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To ensure appropriate blood supply through the 
brain, the cerebral blood vessels, neurons, and as-
trocyte glial cells must interact according to com-

plex mechanisms. This interaction, named “neurovascular 
coupling” (NVC), describes the link between neuronal ac-
tivity and cerebral blood flow (CBF) changes.25

Several methods have been developed to assess the 
NVC in humans by exploring either cerebral tissue oxy-
genation using functional MRI, near-infrared spectrosco-
py, or positron emission tomography, or CBF changes us-
ing transcranial Doppler (TCD) ultrasonography.9,21 TCD 
ultrasonography is the ultrasound (US) imaging technique 
mostly used in the clinic to explore CBF because of its high 
temporal resolution and noninvasive nature. For example, 

sensorimotor or cognitive stimulatory effects on cerebral 
blood velocity have been studied using low-frequency (≤ 
2-MHz) transducers.4 In healthy individuals, this response 
leads to an average 10%–20% increase in CBF in the 
posterior cerebral artery during visual stimulation,1 and 
a 5%–8% increase in the middle cerebral artery during 
a cognitive task.22 However, despite good spatiotemporal 
resolution, TCD US imaging is limited to the exploration 
of large cerebral vessels and is not able to detect subtle 
changes of low blood flow in cortical vessels that may oc-
cur during a task.

Recently, very high frame rate US imaging (> 10,000 
frames per second) was shown to enable high-resolution 
and high-sensitivity power Doppler imaging,2,29 allowing 
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OBJECTIVE Neurovascular coupling reflects the link between neural activity and changes in cerebral blood flow. De-
spite many technical advances in functional exploration of the brain, including functional MRI, there are only a few re-
ports of direct evidence of neurovascular coupling in humans. The authors aimed to explore, for the first time in humans, 
the local cerebral blood flow of the primary motor cortex using ultra–high-frequency ultrasound (UHF-US) Doppler imag-
ing to detect low blood flow velocity (1 mm/sec).
METHODS Four consecutive patients underwent awake craniotomy for glioma resection using cortical direct electro-
stimulation for brain mapping. The primary motor cortical area eliciting flexion of the contralateral forearm was identified. 
UHF-US color Doppler imaging of this cortical area was acquired at rest, during repeated spontaneous forearm flexion, 
and immediately after the movement’s termination. In each condition, the surface areas of the detectable vessels were 
measured after extraction of non–zero-velocity colored pixels and summed.
RESULTS During movement, local cerebral blood flow increased significantly by 14.4% (range 5%–30%) compared with 
baseline. Immediately after the termination of movements, the local hyperemia decreased significantly by 8.6% (range 
1.9%–15.7%).
CONCLUSIONS To the authors’ knowledge, this study is the first to provide a real-time demonstration of the neurovas-
cular coupling in the human cortex by ultrasound imaging. They assume that UHF-US may be used to gather original 
and advanced data on brain functioning, which could be used to help in the identification of functional cortical areas dur-
ing brain surgery.
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the detection of low blood velocities (< 4 mm/sec) that oc-
cur in arterioles and venules of the rat brain. The concept 
of functional ultrasound (fUS) has been proposed regard-
ing the ability to visualize whole-brain microvasculature 
dynamics in response to cerebral activation with a high 
spatiotemporal resolution. In a rat model, after cranioto-
my, fUS has been used to image sensory cortex and tha-
lamic responses after whisker stimulation and propagation 
of epileptiform seizures.15 It was sensitive enough to detect 
odor-evoked CBF changes in the rodent olfactory bulb.18 
However, the skull is a limit for cerebral fUS due to the 
poor penetration of US waves through the bone.23

The recent development and introduction of latest-gen-
eration ultra–high-frequency ultrasound (UHF-US) linear 
transducers (up to 70 MHz) in clinical use3 may extend 
the US applications to explore brain functioning. Here, we 
provide the first study that aims to explore NVC of the 
human motor cortex with new UHF-US Doppler imaging 
(Vevo MD, Visualsonics), allowing a resolution of 50 μM 
up to 12.5 mm deep, and the detection by Doppler of the 
cortical microvasculature flow < 1 mm/sec in patients un-
dergoing awake craniotomy for brain tumor resection. We 
also aimed to investigate the feasibility of and potential 
interest in UHF-US as a tool to explore brain functions 
during neurosurgical procedures.

Methods
Participants and Surgical Procedure

All patients included in the study underwent exploration 
using UHF-US during awake craniotomy procedures per-
formed for brain tumor resection requiring brain mapping 
by direct electrostimulation (DES). In this study, approved 
by a national ethics committee and registered (clinical trial 
registration no.: NCT03179176, clinicaltrials.gov), we did 
not modify the usual surgical and brain mapping protocols.

DES was used to identify crucial neural structures for 
brain functioning during tumor resection to preserve them 
and to optimize the extent of resection,5 with consider-
ation of individual functional boundaries. Language and 
sensorimotor skills were checked continuously during the 
awake period while the neurosurgeon applied DES at the 
cortical and subcortical levels (bipolar electrode, biphasic 
current, 60 Hz, 1.5- to 4-mA intensity).28 DES of the mo-
tor cortex and underlying corticospinal tract provoked a 
transient, involuntary movement of the contralateral stim-
ulated body, with respect to somatotopy and a high spatial 
accuracy (5 mm).24

The patient’s head was immobilized in a 3-pin head 
frame. After opening the skull, neurosedation was stopped 
and the patient was awakened. Brain mapping was per-
formed before tumor resection to identify eloquent corti-
cal regions to be preserved. The primary motor area was 
localized by DES. The primary motor area with DES-in-
duced flexion of the contralateral forearm was identified 
precisely (Fig. 1). Patients whose tumor invaded the pri-
mary motor area were excluded.

UHF-US Imaging
UHF-US images were acquired using Vevo MD 

(FUJIFILM Visualsonics), a recent US imaging device 

that obtains UHF-US images with color Doppler acquisi-
tions. This device is CE marked for human use. We used 
the 46-MHz linear-array transducer (30-MHz center fre-
quency), allowing axial and lateral resolution of 50 μM 
and 70 μM, respectively, and detection of the microvas-
culature flow < 1 mm/sec (manufacturer’s specifications). 
The Doppler characteristics were as follows: transmitter 
frequency, 21 MHz; frame acquisition rate, 9 per second; 
and exploration depth, 12.5 mm. The Doppler mode was 
set up at 1.8 cm/sec; beam angle, 0°; wall filter, low; and 
persistence, median.

UHF-US Image Acquisition
UHF-US images were acquired when the patient was 

awakened and fully compliant. The transducer was placed 
within a sterile sheath in contact with the cortex, exactly 
on the motor area previously identified to induce forearm 
flexion (Fig. 1). The transducer was fixed to a custom artic-
ulated arm to avoid movements during image acquisition. 
Image acquisition was performed by 2 radiologists (C.R. 
and S.B.) who are experts in US use.

First, morphological acquisitions were performed with-
out Doppler (10-second duration) to visualize the sulci, 
gyri, and the underlying white matter on a surface of 1 
cm2. Then, Doppler acquisitions were carried out in 3 dis-
tinct conditions. In the first condition, the patient was at 
rest (“rest1” condition; 15 to 55 seconds). Next, the patient 
was asked to reproduce exactly the same forearm move-
ments (“movement” condition) as those elicited by DES, 
repeatedly (26 seconds to 1 minute). Finally, the patient 
was asked to stop the movement and to stay at rest (“rest2” 
condition) until the end of the Doppler acquisition time (20 
seconds to 1 minute). The total acquisition time was short 
(about 5 minutes per patient) and did not interfere with the 
continuation of the surgery or the patient’s comfort.

Imaging Treatment and Analysis
Imaging sequences acquired during the surgery were an-

alyzed a posteriori. Image processing consisted in convert-
ing the RGB (red, green, blue) DICOM image to its chroma 
component, C = maximum(R,G,B)  - minimum(R,G,B), 
and thresholding it at 12.5% (C > 0.125). This allowed us 
to extract pixels from the color-coded Doppler overlay on 
top of a grayscale B-mode US image. The surface area of 
all vessels detectable in the volume explored by UHF-US 
was evaluated by summing all pixels with a nonzero ve-
locity and taking into account the “PhysicalDeltaX” and 
“PhysicalDeltaY” DICOM tags to be converted into square 
millimeters (Fig. 1). To smooth the oscillatory short-term 
variations of the native curve, related to hemodynamic 
variations induced by heart pulsations, the median sur-
face area (mSA) value was graphically represented over a 
5-second period (-2.5 seconds; +2.5 seconds).

Statistical Analysis
ANOVA was conducted on surface area values of each 

condition (rest1, movement, rest2). As these values were 
not normally distributed (inequality of variance), a non-
parametric Kruskal-Wallis test was used. For multiple 
pairwise comparisons of the surface area values for each 
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condition, Bonferroni correction was applied. The statisti-
cal threshold was set at p < 0.05. All statistical analyses 
were performed with XLSTAT software version 2017.4 
(Addinsoft).

Results
Four consecutive patients (26–41 years old, mean 31.5 

years) with a low-grade glioma located close to eloquent 
areas were included and underwent surgery (Fig. 2).

Doppler sequences recorded at rest and during move-
ments allowed the visualization of the macro- and micro-
vasculature of the cortex to a maximum depth of 12.5 mm. 
The arteries could not be distinguished from the veins. 
Results are displayed in Table 1 and Fig. 3.

At rest1, the mSA values recorded by Doppler were 
between 0.261 mm2 and 0.452 mm2. During movements, 
mSA values were between 0.328 mm2 and 0.475 mm2. 
The local CBF, estimated by mSA, increased significantly 
compared with the rest1 condition (mean mSA increase 
14.4% [range 5%–30%], p < 0.001). At rest2, the mean 
mSA decreased significantly by 8.6% (range 1.9%–15.7%, 
p < 0.001) compared with the movement condition.

Discussion
In our experimental conditions, local hyperemia of the 

human primary motor cortex during the voluntary move-
ments was observed in real time by color Doppler UHF-
US imaging. To our knowledge, these findings are the first 
direct demonstration of the NVC in the human cortex by 
using US imaging.

The UHF-US technology, with linear-array transduc-
ers cadenced at more than 30 MHz (up to 70 MHz), al-
lows a temporal and spatial resolution much higher than 
conventional US systems available in clinical practice.19,29 
Ultra—high-resolution US (with a 46- to 70-MHz linear-
array transducer) was recently used to explore the anatomy 
of nails and their microvasculature.3 It seems to offer sev-
eral advantages over existing noninvasive imaging modali-
ties, especially in terms of easy, advanced, and noninva-
sive visualization of various superficial targets within the 
first 1-cm depth below the skin surface. In neuroscience, 
although US is widely used in clinics for blood flow im-
aging, its role in real time has been limited, until now, to 
the exploration of large vessels. As UHF-US can explore 
the microvasculature at the cortical level, it may be used to 

FIG. 1. Study methods, UHF-US image acquisition, and processing. A: Intraoperative photograph of the left motor area and 
functional mapping using DES. Tags 1–4 are located in the precentral gyrus. DES applied on the tag 4 cortical site induced flexion 
of the contralateral forearm (inset). B: Intraoperative photograph showing the UHF-US Doppler probe within the sterile sheath 
positioned on cortical site 4, during spontaneous continuous flexion of the contralateral forearm (inset). C: Morphological UHF-US 
image acquired over the motor area (tag 4) showing the central sulcus (black arrow), the precentral gyrus, and the underlying white 
matter. D: Image processing after UHF-US color Doppler imaging, acquired over the motor area tag 4, showing pial superficial and 
sulcal vessels and their penetrating branches (white arrows). All colored pixels with a nonzero velocity (delineated in yellow) were 
extracted and summed to be converted into square millimeters. Figure is available in color online only.
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FIG. 2. Motor cortex CBF changes during movements in UHF-US in 4 patients who underwent awake craniotomy for tumor 
resection. A: Preoperative MR images showing the location of the brain tumors. B: Intraoperative photographs showing cortical 
mapping using DES. Yellow circles indicate motor cortical sites where DES induced forearm flexion, which were further explored 
using UHF-US. C: UHF-US color Doppler imaging at rest1 before movements. D: UHF-US color Doppler imaging during repeated 
forearm flexion. Local CBF in the motor area increased during movements compared with rest1 and rest2 conditions. E: UHF-US 
color Doppler imaging at rest2 after termination of movements. CS = central sulcus; MC = motor cortex; PCS = precentral sulcus. 
Figure is available in color online only.

TABLE 1. Surface area of the cortical vessels measured on UHF-US Doppler images in 4 patients during rest and movement

Patient No. Value Type
Surface Area, mm2

% ∆M-R1 p Value % ∆M-R2 p ValueRest1 Movement Rest2

1
Median 0.323 0.368 0.310

+12.26 <0.001 −15.71 <0.001Max 0.391 0.435 0.435
Min 0.257 0.260 0.254

2
Median 0.452 0.475 0.466

+4.95 <0.001 −2.08 <0.001Max 0.490 0.50 0.484
Min 0.340 0.327 0.330

3
Median 0.294 0.328 0.322

+10.34 <0.001 −1.89 <0.001Max 0.308 0.353 0.339
Min 0.265 0.281 0.304

4
Median 0.261 0.373 0.318

+30.03 <0.001 −14.79 <0.001Max 0.335 0.428 0.398
Min 0.238 0.327 0.270

Min = minimum; max = maximum; Rest1 = resting time before the movements period; Rest2 = resting time after the termination of movements; ∆M-R1 = difference in 
surface area values between movement and rest1; ∆M-R2 = difference in surface area values between movement and rest2. 
The nonparametric ANOVA test was used to compare the surface area values for each condition, with multiple comparisons after Bonferroni correction.
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gather original and advanced data on brain functioning. In 
our study, we identified changes in the microvasculariza-
tion, resulting in CBF changes, within a portion of the mo-
tor cortex associated with its functional activation. These 
findings obtained with UHF-US technology might extend 
the use of intraoperative US neuroimaging to real-time ex-
ploration of brain functioning.

As previously shown in animals and humans, we ob-
served a reversible increase of local CBF during functional 
activation of the cortex, followed by a decrease. Although 
the amplitude of these CBF changes varied across the pa-
tients (i.e., variations of mSA increased by 5% to 30%, 
and decreased by 1.9% to 15.7%), the mean mSA increase 
(14.4%) was similar to those observed using ultrafast 
Doppler (20%)10 and in former US studies (between 5% 
and 20%).1,21 The observed interpatient variations could be 
explained by several factors, such as different positioning 
of the US probe on the cortex, anatomical variations of the 
precentral gyrus, different orientation of the vessels with 
regard to the transducer, individual factors influencing he-

modynamics6 and hemodynamic response to neural acti-
vation,16 and, most of all, the proportion of neural tissue 
actually activated within the volume of cortex explored by 
the UHF-US window.20

The aim of our pilot feasibility study was to assess the 
ability of the UHF-US scanner to detect and quantify he-
modynamic changes in the cortex and therefore it had sev-
eral limitations.

UHF-US with Doppler imaging explores flow velocity 
within blood vessels and displays them as colored pixels, 
with a color scale reflecting the velocity. We recorded and 
quantified the total surface area of pixels obtained with 
color Doppler imaging and inferred that it was a reflection 
of the vessels’ surface area, varying with the diameter and 
the number of vessels. Changes in vessel diameter can be 
extrapolated directly from the surface area and could be 
objectified by direct visualization. Intuitively and subjec-
tively, the number of vessels visible on the Doppler images 
increased during movement, but we were not able to quan-
tify reliably this number and its changes. First, only ves-

FIG. 3. Changes in the surface area of the vessels, measured on UHF-US Doppler images, during rest and movements, in 4 
patients who underwent awake craniotomy. The “rest1,” “movement,” and “rest2” annotations and their underlying segments rep-
resent the time duration of each experimental condition. Red curve: median value of vessels’ surface area over a 5-second period 
(-2.5 seconds; +2.5 seconds). Gray curve: absolute value of vessels’ surface area. Figure is available in color online only.
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sels with a flow velocity superior to the detection threshold 
were visible. Second, due to a related effect, quantification 
of vessels by pixel contouring was not reliable; many con-
toured vessels that were isolated from each other in the 
rest condition joined during the movements when their 
diameter increased, leading to an artificial and contradic-
tory decrease in the number of measured pixels. In addi-
tion, unlike some studies in animals,15 our study failed to 
provide quantitative values of other hemodynamic param-
eters, such as blood velocity or blood volume. Indeed, due 
to the threshold effect on the color Doppler mode (set at 
1.8 cm/sec), the aliasing observed when the flow was less 
than -1.8 cm/sec or greater than +1.8 cm/sec may have 
prevented the extrapolation of values required for the reli-
able quantitative estimation of the CBF or velocity, since 
the color code (red for positive values, blue for negative 
ones) was disrupted below or above 1.8 cm/sec. In addi-
tion, using 2D technology the angle of exploration of the 
many vessels, which can vary due to several previously 
cited factors, could not be extrapolated. These 2 elements 
prevented the extrapolation of quantitative values of the 
blood flow.

Although the motor task–induced CBF changes were 
easily identified after image processing (Fig. 3), their de-
tection was more subtle on the screen of the device, as seen 
in Fig. 2. In order to help the neurosurgeon detect task-
induced CBF variations in real time, a simple algorithm 
for detecting variations of the vessel surface area (e.g., the 
one used in the present study) could be developed in the 
future and implemented in the device software. A neces-
sary validation phase on a set of patients in a dedicated 
study would thus be addressed.

Finally, we did not explore precisely the dynamics of 
CBF changes, as the onset of neuronal activation was 
not monitored precisely by electrocorticography,27 intra-
cortical electrophysiology (i.e., local field potentials),14 
or 2-photon microscopy,16 but considered these changes 
as being the moment when the patient was asked to per-
form the arm movement. It should also be noted that the 
detailed mechanisms of NVC and its exact linkage with 
neuronal firing are still debated and may not be a per-
fect surrogate of neuronal activity.8,26 The addition of 
electrophysiological recordings of the cortex to UHF-US 
exploration is necessary in future studies to clarify the re-
lationship between CBF visualized on US imaging and 
neuronal activity.

Despite these limitations, we demonstrated cortical 
CBF changes related to cortical activation for the first time 
with UHF-US (> 30 MHz) in patients. By providing very 
high spatial resolution with a sufficient frame rate (wider 
than a cardiac cycle), UHF-US seems to be a powerful 
device for studying the cortex microvasculature in intra-
operative conditions and discriminating thin functional 
areas. Such NVC has been explored in rodents and in hu-
mans using the ultrafast Doppler technology with similar 
findings. In a rat model, fUS showed an increase in CBF 
in the sensory cortex and thalamus after whisker stimula-
tion15 and CBF increase in the motor area after inferior 
limb movement.19 Using a method similar to ours (i.e., US 
cortical acquisition in patients after craniotomy), Imbault 
et al. demonstrated the ability of ultrafast Doppler tech-

nology to identify, map, and differentiate regions of brain 
activation in patients during task-evoked cortical response 
within the depth of a sulcus.10 However, unlike Doppler 
UHF-US images, ultrafast Doppler images require image 
processing after ultrasonography so that CBF changes can 
be displayed as activation maps; as a consequence, the cor-
tical vasculature changes cannot be detected in real time 
during the surgery, limiting the use of ultrafast Doppler 
in operating rooms. Moreover, compared with UHF-US 
imaging, the ultrafast Doppler technology using a 6-MHz 
probe allows deeper exploration of the brain, but at the 
expense of the detection quality of the surface microvas-
culature.

Other imaging modalities in humans are available to 
detect NVC. Regional CBF changes in H2O PET scanning 
have been used to explore various functions,11 showing an 
increase in cortical and subcortical regional CBF related 
to task activation, similar to our observations with UHF-
US imaging. More recently, functional MRI uses the blood 
oxygen level–dependent (BOLD) effect, reflecting the lo-
cal oxygen consumption rather than CBF. However, in 
some studies, the accuracy of task-based functional MRI 
compared with DES is reported to be limited, particularly 
for language-related functions.7 Furthermore, the relation-
ship between BOLD response parameters and neuronal 
activity is still a matter of intense research.12,13,17 These 
issues regarding functional imaging methods strengthen 
the need to correlate UHF-US findings (i.e., task-induced 
CBF changes) with cortical neuronal activity, not only for 
motor-related functions but also for other brain functions, 
such as sensation, language, cognition, and vision, in a 
translational perspective. Also, it could be interesting to 
compare the task-induced BOLD signal with task-induced 
CBF changes controlled by DES responses in a dedicated 
study.

Compared with these functional imaging modalities, 
UHF-US imaging has the advantage of better spatial and 
temporal resolution, but requires craniotomy and explores 
a limited brain superficial area.

UHF-US could be specially adapted to intraoperative 
functional exploration. Indeed, beyond the research ap-
plications, through the development and the validation of 
this technology, it could be an interesting complementary 
method to the benchmark of awake surgery with DES. It 
could be used to identify the hidden parts of functional 
cortices that cannot be explored by DES due to accessi-
bility issues, such as the depth of the sulci and basal and 
medial portions of the cortex.

Conclusions
In our exploratory study, the high temporal and spatial 

accuracies of UHF-US imaging combined with the high 
functional specificity of DES (identification of functional 
cortical motor area responsible for a defined movement) 
allowed us to demonstrate the NVC in the human motor 
cortex. To our knowledge, these findings represent the first 
real-time demonstration of NVC in the human cortex by 
US imaging. We assume that UHF-US imaging may be 
used to gather original and advanced data on brain func-
tioning and could be used to help with the identification of 
functional cortical areas during brain surgery.
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