&953,%: UNIVERSITA
S v 13'”’1 DEGLI STUDI
| “ A]]Lr l O %ﬁ?ﬁﬁ% DI TORINO

AperTO - Archivio Istituzionale Open Access dell'Universita di Torino

A neuro-feedback prototype based on transcranial Doppler ultrasound for brain computer
interface applications

This is the author's manuscript

Original Citation:

Availability:
This version is available http://hdl.handle.net/2318/2067679 since 2025-04-28T10:22:48Z
Publisher:
IEEE
Published version:
DOI:10.1109/EMBC53108.2024.10782446
Terms of use:

Open Access

Anyone can freely access the full text of works made available as "Open Access". Works made available
under a Creative Commons license can be used according to the terms and conditions of said license. Use
of all other works requires consent of the right holder (author or publisher) if not exempted from copyright
protection by the applicable law.

(Article begins on next page)

18 August 2026



A neuro-feedback prototype based on transcranial
Doppler ultrasound for brain computer interface
applications

Rosita Rabbito*, Alessia Cinanni*, Luca Bussi*, Caterina Guiot*, Silvestro Roatta*

Email: rosita.rabbito@unito.it alessia.cinanni@edu.unito.it luca.bussi@brain-tech.it caterina.guiot@unito.it
silvestro.roatta@unito.it

* Department of Neurosciences "Rita Levi Montalcini", University of Turin, Turin, ltaly

*Innovation Center, Brain Technologies, Turin, Italy

Abstract— This study proposes a TCD-based neurofeedback system designed to visualize interhemispheric hemodynamic
imbalance based on the bilateral monitoring of middle cerebral arteries (MCAs). The difference between cerebral blood
velocities collected from the right and left side is calculated in real time and used to drive the horizontal position of the ball
displayed on a screen. With this visual feedback, the user may see how different thoughts impact on the position of the ball and
possibly acquire and improve control of the ball through progressive training. Four healthy volunteers participated in a
preliminary assessment conducted over four training sessions, on average demonstrating increased control over the ball
movement. The results provide a proof of concept of the methodology, confirm the feasibility of the approach. The system’s
novelty lies in its simplicity, cost-effectiveness, and focus on cerebral lateralization, which make TCD an intriguing alternative
to other neurofeedback systems, typically based on EEG, fMRI or fNIRS. The results encourage larger sample size,
investigations on the TCD-based neurofeedback's therapeutic and rehabilitative potential.
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1. Introduction

The activation of cerebral areas is accompanied by an increase in blood perfusion within those areas, as mediated by
neurovascular coupling, so that monitoring and analyzing hemodynamic variations can be used to infer changes in
neuronal activity [1]. On this basis, specific thoughts or imagination tasks can be used to evoke measurable hemodynamic
responses in specific areas. These signals, appropriately detected and interpreted by external devices, can serve as input
signals for brain-computer interfaces (BCls), enabling communication or control of external devices [2]-[3].

To successfully achieve this objective, a training period is typically required, during which both the subject and the BCI
may learn to optimize the generation and interpretation of signals, respectively. Real-time feedback to the subject about
the interpretation of their hemodynamic signals represents a form of neurofeedback that can expedite this learning
process. This neurofeedback employs operant conditioning, a learning process where individuals autonomously regulate
brain activity through reinforcement mechanisms during sessions, fostering learning and adaptation [4]. Originating in the
1960s, neurofeedback has garnered interest for its potential therapeutic and clinical applications [5].

The monitoring of cerebral hemodynamic signals can be approached using various methodologies, such as functional
Magnetic Resonance Imaging (fMRI) [6][7] and functional Near Infrared Spectroscopy (fNIRS) [8][9]. In this study, we
consider Transcranial Doppler (TCD), which, using ultrasound, can measure blood velocity in the major cerebral arteries.

In particular, middle cerebral arteries (MCAs), critical for supplying blood to the two cerebral hemispheres, may provide
valuable insights into hemodynamic variations related to cognitive processes [10]. Despite its limited spatial resolution,
TCD offers advantages in terms of ease of use, low cost, portability, and real-time monitoring. Until now, few scientific
articles have explored the integration of TCD into a neurofeedback system or a BCI [11]-[14].

In this study, we propose a configurable TCD-based neurofeedback system, based on bilateral monitoring of MCAs. The
difference between the two signals, which represents the interhemispheric hemodynamic imbalance, is visually feedback



to the subject in the form of a ball, shifting to the right or to the left of a computer screen, accordingly. In this way, the
subjects can learn to drive the ball by properly orienting their thought and imaginative activity.

The objectives of this study include (1) conceiving and developing an economical and accessible TCD-based
neurofeedback system and (2) presenting the preliminary results of a test conducted on a small set of healthy subjects.

2. System Description

A neurofeedback system is typically comprised of several key components that synergistically collaborate to facilitate
the monitoring and regulation of neural activities. Fig. 1 illustrates the functional scheme, which includes different
components, as explained below.

2.1. Brain Hemodynamics Recording

In order to monitor the velocity of cerebral blood flow (CBFV) in both middle cerebral arteries (MCAs), a 2-channels
Transcranial Doppler (TCD) module (TCD module; Dolphin/IQ - Viasonix) equipped with 2 MHz probes mounted on a
motorized helmet was utilized. The TCD device provides the two CBFV signals as analog outputs through an external
connector.

2.2. A/D Converter

The two signals were slightly amplified (x2) by a custom-made conditioning circuit and digitally sampled (100 Hz) by an
Arduino UNO microcontroller [15] connected to a PC via a USB cable.

2.3. Data Processing

A simple application was built within the programming environment TouchDesigner [16] for the management of data
acquisition, real-time processing and visual feedback. This software enables the creation of real-time animations and
graphical signals, characterized by an intuitive node-based interface where each node performs specific functions, and
their connection defines a flow of data through subsequent processing steps. The serial communication with the Arduino
digital board is accomplished through a specific plug-in. The 2 (left and right) CBFV signals processed in real-time through
a series of steps aimed at defining the mean flow value and subsequently the lateralization index [17]. They were down-
sampled to 20 Hz, using moving average filter techniques, and individually normalized to the Mean CBFV value collected
over an initial “baseline” period (width: 10 s). Next, the laterality index (LI) was calculated as:

LI = CBFVi — CBFV, (1)

For each couple of samples, where the subscript R and L indicate the right and left signals, respectively. An increase in
LI means heightened blood flow in the right MCA, compared to the left or, equivalently a reduction in the left side compared
to the right, and suggests that brain activity in the right hemisphere of the brain is increased compared to the left. On this
basis, visual feedback is provided to the subject by the movements of a ball, normally displayed at the center of the screen,
which shifts to the right or to the left according and proportionally to current positive or negative LI values, thus reflecting
the blood flow imbalance between the two hemispheres.

LI values were used, through a scale factor, as the x-axis for the ball, ensuring its movement based on the flow
difference between the two hemispheres without going off-screen. The software automatically saved all data.
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FIGURE 1 THE DIFFERENT COMPONENTS OF THE TCD-BASED NEUROFEEDBACK SYSTEM. TRANSCRANIAL DOPPLER ULTRASOUND (TCD) CAPTURES BRAIN
ACTIVITY BY ASSESSING BLOOD FLOW IN THE TWO MIDDLE CEREBRAL ARTERIES. ANALOG SIGNALS ARE DIGITIZED BY AN ARDUINO BOARD AND PROCESSED ON A
PC, GENERATING VISUAL FEEDBACK ON A VIDEO MONITOR: A BALL MOVING TO LEFT OR RIGHT ACCORDING TO LEFT/RIGHT IMBALANCE OF BLOOD FLOW IN THE TWO
ARTERIES. THE SUBJECT MAY TRAIN TO CONTROL THE HORIZONTAL MOVEMENT OF THE BALL BY ORIENTING THEIR MENTAL ACTIVITY. A CUE MAY BE DISPLAYED TO
THE LEFT OR TO THE RIGHT OF THE SCREEN TO INVITE THE SUBJECT TO MOVE THE BALL IN THE INDICATED DIRECTION AND ASSESS HIS/HER CAPACITY TO
ACCOMPLISH THE TASK.

3. Preliminary Assessment on Healthy volunteers
3.1. Participants

A preliminary test was conducted on four healthy, young, right-handed individuals (two females and two males, mean

age = 21.2 = 1.7). The study received approval from the Ethics Committee of the University of Turin (protocol number
219859, April 2021).

Before participating in the study, all individuals received informative documentation and provided a written informed
consent. Inclusion criteria assessed the participants to be free from cerebrovascular disease or visual impairment and to
abstain from smoking and caffeine consumption in the 6 hours preceding each session. Participants were first introduced
to the concept of vascular coupling and to the functional meaning of the ball displacement and were informed about
common mental activities which predominantly involve a specific cerebral hemisphere. Specifically, for the right
hemisphere: melodies [18], emotional thoughts [19], and motor acts involving the left side of the body [20]; for the left
hemisphere: word generation [21], mental calculations [22], and movements of the right side of the body [20].

Participants were also informed of the delay of a few seconds between the increase in mental activity and the
corresponding increase in blood flow, so that they did not expect immediate ball displacements upon changes in mind
activity [23]. Experiments took place in a quiet and darkened room, with subjects seated on a chair and the screen
positioned at 1 m distance.

A questionnaire, tailored to explore participants' perceptions regarding the utility of neurofeedback, adequacy of
session duration, and effectiveness of various lateralization techniques, was administered at the conclusion of the first
session.

3.2. Experimental Procedure
The experimental protocol comprised four sessions conducted on different days. In each session, the subject's
temporal acoustic window was first identified using a hand-held probe, which was helpful for the subsequent placement of
the robotic TCD helmet, that automatically finds the best probe orientation for insonation of the artery. Proper insonation
of MCAs was based on mean blood velocity value, flow direction, depth of the artery, and on the response to carotid
compression [24]. Before starting both phases of the experiment, the subject was instructed to remain relaxed and avoid
brisk movements. In this period basal data were collected for subsequent normalization of the signals.



In each session, the participant was engaged in a 15-minute training phase followed by a test phase of approximately
10 minutes. The training sessions started with a 2-minute period to allow the subject to prepare and relax, facilitating
clarity of mind. During the training phase, the participant was left alone in the room with the system, having the freedom to
direct their thoughts and observe the resulting movement of the ball. This phase was crucial for the participant to
familiarize with the neurofeedback and to identify the mental activities that most effectively control the movement of the
ball to the right or left. After the training phase and a brief break, the subject experiment proceeded to the test phase. In
this phase, the participant was asked to displace and maintain the ball to the left or to the right for 35 s, according to a
visual cue appearing to the left or right side of the screen (Fig. 1). This task was repeated 12 times (6 per side, randomized),
with 15 s of rest (black screen) in between tasks.

3.3.  Analysis of Effectiveness
To assess the effectiveness of the neurofeedback system, the LI signals from each test session were analyzed and the
response to each task classified as “right”, “left”, or “undefined”. For evaluation of the hemodynamic response during
each task, we analyzed the change exhibited by LI during the task (in the interval:10-35 s after presentation of the cue),
compared to the pre-cue level calculated as the mean in the 5-s interval preceding cue presentation: the response was
considered. The first 10 s after cue presentation were excluded from the analysis to disregard the expected slow transient
of the response. The response to each task was classified as follow:

e  “right” if LI remained above the pre-cue level for > 60% of the time,
e  “left” if LI remained above the pre-cue level for <40% of the time,
e  “undefined” otherwise.

This outcome was then compared with the right/left cue provided in the task and assessed as “correct”, “wrong”, or
unclassified, accordingly. A score was defined based on classification results. It was expressed by attributing the value 1
for correct answers, -1 for incorrect ones and 0 for unclassified ones, normalized on a scale ranging from -10to 10.

3.4. Results

The prototype appeared to work well with the four recruited subjects and the blood velocity recording remained stable
throughout the whole recording session. The subjects easily understood the working principles of the system and were
generally positively engaged and committed to improve their control over the ball.

The questionnaire data revealed unanimous agreement on the adequacy and sufficiency of both training and testing
times. All participants acknowledged the value of the training period before the test. Individual lateralization strategies
were identified, including meditation, relaxation, and reference to personal emotional memories deemed effective for
rightward movement, while imagining intricate movements with the right side of the body, such as smoking with the right
hand or playing tennis proved effective for leftward shifts.

In TABLE |, individual results collected over the 4 sessions are presented. The effectiveness of the training appears to be
pronounced for the first participant, with a substantial increase in the number of correct responses from the first to the last
session. Similarly, the second and fourth participants show improvements up to the third session, maintaining an
improved score in the fourth, while the third participant did not achieve any improvement. Despite some interindividual
variability the average performance score (Fig. 2) exhibits a positive trend over the four sessions.

TABLE 1 CLASSIFICATION RESULTS FOR EACH TEST-SESSION AND FOR EACH SUBJECT EXPRESSED AS CORRECT, WRONG AND UNCLASSIFIED

Session
Subject
1 2 3 4
S1 6,5,11|732]686,33]| 10,20
S2 4,7,1 | 6,42 | 7,50 | 7,4,1
S3 7,3,2 (57,0 48,0 47,1
S4 55,2 (5,43|73,2| 6,51




S1

——S3
S4

Score

1 2 3 4
Session

FIGURE 2 SUBJECTS’ PERFORMANCE OVER THE 4-SESSION TRAINING. THE LINES REPORT THE SCORES OBTAINED BY EACH SUBJECT (S1-S4) OVERTHE 4
SESSIONS, AS SPECIFIED IN THE LEGEND, WHILE THE BARS REPRESENT AVERAGES OVER ALL SUBJECTS. THE SCORE WAS DETERMINED BY AWARDING +1 FOR
CORRECT RESPONSES, -1 FOR INCORRECT ONES, AND O FOR UNCLASSIFIED ONES.

4. Discussion and Conclusion

A simple TCD-based system was described, which provides an intuitive visual feedback about current hemispheric
prevalence based on the assessment of hemodynamic imbalance. Tests conducted on four healthy volunteers engaged
over 4 training session, confirm the feasibility of the approach and the preliminary results encourage applications for BCI
and rehabilitation.

The subjects were left free to explore and investigate the most effective way to unbalance mental activity between the
two hemispheres. This approach led to the identification of original and individual strategies that appeared to work for
them. Although the limited data set does not allow to drive definitive conclusions, the small improvement in performance
observed over the 4 sessions is promising. In addition, we can observe that a plateau was not reached within this training
period, suggesting that additional sessions could further enhance the performance. Larger data sets and longer training
periods are necessary to fully understand the potential of this neurofeedback approach.

Neurofeedback systems that rely on brain hemodynamics typically utilize fMRI or fNIRS recordings. Regarding fMRI, it
allows for the manipulation of the blood oxygen level-dependent (BOLD) signal within specific regions of interest (ROls),
thus offering high spatial selectivity. However, it is not a portable system, it is really expensive and requires a highly
controlled environment [25]. On the other hand, fNIRS emerges as a highly portable technique with extensive literature
supporting its real-time neurofeedback applications or BCl implementations. Nevertheless, fNIRS can only monitor activity
in the superficial cortical regions of the brain with relatively lower spatial resolution and is susceptible to motion artifacts
[9]. Transcranial Doppler (TCD) enables the measurement of blood flow velocity in major cerebral arteries. Despite its
limited spatial resolution, TCD allows for the assessment of brain activation. Furthermore, it is cost-effective, portable,
resilient to artifacts, and requires straightforward data processing compared to the other techniques. However, TCD
necessitates trained individuals to identify the optimal signal and requires an adequate thickness of the acoustic window,
which may limit its applicability, particularly in elderly subjects [27].

The concept of TCD-based neurofeedback, although not novel, has been explored only to a limited extent in previous
articles. Rey et al. [11] detailed the development of a configurable neurofeedback system based on TCD, designed
exclusively for chronic pain patients. On the other hand, Duschek et al. [12] proposed a free visual feedback system based
on TCD, aiming to simultaneously modulate blood flow in the cerebral arteries. However, neither study evaluated
interhemispheric imbalance, although it is an established approach to assess language hemisphere dominance [27].

Our work has led to the development of a TCD-based neurofeedback system, characterized by a low-cost approach
and focused on cerebral lateralization. This could prove valuable in rehabilitating individuals affected by unilateral stroke,
promoting the restoration of circulation in damaged brain regions [28]. The proposed neurofeedback-based training is also
expected to improve the performance of TCD-BCls, that usually rely on engaging the subject with specific and predefined
tasks [13]-[14].



A limitation of the present and other neurofeedback systems based on hemodynamic measurements is that the blood
flow change is slow and delayed with respect to the onset of the mental task. Failing to acknowledge this limitation would
completely impair the learning benefits of the neurofeedback. We cannot exclude that this limitation negatively influenced
the learning phase and the performance of the recruited subjects.

Furthermore, the small size did not yet allow to conduct a complete statistical validation of the system and to describe
the temporal dynamics of blood flow responses. These steps are crucial for optimizing the analysis and classification of
the responses and will allow future studies to gain a deeper understanding of TCD-based neurofeedback functionality.
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