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Infant meningitis remains a severe burden on global health, particularly
for young infants. The urgency to solve this problem demands alternative
solutions that can be widely applied. The assessment of white blood cell
(WBC) concentration in the cerebrospinal fluid (CSF) is key to the diagnosis
of meningitis. Ultrasound emerges as an ideal technology for such appli-
cation, due to its low cost, portability, and safety. However, conventional
ultrasound techniques are limited in spatial resolution to detect WBCs in the
CSF.

This thesis presents the research and development process of a portable
device that uses high-resolution ultrasound to evaluate WBC concentration
in the CSF through the fontanelle of neonates and young infants. This novel
approach aims to provide a non-invasive alternative to the traditional diag-
nostic methods for infant meningitis, offering a rapid and accessible screen-
ing tool. The developed platform employs a 20 MHz focused transducer,
significantly enhancing spatial resolution and enabling the detection of the
backscatter signals from microscopic WBCs. The whole system was built
around a custom probe that allows the transducer to be mechanically con-
trolled to map the area of interest in the CSF.

Hardware and software components were carefully integrated into an
artificial intelligence (AI)-powered platform capable of accurate imaging and
CSF analysis. In vitro evaluation and optimization process were essential to
achieve high-quality images while complying with safety guidelines. Experi-
ments using a tube phantom through neonatal fontanelle with 7-μm particles
suspensions under different concentrations provided essential information
on particle dynamics relevant to the diagnosis of meningitis. The developed
system allows the acquisition of high-resolution images that provide excel-
lent clarity and detail. In addition, the high acquisition rate enables to track
the resulting particle pattern in the images with lateral coherence.

An Deep Learning (DL) model was deployed into the platform to classify
patients based on CSF patterns according to WBC concentrations. This tool
facilitates prompt treatment initiation if diagnostic thresholds are exceeded.
Optimized for the platform-specific hardware, the algorithms integrated into
the device ensure fast on-site analysis in a matter of minutes.

Clinical trials in Spain, Morocco, and Mozambique have yielded promis-
ing preliminary results that demonstrate the potential of the platform to sup-
port the diagnosis of meningitis. This thesis establishes a robust method-
ology for immediate and accurate CSF analysis, advancing the diagnosis of
infant meningitis through a well-optimized and rigorously evaluated high
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resolution ultrasound platform.
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Chapter 1

Introduction

Meningitis is a severe disease with a high mortality rate, often causing se-
rious long-term complications. Meningitis refers to the inflammation of the
meninges, the membranes covering the brain and spinal cord [1, 2]. It is
identified through an abnormal number of white blood cell in the CSF [3].
Meningitis can be caused by bacteria, viruses, fungi, and less commonly par-
asites [4]. Bacterial meningitis is the most common dangerous type. Approx-
imately 1 in 6 people who contract this type of meningitis die and 1 in 5 suffer
serious complications [2]. Early diagnosis and corresponding treatment are
critical to minimize mortality or sequelae among survivors.

Despite advances in diagnosis, treatment, and vaccination [5], meningi-
tis remains a major global public-health challenge. In 2016, there were 2.82
million cases of meningitis worldwide, with 318000 related deaths (4.5 per
100,000 persons) [6]. The highest incidence of meningitis in the world is in
sub-Saharan Africa, known as the African Meningitis Belt stretching from
Ethiopia to Senegal [4, 7]. The incidence rates vary per country, with most re-
cent rates varying from 0.7 to 0.9 per 100,000 per year in the United States and
European countries, whereas studies from Africa describe incidence rates
varying from 10 to 40 per 100,000 per year [3].

Traditional methods to diagnose meningitis typically involve a clinical ex-
amination followed by a lumbar puncture (LP). This procedure is considered
the gold standard for diagnosing meningitis. Analysis of the CSF can reveal
the presence of infection, by observing an increase in white blood cell, and
other markers that help identify the cause and severity of meningitis. Other
diagnostic methods, such as blood tests and imaging studies, may be used
in conjunction with a lumbar puncture to support the diagnosis and guide
treatment.
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The access to all these tests and services is often insufficient in resource-
poor countries, where the burden of meningitis is usually higher [8]. Specif-
ically, lumbar punctures are less available, leading to increased rates of mis-
diagnosis, mortality and morbidity. In contrast, the incidence of the disease
is low in most industrialized countries. However, the number of negative
punctures is very high. This is because LP is the principal procedure used in
clinical practice to screen for infant meningitis [9]. Routine lumbar punctures
for screening for infant meningitis are negative in most cases, and results can
often be delayed due to blood contamination.

Meningitis suspicion is challenging due to the nonspecific symptoms as-
sociated to the infection, such as fever, headache, neck stiffness among others
that can also be caused by other diseases. Particularly, signs and symptoms
are less noticeable in neonates and young infants. That is why clinical history
and physical evaluation alone are generally insufficient to confirm or exclude
the diagnosis. Lumbar puncture to draw a sample of CSF is an essential and
systematic investigation by protocol in the suspected patient, but difficult to
perform and potentially dangerous for a sick child.

Although meningitis can affect all ages, young children are most at risk.
Particularly, infants under the age of 1 year are at a high risk for meningitis
[10, 11], especially newborns in the first month of life, because their immune
system is not fully developed [12]. Therefore, since they are most susceptible
to infections, special attention should be paid to this age group.

All these challenges demand for practical solutions that enable alterna-
tive ways for direct mapping (in vivo) the CSF in infants. The assessment
of WBC concentration in the CSF using minimally invasive or non-invasive
approaches would provide valuable information while complementing the
limitations of lumbar puncture or other invasive methods. Innocuous and
non-invasive ultrasound has been used for the characterization of biological
tissues and is presented as a suitable tool for the measurement of cell con-
centration in serous body fluids, specifically in the CSF [13, 14, 15, 16]. As
usual in cranial ultrasound (CUS), images can be obtained through the ante-
rior fontanelle of the neonate, to take advantage of this acoustic window [17,
18]. This way, the skull bone is avoided, which is the main obstacle for high
resolution ultrasound brain imaging [19]. Such method has the potential to
achieve real-time measurements while applying minimal stress to the patient
under evaluation.

As a summary, this first chapter has started by bringing the spotlight on
meningitis disease, as a global burden with devastating consequences for
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people, especially young infants. In Section 1.1, traditional methods to di-
agnose meningitis are highlighted to understand the limitations of current
techniques while providing a starting point on which to build a new alterna-
tive. Section 1.2 refers to the main challenges in CSF white blood cells detec-
tion using high-frequency ultrasound. Section 1.3, review the state-of-the-art
methods for improving the resolution of ultrasound imaging and evaluate
cell concentration in serous body fluids using ultrasound imaging. Finally,
in Section 1.4, a promising new solution based on high frequency ultrasound
imaging for early detection of infant meningitis is introduced as the main
topic on which this thesis has been developed. In addition, the methodolog-
ical aspects of the thesis are defined, specifying the motivation behind the
work as well as the hypothesis and the objectives to be achieved.

1.1 Traditional methods to diagnose meningitis

Traditional methods to diagnose meningitis typically involve a combination
of clinical evaluation, lumbar puncture, laboratory tests, and imaging stud-
ies.

1.1.1 Clinical evaluation

Clinical presentation of meningitis can vary depending on age and immune
status of the patient, but also depends on the cause of the infection. Typical
symptoms are fever, headache, stiff neck, and altered mental status, as well
as nausea and vomiting [20]. Less common symptoms are seizures, coma
and focal neurological deficits [2]. A check should be made of possible expo-
sures, sexual history, drug abuse, vaccine records, contact with animals, past
neurosurgical interventions and previous travel [21].

In adults, physical examination focuses on the identification of focal neu-
rological deficits, altered mental status, meningeal irritation and, especially
in meningococcal meningitis, distinctive skin lesions [4]. Clinical presenta-
tion in neonates and infants is more vague, with symptoms such as irritabil-
ity, with or without fever, lethargy, or decreased oral intake [22].

Although useful in combination with other tests, clinical evaluation alone
is not reliable in determining whether or not meningitis is present.
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1.1.2 Lumbar puncture

Accurate diagnosis of meningitis requires the analysis of CSF, collected from
the spinal canal via a lumbar puncture. This is the gold standard procedure
for diagnosing meningitis. This procedure consist of inserting a needle into
the patient’s lower back to obtain a CSF sample for analysis. This analy-
sis helps identify the presence of infectious agents like bacteria, viruses, and
other abnormalities such as increased white blood cell concentration [23].
The WBC count in the CSF is a well-established marker for the diagnosis
of infant meningitis. Meningitis is typically identified by means of a CSF
pleocytosis [3]. The detection of a low (5-25 WBC/μL), but abnormal con-
centration of WBC raises clinical suspicion of meningitis infection [14]. If
diagnostic WBC levels in the CSF are exceeded and meningitis infection is
suspected, treatment must be started. Additional tests appropriate to the
suspected etiology should be performed.

Performing lumbar punctures requires clinical experience, especially in
young patients and neonates. It can produce adverse events such as apnea
and desaturation in the sick newborn. Lumbar punctures can also be hem-
orrhagic or traumatic, with neonates being at greater risk [24]. In addition,
the presence of blood complicates the laboratory analysis of CSF [25]. As
an invasive technique that causes stress to the patient, it represents a major
concern for caregivers [26].

1.1.3 Blood test

Blood test can help identify bacteria, viruses or other specific pathogens in
the bloodstream, indicating a systemic infection. Other blood tests may be
performed to assess overall health and identify inflammatory markers. These
tests may include blood cultures, serum electrolytes levels, serum glucose, re-
nal and liver function, and testing for Human Immunodeficiency Virus (HIV)
[4].

1.1.4 Imaging studies

Imaging tests, such as a Computed Tomography (CT) or Magnetic Resonance
Imaging (MRI) scans of the head, may be used to visualize the brain and
surrounding structures. These can help identify any abnormalities or signs
of inflammation.
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Currently, guidelines recommend forgoing the lumbar puncture, while
starting the treatment if there is clinical suspicion (regardless of whether the
head CT scan is normal or not) of increased intracranial pressure or impend-
ing brain herniation [4].

1.2 Challenges in CSF WBC detection through the

fontanelle of infants using conventional ultra-

sound imaging

White blood cells are a challenging target to identify within the CSF using
high-frequency ultrasound due to their small size and location. The dimen-
sions of the WBCs, are reported to fall typically between 9 and 18 μm [27].
Due to their small size, even at high ultrasound frequencies (20 to 75 MHz)
cells are smaller than the wavelength of the incident sound wave (75 to 20
μm) . With sizes that can even go down to 5 μm, the intensity waves backscat-
tered by this small cells are increasingly low. As an example, at a frequency
of 50 MHz, the energy of the acoustic wave backscattered by a 7 μm diam-
eter cell would be approximately 15 times less than than for the same type
of cell but with twice the diameter [13]. Cells typically have acoustic proper-
ties similar to the surrounding tissue, leading to minimal acoustic impedance
mismatch. This low contrast in acoustic properties makes it difficult to dif-
ferentiate cells from background [13]. Additionally, ultrasound waves are
attenuated as they travel through tissue, which can further reduce the signal
strength. In general, not only because of their small size, but also due to their
weakly scattering nature, the scattered sound of individual cells may be too
low to be detected above background noise of the system [28], resulting in a
relatively low Signal-to-Noise Ratio (SNR).

1.2.1 Depth attenuation

When ultrasound waves cross through the body before reaching the region
of interest in the CSF, the intensity of the beam is attenuated. This attenu-
ation depends on both the energy absorbed by the medium and the energy
scattered by interfaces or tissue inhomogeneities. The fontanelle tissue con-
stitutes the major hurdle affecting the quality of the ultrasound images on
this application. Tissue may have different characteristics depending on the
patient, which increases the variability of backscattered echo energy by cells
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among different patients. For cells that are small compared to the working
wavelength, energy is scattered in many directions, until being eventually
absorbed due to particle vibration and heat production.

Attenuation at a given distance varies with ultrasound frequency. A high
frequency wave is attenuated more than a low frequency. However, since
higher frequencies allow more detail to be resolved, there is an inherent
trade–off between resolution and penetration for different imaging applica-
tions. Resolution becomes essential when imaging small targets such as CSF
white blood cells.

1.2.2 Resolution

Both spatial and temporal resolution must be taken into account. Spatial res-
olution is further divided into axial and lateral resolution. Axial resolution is
the minimum distance where two reflectors located along the direction of the
ultrasound beam can be distinguished. Axial resolution is dependent on the
sound wave pulse length, referred as spatial pulse length (SPL). Specifically,
axial resolution is equal to half the SPL. Spatial pulse length is the product of
the number of cycles in an ultrasound pulse and the wavelength [29] .

Δaxial =
SPL

2
=

ελ

2
(1.1)

The number of cycles is caused by damping of the crystals after excitation.
High damping reduces the number of cycles of the pulse and thus reduces
the SPL. The pulse wavelength is given by the operating frequency of the
transducer. High frequency transducers generate pulses of short wavelength
[30].

Due to diffraction, the resolution of ultrasound imaging is theoretically
limited to about half a wavelength. Below this limit, the echoes from many
scatterers overlap and become no longer distinguishable. This leads to the
fundamental trade-off between resolution and penetration depth, as atten-
uation increases with frequency. In general, conventional ultrasound imag-
ing techniques cannot overcome the axial-resolution limit determined by the
wavelength of the transmitted pulse.

Lateral resolution is the minimum distance at which two reflectors lo-
cated perpendicularly to the direction of the ultrasound beam can be distin-
guished. Lateral resolution depends on the width of the beam and the fre-
quency of the sound waves. A narrower beam width provides higher lateral
resolution. The beam width can be reduced by focusing the sound waves as
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they are produced by the transducer [31]. Beam focusing can be performed
by using a piezoelectric focused transducer to produce an ultrasound pres-
sure field, typically concentrated within a ellipsoid region. Lateral resolution
is higher in the focal zone, where the beam width is narrower and can be
assumed to be planar. Lateral resolution is also affected by the frequency of
the sound wave, as higher frequencies tend to improve resolution [31].

Thus, the resonant frequency of the crystal, the design of the probe and,
the rest of the system, are limited by this trade-off between resolution and
penetration, restricting the requirements to a specific application.

Temporal resolution is the time elapsed from one frame to the next. It
represents the ability to distinguish two events in time. Hence, it is essential
for imaging rapidly moving structures. Time resolution becomes less crucial
for the more static structures[32].

1.3 Methods to improve the resolution of ultrasound

imaging

Improving the resolution of ultrasound imaging can be obtained by increas-
ing the frequency, but there is a inherent compromise between penetration
and resolution which limits spatial resolution by diffraction in far-field regime.
Beyond increasing the frequency to improve the resolution, recent develop-
ments in optical microscopy have inspired analogous approaches to over-
come the half-wavelength limit in ultrasonic imaging. Because of its rele-
vance, we will review the different ultrasound-based approaches for super-
resolution.

Ultrasound super-resolution imaging comprises several techniques, us-
ing high-frequency acoustic waves, that can distinguish objects or structures
closer than the classical diffraction-limit. These techniques include ultra-
sound localization microscopy, super-resolution fluctuation imaging, struc-
tured illumination or near-field approaches [33].

Ultrasound Localization Microscopy, introduced in [34], and [35], is based
on ultra-fast imaging for tracking the flow of contrast agents enabling to
overcome the diffraction-limited resolution of vascular structures down to
microscopic resolutions. This technique requires the injection of contrast
agents into the body, in this case, gas microbubbles of a few micrometers
in size . Because ultrasound is so sensitive to this pockets of gas, they can
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be spatially separated to yield a precise positioning. Through a large num-
ber of acquired images, the subwavelength location of these many individual
sources is accumulated to recreate a super-resolved composite image. These
techniques are currently limited by low temporal resolution and long acqui-
sition times [33].

Ultrafast imaging by using plane-wave emissions rather than line-by-line
pulse echo, have increased frame rates to thousands of frames per second,
enhancing blood flow sensitivity by more than an order of magnitude. This
increase of sensitivity led eventually to ultrasound-based brain functional
imaging, using the detection of small blood volume changes as a surrogate
for brain activity [36]. Also inspired in optics, super-resolution fluctuation
imaging exploits the high order statistics of temporal fluctuations in the ultra-
sound signal to reduce the size of the point-spread function of the images. An
adaptation of this technique is proposed by [37], also using ultrafast tracking
of contrast agents (microbubbles) to improve resolution. This method does
not require the localization of individual emitters, therefore a smaller number
of images are required. However, this process is limited to an improvement
of resolution to a factor of 2 with respect to the resolution limit of the sys-
tem. These techniques are now being applied pre-clinically and clinically for
the imaging of the microvasculature of the brain, kidney, skin, tumors and
lymph nodes [33]. Since contrast agents, such as microbubbles, typically re-
main within the vascular system, they generally do not cross the blood brain
barrier (BBB). Therefore, they cannot reach or circulate in the cerebrospinal
fluid or enter brain tissue, besides requiring an invasive procedure to inject
the contrast agents into the body.

Another technique that increase the spatial resolution of ultrasound imag-
ing is described by [38], inspired by structured illumination microscopy. The
emission pattern is manipulated to encode the high spatial frequencies into
the observed image through aliasing. Using post-processing techniques for
the reconstruction of a super-resolved image, enhances resolution by a factor
of 2 with respect to the resolution limit of the system. This method can be
employed to improve vascular visualization.

The diffraction limit is applicable in the far-field regime. In the near field,
the spatial resolution is proportional to the distance with respect to the object
and independent of wavelength. Less than a few wavelengths away from
a probe, according to [39] subwavelength sources can be differenciated at
the 10- to 100-nanometer scale. However, if the target were organs in the
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body, often at hundreds of wavelengths from the probe, and near-field super-
resolution techniques are difficult to apply. In recent years, the introduction
of metamaterials has enabled super-focusing in the near field achieving res-
olutions close to λ/3, which is beyond the diffraction limit [40]. According
to [41], another way to overcome the inherent limits of spatial resolution is to
combine ultrasound and other waves of different nature.

1.3.1 Methods to evaluate cell concentration in serous body

fluids using ultrasound imaging

Studies have been previously proposed to characterize cell structure changes
in cell ensembles using high-frequency ultrasound (20 and 40 MHz) [42].
From exploiting alterations in acoustic properties, such as spectral slope,
variation in cell morphologies was detected. Due to problems with localiza-
tion and low signal strength of cells, it is difficult to measure acoustic scatter-
ing from single cells, and thus, to achieve a comprehensive understanding of
the scattering interaction at the cellular level. The first successful backscatter
measurement from microspheres and individual cells was performed by [28]
and compared with a proposed model of acoustic scattering from single cells.
Using a refinement of this method to higher frequencies, [43] measured the
backscatter response from two different cell types. A discussion of the char-
acterization of colloidal mixtures by ultrasound, together with an account of
scattering theory is presented in [44]. Studies of cell suspensions (with typical
sizes in the range 6–30 μm at different concentrations) using ultrasound sys-
tems above 20 MHz have been conducted from the echoes backscattered by
single cells [45], [46]. More recently, it has been shown by [14] and [15] that
high frequency ultrasound (20-75 MHz) can be used to measure the ultra-
sound echoes backscattered by cells to detect low cerebrospinal fluid white
blood cell concentration in vitro.

Despite all these advances, to the best of our knowledge, no practical so-
lution based on ultrasound has been developed which can be employed for
imaging directly the white blood cell concentration through the fontanelle of
infants. Microscopic analysis of the CSF remains limited due, in part, to the
lack of non-invasive imaging solutions providing microscopic resolutions.
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1.4 About this thesis

The assessment of white blood cell concentration in the CSF is key to the
diagnosis of meningitis. The proposed solution consist of a high frequency
ultrasound based instrumentation capable of detecting backscatter signals
from WBC in the CSF through the anterior fontanelle of neonates and young
infants (See Figure 1.1). Considering the different anatomical characteristics
of each patient, a mechanism is provided to locate a suitable view of the
CSF. From this wide overview it is possible to zoom in (increasing lateral
resolution) on a region of interest where the respective WBC concentration
can be evaluated.

This solution builds on and extends the method proposed by [14] about
an application of ultrasound imaging for in vitro assessment of WBC con-
centration from the measurement of the integrated backscatter coefficient of
cells. This original proposal was based on a commercial platform that was
adapted to the particular area of study.

In this context, this thesis focuses on the development of a complete portable
ultrasound solution that can offer new possibilities for ultrasound research
in this field by increasing the resolution to allow the counting of WBC in the
CSF. This required the efficient integration of hardware and software com-
ponents into a resource-constrained platform powered with AI capabilities to
enable accurate CSF imaging and analysis according to WBC concentration.
Furthermore, initial attempts have shown that this programmable platform
can be adapted to fit specific requirements allowing rapid introduction and
in vivo testing of new applications, such as peritoneal dialysis-related peri-
tonitis and uveitis.

1.4.1 Motivation

The motivation for this thesis arises from the intention to allow a rapid access
to detection of infant meningitis using non-invasive methods that accelerate
screening, diagnosis and monitoring of this infection.

Lumbar punctures can be limited to only those patients whose screening
is positive. Therefore, the number of negative tests can be reduced, eliminat-
ing the invasive procedure for the majority of suspected patients.

Although the initial focus of the application is on meningitis, its capabil-
ities extend far beyond that. The application can enable the detection and
monitoring of other infections in serous body fluids.
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FIGURE 1.1: Cross-sectional cut of the proposed hand-held
ultrasonic device to detect meningitis.

1.4.2 Hypothesis

It is possible to assess the concentration of white blood cells in the cere-
brospinal fluid, below the fontanelle of a newborn, with a portable ultra-
sound device to confirm or exclude the suspicion of infant meningitis with
minimal energetic impact on tissues.

1.4.3 Objective

The objective of this research is to design, implement and validate a portable
ultrasound device to assess the concentration of white blood cells in the cere-
brospinal fluid, below the fontanelle of a newborn, to confirm or exclude the
suspicion of infant meningitis with minimal energetic impact on tissues.

The rest of this thesis is organized as follows. Chapter 2 continues with
a review of the fundamental principles of ultrasound on which this thesis is
based. Chapter 3 reveals the design of the hardware platform, defining the
context for software development. Chapter 4 details the software implemen-
tation and system verification. Chapter 5 describes the optimization process
and evaluates the results of the developed platform through in vitro and in
vivo tests. Finally, Chapter 6 provides the main conclusions of the thesis and
further directions of research.
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Chapter 2

Fundamentals of ultrasound

The capture of high-quality ultrasound images depends critically on the phys-
ical interactions of sound with the tissues in the body. Understanding the
physical principles of ultrasound is essential to find how images can be ob-
tained optimally. Therefore, in Section 2.1, the physical characteristics of
sound are introduced. The main methods used in ultrasound imaging are
covered in Section 2.2, which have been selectively applied within the the-
sis. Section 2.3 is dedicated to the transducer, as it is essentially the primary
working component of an ultrasound system. Section 2.4 discusses the prop-
agation of sound waves through different tissues and how this affects image
formation. Finally, despite ultrasound is generally considered a safe imaging
modality, the potential bioeffects of ultrasound are explored in Section 2.5.
Safety standards and guidelines are also discussed to ensure the responsible
use of ultrasound in clinical settings.

2.1 Physical characteristics of sound

Sound is a mechanical wave that travels longitudinally in a medium. When
a sound propagates through a medium, its molecules are alternately com-
pressed and rarefied. Sound cannot be transmitted in a vacuum, it needs a
medium for transmission, since the sound wave is a mechanical energy that
is transmitted from one molecule to another. Notice that the molecules do not
actually move when the sound wave passes through them, but oscillate back
and forth, forming regions of compression and rarefaction in the medium.
Therefore, the energy is transmitted through the medium without transfer of
matter. Each repetition of this back and forth movement is called a cycle [47].

Frequency of a sound wave is the number of those cycles that occur per
second, expressed in Hertz (Hz). Sound is classified according to the human
ability to hear it. The range of human hearing is approximately 20 to 20000
Hz, termed audible sound. If the sound frequency is less than 20 Hz, below
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TABLE 2.1: Frequency Spectrum of Sound

Sound Wave Frequency
Ultrasound Higher than 20 kHz
Audible Sound 20 Hz to 20 kHz
Infrasound Less than 20 Hz

the limit of human hearing, it is referred as infrasonic or infrasound. If the
sound frequency is higher than 20 kHz, above the limit of human hearing, is
called ultrasonic or ultrasound (see Table 2.1). Operating frequencies in the
range from 2 to 20 MHz and higher are commonly used in diagnostic ultra-
sound applications [47, 48]. Even higher frequencies (20 MHz - 100 MHz) are
employed in special ocular, dermatological, and microimaging applications
[49].

Frequency is dependent on the emitting source and is totally independent
of the tissue that waves are interacting with [48]. Frequency affects penetra-
tion of sound and image quality. Frequency has a corresponding relation
with resolution and an inverse relation with depth. The higher the frequency
used, the lower the penetration, but the higher the image resolution [48].

The wavelength of a sound wave is the distance traveled during a com-
plete cycle, usually expressed in millimeters (mm) in clinical settings. As
shown in 2.1, the wavelength is denoted by the symbol lambda (λ), and can
be calculated by:

λ =
v
f

(2.1)

, where v is the velocity of the wave and f , its frequency. Thus, wavelength
is influenced by both the sound source and the medium.

The speed of sound (propagation velocity) depends on the physical prop-
erties of tissue, especially determined by its density and elasticity (stiffness).
As the tissue density increases, the propagation velocity decreases. On the
contrary, the stiffer the tissue, the higher the propagation velocity. The propa-
gation velocity can be considered approximately constant over the frequency
range used in diagnostic applications. Therefore, the propagation speed of
sound in soft tissue is typically considered 1540 m/s [50, 49, 48]. Table 2.2
shows the propagation speed of sound in air and in some biological media.

The resistance to the propagation of ultrasonic waves through tissues is
defined as the Acoustic Impedance. Each type of tissue has a unique acoustic
impedance. According to [49], acoustic impedance (Z) is the product of the
density (ρ) and speed of sound in the tissue (v):
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TABLE 2.2: Speed of sound in various media. Table extracted
from [47]

Medium Type Speed [m/s]
Air 330
Fat 1450
Water 1450
Soft Tissue 1540
Bone 3500

Z = v · ρ (2.2)

The strength of a sound wave can by quantified as acoustic power (P) or
intensity (I). Power is the rate of energy transferred through the sound beam
and is expressed in Watt (W). Power is proportional to the amplitude squared
of a sound beam. Intensity is the energy concentration in a sound wave and is
therefore the power delivered over a cross-sectional area of the sound wave.
The intensity of a sound wave is calculated by dividing the power of a sound
wave by its cross-sectional area, expressed in units of W/cm2 [47]. The sound
source determines the amplitude, power and intensity of the sound.

2.2 Techniques of ultrasound imaging

Diagnostic ultrasound is based on a pulse-echo principle in which short pulses
of sound are transmitted into the body and the returning echoes are analyzed
to create an ultrasound image (see Figure 2.1). The reflected echoes from tis-
sue interfaces are caused by a mismatch in their acoustic impedance, which is
the basis of ultrasound imaging. The interactions between ultrasound waves
and the tissue during propagation will be detailed in Section 2.4.

In the traditional pulse-echo ultrasound method, signals are detected at a
depth determined by the time delay between transmission and reception of
the echoes. Time is converted to depth using the value of the speed of sound
in tissue. This relationship may be derived from the equation 2.3:

d = v · t (2.3)

where, v is the speed of sound in tissue and t is the time taken from when
the pulse is emitted until the return of the echo (round-trip travel time). The
resulting value d must be divided by 2 to obtain the distance (or depth) of
the reflector, to account for the trip to and from it:
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d′ = d
2

(2.4)

Once the echoes are received, they need to be processed to construct an
image. This involves converting the raw echo data into a visual format. In the
case of the display mode used in this thesis (B-mode), a point representing
each returning echo is placed in a two-dimension (2D) image at the proper
depth based on the time it took for the echo to return. Each point is also
assigned a grayscale corresponding to the amplitude or intensity of the re-
turning echo [49].

2.2.1 Ultrasound imaging modes

Several modes of ultrasound are used in medical imaging. This section cov-
ers the main formats that, in some way, have been used in this research.

A-mode (amplitude-mode) is the simplest format of ultrasound imaging.
In A-mode imaging, a chart shows the returning ultrasound echoes with the
horizontal axis representing depth in tissues and the vertical axis represent-
ing amplitude of the returning beam [51]. Originally, A-mode ultrasound
was used in obstetrics in measuring biparietal diameters [47]. The A-scan
still has a special use in ophthalmological examinations [49].

B-mode (brightness-mode) is the most commonly used format in ultra-
sound imaging. In B-mode imaging, 2D cross-sectional frames through the
body are displayed in the traditional gray-scale format. The image is created
depending on the intensity of the returning echoes, which determine the vari-
ation of shades of gray that form the ultrasound image [47]. If a sequence of
scans is performed at a sufficiently high frequency, a continuous, real-time
visualization of a given structure can be provided even when the structure

FIGURE 2.1: Traditional ultrasound techniques are based on
the echo of the tissues due to the variation of their acoustic
impedance. The echoes are very strong at first, and then de-

crease rapidly as the time-of-flight increases.
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is in motion (real-time B-mode) [50]. Currently, three-dimension (3D) ultra-
sound images can be generated by acquiring consecutive B-mode ultrasound
images at discrete step sizes along a predetermined path [32, 51].

M-mode (motion-mode) displays the echo data for a single scan line over
time. This mode allows high temporal resolution, as only one scan line is
acquired compared to the multiple lines acquired in B-mode to form an im-
age. In M-mode, structures are represented in one anatomical dimension as
each scan line represents new information over time. The M-mode data is
displayed as a continuous function of time scrolling across the screen with
depth on the vertical axis and time on the horizontal axis. This mode is
mainly used to study fast moving structures such as heart-wall movement
or valvular movement [32, 48].

Doppler mode imaging techniques utilize the Doppler shift principle in
the detection and measurement of moving targets, usually blood. This mode
is used for measuring vascular flow, velocity and frequency shift, among
other applications [52]. Doppler imaging modes are out of the scope of this
work, because they have not been shown to be useful for this particular ap-
plication. Particularly, this mode is sensitive to the movement of red blood
cells acting as scatterers. Nevertheless, a limited number of weak scatterers,
which also move slowly, like WBC in the CSF, can be particularly difficult
to distinguish, making Doppler ultrasound a deficient imaging technique for
scenarios like this.

2.3 Transducers

Ultrasound waves are generated by transducers (also referred as scan head
or probe 1) packed with piezoelectric crystals. The crystal is commonly a
disk-shaped element with a diameter of several millimeters and a typical
thickness ranging from 0.2 mm to 2.0 mm [48]. When an electric current is
applied to these crystals, they vibrates at the same frequency as the excita-
tion and produce an ultrasound wave. The ultrasound wave passes through
the body at the same frequency generated. Conversely, when the ultrasound
wave returns to the transducer, the crystals change in shape, generating a
small electric current. Thus, these crystals in the transducer transform elec-
tric energy into mechanical energy (ultrasound) and viceversa. Transducers

1In this work, this term will not be used to refer to the transducer, to avoid conflict with
the hand-held probe built specifically for this application, and referenced in the later sec-
tions.
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commonly have crystals made of lead zirconate titanate [47], because of its
high conversion efficiency.

The application of these transducers varies according to the working fre-
quency range. The frequency of a given transducer depends on the thickness
of the crystal. The transducer bandwidth is the frequency range in which
the crystal operates [48]. Most modern transducers are capable of multi-
frequency operation, which is called broad bandwidth. A range of frequen-
cies is produced, consisting of a preferred (central) frequency in addition to
higher and lower frequencies [49].

Generally, a single crystal is not sufficient to generate an ultrasound wave
for clinical imaging. Modern transducers may have a large number of crys-
tals arranged into a line, a phase, a matrix, or an annular array, depending
on the application. The configuration of the transducer structure determines
the area and shape of the image produced.

2.3.1 Coupling interface

There is a major acoustic impedance mismatch between the transducer ele-
ments and the body. The acoustic impedance mismatch requires matching
layers to transmit energy efficiently. The crystals are protected by a coat-
ing that reduces the resistance to sound propagation (impedance) from the
crystals to the body. The ultrasound produced by a transducer do not travel
effectively through air. Transducers, therefore, must be directly coupled to
the patient’s skin without an air gap [53]. In order to enhance the energy
transfer from the transducer to the patient’s skin, an aqueous gel is added
that couples the transducer to the skin and allows the sound to come and go.

2.4 Propagation in Tissues

When an ultrasound wave traveling in an acoustically uniform medium reaches
an interface with a medium of different characteristic mechanical impedance
(Table 2.2), the waves are partly absorbed, but reflection and refraction also
occurs.

2.4.1 Reflection and refraction

For the case of an incident wave on a theoretically plane surface of a tissue
(larger than the ultrasound wavelength), the echo is reflected back from the
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FIGURE 2.2: Reflection and refraction of ultrasound beams.

boundary at an angle equal to the angle of incidence (specular reflection),
as shown in Figure 2.2. The transmitted beam deviates from its straight line
(refraction) by an angle that is dependent on the difference in ultrasound
velocities on both sides of the boundary [53].

The amount of reflection depends on the angle of incidence of the beam
and the difference in the acoustic impedance of the two surfaces. The angle
at which ultrasound waves reach a structure is called the angle of incidence.
Ideally, structures are expected to be imaged with an angle of incidence per-
pendicular to the surface (normal incidence), because reflected waves return
to the transducer in the greatest intensity (optimal reflection). When waves
interact with a structure at an oblique angle, fewer waves echo back to the
transducer, decreasing both the brightness of the structure and the resolution
[48, 54].

The amplitude of the returning echo is proportional to the difference in
acoustic impedance between two tissues when the sound wave passes through
their interface [49]. If two tissues have the same acoustic impedance, their
boundary will not produce any echo. If the difference in acoustic impedance
is small, a weak echo will be produced and most of the ultrasound will pass
through the second medium. If the acoustic impedance difference is large
though, a strong echo will be produced [53]. Typically in soft tissues, the
amplitude of the returning echo at a boundary is only a small fraction of the
incident wave amplitude (known as hypoechoic or anechoic). Areas contain-
ing bones or air may produce echoes so large that insufficient ultrasound
left to image beyond the tissue interface (known as hyperechoic). This large
reflection decreases the penetration of sound waves into deeper tissues and
can cause artifacts in the image [31]. This is the reason why the operator must
avoid these areas and use specific windows in order to image deeper struc-
tures effectively. Strong returning echos appear on the ultrasound image as
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white and weaker reflections as shades of gray [53].
Ultrasound imaging is entirely dependent on the returning echoes. On

the other hand, refraction is a source of ultrasound artifacts. Since all ultra-
sound scanners operate under the assumption of an ideal situation, in which
waves always travel in a straight line, it will not be known if any pulse has
been deviated from its trajectory [48]. In general, ultrasound energy will be
lost at the receiver transducer if it is reflected or refracted away from the
returning line of sight or if the beam is deflected.

2.4.2 Absorption

The acoustic absorption is caused by the conversion of the ultrasound energy
into heat. This is mainly due to friction forces of the molecules in the trans-
mission medium while vibrating in response to the propagation of a sound
wave. Absorption is very low in fluid media, intermediate in soft tissues,
and very high in bones and gases at the frequencies used in diagnostics [50].
When assessing the biological effects and safety of ultrasound, the produc-
tion of heat in tissue is an important factor [49].

2.4.3 Scattering

Various tissue interfaces reflect differently, impacting the overall image qual-
ity. Smooth interfaces are treated as specular reflectors and reflect a high
proportion of waves to the receiving transducer. Specular reflectors differ
with irregular interfaces (shorter than the incident wavelength) called scat-
terers or diffuse reflectors, which cause the sound waves to be deviated away
from the transducer, affecting the image quality. Weak returned echoes can
only be visualized when they are abundant and tend to reinforce each other,
producing ultrasound speckle. Red blood cells cause this type of scattering,
so the waves are scattered in all directions [48].

2.4.4 Attenuation

Attenuation describes the loss of acoustic energy as the sound waves travel
through tissues. Propagating energy can be attenuated to the receiving trans-
ducer when ultrasound signal is attenuated product of reflection, refraction,
absorption or scattering.

In short, reflection and refraction occur on surfaces that are large com-
pared to the ultrasound wavelength. For objects that are small compared to
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the wavelength, the energy is scattered in many directions, to end up being
absorbed as particle vibration and heat production. As mentioned in Sec-
tion 1.2, attenuation varies as a function of ultrasound frequency, with the
respective trade-off between penetration and resolution. As the change in in-
tensity due to attenuation can be very large, the relative change in intensity
is measured in decibels (dB). The attenuation is equal to approximately 0.5
dB/cm/MHz in soft tissues over the round-trip distance [49, 54].

2.5 Bioeffects of ultrasound

Ultrasound is generally considered a safe imaging technique, because it is
a non-ionizing form of energy that is applied non-invasively, compared to
other imaging modalities that involve ionizing radiation such as X-rays and
CT. However, ultrasound introduces energy into the body. Diagnostic levels
of ultrasound can cause physical effects on tissues, such as pressure oscil-
lations with consequent mechanical effects and increased temperature [55].
Therefore, the applied sound intensity must be limited to meet the safety
standards of diagnostic ultrasound.

Regulatory bodies define specific limits to prevent potential harm to the
patient. The United States FDA regulates the maximum power of ultrasound
systems for patient safety. The permitted acoustic output depends in part
on the type of application [49]. The primary metrics to regulate the acoustic
output are the TI and the MI, which are mandatory in modern ultrasound
devices.

The TI provides a relative indication of thermal risk during diagnostic ul-
trasound explorations [56]. It is defined as the ratio of the acoustic power at
the depth of interest to the estimated power required to produce a tempera-
ture rise of 1 in the tissue examined [57, 58]. The MI is a measure of ultra-
sound beam power, which indicates possible non-thermal bioeffects of the
acoustic field, such as cavitation and streaming [59]. Is is defined as the max-
imum negative pressure divided by the square root of the ultrasonic wave
frequency [60].

The TI and the MI are not perfect markers of thermal and non-thermal
bioeffects risks, but are recognized as the most practical and easily under-
stood methods of assessing the potential of these risks [47]. Despite the lack
of scientific evidence confirming the harmful bioeffects of exposure to diag-
nostic ultrasound, the as low as reasonably achievable (ALARA) principle
should be applied when adjusting the controls of the ultrasound system in
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order to reduce any risk. According to the FDA, it is recommended that the
MI should not exceed 1.9 for diagnostic ultrasound procedures. On the other
hand, it is generally advised to keep the TI as low as possible, typically below
0.7.
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Chapter 3

System design

This chapter delves into the fundamental aspects necessary to develop the
application. First, the system requirements are delineated in Section 3.1 to
establish a clear understanding of the functional and performance expec-
tations that guide the work. Following this, the critical design choices in-
fluencing the system performance and robustness are discussed in Section
3.2. This includes discussions on component selection, design trade-offs, and
considerations that have influenced the overall architecture of the system.
An overview of the system architecture is provided in Section 3.3, showing
the critical interaction between hardware components and software mod-
ules. Then, the proposed design methodology is described in Section 3.4,
highlighting the iterative and incremental approach that ensure continuous
integration into the solution, as well as verification and optimization of the
results. In addition, the tools and technologies employed in the development
process are presented.

3.1 System requirements

Some features should be taken into account before defining an ultrasound
imaging methodology for the evaluation of WBC concentration in the CSF.
Diagnostic ultrasound scanners are built from several essential components.
A pulser excites the piezoelectric crystals inside the transducer, transmitting
pulses of ultrasound into the body. Returning echoes to the transducer are
acquired and conditioned by the receiver and then processed by a CPU to
reconstruct and analyze anatomical images that are shown on a monitor.

3.1.1 Transducer

The transducer essentially acts as the primary working component of an
ultrasound system. A wide number of different transducers are available
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for every commercial ultrasound equipment. Transducers are usually car-
ried in a hand-held probe, but they can be placed on the tip of a catheter
for intravascular examinations or on a stationary arm for Ultrasound Biomi-
croscopy (UBM) [31]. When selecting the working frequency range of the
transducer, the inherent trade-off between resolution and penetration depth
must be taken into account. In some imaging applications, more than one
transducer may be necessary to take advantage of the particular configura-
tions, as described in section 2.3. Understanding the capabilities and limita-
tion of the transducer is essential to obtaining high-quality images.

3.1.2 Probe cable - Preamplifier

For connecting the transducer to the rest of the system, a relatively long ca-
ble (about 2 m) is usually required. If a transducer array is used, this cable
may have a considerable number of micro-coaxial cables, making it a very
expensive part of the system. In addition, they could become very stiff and
unwieldy because of the many cables to manage the multiple elements in the
transducer.

In many systems, the transducer elements are connected directly to the
probe cable, which can result in substantial signal losses due to the capac-
itance loading of the cable on the transducer elements. Depending on the
transducer and operating frequency, a loss in the order of 1 to 3 dB can be
anticipated [61]. Misalignment and cable losses directly increase the Noise
Figure (NF) of the system. This means that the first amplifier after the cable
must have a NF that compensates the degradation caused by the cable. One
way to work around this issue is to install an amplifier in the probe.

3.1.3 Pulser - Receiver

A pulser generates precisely timed high-voltage pulses to the crystals of the
transducer, which emits short bursts of ultrasound waves into the body. The
image is created from the echoes that return to the transducer from the tissues
after each pulse. Pulser parameters can be adjusted to configure the pulses
that excite the transducer. This configuration affects the acoustic energy that
is transmitted into the body. Specifically, this pulses should have sufficient
amplitude to effectively compensate for tissue losses with an adequate SNR.
However, the amplitude should be limited to meet safety standards during
clinical examinations.
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On the other side, when the echoes return to the piezoelectric crystals in-
side the transducer, a small electric current is produced towards the receiver.
The sampling rate of the receiver should be high enough to prevent aliasing,
according to the Nyquist theorem. Due to attenuation, the dynamic range
of the received signal can be quite big over the depth of penetration, even
after amplification. Therefore, the digitalization of incoming analog signals
should be performed at a high bit resolution to achieve the maximum image
quality. To create the best possible image, these weak electric signals must be
manipulated by adjusting various receiver parameters. In addition, digital
signal-processing methods can be applied to enhance the information con-
tent of the received signal.

In general, ultrasound examinations are highly interactive and operator
dependent. Thus, great flexibility is often required to system reconfiguration
of data acquisition sequences and parameters. This is an important aspect
to consider for researchers who are interested in investigating new imaging
applications.

3.1.4 Main computing platform

All ultrasound systems have a CPU to create the anatomical images. How-
ever, high computing capabilities are essential for high resolution ultrasound
imaging and processing at the high acquisition rates. Furthermore, the de-
ployment of DL models for WBC concentration estimation will certainly in-
crease the hardware requirements for AI inference. Such specialised hard-
ware requires specific processing components and development frameworks
to enable the deployment of AI models developed on high-performance com-
puting (HPC) platforms. As a goal, our portable medical device must imple-
ment on-board all analog signal and digital image processing tasks without
requiring any external computer or connection. This requires using multiple
heterogeneous computing platforms and a strategy to assign the required
tasks to them. The embedded application running such a multiprocessor
system must be easily upgradable by installing software without having to
change the hardware platform.

3.1.5 Functional requirements

The whole instrument, especially the probe containing the ultrasound trans-
ducer, is designed according to the specific characteristics of the application,
which demands high spatial resolution to be able to visualise the WBC within
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the CSF. As the pooled mean size of anterior fontanelle of a infant is around
2.58 cm [62], there is a physical limitation to the size of this acoustic window
that allows the access to the CSF, while avoiding the skull bone. By laterally
scanning the CSF with a mechanically-driven transducer, a high lateral res-
olution can be achieved, which is functionally dependent on the size of the
steps to be followed within a given path. Each frame will be created from a
sequence of acquisitions, each of which generates one scan line. Ultrasound
image formation is highly sensitive to alignment and mechanical control,
as well as synchronization between the scanning motion of the transducer
and the data acquisition process. Several challenges have to be overcome for
the implementation of the probe, including those related to its configuration,
such as mechanical stability, micro-positioning, regulation of the distance to
the target, and signal handling and detection.

The whole chain related to the generation and analysis of a high-resolution
ultrasound image requires the concurrent execution of several functionali-
ties. These tasks include: probe control, ultrasound signal acquisition, pa-
rameter configuration, digital signal processing, image composition, user in-
terface and overall system management to finally provide an estimation of
the WBC concentration in the CSF. The real-time operation of this solution is
essential for immediate diagnostic feedback, enhanced image quality, patient
safety, and operational efficiency. It allows clinicians to make timely deci-
sions, guide interventional procedures accurately, and continuously monitor
physiological changes. Real-time imaging reduces scan times, improves pa-
tient comfort, and streamlines workflows, leading to higher diagnostic accu-
racy and better patient outcomes.

3.2 Related design choices

3.2.1 Transducer

The choice of transducer frequency is an essential consideration to ideal ul-
trasound image acquisition. Since axial and lateral resolution is improved
as frequency increases, higher frequency transducers are usually selected for
resolving small objects in the ultrasound image. As mentioned in previous
section, one limitation of using high frequencies is that, as the frequency in-
creases, the penetration of the sound wave decreases. By recognizing this
intrinsic compromise, the user can choose the highest frequency transducer
that penetrates to the depth of the target structure. For example, a 5-MHz
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TABLE 3.1: Characteristics of the selected transducer

Central frequency 20 MHz
-6 dB bandwidth 10 - 30 MHz
Element diameter 10 mm
Focal distance 18 mm

transducer should be selected to analyze depths in the range of 12 to 15 cm
[31]. A 15-20-MHz transducer may image depths of only 3 to 4 cm. Higher
frequencies like 30-40 MHz may penetrate only 1 to 2 cm [32].

Specifically, an increasing backscattering amplitude was found by [43] as
the frequency rose up to 30 MHz for human acute myeloid leukemia cells
(11.5 μm diameter). Also considering the downward shift in the center fre-
quency of ultrasound pulses that propagate through biological tissues, as a
result of the attenuation dependence on the frequency, [15] concluded that
the optimum operating frequency could be below 30 MHz for similarly sized
cells.

A single-element transducer that operates at 20 MHz with a bandwidth
(-6dB) ranging from 10 MHz to 30 MHz has been employed considering the
restrictions of the application. This frequency compensates for the loss of
cellular backscatter energy with lower attenuations of the ultrasound beam
as it travels through tissue [15]. This is a custom focused transducer with
an aperture of 10 mm and with the focal position (optimal spatial resolution)
placed at a distance of 18 mm (focal distance) from the transducer emitting
face, according to the region of interest. A focused transducer was selected
to enhance the amount of energy reflected from the cells. The characteristics
of the employed transducer are shown in Table 3.1 The pulse echo response
of the employed transducer is shown in Figure 5.2.

When the crystal is excited, about two or three wavelengths are transmit-
ted in each pulse before a backing block inside the transducer dampens the
vibrations. Thus, the SPL is approximately two or three wavelengths. The
SPL, which depends on the transducer frequency, determines the capability
to separate points along the sound beam axis (axial resolution). Axial reso-
lution cannot be higher than half the spatial pulse length due to overlapping
of reflected echoes from closely spaced interfaces [49].

As mentioned above, the temporal resolution is not as critical when imag-
ing target structures are relatively static, such as the CSF. However, a high
acquisition rate of scan lines is essential to ensure lateral coherence within
the image.
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FIGURE 3.1: Pulse–echo impulse response and spectrum of the
selected 20-MHz transducer.

3.2.2 Probe cable - Preamplifier

Some cost-effective design criteria have been established to reduce the thick-
ness of the cable and facilitate proper handling of the probe. Using a single
transducer element reduces the number of micro-coaxial cables to just one
while cutting most wiring cost. Transceiver modules were designed between
the probe and the main base board to transparently move serial data over DC
power supply lines. The communication signal is OOK modulated /demod-
ulated on the power line. OOK is a simple and common form of Amplitude-
Shift Keying (ASK) modulation that represents digital data as the presence or
absence of a carrier wave. This way, UART cables are replaced by the ubiq-
uitous power line to turn it into a half duplex communication system. This
helps to achieve the portability requirements through a lightweight cable that
is easy to handle by the operator.

The preamplifier (32 dB) was no placed inside the probe due to mechani-
cal design constrains related to space limitation, as it would require an unaf-
fordable implementation cost. It has been included in the main base board of
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the device and the transducer is wired through the probe cable to the pream-
plifier.

3.2.3 Pulser - Receiver

For this particular application, Difrascope pulser-receiver from Dasel Sis-
temas[63] was selected. It is a portable multi-channel system with excel-
lent performance and powerful signal processing capabilities. Its configu-
ration parameters can be set independently for each transmission and re-
ception channel. Pulses are transmitted as square-waves and can operate
in burst mode. In the receiver path, an attenuator and a voltage-gain con-
trolled amplifier provide differential signals up to the Analog-to-Digital Con-
verter (ADC). The analog stage uses an anti-alias filter that limits the signal
bandwidth to 30 MHz (-3 dB). High sampling performance of the received
signal is provided with 14-bit resolution ADC and sampling rates up to 100
MHz. Data samples from the ADC are received by an Field-Programmable
Gate Array (FPGA), which comprises a pipelined architecture with multiple
Digital Signal Processing (DSP) functions together with other control func-
tions, like parameter configuration. As all the processing functions are per-
formed in parallel, results are available in real-time. The processing chain in-
cludes averaging echoes over several cycles, programmable FIR filtering and
accurate envelope extraction, among other functions. The DifraScope unit
provide interfaces to encoders and external triggers to synchronise the ac-
quisitions. Ethernet communication can be established with a host computer
to configure the ultrasound system and transfer data for further processing,
display and storage.

3.2.4 Main computing platform

The NVIDIA Jetson Nano [64] is ideal for this application, providing pow-
erful computing capabilities suitable for AI tasks, such as image classifica-
tion. Despite its high performance, the Jetson Nano is designed to be energy-
efficient, making it suitable for applications where power consumption is
a concern, such as portable or battery-operated devices. The small size of
this module allows for easy integration into embedded systems or devices
with limited space, making it ideal for applications where size constraints
are important. With its integrated NVIDIA GPU, the Jetson Nano offers
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FIGURE 3.2: Block diagram of the system

hardware acceleration for AI algorithms, enabling faster processing and real-
time performance for computationally intensive tasks. This platform is well-
supported by NVIDIA software development tools and libraries, making it
easier for developers to prototype, deploy, and optimize their applications.
Overall, the NVIDIA Jetson Nano is a versatile and cost-effective solution
for a wide range of AI applications, offering high performance, low power
consumption, and developer-friendly features.

3.3 System architecture

The proposed architecture is based on a heterogeneous computing platform,
consisting of different modules connected to execute the different tasks of
the system. Each subsystem is based on a commercially available processing
units selected to maximize the speed-energy-cost trade-off. Figure 3.2 shows
a block diagram of the system with colored processing units.

NVIDIA Jetson Nano: this embedded computing board acts as the main
computational element of the platform, controlling and coordinating the dif-
ferent tasks implemented in each subsystem. Its main application software
controls the functions of the ultrasound system: data acquisition, parameter
configuration, digital signal processing, image composition as well as user
interface, storage, plotting and data visualization. The Jetson Nano is the
computational core of the system, facilitating data exchange and communi-
cation between the different components. This application provides an sec-
ondary user interface (the Touch Display is the main GUI) for system configu-
ration, monitoring, and extended interaction. Tools for analyzing and obtain-
ing quantitative measurements from the ultrasound signal are also available.
AI capabilities are integrated to provide automatic and accurate classification
of patients according to their WBC level in the CSF.
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Probe: this module, based on PIC32MK_GP Microcontroller Unit (MCU)
from Microchip, controls all the probe peripherals according to the instruc-
tions received from the Jetson Nano. A button on the probe starts the scan-
ning process. The mechanical motion of the structure that holds the trans-
ducer is controlled by two stepper motors allowing to position (in depth)
and move the transducer during acquisition. A photo-detector sets the safe
limits and identifies reference positions within the direction of penetration of
the transducer. Complementary user information is shown on a local small
display.

Base MCU: a similar PIC32MK_GP MCU acts as communication bridge
between the Jetson Nano and the probe. Also, it controls the operation of
power devices, system power-on and power-off sequences, monitors power
requirements and protects against faults. This module ensures efficient and
reliable power management within the system.

Touch display: this is the ETEMB050013XDHAL embedded GUI module
from EDT [65]. It is based on the STM32F750 MCU from STMicroelectronics
and manage the main user interface of the system. This block facilitates a
seamless and responsive user experience by connecting the GUI with the un-
derlying application logic. It includes the integration of touch functionality
into the overall application, as well as a mean to present the information.

3.3.1 Operational basis

The ultrasound images are generated by the acquisition of consecutive scan
lines (A-scan) at discrete step sizes moving along a pre-determined path to
build B-scan images. This path is the result of the mechanical motion of the
single transducer around a fixed rotation axis, to prevent a one axis path
being longer than the size of the fontanel. As shown in probe module in
Figure 3.2, a motor rotates a holder containing the transducer element, placed
2 mm away from its central axis. This arrangement allows the transducer to
traverse an arc-shaped path (highlighted as a dark blue arc in Figure 3.3a) of
331.2 degrees , describing 11.56 mm back and forth displacements in a plane
perpendicular to the direction it is pointing to.

On each motor step, one scan line is formed (highlighted as light blue ver-
tical lines in Figure 3.3a) by sending a pulse from the transducer and then,
the reflected signals from different depths are recorded. Sequential scan-
lines are acquired across the body and composed together into a high spa-
tial resolution 2D B-mode image. As the transducer element is moved on the
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(A) (B)

FIGURE 3.3: (a) Surface sensed during image generation; (b)
Acquired image as shown on display.

same plane during acquisition, the unrolled image has a rectangular shape,
as shown in Figure 3.3b. This way, the caputred ultrasound images are dis-
played on the monitor.

This method has the related drawback of an increased acquisition time
or storage requirements. However, the temporal resolution is not so critical
when imaging target structures that are relatively static, such as the CSF. On
the contrary, a high acquisition rate of scan lines is essential to ensure lateral
coherence within the image.

As shown in Probe module in Figure 3.2, by means of another motor the
structure that holds the transducer element can be moved along the direction
the probe is pointing to. This allows to slightly penetrate (the acquisition
window) and subsequently image deep into the body without increasing the
acquisition delay with the consequent depth attenuation. In this way, the
area of interest can be aligned with the focal zone for the optimal range of
transducer resolution.

3.4 Methodology and tools

When developing software for any embedded system, it is essential to fol-
low certain guidelines and take into account many different factors so that
its implementation can work properly and can be completed on time. As
designs become more complex, the need to follow an ordered method to
achieve good results becomes more important. In general, the design flow
is a cycle and includes several intermediate steps. In many cases the pro-
cess is non-linear. If failures or problems are discovered in the system, the
previous steps must be iterated over again to correct them.
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In this case, the workflow started with a review of the fundamental prin-
ciples of ultrasound, as they are the basis for all the design solutions imple-
mented. This study was essential for the various phases of system optimi-
sation. Then, a set of requirements were defined for the implementation of
the system. These specifications are given by the criteria that this application
must follow to meet the expected results.

After that, another working group built the hardware platform, including
the whole set of physical components required to perform the very specific
functionalities according to the application requirements. At the same time,
this design is flexible enough to be able to adapt to new requirements of other
applications on serous body fluids.

The key part of this thesis consisted on the software implementation of
the system. Each software unit was developed separately for each module
that integrates the system. Over several iterations, each module was verified
to ensure that the software meets the expected requirements. During this
process, the hardware platform was fine-tuned and new software solutions
were proposed. When each module was working correctly, it was integrated
into the system. Test at system level were also performed following the same
systematic approach.

Finally, the assessment of the system performance was conducted accord-
ing to its different configurations. At the same time, the quality of the mea-
surements was optimised while taking into account the trade-off with the
safety limits. Incorrect or unexpected results led back to refinement of the
solution. Figure 3.4 shows the workflow used in the development of the sys-
tem.

3.4.1 Tools

Probe / Base

The same tools were used to develop the control firmware for the probe
and the base MCU, as both modules are based on Microchip’s PIC32 mi-
crocontrollers. MPLAB X Integrated Development Environment (IDE) was
employed for comprehensive development and debugging with the sup-
port of MPLAB XC32 Compiler optimized C/C++ code. MPLAB Harmony
framework simplified the peripheral configuration and code generation. The
MPLAB ICD 4 was the tool of choice for programming/debugging the hard-
ware.
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Jetson Nano

The Jetson Nano primarily runs the NVIDIA JetPack Software Development
Kit (SDK), which is a comprehensive software stack tailored for the Jetson
platform. JetPack includes a Linux-based operating system called Linux for
Tegra (L4T), which is based on Ubuntu. Specifically, JetPack integrates a
wide range of AI and system software, tools and libraries, like CUDA or
cuDNN, designed to provide end-to-end development workflow for accel-
erating AI applications. In addition, JetPack provides support for TensorRT
[66], a framework for model deployment optimized for NVIDIA specialised
GPU hardware. This way, developers can access directly to GPU accelerators
through a common high-level C++ Application Programming Interface (API)
(also a Python API is available) for high-performance deep learning infer-
ence. C++ API is the tool of choice for real-time applications where perfor-
mance, as well as security, is critical. All these features provides a robust
environment for developing and deploying AI-powered applications on the
Jetson Nano. In this context, Qt has been integrated with JetPack SDK to ex-
ploit a unified framework from Qt Creator and build a GUI application soft-
ware in C++ that leverage all the technologies in this embedded platform.

Touch Display

For developing the main GUI using a resource-limited STM32 MCU, TouchGFX
enabled the creation and visual customisation of the graphical part of the
application. On the other side, the firmware was written, compiled and de-
bugged using STM32CubeIDE. The tool selected for programming and de-
bugging the hardware was the ST-LINK/V2.
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Chapter 4

Software implementation and
verification

This chapter describes the software implementation of this advanced ultra-
sound scanner. Several components were efficiently integrated into a sin-
gle solution to enable accurate imaging and data analysis. First, Section 4.1
explores the software mechanisms that drive the operation of the probe to
ensure high-quality image acquisition through precise control of the trans-
ducer element. Section 4.2 examines the software infrastructure that supports
seamless communication and integration between the various components of
the system. The implementation details for (i) the power control stage of the
whole system from the base MCU, as well as (ii) the main GUI on the touch
display are not covered in the thesis, to avoid diverting attention from more
singular development issues of this application. Subsequently, Section 4.3
covers the entire data management process within the system, including ac-
curate acquisition of ultrasound data, configuration parameters, and digital
signal processing to obtain clinically relevant information. Finally, the inte-
gration of artificial intelligence capabilities into the application is described
in Section 4.4, focusing on the deployment of a neural network (NN) model
for the evaluation of white blood cell concentration.

4.1 Probe control

As already introduced in section 3.3, the probe incorporates a housing that
holds the transducer, which can be mechanically moved in two different
planes by each of the associated stepper motors. As scan lines are acquired
while moving the transducer, precision motion control is required to ensure
ultrasound images are created with lateral coherence. Each of the two step-
per motors requires a STSPIN820 driver, as shown in Figure 4.1.
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FIGURE 4.1: Block diagram of each stepper motor control.

Control firmware on the MCU must manage the driver of each stepper
motor to move the transducer with a controlled and precise angle. The STSPIN820
drives the motor step by step according to the step clock. A square wave is
generated by the MCU using an Output Compare module that toggles its out-
put responding to the selected time base events from a timer. This pulse train
is applied to the step clock input pin of the driver to trigger discrete move-
ments at equally spaced intervals (steps) defined by the period of the wave.
MCU enables the driver, sets rotation direction and the microstepping mode
through its digital output ports. The current consumption of the stepper mo-
tors is independent of its load (unlike DC motors). Therefore, when they are
enabled, they consume more current even if they are not working. This is
why they are disabled during scanning between one rotation and the next,
to prevent them from getting too hot and to save energy. After each rotation,
the direction is inverted to ensure the intended back and forth displacements.
Increasing the microstepping resolution of the scan motor results in a smaller
angle between the steps, which results in a smoother movement of the trans-
ducer.

The majority of these stepper motors do not have integral position feed-
back. Although high precision can be obtained by running in open loop,
limit switches or home detectors are typically required for safety and/or to
establish a reference position. In the probe, the range of the scan motor is
mechanically limited by a metal stop that prevents the motor from twisting
the transducer cable around the motor axis. For the depth motor, a photode-
tector detects the home position. The photodetector has been connected to a
digital input interface in the MCU, configured as comparator. The photode-
tector output signal is compared to a precise reference voltage generated by
an internal Digital-to-Analog Converter (DAC). Whenever the photodetec-
tor detects a metal plate indicating the maximum depth the transducer can
reach, an MCU interrupt is triggered.

A push-button on the probe starts the scanning process. This button is
monitored from the corresponding MCU input pin, configured to generate
an interrupt request when a change in the pin state is detected.
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FIGURE 4.2: Block diagram of the probe-base UART communi-
cation using OOK modulation over the DC power line.

A small Liquid-Crystal Display (LCD) display in the probe guides the
user during the operation with auxiliary information. From the MCU side,
another Output Compare module has been configured (together with its cor-
responding timer) in Pulse-Width Modulation (PWM) mode to generate a
pulsing signal to power the back light of the display. The brightness of the
probe display changes proportionally to the PWM duty cycle. A 4-wire mas-
ter mode SPI interface on the MCU has been configured with a baud rate of
10 MHz to control the display, according to its communication protocol.

4.2 Inter-module connectivity

4.2.1 Probe - Base

Section 3.2.2 already introduced the solution selected for data transfer be-
tween the probe and the base: the OOK modulation of the UART commu-
nication signal over DC power signal. At the same time, power supply is
continuously provided to the probe (see Figure 4.2). Each MCU module,
probe and base, must manage this modulation scheme to ensure effective
communication.

UART communication has been configured with the same settings on
both sides, which is mandatory for proper operation. The most common
setting of 8 data bits, no parity and 1 stop bit (8N1) has been used at a baud
rate of 9600 bps. Hardware flow control option is disabled. Data exchange
has been configured in non-blocking mode to trigger an interruption each
time a data reception is completed.
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OOK modulation / demodulation of the UART communication signals
uses a carrier to encode the transmitted bits. The carrier is generated from
the transmitting side, so that only one side can transmit at a time, turn it into
a half duplex communication system. The MCU in the probe and in the base
can send and receive data with each other, but not simultaneously. Com-
munication is unidirectional at a time while providing power to the probe.
The carrier frequency needs to be greater than the communication baud rate.
Specifically, a 1.18 MHz carrier is generated from each side, using another
Output Compare module configured in each MCU to toggle its output ac-
cording to the events generated from its respective timer. This way, the UART
communication signal drives the output-enable input of a single buffer such
that, when the input value is 1, the carrier signal is transmitted, but when
the input value is 0, the carrier signal is not transmitted. In other words, the
presence of a carrier wave represents a binary 1, while its absence represents
a binary 0.

On the other side, when this transmitted signal reaches the receiver, a
demodulator decodes data, according to the encoding scheme used by the
modulator. The amplitude of the received signal determines the bit it repre-
sents, thus recovering the original data. Specifically, the received signal is fed
to a comparator configured in the system MCU at each end, in this case, at the
one currently acting as the receiver. This input is compared against the sup-
ply voltage. The comparator output is enabled (and inverted) to appear on an
output port of the MCU, which in turn is connected to the configured UART
reception port. A received signal amplitude above a decision threshold (i.e.
presence of carrier) corresponds to a transmitted binary 1 and a binary 0 is
set when the received signal amplitude is below the decision threshold (i.e.
absence of carrier).

Figure 4.3 shows the UART communication between probe and base fol-
lowing this encoding scheme.

4.2.2 Base - Jetson Nano - Touch Display

An UART communication protocol has also been configured between the
base MCU and the Jetson Nano as well as between the Jetson Nano and
the Touch Display. The processors at each side of the interconnection within
these chains must manage the respective UART peripherals to ensure effec-
tive communication. The same common setting of 8 data bits, no parity and
1 stop bit (8N1) has been used, but this time at a baudrate of 115200 bps.
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FIGURE 4.3: Example of probe-base UART communication us-
ing OOK modulation over the DC power line. The following
signals are shown highlighted in color: (yellow) UART commu-
nication signal transmitted; (blue) UART communication signal

received and; (green) carrier.

Hardware flow control option is again disabled. Data exchange has been
configured in non-blocking mode to trigger an interruption each time a data
reception is completed.

4.2.3 Jetson Nano - Pulser-Receiver

A 100 Mbps full duplex Ethernet connection is required to communicate the
pulser-receiver and the Jetson Nano. Proper network configuration should
be defined according to propietary pulser-receiver specifications. Specifi-
cally, a Transmission Control Protocol (TCP) port is used for the configura-
tion of the pulser-receiver from Jetson Nano and a UDP port is used for data
reception to ensure higher transfer rates of ultrasound data.

4.2.4 System integration

This heterogeneous computing platform consist of several resources that need
to be exploited efficiently to ensure real-time operation and system respon-
siveness. The main application program (Jetson Nano) is responsible for
managing the diverse set of event-triggered tasks from the ultrasound sys-
tem to the probe passing through the base to the touch display. One of the
main challenges consists in the global concurrent management of events with
minimum latency, on the different processors. A multi-threading scheme is
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implemented in the application software to achieve the required function-
ality and performance in real time. Figure 4.4 shows the system execution
graph that always begins from the main thread. This thread is effectively
used to bootstrap the initialization of four threaded controllers to manage the
AI tasks and the rest of the modules outside the Jetson Nano (probe through
base MCU, pulser-receiver and touch display). In this way, a specific con-
trol structure running on an independent thread can effectively manage any
particular instance of the system.

Main Thread

Base Ctrl
Thread

Pulser-Receiver
Ctrl

Thread

TouchDisplay
Ctrl

Thread

NN
Models
Thread

FIGURE 4.4: Multi-threading scheme for the CPU application

To ensure effective communication between each thread on the applica-
tion software and the corresponding subsystem, a frame exchange approach
is followed. Figure 4.5 shows the frame exchange routine on each subsystem
and in the related threaded controller on the application software. While this
routine can vary on each specific case, the procedure presented is the general
approach. This involves establishing proper communication protocols and
module interfaces.

FIGURE 4.5: Frame exchange routine
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FIGURE 4.6: Interaction overview diagram between system
modules.

Received frames are buffered on each subsystem so that they can be pro-
cessed in order even if they are received during the processing of another.
This strategy removes the possibility of losing consecutive frames received
in a interval less than the processing time of a frame. Buffered frames are
processed on a round-robin basis to generate the input conditions to an Finite
State Machine (FSM) (see Figure 4.6). Specific functionality is provided de-
pending on the current state and transitions to a new state when necessary.
State management tracks the current state, allowing the program to respond
to user input or system events according to the case.

Particularly, the ability to concurrently execute multiple threads on the
Jetson Nano, requires a complex state machine on the main thread of the
application software for managing all interactions of the data path with the
other threads that control the different subsystems.

The event-driven nature of embedded systems means that control flow
will change often and unpredictably. A successful system should enable
transferring control between processes while minimizing the overhead of
these transitions. Additional software is required to arbitrate the desired
event source. Each threaded controller context does not have direct access
to any other except to the main thread. Data path resources for sharing
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FIGURE 4.7: Control chain for data acquisition from the pulser-
receiver: (1) open connection, (2) initial configuration, (3) data

acquisition and (4) close connection

data with the main thread are provided for low-latency response to dynamic
events. A shared memory model provides communication channel for pass-
ing information between threads.

4.3 Ultrasound data management

Communication with the Jetson Nano is established through Ethernet con-
nection. This includes the transference of ultrasound data samples from the
pulser-receiver to the Jetson Nano. On the other way, the Jetson Nano con-
trols the operation of the pulser-receiver, as well as sets its configuration pa-
rameters, which ultimately impact the image quality.

4.3.1 Data acquisition

The first step for accessing the pulser-receiver from the Jetson Nano is to open
an Ethernet connection. When the two devices are linked, predefined settings
(for example, emitter/receiver connectors, the acquisition trigger mode, etc.)
are uploaded to the pulser-receiver during initialization (this will be covered
in the next Section 4.3.2). Then, the pulser-receiver is ready to perform the
acquisition of ultrasound data (bold box in Figure 4.7). Once the acquisition
is finished, the communication with the pulser-receiver is closed to release
its resources. Figure 4.7 depicts the control chain for data acquisition from
the pulser-receiver.

In particular, acquisitions can be triggered by software or by an external
input signal, besides other options not suitable for this application. For each
acquisition mode, a custom Data Acq control block must be implemented.

Software trigger mode

In a first approach, A-scans were acquired using software trigger for which
a specific Data Acq control block was implemented, as shown in Figure 4.8.
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FIGURE 4.8: Control block for acquisitions triggered by soft-
ware, consisting of: (1) run order transmission, (2) UDP data

reception, (3) frame decoding and (4) image composition.

To initiate any acquisition sequence, the run order must be sent to the pulser-
receiver through the TCP port. Measurement results are arranged in frames
by the pulser-receiver, typically providing the processed A-scan together with
other information related to the reading. Ultrasound data is received on the
UDP port of the Jetson Nano in data blocks composed of several frames.
Then, the application software decodes the different fields of information
and extracts the A-scan data. Finally, ultrasound images are created by as-
sembling sets of successively scan lines, one after the other.

Data acquisition of scan lines must be aligned with the mechanical move-
ment of the transducer to ensure that the data is captured with lateral coher-
ence. Accordingly, a notification frame was sent from the probe to the Jetson
Nano just before starting to move the scan motor. Considering the time of
arrival of the frame to the Jetson Nano, a delay was required before start-
ing to move the motor. Then, the Jetson Nano starts triggering acquisitions
by software, at the same frequency as the motor steps, using timing control
mechanisms. However, as shown in Figure 4.9, proper alignment between
pulse train that triggers the scan motor steps and the firing events of each
pulse-echo process could not be ensured using this approach. In addition,
once the acquisitions began, it was not possible to guarantee that they would
be performed at equally spaced intervals. This was because the acquisition
periods were managed by timers that depend on how the operating system
was managing its resources.

External trigger mode

Hence, to ensure that ultrasound data is captured accurately, acquisitions
should be triggered at specific intervals aligned with the scan motor steps.
The pulser-receiver has an external signal input for synchronizing the acqui-
sitions and conforming B-scan images. In this second approach, the pulser-
receiver has been configured, during the initialization process, to start acqui-
sitions from an external trigger. The input signal to the driver that controls
when the scan motor takes a step, has been passed through the probe cable
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FIGURE 4.9: (1) Misalignment between the pulse train that trig-
gers the scan motor steps (yellow waveform) and the firing
events of each pulse-echo process (purple waveform). (2) Fir-

ing events are not equally spaced in time.

and connected to the external trigger input on the pulser-receiver. Referred as
Sync in Figure 3.2, it is responsible for triggering the steps of the scan motor at
the time each pulse-echo firing event is started. Therefore, the Data Acq con-
trol block remains as shown in Figure 4.8, but without requiring run orders
to be send to the pulser-receiver to start the acquisition sequence (boxes not
in bold). As a result, Figure 4.10 shows the pulse train that triggers the scan
motor steps, which are now precisely synchronized with the firing events of
each pulse-echo process. This tight integration minimizes communication
delays and enhances overall system performance.

4.3.2 Configuration parameters

During the initialization process, the pulser-receiver is loaded with prede-
fined settings from a configuration file generated by an application software
from the manufacturer. The pulser-receiver is configured with one channel,
assigning one connector for emission of the pulse and other connector for
reception of the signal. Recall that a preamplifier is used to boost the signal
from the transducer on the probe to the receiver. The configuration parame-
ters are set for the channel used, including the emitter/receiver connectors,
receiver gain, acquisition window, pulser parameters, average, designed fil-
ters, etc. Most of these parameters can be changed during operation of the
device.
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FIGURE 4.10: Synchronism between the pulse train that
triggers the scan motor steps (yellow waveform) and the firing

events of each pulse-echo process (purple waveform).

The application software allows the user to configure the acquisition pa-
rameters from its user interface. In general, a specific panel has been devel-
oped to interact with the configuration parameters. When a control associ-
ated with a given parameter is actuated, an event related to a correspond-
ing change is generated. This event is addressed during the UPDATE SCAN
stage (see Figure 4.6), where a signal is sent to the respective threaded con-
troller that manage the pulser-receiver. This control structure handles it as a
slot, and the parameter is written to the specific register of the pulser-receiver
following its proprietary protocol. Once the parameter has been updated,
the register is read to verify that the operation was performed properly. Us-
ing another signal-slot connection, the read parameter is sent back from the
threaded controller to the main thread, where it is displayed on the screen.
This verification step ensures that the configuration on the screen is the one
actually configured in the pulser-receiver. The ultimate validation of the con-
figuration parameters is done through direct measurement using an oscillo-
scope.

Reception

The receiver has a linear amplifier with a dynamic range of 60 dB. Accord-
ingly, a gain control is added which causes a uniform amplification of all
returning echoes regardless of the depth of their origin [49]. This control
is directly responsible for the overall brightness of the image. This gain is
achieved with a 48 dB linear amplifier and a +12 dB stage which is activated
if the desired gain is greater than 48 dB and less than or equal to 60 dB.
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Beyond the 60 dB, the gain is digital, with a total gain of up to 100 dB. A pro-
grammable -20 dB attenuator can also be enabled in the receiver path. The
acquisition delay can be configured between 0 and 26214 μs. The acquisition
time is set by the number of samples acquired (SCAN_LENGTH), taking into
account that the relationship is given by 4.1:

Acq_time =
SCAN_LENGTH

fs
(4.1)

, where fs is the sampling rate. The acquisition time can be configured from
0 to 163 μs.

Transmission

The pulse applied to the transducer can be adjusted by means of a pulser
control, thereby regulating the sound output from the transducer. Specifi-
cally, the excitation pulse of the pulser-receiver is a negative square pulse,
which can be set to: -20 V, -30 V, -50 V, -75 V, -100 V, -125 V, -150 V, -200
V, -300 V and -400 V. Figure 4.11 shows representative measurements of the
emitted pulse at -50 V, -75 V and -100 V. The stronger the pulses going into
the body, the stronger the returning echoes, which in turn creates a overall
brighter picture [49]. The pulse width can be set to values between 20 ns
and 1000 ns. Figure 4.12 shows representative measurements of the emitted
pulse with a width of 20 ns, 25 ns and 30 ns. The pulses number can be set to
values between 1 and 255. Figure 4.13 shows representative measurements
of the emitted pulse with a number of 1, 2 and 3 pulses.

Digital Signal Processing

Signal processing capabilities are available at the pulser-receiver for opera-
tions such as averaging echoes over several cycles, band-pass filtering and
accurate envelope extraction. This processing is found useful to enhance the
obtained images.

The number of transmission cycles can be changed to more than one, re-
sulting in a burst whose echoes can be averaged to obtain each A-scan. This
number of cycles or average number (not to be confused with the pulses
number parameter) can be set to the powers of 2 between 2 and 256. The
repetition frequency of the transmission cycles can be set via the PRF config-
uration between 1 Hz and 20 kHz. Figure 5.8 shows representative measure-
ments for 4 cycles transmitted (of one pulse each) with a PRF of 10 kHz, 15
kHz and 20 kHz respectively, whose echoes would be averaged.
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(A) (B) (C)

FIGURE 4.11: (a) Pulse amplitude = -50 V; (b) Pulse amplitude
= -75 V; (c) Pulse amplitude = -100 V

(A) (B) (C)

FIGURE 4.12: (a) Pulse width = 20 ns; (b) Pulse width = 25 ns;
(c) Pulse width = 30 ns

(A) (B) (C)

FIGURE 4.13: (a) Pulses number = 1; (b) Pulses number = 2; (c)
Pulses number = 3

(A) (B) (C)

FIGURE 4.14: (a) PRF = 10 kHz; (b) PRF = 15 kHz; (c) PRF = 20
kHz
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FIGURE 4.15: Memory space allocated for filter coefficients in
the pulser-receiver.

Linear filtering is an essential function to reduce unwanted noise. FIR fil-
ters have linear phase and provide cut-off frequencies that can be arbitrarily
defined within the Nyquist band. At sufficiently high order, the passband
response can become flat and the transition bands narrow, with high attenu-
ation at the band-stop.

The pulser-receiver has been enabled to program custom 63-coefficient
FIR filters by loading the corresponding coefficients into a memory space
allocated for this purpose in the pulser-receiver (see Figure 4.15). The filter
coefficients must be calculated in advance by the user for the selected cut-off
frequencies. Then, they are stored in an external file, which is read by the
application software during the initialization process of the pulser-receiver.
Any filtering function can be implemented, simply by reprogramming the
set of coefficients.

This memory space allows to store up to 32 filters. To select a filter, it
is necessary to indicate the corresponding offset within the memory space
where the coefficients are located. In practice, by means of a drop-down in
the configuration view, a filter can be selected from those initially loaded.

The scan lines (A-scan) can be collected as RF data acquired by the chan-
nel from the pulser-receiver, or as video data, from the envelope obtained
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after applying a Hilbert transform to this RF signal. Video image data is of-
ten more readily available, particularly in a clinical setting. However, most
information is available from the RF ultrasound signal, which typically is
not available in commercial machines. Lastly, contrast resolution may be en-
hanced at various stages in the image processing, to improve the ability to
distinguish between different echo amplitudes of adjacent structures

Appendix A presents the application GUI, in which the functionalities
described above are compressed into a user-friendly platform. Through this
GUI, users can intuitively navigate and interact with the application, mak-
ing it easier to utilize the advanced capabilities and perform various tasks
efficiently. This appendix includes detailed screenshots and annotations to
illustrate how each function is integrated, showing the design and usability
of the application.

Initial configuration of acquisitions

When sequential scan lines are acquired across the body and composed to-
gether, a high spatial resolution 2D B-mode image can be obtained. Images
are displayed on the screen as sequential frames over time. As shown in Fig-
ure 4.16, each frame is created from repeated pulse-echos that form scan lines
(A-scan) every 1 ms. Ultrasound images were obtained by sets of 736 scan
lines. Therefore, a B-mode image requires 736 ms in total to be generated.
Scan lines are acquired during 16 μs with a 100 MHz sampling frequency, re-
sulting in a total of 1600 samples acquired per scan line. The corresponding
sampling period of 10 ns can enable an axial resolution of up to 7.5 μm. For
a speed of sound in the tissue of 1500 m/s the scan length is equivalent to 12
mm. An acquisition delay of 16 μs was set to keep the 1.5 mm length focal
zone approximately in the center of the acquisition range.

Lateral resolution of the composed image depends on the distance be-
tween scan lines. This is controlled by the step size configuration on the scan
motor during acquisition. In general, the whole acquisition sequence does
not change, including the number of scan lines. By default, the motor step
size is 0.45o, corresponding to a distance of 15.7 μm (default lateral resolu-
tion), hereafter referred to as HR. If an area of interest is found in the CSF,
the resolution can be increased by reducing the step size by one eighth, here-
after referred to as HHR. This way, the arc path is reduced while maintaining
the same number of scan lines, as can be shown in Figure 4.17. This higher
lateral resolution can reach up to 1.96 μm step size.
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(12 mm)
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FIGURE 4.16: Receiver configuration to select the acquisition
range of the returning echo, from which each A-scan (scan line)
is obtained. This configuration ensures that the focal zone (yel-
low square) lies in the center of the acquisition range. Each
frame is created from 736 scan lines acquired consecutively ev-

ery 1 ms.

Such a data-intensive system allows to store up to 100 images in a circu-
lar buffer, thereby always having the last 100 images captured. At the end
of a scan this image buffer is saved for further analysis. In addition, con-
figuration parameters are recorded for each image in an external file. This
process ensures that images are associated with its specific configuration pa-
rameters, allowing for detailed tracking and analysis of the conditions under
which each image was captured. In general, this is sufficient to allow experi-
mental investigation of this novel application, which will be described in the
following chapters.

HR

HHR

(A)

HR HHR

(B)

FIGURE 4.17: (a) HR scan path vs HHR scan path; (b) HR img
vs HHR img.
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4.4 AI at the edge

The measurement of CSF WBC concentration from the high resolution B-
mode images is key to the diagnosis of meningitis. This is why, a DL model
was developed by [67] to classify (externally) CSF patterns according to WBC
concentration from the images obtained with the platform. Thereby, each sin-
gle image is given a probability of belonging to either the meningitis and the
control classes. This model is based on the ResNet50 architecture initialized
with pretrained weights [68]. Pytorch was the framework used during the
training phase (specifically the Python interface) on a NVIDIA GeForce RTX
3090 GPU.

After the model was trained and optimized to produce accurate results,
a file was obtained with the weights and activation functions that encode
the network topology. Thus, the model need to be transformed and opti-
mized according to the specific embedded GPU architecture of the Jetson
Nano. First, the Pytorch model was converted to Open Neural Network
Exchange (ONNX), an open format for representing machine learning al-
gorithms. ONNX allows moving easily NN descriptions between different
frameworks, some of which may be more suitable for specific phases of the
development process. In this case, Pytorch was selected for fast training, tak-
ing advantage of the flexibility to work with network architectures and Ten-
sorRT was used to port the network for inference on the specialized hardware
of the Jetson Nano.

TensorRT framework enables the efficient deployment of this pre-trained
model on the GPU accelerator of the Jetson Nano. In general, this kind of NN
deployment frameworks are intended only for inference (not for training)
[69]. This deployment framework allows to introduce optimization methods,
which focus on reducing computing requirements of deep learning models
towards resource-constrained platforms. The deployment framework is very
important as it marks the success of the NN deployment or its total lack of
applicability [69].

After parsing the ONNX model, a TensorRT engine is generated from this
network, optimized for the target hardware platform. This engine is loaded
into the application software from a thread raised specifically to handle the
executable contexts of the DL models (as described in Section 4.2.4). Then,
memory was allocated based on the dimensions of the inputs and outputs of
the model. The pre-processing performed on the images during the training
phase must be implemented again to prepare captured data for inference, but
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using only the available C++ libraries. The cropped 145x390 images are con-
verted to 3 channels, uploaded to the GPU and then, normalized (dividing
pixel values by 255, subtracting the mean and dividing by standard devia-
tion). Once the input data is prepared (batch of one image), it is passed to the
network to run the inference using the GPU hardware. As a result, a tensor is
obtained with a confidence value of belonging to the meningitis and control
classes. The post-processing step of the data obtained must also be replicated
to obtain readable data. This step can be executed from the CPU due to its
low computational requirements. A sigmoid function is applied to provide
the probabilities for each class (in the range 0 - 1), i.e. control or meningi-
tis. Finally, once the classification has been completed, the used memory is
released.
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Chapter 5

Tests and results

This chapter describes the optimization process and evaluates the results of
the high-resolution ultrasound system through in vitro and in vivo tests. First,
Section 5.1 presents the setup prepared for the in vitro experiments, high-
lighting the main elements that integrate the testbench, as well as the test
procedure. Then, the experimental tests are presented. Section 5.2 is ori-
ented to obtain the ultrasound configuration that maximizes image quality
while maintaining the safety limits. Next, Section 5.3 evaluates the resolution
achieved by our platform and provides an analysis of the target components
under observation. Finally, an in vivo assessment of the patient classification
model according to the CSF image examination is shown in Section 5.4. It in-
cludes the performance analysis of this solution on the embedded platform
to demonstrate the feasibility of the tool in a clinical setting.

5.1 Experimental setup

An experimental setup is designed to test the device in order to evaluate the
feasibility of the proposed solution. Figure 5.1 shows the probe held with a
bracket with 2D versatile movement that allows the transducer to be oriented
vertically downwards against the sample container. The sample container is
placed on a elevating platform that allows it to be brought close to the trans-
ducer. At high resolution, any significant human movement compromises
the quality of the acquired image. Once the sample container is fixed at a con-
tact distance to the transducer, depth adjustment is mechanically controlled
in the probe by the motors.

Before the experiments, the pulse-echo ultrasound configuration is char-
acterized using a flat brass reflector placed in front of the transducer, being
both immersed in a water bath. The distance between the transducer and the
reflector is adjusted around the nominal focal distance (18 mm) to obtain the
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FIGURE 5.1: Experimental setup composed of: (1) ultrasound
probe, (2) bracket, (3) sample container, (4) elevating platform,

(5) base module, and (6) external monitor.

maximum intensity. Figure 5.2 shows the pulse-echo response measured for
the 20 MHz transducer.

5.1.1 Sample container

The white blood cells inside the CSF are simulated with particle suspen-
sions in ultra pure water (Milli-Q), under different concentrations relevant
to meningitis diagnosis (7 to 650 pp/μL). Polystyrene particles with a mean
diameter of 7 μm are used to mimic approximately the dimensions of WBCs
[70, 71]. It is important to note that the diameter of the particles is below
half the transmitted wavelength that corresponds to the acoustic diffraction
limit. These samples are characterized at the analysis laboratory in Barcelona
Scientific Park (Barcelona Spain) using the Fuchs Rosenthal method for con-
centrations lower than 200 pp/μL and the Neubauer method for concentra-
tions equal or higher than this value. The experiments are performed just

FIGURE 5.2: Measurement of the pulse–echo impulse response
and spectrum of the 20-MHz transducer.
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TABLE 5.1: Initial configuration of acquisitions.

Configuration parameter Value
Acq. delay 16 μs (12 mm)
Acq. time 16 μs (12 mm)
Sampling rate 100 MHz
Sample number 1600 samples

after sample preparation, in order to prevent the particles from settling on
the bottom or walls of the container.

Two specific setups have been mounted to conduct our experimental tests.
The setup 1 is the simplest one, based on a container with the sample at var-
ious concentrations. The setup 2 is a phantom based on the anatomy of a
neonatal head, embodied in a container as in the previous case. This emu-
lates a tube section from the fontanelle cap to the cortex of the brain. The
fontanelle is modeled using a 4 mm thick tissue-mimicking layer made of
polyvinyl alcohol (PVA)-based hydrogel [72]. The pulse-echo total attenua-
tion of this layer at 20 MHz is 6.3 dB, similar to the real fontanelle [15]. The
zone between the fontanelle cap and the cortex corresponds to the CSF sim-
ulated with the sample solution.

5.2 Optimization of ultrasound configuration

The configuration parameters of the ultrasound platform directly influence
the image quality. Adjusting these settings properly is essential to ensure that
images are displayed optimally while complying with the acoustic safety
limits. Accordingly, the system can be adapted to patient-to-patient varia-
tions and to different clinical applications on serous body fluids. In addition,
the quality of the images is critical to the performance of the neural network
models in computer vision tasks [73].

Several in vitro experiments have been performed using the setup 2, with
a concentration of 84 pp/μL to evaluate the influence of each configuration
parameter on the resolution and quality of the images, with a focus on im-
proving the visualization of white blood cells. The preliminary configuration
defined in the previous chapter (Section 4.3.2), is used as the starting point
for the experiments (summarized in Table 5.1).

First, the gain has been adjusted over the entire image to compensate
the attenuation caused by the fontanelle, the main obstacle for ultrasound
imaging in this application. Specifically, the gain was increased until the



58 Chapter 5. Tests and results

(A) (B) (C)

FIGURE 5.3: B-mode images (video-mode) obtained when the
transducer is excited with: (a) -50 V, (b) -75 V and, (c) -100 V

single-squared pulses of 25 ns wide. Echo signals are
amplified 32 dB before being input into the receiving stage. A

second amplification gain in the range 35 dB is further applied.

image definition stopped improving with it, always avoiding saturation. Fi-
nally, the amplification level has been fine-tuned to 35 dB, whereby the image
brightness is equalized for the pulse amplitude range to be tested (50-100 V).
As expected, when images are over-gained or under-gained, the resolution
worsens [48].

From the transmitter side, the pulser configuration has been manipulated
to produce a pulse that optimally matches the impulse response of the trans-
ducer element. As the working frequency of the transducer is 20 MHz, a
pulse width of 25 ns is set to form a square wave with a period of twice this
value (duty cycle = 50 %). A single pulse is used in order to minimize the
spatial pulse length and obtain the best axial resolution. Transmitted pulses
should have enough amplitude to compensate for the aforementioned tissue
losses with an adequate SNR. However, the amplitude of the output sig-
nal must be maintain within clinical safety limits during operation. Thus,
various pulse amplitudes have been tested (-50 V, -75 V and -100 V) taking
into account that this voltage should be set as low as possible to achieve the
resolution required to distinguish the WBCs within the CSF.

Figure 5.3 shows the resulting B-mode images (video-mode) obtained
when the transducer is excited with -50 V, -75 V and -100 V single-squared
pulses of 25 ns width. Note that echo signals are amplified 32 dB (by the
preamplifier) before entering the receiving stage. A second amplification
gain in the range of 35 dB is further applied, as mentioned before. Increasing
output intensity, as well as increasing gain, will not improve image defini-
tion. On the contrary, the detail in the rendered images degrades and may
increase artifacts, such as reverberation echoes [49]. Since the energy is de-
termined by the area under the curve, when more pulses are transmitted, the
amplitude of the pulses will be lower for a given amount of energy [61], and
the resolution would be compromised.



5.2. Optimization of ultrasound configuration 59

(A) (B) (C)

FIGURE 5.4: B-mode images (video-mode) obtained by
averaging returning echoes over (a) 2, (b) 4, and, (c) 8

transmission cycles to get each A-scan that form the image,
using a 20 KHz PRF. The transducer is excited with a -75 V

single-squared pulses of 25 ns wide.

Several digital signal processing methods have been selected and tested
to improve the information content of each A-scan that later composes the
ultrasound image. They are executed on the pulser-reciver hardware, thus
allowing a higher throughput than in the case they run in the application
software.

To overcome the effects of impulsive noise, B-scan images are created by
averaging the echoes of several cycles. This process requires several cycles
of ultrasound transmission along the same scan line, whose repetition fre-
quency is controlled by the PRF. For each of the pulse amplitude settings,
several experiments have been performed using different average numbers.

Figure 5.4 shows B-mode images (video-mode) obtained after averaging
returning echoes over 2, 4, and, 8 transmission cycles to get each A-scan that
form the image. The PRF is set at 20 kHz, the maximum supported by the
pulser, to ensure that the multiple cycles are repeated as close to each other
as possible. The transducer is excited with a -75 V single-squared pulses of
25 ns wide for these experiments.

However, it is important that the time between transmission cycles is long
enough to allow the returning echoes to reach the transducer before the next
cycle is emitted. When a transmission cycle occurs too early, the overlap
with the returning echoes may result in erroneous data, as shown in Figure
5.5. For reference, a PRF from below 1 kHz to above 10 kHz is required for di-
agnostic ultrasound [49]. Finally, with an average number of 4, a sufficiently
high image quality has been obtained without having to further increase the
number of transmission cycles to get each A-scan that form the image (more
details in in Section 5.3.3).

Linear filtering is performed by means of a 63-coefficients FIR filter, em-
bedded in the pulser-receiver. This way, the SNR is improved while keeping
the axial resolution of the transducer. Several FIR filters have been designed
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FIGURE 5.5: B-mode image obtained by averaging returning
echoes over 4 transmission cycles to get every A-scan that

form the image, using a 27 kHz PRF. The transducer is excited
with a -75 V, 25 ns wide single-squared pulses.

in MatLab, adjusting the bandwidth to that of the transducer (10 MHz - 30
MHz). Figure 5.6 shows the magnitude of the frequency response for selected
FIR filter with a passband between 10 MHz and 30 MHz and a sampling rate
of 100 MHz. The classical techniques for designing FIR filters are consid-
ered: windowing, frequency sampling, McClellan transformation and least
squares [74].

The least-squares linear-phase FIR filter has been chosen because it pro-
duced less ripple in the attenuation band. The ratio of the pass-band to the
stop-band attenuation is above 80 dB, as shown in Figure 5.7. This FIR filter
is optimal since minimizes the maximum error at the desired frequency band
(as well as the one based on the Parks-McClellan algorithm).

5.2.1 Discussion

In this experiments, we have evaluated various configurations of the pulses
that excite the transducer. Specifically, the pulse amplitude is gradually in-
creased from -50 V to -100 V in -25 V steps (according to the characteristics
of the pulser) until good quality is obtained for the images, according to the
ALARA principle. However, we have to take into account the output power
to ensure meeting the regulatory limits to minimize the risk to the patient.

To verify that extent, we rely on the acoustic output measurements of the
focused transducer we use, which were performed by the National Physical
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FIGURE 5.6: Comparison of magnitude frequency response
of designed FIR bandpass (10 MHz - 30 MHz) filters based
on: (1) windows (Hamming), (2) frequency sampling, (3)

Parks–McClellan transformation and, (4) Least-squares.

FIGURE 5.7: RF signal filtered by a least-squares linear-phase
FIR filter between 10 and 30 MHz.
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(A) (B)

FIGURE 5.8: TI (a) and MI (b) measurements (marked -•-)
according to pulse amplitude configurations of -50 V and -75
V. New data points (marked -◦-) corresponding to -100 V are
obtained by linear interpolation. Red lines indicate the FDA

recommended limits of TI < 0.7 and MI < 0.9.

Laboratory (NPL) in 2019. From this ultrasonic field characterization, the TI
and MI have been measured for each pulse amplitude configuration. Figures
5.15a and 5.15b show the results obtained of TI and MI respectively, for pulses
amplitudes of -50 V and -75 V. In both cases, these two points are connected
with a straight line to roughly estimate the value corresponding to -100 V.

These measurements are then compared against the safety thresholds rec-
ommended by regulatory bodies, in this case, the FDA (See Section 2.5). Re-
sults revealed that all the pulse amplitude settings considered complied with
the corresponding safety standards for both the TI (< 0.7) and the MI (< 1.9).
However, the estimation for -100 V presented a MI value of 1.48 that is close
to the recommended limit, indicating the need for careful monitoring (or
even adjustment) in clinical settings. Accordingly, the selected -75 V pulse
amplitude setting obtains a good enough quality of the captured ultrasound
image while reduces the risk to the patient. Table 5.2 shows the ultrasound
imaging configuration selected for the meningitis application. This config-
uration, together with the initial parameters set in Table 5.1, will be used
throughout the rest of the thesis.

5.3 Evaluation of system resolution

A definitive demonstration of resolution can be achieved by imaging real fea-
tures that have already been characterized using a reliable technique, which
serves as a ground truth with which to compare. To evaluate the capacity
of the proposed solution for imaging white blood cells, in vitro experiments
using both setup 1 and 2 are conducted under different concentrations rel-
evant to meningitis diagnosis (7-, 19-, 69- and 646-pp/μL). The basic idea
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TABLE 5.2: Ultrasound configuration adapted for the meningi-
tis application in which images are optimally displayed while

complying with the regulatory safety limits.

Configuration parameter Value
Gain 35 dB
-20 dB attenuator disabled
Pulse amplitude -75 V
Pulse width 25 ns
Pulses number 1
"Average" enabled (4 transmission cycles)
PRF 20 kHz
FIR filter Passband (10 MHz - 30 MHz)

based on least-squares method
Envelope extraction enabled (Hilbert transform)

is to evolve from the simple setup 1 to the setup 2 based on the anatomical
phantom. Batches of 100 images are acquired for each experiment.

5.3.1 Setup 1

For this experimental setup, the probe is dipped into a ultra pure water sus-
pension with 7-μm-diameter particles (setup 1) with the concentrations men-
tioned above. The probe is introduced in the container at a minimum depth
such that the transducer emitting face is in direct contact with the water. Me-
chanical alignment is performed via the elevating platform while receiving
real-time image feedback from the application software, ensuring to have the
focal region inside the area of interest in the liquid.

Figure 5.9 shows representative frames of experimental HR B-mode im-
ages (video-mode) obtained from setup 1 for every concentration. Similarly,
Figure 5.10 shows the images corresponding to the HHR-mode acquisitions.

5.3.2 Setup 2

In this case, a coupling gel is applied on the fontanelle cap to facilitate energy
transfer. The probe is then lowered into the coupling gel, simulating the pro-
posed mode of operation. Due to the physical fragility of the phantom, the
transducer can not contact the fontanelle during scanning but scans through
the thin gel layer between the transducer head and the fontanelle cap. It is
important to locate the CSF zone inside this model, where the particles are
located. To this end, the transducer is moved mechanically using the depth



64 Chapter 5. Tests and results

(A) (B) (C) (D)

FIGURE 5.9: Detail of the HR B-mode images (video-mode) ob-
tained with setup 1 on 7–μm particles suspension under 7-, 19-
, 69- and 646–pp/μL concentrations, respectively from left to

right.

(A) (B) (C) (D)

FIGURE 5.10: Detail of the HHR B-mode images (video-mode)
obtained with setup 1 on 7–μm particles suspension under 7-,
19-, 69- and 646–pp/μL concentrations, respectively from left

to right.

motor in the probe until aligning the area of interest with the focal zone in
the center of the image.

Figure 5.11 shows representative frames of experimental HR B-mode im-
ages (video-mode) obtained with setup 2 for 7-, 19-, 69- and 646–pp/μL con-
centrations, respectively. Similarly, Figure 5.12 shows the corresponding im-
ages relative for HHR-mode acquisitions.

5.3.3 Discussion

The ultimate measurement of resolution in this application is to distinguish
particles from liquid. Experimental results show that the implementation
proposed can attain 7 μm particles. In the horizontal band running through
the center of the image, where the focal zone is located, the bright traces of
the particles can be clearly distinguished from the background. This focusing
effect becomes more evident as the concentration increases.

As the concentration increases, it can also be observed that traces of nearby
particles can overlap and appear as single particles or clusters in the image.
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(A) (B) (C) (D)

FIGURE 5.11: Detail of the HR B-mode images (video-mode)
obtained with setup 2 on 7–μm particles suspension under 7-,
19-, 69- and 646–pp/μL concentrations, respectively from left

to right.

(A) (B) (C) (D)

FIGURE 5.12: Detail of the HHR B-mode images (video-mode)
obtained with setup 2 on 7–μm particles suspension under 7-,
19-, 69- and 646–pp/μL concentrations, respectively from left

to right.

The superposition of echoes is caused by the proximity between particles be-
yond the spatial resolution. This effect is due to the fact that the echoes of
the particles are larger than the particles themselves. This is a consequence
of the wavelength being greater than the size of the cell [15].

It is important to notice that the pulse firings affects the path of the parti-
cles as shown in their flow patterns from Figures 5.10a–5.10d and 5.12a–5.12d
for HHR scans on both experiments. Figures 5.13a–5.13c depicts how parti-
cles are actually pushed down by each repeated pulse-echo used to form
a scan line. Since ultrasound images are generated using consecutive scan
lines, the motion of particles is translated into the image as the characteristic
sigmoid shaped traces observed in Figure 5.13d and others above.

This movement is due to the the ultrasound pressure field produced by
the focused transducer that is stronger in the focal zone and may end up
moving a particle out of the focal zone after several acquisitions. On the
other hand, these movements push new particles to the focal zone. The sig-
moid effect at the ends of the traces is due to the fact that, at the ends of
the focal zone, the particle receives less pressure, so the displacement effect
is less pronounced when composing the image. The acoustic origin of this
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(A) (B) (C) (D)

FIGURE 5.13: Difference on the pressure effect of the
ultrasound beam on the speed of a particle depending on its
location: (a) above the focal area, (b) in the focal area, and (c)
below the focal area. This location dependent pressure effect

creates a sigmoid shaped trace on the particle trajectories
when multiple scans are consecutively shot without moving

the scanner head (M-mode, extreme case) (d).

force is observed when the pulse energy and PRF are varied in the vicinity
of the particle. This effect is evident in HHR scanning, where the scan lines
are acquired closer together to increase lateral resolution. When several ac-
quisitions are obtained and averaged to get every single A-scan at any given
position, this effect is even more noticeable when the PRF is increased. This
effect support the decision to maintain the average number at 4. The extreme
case is achieved by obtaining acquisitions in the same position, without mov-
ing the scan motor (M-mode).

As mentioned in Section 3.3.1, this imaging method acquires scan lines
to create the image by sending multiple pulses sequentially. Particles move
during the data acquisition process. However, the temporal resolution is suf-
ficient to track the resulting particle pattern in the images with lateral coher-
ence.

5.4 On-device evaluation of CSF classification ac-

cording to WBC concentration

The DL model deployed into the Jetson Nano application is trained to classify
CSF patterns according to the WBC values obtained through LPs [67]. To this
end, high resolution B-mode images have been collected from patients re-
cruited in three Spanish university hospitals, one Mozambican public teach-
ing hospital and one Moroccan university hospital. Patients are neonates
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FIGURE 5.14: Example of the probability distribution of the 18
images acquired for two patients. According to the ground
truth, controls are labeled in blue and meningitis cases in or-
ange. Each dot shows the probability of each image of belong-
ing to the control class (X axis) versus belonging to the menin-
gitis class (Y axis). The crosses indicate the final classification

(median probability) for each patient.

and young infants (<24 months) with an open anterior fontanelle and an in-
dication for LP due to suspected meningitis (LP performed within 24 hours
from image acquisition). For analysis purposes, a threshold of more than 30
WBC/μL has been established for positive cases of meningitis. Conversely,
controls are defined as patients with a WBC count below the aforementioned
threshold. The CSF laboratory-based WBC counting is used as the ground
truth data to train and evaluate the DL model.

The process of acquiring CSF images for WBC concentration analysis from
the proposed platform consists of several steps. First, a suitable view of the
CSF needs be found manually in HR resolution, considering the anatomical
characteristics specific to each patient. Images with visible poor coupling
should be avoided. Then, lateral resolution is increased in the region of in-
terest and multiple images are acquired in HHR resolution, being 18 images
enough to give an accurate prediction. The model is applied to each of the
acquired HHR images. With this model, each image obtains a probability
of belonging to either the control class or the meningitis case class. The fi-
nal classification is calculated as the median of the probabilities of all the
images. Figure 5.14 shows an example of HHR images from two different
patients classified as control and meningitis case, respectively.
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(A) (B)

FIGURE 5.15: Performance comparison when running
inference of the classification model on (a) NVIDIA GeForce
RTX 3090 using CUDA vs (b) GPU accelerator of the Jetson

Nano using TensorRT.

5.4.1 Discussion

The performance of the classification model deployed on the device is eval-
uated at both the individual image and patient level (combining the prob-
abilities of all images). With regard to single HHR image classification, the
performance on the platform where the Pytorch model is trained and eval-
uated (NVIDIA GeForce RTX 3090) using CUDA is compared against that
obtained on the embedded computing platform of our platform (NVIDIA
Jetson Nano) using TensorRT. The predicted classes match on both platforms
with a Pearson correlation coefficient (PCC) of 0.999 (almost perfect correla-
tion), as shown in Figure 5.15.

Since the performances of both systems practically coincide at the indi-
vidual image level, it is evident that they will be very similar at the patient
level. Table 5.3 shows the accuracy, as well as the sensitivity and specificity,
achieved by this model at both levels after being evaluated using 1823 HHR
test images.

TABLE 5.3: Performance of the classification model of CSF pat-
terns according to the WBC concentration.

Image level Patient level
Accuracy 82.0 % 94.7 %
Sensitivity 72.2 % 94.1 %
Specificity 86.3 % 94.9 %

Likewise, we have compare the inference execution time on both plat-
forms. The model setup time is not considered, nor any other time related to
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image processing. The average time to classify an HHR image is about 2 ms,
very similar on the two platforms.

The complete time required to obtain the necessary ultrasound images
and provide an estimate based on the WBC count can be derived from the
time spent at each step of the procedure. After pressing the start button, the
system spends 736 ms to generate every B-mode image, as shown in Section
4.3.2. The routine procedure consist of capturing a certain number of HR
images to find the region of interest. Then, 18 HHR images are required to
obtain the patient classification, to which the model inference time must be
added to obtain a total latency of 738 ms per HHR image. The result is that
the entire procedure can be completed in only a few minutes, which is a very
satisfactory result according to the current clinical practice. Therefore, this
method produces rapid measurements that meet the expected limitations of
clinical settings, due to factors such as gravity of the disease and undesirable
movements of patients and operators.
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Chapter 6

Conclusions and future directions

6.1 Conclusions

A portable platform has been implemented to achieve high resolution ultra-
sound that allows the non-invasive evaluation of the concentration of WBC
in the CSF below the fontanelle of neonates and young infants. In this way, it
is possible to confirm or exclude with reasonable confidence the suspicion of
infant meningitis. Although ultrasound is considered a safe imaging method,
special care has been taken not to exceed the established acoustic safety lim-
its.

This thesis attempts to draw attention to a disease that remains a world-
wide burden with devastating consequences, especially for young infants. In
response, efforts have been devoted to researching and developing a non-
invasive alternative or complement to the traditional methods used to diag-
nose infant meningitis, such that more sick children can have access to rapid
screening methods.

Ultrasound is one of the most widespread imaging modalities in clinics,
due to its low cost, portability, and safety. In addition, it is recognized as a
form of non-ionizing energy that can be applied in a non-invasive way. These
unique features make ultrasound a valuable option with the potential to have
a reach beyond that of other imaging tools.

However, conventional ultrasound imaging techniques are limited in spa-
tial resolution to visualize WBC in the CSF. Using high-frequency ultrasound
by means of a 20 MHz focused transducer, the spatial resolution has been im-
proved to the point where the backscatter signal of the microscopic WBC can
be detected. With a mechanically-driven probe specifically designed for this
application, the CSF is scanned laterally at high resolution, allowing a co-
herent reconstruction of the frames with respect to the imaged area. Several
components, both hardware and software, were efficiently integrated into a
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single AI-powered solution to enable accurate imaging and CSF analysis ac-
cording to the WBC concentration.

The optimization process and in vitro evaluation of the implemented sys-
tem were essential to adjust the ultrasound configuration in order to obtain
high quality images while complying with TI and MI safety guidelines. With
this configuration, direct detection of 7 μm particles in watery suspensions
was achieved using a phantom based on the anatomy of a neonatal head.
In addition, experimental measurements were conducted to characterize this
particles in solutions under different concentrations relevant to meningitis
diagnosis. This experiments provide valuable information on the concentra-
tion, size or unique flow pattern of such particles that can be directly aligned
with those present in white blood cells inside the CSF.

The developed system allows acquiring images with high resolution pro-
viding excellent clarity and detail. The high acquisition rate provided by this
imaging method has enabled smooth visualization of particle flow inside the
experimental setup, which probes the temporal resolving power of this imag-
ing paradigm in depicting flow motion. Thus, the temporal resolution and
spatial resolution are closely linked to follow the motion of the white blood
cells.

A DL model have been embedded into the platform to classify patients
based on CSF patterns according to WBC concentration. Hence, if the diag-
nostic levels of white blood cells in the CSF are exceeded and a meningeal
infection is suspected, treatment can be initiated. The performance of these
algorithms running on-device has not been noticeably affected due to the
optimization process performed for the specific hardware of this platform.
Moreover, local processing contributes to accelerate the results, allowing on-
site analysis to be performed in a matter of minutes.

Clinical trials conducted in Spain, Morocco and Mozambique have shown
promising preliminary data that demonstrate the potential of the platform.
With this device, the diagnosis of infant meningitis can be supported when
LPs and CSF analysis are not feasible, as could be the case in resource-poor
countries. On the other hand, it would contribute to reduce the indications
for LP among patients with a low degree of suspicion, specially in countries
with more resources, where complementary test are available. In addition,
since ultrasound imaging is non-invasive, the progression of the infection
can be followed serially in the patient, with patients serving as their own
control. This ability to assess the progression of the infection and the re-
sponse to treatment non-invasively is a significant advantage of ultrasound.
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All this factors could enable a more efficient use of resources and efforts in
the plans to defeat meningitis.

To conclude, this thesis has presented a comprehensive approach that es-
tablishes a robust and efficient methodology for accurate and immediate CSF
analysis, ultimately improving the diagnosis of infant meningitis through an
optimized and thoroughly evaluated platform.

6.2 Future directions

Further research and development efforts are warranted to refine the tech-
nique, validate its clinical utility, and ultimately improve outcomes for neonates
and young infants at risk of meningitis. In this case, as it is a medical device,
a strong validation and certification is required to meet the specified require-
ments.

Future work will focus on improving the ultrasound configuration meth-
ods to achieve an optimal balance between safety and image quality. The aim
is to dynamically adapt the configuration parameters based on the analysis
of the acquired data. In other words, a closed-loop system where feedback
information is obtained and the necessary adjustments are applied. Addi-
tionally, advanced image processing techniques will be explored to further
improve image resolution and ultimately enhance the efficiency and reliabil-
ity of DL models.

One of the major challenges in high resolution ultrasound imaging is to
determine the accuracy of the system. It is difficult to verify whether the ob-
served components have been correctly reconstructed and properly represent
the underlying structures. The complexity of biological tissues and the pos-
sibility of artifacts or distortions further complicate this verification process.
More studies are needed that include extensive testing, comparisons with
other imaging modalities, and the development of advanced algorithms to
improve reconstruction accuracy.

In addition, much research remains to be done to develop more effective
algorithms and models for evaluating WBC concentrations in the CSF using
high-resolution ultrasound. This involves not only creating more accurate
computational methods for detecting and quantifying cells but also validat-
ing these methods against established standards. Such research would need
to address challenges such as distinguishing between different types of cells,
dealing with varying fluid compositions, and ensuring robust performance
across different clinical settings. Progress in this area could greatly enhance
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the diagnostic power of ultrasound, enabling more precise and reliable anal-
ysis of serous body fluids for medical diagnoses.

In fact, although the primary focus of the device revolves around infant
meningitis, this platform can enable the screening and monitoring of other
infections in serous body fluids enhanced by the use of advanced algorithms
and AI techniques. For example, new research projects have been opened re-
lated to other applications such as the screening, diagnosis and non-invasive
monitoring of: (i) peritoneal dialysis-related peritonitis and (ii) uveitis.
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Application GUI
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FIGURE A.1: Application GUI from which the system can be
controlled in an advanced way, compared to the Touch Display,
which is more limited. This GUI is composed of the follow-
ing elements: (1) patient ID indicator, (2) HHR zone control,
(3) focus control, (4) view control, (5) corresponding view, (6)
start/end operation control, (7) connected modules indicator,
(8) ultrasound parameters configuration panel. This specific
case corresponds to the Test view, from where the HHR B-mode

image can be observed.
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FIGURE A.2: Evaluation view (1) of the application GUI, from
where the individual scan lines (A-scans) can be analyzed in the
time (2) and frequency domain (magnitude (3) and phase (4)).
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