation was initiated, and then
decreases gradually until t ~ 6s (reaching a weak overshoot of the
baseline value), demonstrating that the TUS-induced systematic HbR
change in brain tissue, quite closely mirrors the CBF response. We next
examined the possibility that the observed CBF responses are directly
thermally-induced. Previous studies have shown that when ultrasound
acts on brain tissue, the thermal effect (temperature rise) produced can
directly cause CBF increase (Hynynen et al., 1997; Vykhodtseva et al.,
2000; Constans et al., 2018). In order to examine a possible direct cau-
sality between the CBF changes and thermal effect, we performed addi-
tional experiments in three mice under the maximum ultrasound
parameters (Isppa ¼ 1.1 W/cm2, SD ¼ 400 ms, DC ¼ 40%) with 2% iso-
flurane. The results (Fig. S2) show no significant motor, neural activity
(LFP) or hemodynamic CBF changes consistent with the results of earlier
studies on lack of ultrasound neuromodulation effects under deep aes-
thesia (1.8–2% isoflurane) (King et al., 2013; Younan et al., 2013; Kim
et al., 2017). These results also discount the possibility that the CBF
change is caused directly by the thermal effect. Indeed, our expected
TUS-induced temperature change is approx. ~4.8 � 10�3 �C, also sug-
gesting that this effect should be minimal (calculated using: ΔT ¼ 2αIt

ρbCp

(Lee et al., 2015), where α is the absorption coefficient and equals
0.0175 cm�1, ρb is the density of brain tissue, Cp is the specific heat of
brain tissue, and the product ρb Cp is equal to 3.811J cm3 �C�1. the ul-
trasound intensity I is equal 1.1 W/cm2 and pulse duration t is 0.05s.
Finally, to further understand the relations between the neural and
vascular responses. We analyzed the coupling between the motor
response, neural activity and hemodynamic response. Fig. 4(A) is the
curve of ΔCBF/CBF in ROIs from Fig. 3(B) for each trail and Fig. 4(B)
shows the mean curve of ΔCBF/CBF for sixteen trials. The coupling of
CBF vs. LFP, EMG vs. LFP and EMG vs. CBF for each mouse was shown in
Figs. S1–S3. The Coupling between CBF, LFP and EMG for 16 trials across
Fig. 4. Coupling of TUS-induced neuro-vascular responses. (A) The curve of CBF res
average values of 16 trials from Fig. 3 (A). (C)–(E) Fig. 4. Coupling between CBF, LFP
CBF vs. EMG. (N ¼ 6, Mean � SEM) (Isppa ¼ 1.1 W/cm2, SD ¼ 400 ms, DC ¼ 40%)
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all animals were shown in Fig. 4(C)–(E). The results demonstrate that
there is the linear coupling relationship between the CBF, LFP and EMG.
3.3. CBF response dependence on ultrasound parameters

Finally, we quantitatively evaluated in a group of eleven mice the
effect on observed CBF responses of varying three ultrasonic excitation
parameters: intensity (Isppa), duration (SD) and duty cycle (DC). We
observed monotonically increasing ΔCBF/CBF responses with increasing
intensities (Fig. 5(A1), Isppa range: 0.2–1.1 W/cm2; SD ¼ 400 ms, DC ¼
40%). Peak ΔCBF/CBF values were 5.3� 1.9%, 7.9� 2.2%, 10.4� 2.1%
and 13.4 � 1.9% for Isppa ¼ {0.2, 0.4, 0.8, 1.1} (W/cm2), respectively
(Fig. 5 (A2), Mean� SEM, N¼ 11; results indicate significant differences
using Friedman test, *p < 0.05). As shown in Fig. 5(B1), CBF peak re-
sponses also increase monotonically with increasing SD (Isppa ¼ 0.8 W/
cm2, DC ¼ 40%). The peak ΔCBF/CBF values were 5.6 � 1.6%, 6.9 �
1.7%, 8.9 � 1.9%, 10 � 1.9%, 10.4 � 2.1% for SD ¼ {50, 100, 200, 300,
400}ms, respectively, (Fig. 5(B2), Mean � SEM, Friedman test, *p <

0.05). The results indicated that the peak ΔCBF/CBF response values
increase as increasing SD.In contrast to the previous parameter de-
pendences, the ΔCBF/CBF responses had a relatively weak dependence
on DC (Fig. 5(C1), Isppa ¼ 0.8 W/cm2, SD ¼ 400 ms). The mean peak
ΔCBF/CBF values were 9.0 � 2.0%, 9.5� 2.0%, 11.2� 2.3% and 10.4 �
2.1% for DC ¼ {10%, 20%, 30%, 40%}, respectively, (Fig. 5 (C2), Mean
� SEM, N ¼ 11, Friedman test, p > 0.05).

4. Discussion

In this study, we used low-intensity TUS to stimulate mouse motor
cortical regions and simultaneously recorded the EMG signals, LFP sig-
nals and laser speckle contrast images. We successfully and robustly
elicited tail movement, neural activity and CBF response, in agreement
ponse (ΔCBF/CBF) induced by TUS from ROIs in Fig. 2(B) for 16 trials. (B) The
and EMG for 16 trials across all animals, (C) CBF vs. LFP, (D) EMG vs. LFP, (E)

.



Fig. 5. CBF responses to varying US parameters (Isppa, SD and DC; N ¼ 11 an-
imals). (A1) CBF responses to different Isppa values (fixed parameters: SD ¼ 400
ms, DC ¼ 40%). (A2) Statistical results (Mean � SEM, Friedman test, *p < 0.05).
(B1) CBF response functions for different SD (Isppa ¼ 0.8 W/cm2, DC ¼ 40%).
(B2) Statistical comparisons for peak ΔCBF/CBF values (Mean � SEM, Friedman
test, *p < 0.05). (C1) CBF responses for different duty cycles (Isppa ¼ 0.8 W/cm2,
SD ¼ 400 ms). (C2) Statistical comparisons for peak values of ΔCBF/CBF.
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with the results of earlier studies (Younan et al., 2013). We observed the
immediate movement and neural activity responses that peaked 0.55s
and 1.05s after the stimulation and returned to baseline at ~3.7s and
~2.6s, respectively. We also observed relatively rapid CBF responses that
peaked 2.5� 0.1s after the stimulation and returned to baseline at ~5.5s.
Our study also includes a multi-parameter characterization of the CBF
responses to TUS stimulation of mouse motor cortex, which, to our
knowledge, is the first study on the relationships between CBF and key
ultrasound parameters. Our results indicate that the CBF responses are
strongly modulated by intensity and stimulus duration while only being
weakly affected by the pulse duty cycle (the detailed dependence is
further discussed below).

How does the observed hemodynamic response function compare to
earlier observations? Our estimates generally have noticeably faster dy-
namics than others. For example, the fMRI BOLD hemodynamic response
induced by ultrasound stimulation in Yoo et al. (2011) reached a
maximum value at ~3.2s after ultrasound stimulus onset for both 3.3 and
6.4 W/cm2 Isppa (PRF ¼ 10Hz, SD ¼ 1s, DC ¼ 50%). However, these
observations were in rabbits, and were also obtained with a long exci-
tation pulse and at a relatively low temporal resolution. Yang et al.
(2018) used fMRI to monitor ultrasound neuromodulation of sensory
networks in the monkey brain (f ¼ 250 kHz, PRF ¼ 2 kHz, Isppa ¼ 9.9
W/cm2, DC ¼ 50%, SD ¼ 300 ms) and found peak latencies of ~6.5s in
monkey areas 1/2 and 3a/b. In our hands, the HRF is more similar to the
responses observed by Kim et al. (2017) for mice stimulated with an
extended 10 pulse trains over 5 s for each trial (f ¼ 425 kHz, Isppa ¼ 1.84
W/cm2, SD¼ 200 ms, DC¼ 7%, PRF¼ 375, 750 and 1500Hz), where the
CBF changes reached a maximum value after 2.7s. Interestingly, a similar
6

observation of a relatively rapid hemodynamic response function was
also reported in Murine cortical responses to optogenetic stimulation
(Kahn et al., 2013), suggesting that induced mouse cortical hemody-
namic responses are generally relatively rapid.

It is also important to discuss the mechanism of cortical hemody-
namic response induced by TUS. Because brain hemodynamics are
regulated by neurons (Attwell et al., 2010; Sheth et al., 2005), hemo-
dynamic changes offer an indirect way of recording brain activity based
on the neurovascular coupling mechanism (Cauli and Hamel, 2010;
Donahue et al., 2009). In neurovascular coupling studies, sensory stim-
ulation is commonly used as input and the hemodynamic signal is used as
the surrogate marker to readout the changes in neural activity (Galeffi
et al., 2015). Earlier studies demonstrated that transcranial magnetic
stimulation (Orosz et al., 2012), transcranial direct current stimulation
(Paquette et al., 2011), and optogenetic stimulation (Atry et al., 2015),
all modulate neuronal activity simultaneously with hemodynamic
changes, and our study adds to a body of observations of TUS-induced
hemodynamic changes putatively mediated via neurovascular coupling.
Moreover, in our detailed observations of the amplitudes of variable
neural-vascular-motor responses to repeated TUS stimulations, we found
a strong linear coupling relationship between the CBF, LFP and EMG
responses to a large ensemble of repeated stimuli. In particular, Fig. 4(C)
shows a large ‘dynamical range’ of varying LFP responses appears to be
strongly correlated with a similarly large range of CBF responses,
consistent with a scenario where the CBF response is ‘driven’ by the
neural responses.

Hemodynamics are a crucial component of brain function (Dunn
et al., 2005), motivating the detailed study of the hemodynamic re-
sponses to different ultrasonic parameters in this study. Our results
demonstrate a systematic relationship between the CBF and UI, SD and
DC parameters, which was previously only accomplished for behavioral
motor output (King et al., 2013), rather than brain activity-related
measures. CBF peak values increased with increasing Isppa and SD, even
for a non-saturating intensity level (0.8 W/cm2). The weak dependence
on duty cycle is not predicted by this model (Kim et al., 2014; Plaksin
et al., 2014), and definitely merits further scrutiny and study. Our study
can provide a reference for the choice of parameters for future TUS ex-
periments, including response mapping studies, similar to those per-
formed using optogenetics (Bauer et al., 2018). Interestingly, Li et al.
found that rats with LIPUS had smaller ischemic areas during stroke in-
duction (Li et al., 2017). They used low-intensity ultrasound to protect
ischemic brain injury and observed significant increase of CBF after TUS,
which could be neuroprotective in ischemic brain injury. Our results,
which demonstrate the relationship between the CBF and ultrasonic
parameters, can perhaps be used as a reference for the choice of pa-
rameters for TUS in the application of brain protection during ischemic
stroke.

Recently, Guo et al. (2018) and Sato et al. (2018) reported that ul-
trasound stimulation activates cortical neurons by non-specific auditory
responses. However, these results are countered in a recent report by
Mohammadjavadi et al. (2019), who used low-intensity ultrasound to
stimulate wild-type normal hearing mice and genetically deaf mice and
simultaneously recorded the EMG signals to monitor the motor response
induced by ultrasound. Mohammadjavadi et al. (2019) found that the
motor responses of two different strains of deaf knockout mice are the
same as in normal hearing wild type mice, demonstrating that direct
activation of central motor neural circuits is via ultrasound stimulation
rather than via a startle reflex by auditory responses. Furthermore,
Mohammadjavadi et al. (2019) present compelling arguments for a
relatively weak auditory response expected in mice for a 1 kHz-modu-
lated waveform, as we have used here. In the context of this ongoing
controversy, we believe that our study putatively presents directly
ultrasound-mediated hemodynamic responses, however, future research
is needed to further clarify which component of these responses may be
mediated by off-target effects.
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5. Conclusion

In summary, we used electrophysiological recording and high tem-
poral resolution laser speckle contrast imaging for real-time monitoring
of motor response, neural activity and cortical hemodynamic responses
modulated by a single short pulse TUS. Our results clearly indicate that
short, low-intensity TUS pulses induce immediate motor response and
neural activity, and rapid hemodynamic response selectively at the
stimulation site. We also demonstrate a linear coupling relationship be-
tween CBF, LFP and EMG amplitudes. Multi-parameter TUS experiments
demonstrate that the CBF monotonically increases for increasing ultra-
sonic intensity and stimulus duration. These results will inform and
enable future studies of global hemodynamic responses to TUS in both
animal and human brains, using modalities such as functional MRI, ul-
trasound or opto-acoustic imaging, where statistical analysis is typically
guided by a stereotypical hemodynamic response function.
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