





























































































































































































































































































































































































































































































































Figure 16 | Electrophysiological recordings in response to brain stimulation
with transcranial pulsed ultrasound. (a) EMG traces (black) illustrated at a
high temporal gain show forepaw (top) and tail (bottom) motor responses
produced by two consecutive trials of brain stimulation with the TPU
waveform indicated (red). (b) Six consecutive EMG responses are
illustrated at a lower temporal gain compared to (a) show the repeatability
of brain stimulation evoked with TPU delivered at a 0.5 Hz stimulus
frequency. (c) Photographs illustrate an extracellular recording
configuration used for monitoring in vivo neuronal activity in response to
TPU stimulus waveforms delivered to the brain. Note that for in vivo brain
recording experiments it is highly recommended that an acoustic
collimator is used for transmitting TPU through the skull to the extracellular
recording site as illustrated. (d) Fifty representative individual traces (gray)
and average traces (black) of multi-unit activity (MUA; left) and local field
potentials (LFP; right) recorded in response to brain stimulation with the
TPU waveform indicated (red).
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Figure 17 | Induction and disruption of electrographic seizure activity using
UNMOD. (a) EMG recording traces of forepaw and tail motor responses
produced by a the transcranial delivery of a 5 second continuous wave
(CW) US (0.35 MHz) stimulus waveform to an intact mouse brain. Note
brain circuit activity evoked with CW waveforms last tens of seconds
compared to those evoked with pulsed US waveforms, which last tens of
milliseconds as illustrated in Fig. 3a,d. (b) Photograph (left) shows a
mouse immediately following an i.p. injection with kainic acid (KA) to
induce seizure activity. Example EMG recording traces (right) illustrate
typical spontaneous activity patterns as a mouse develops
pharmacologically-induced seizures. The top EMG trace shows forepaw
limb activity 10 min after KA injection while the bottom trace clearly depicts
electromyographic seizure activity 30 min following systemic KA
administration. (c) KA-induced seizure activity can be disrupted using
responsive UNMOD as illustrated by the EMG recording traces from four
representative trials of brain stimulation with US in epileptic mice (also see
Video 2). The EMG recordings obtained from a forepaw limb clearly show
the attenuation of seizure activity in response to a 5 sec CW US stimulus
waveform transmitted to the brain. In addition to CW US, seizure activity
can also be attenuated using TPU.
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Anticipated Results
Brain stimulation using transcranial ultrasound

In its history US has been shown capable of modulating electrically-
or sensory-evoked neuronal activity in a variety of experimental
preparations (Table 1). Recent progress is expanding the use of US for
neuromodulation based on observations that it can be used to directly
stimulate action potentials, synaptic transmission, and synchronous
oscillations in intact brain circuits (Tufail, Matyushov et al. 2010). The
above protocols provide the details needed to visually observe,
electrophysiologically record, and functionally translate US-mediated
stimulation of intact mouse brain circuits. We have described how to apply
US for brain stimulation using both pulsed and continuous wave (CW)
stimuli. The specific protocols we provided should enable one to study
how different types of UNMOD stimulus waveforms influence brain circuit
activity. Further, one should be able to construct and implement a broad
set of pulsed US waveforms for brain stimulation by varying key
parameters including: acoustic frequency (Ay), cycles per pulse (c/p),
pulse-repetition frequency (PRF), and number of pulses (np; Fig. 14d-g).
General guidelines for UNMOD waveform parameter ranges include: A
from 0.25 to 0.50 MHz, ¢/p from 50 to 490, PRF from 1 to 3 kHz, and np
from 250 to 1000.

When the entire motor cortex is subjected to pulsed UNMOD
waveforms, robust motor responses should be observable and/or
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electrophysiologically recordable using EMG electrodes (Fig 16a,b).
Additionally, the fabrication of acoustic collimators allows for the acoustic
beams to be laterally restricted such that brain regions can be more
spatially isolated. The use of acoustic collimators also readily supports
extracellular recordings of US-evoked brain activity in vivo (Fig. 16c¢,d).
Using the protocols described above, we have previously shown that
UNMOD is capable of stimulating intact subcortical circuits, such as the
mouse hippocampus (Tufail, Matyushov et al. 2010). Stimulation of the
motor cortex with transcranial pulsed US (TPU) can evoke EMG activity
with response kinetics (Fig. 16a,b) similar to those reported using ChR2
and microelectrodes (Ayling, Harrison et al. 2009). In stark contrast to
TPU-evoked activity lasting tens-of-milliseconds, stimulation of motor
cortex using transcranial CW US waveforms for several seconds can
induce prolonged seizure activity often lasting tens-of-seconds (Fig. 17a).
Interestingly, seizure activity produced by CW US does not temporally
coincide with the stimulus onset as observed for evoked responses
produced by TPU (= 20 response latency; Fig 16a,b). Robust seizure
activity triggered by CW US rather emerges with a second or more lag
following stimulus onset (Fig. 17a). Such differences in the activation
kinetics and cellular response profiles triggered by different UNMOD
waveforms should be a focus of future investigations. This is especially
true since the variable actions of UNMOD will likely enable different
applications of US for brain stimulation.
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Applications for disease models

In general, brain stimulation has been shown effective for treating a
host of neurological and psychiatric diseases (Bliss 1973; Newall, Bliss et
al. 1973; Randhawa, Staib et al. 1973; Thuault, Brown et al. 2005;
Wagner, Valero-Cabre et al. 2007). Since US is capable of noninvasively
stimulating intact brain circuits in a manner similar to conventional
electromagnetic approaches (Tufail, Matyushov et al. 2010), we have
previously proposed that US may represent a new tool for clinical
neuromodulation (Tyler 2010; Tyler, Tufail et al. 2010). The protocols
described above serve to highlight several advantages of UNMOD, which
broaden its potential for developing novel therapeutic brain stimulation
approaches. As demonstrated, such an application could be for disrupting
runaway neuronal activity observed in epileptic seizure episodes (Fig.
17c). Conversely, one might use CW US for evoking seizures as
illustrated (Fig. 17a). Stimulation of seizure activity by CW US may prove
useful in applications designed to screen how potential pharmacological or
molecular and genetic interventions influence seizure susceptibility in
rodents.

The major advantages of UNMOD are that it is flexible in being able
to influence a variety of brain activity patterns, it is noninvasive by not
requiring surgical or genetic manipulation, it can be rapidly applied, and it
confers a spatial resolution several millimeters better than other currently
available noninvasive brain stimulation methods. In addition, there is a
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strong potential for using UNMOD in the noninvasive functional mapping
of both normal and diseased brain circuits since US is compatible with
MRI. Thus, with further development we anticipate UNMOD will be able to
readily support studies of normal brain function, the development of novel
therapeutic interventions, and noninvasive neurodiagnostics. The
protocols provided above represent necessary starting points for driving
such exciting new tools and possibilities forward to fruition in modern

neuroscience.
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Chapter 5
DISCUSSION

Prior investigations into the effects of ultrasound on neural tissue
have produced significant findings, but until now there have been no
reports of explicit data on the direct stimulation of intact neural circuits.
The methods and observations detailed in this dissertation provide novel
insight into the interactions of mechanical energy and the central nervous
system.

Our initial investigations discovered that pulsed ultrasound of
specific frequencies and intensities could activate, whether indirectly or
directly, sodium channels, calcium channels, and synaptic transmission in
hippocampal slice cultures (Tyler, Tufail et al. 2008). This was followed up
by translating our approach to an in vivo mouse model where cortical and
subcortical neuronal activation was achieved (Tufail, Matyushov et al.
2010). After establishing that ultrasound can readily be used to stimulate
the intact brain, we asked whether this method could join the ranks of
other current noninvasive neurostimulation interventions. Just as rTMS
and tDCS studies have reported ameliorating effects in the diseased brain,
the implementing of ultrasound for such neurological and psychiatric
applications may provide exceeding results, as TPU is not limited to
cortical regions and offers greater spatial resolution. This dissertation work

is the first to report the direct stimulation of intact nervous tissue and
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provides a detailed protocol to replicate such observations while

suggesting its utility in brain disease models.

Mechanisms behind ultrasound induced neuronal activity

Despite the significant though sparse data on the influence of
ultrasound on the central nervous system, the exploration into the
underlying mechanisms is only recently forthcoming and has remained
elusive. Since ultrasound has become profoundly known for its clinical
imaging and physiotherapy, much of the work into the discoveries has
been limited to these active fields of study. This has produced a general
classification scheme for ultrasound based therapies. High power
ultrasound is employed by methods such as high-intensity focused
ultrasound (HIFU) and lithotripsy, whereas low intensity ultrasound
employs sonophoresis, sonoporation, gene therapy and bone healing (ter
Haar 2007). In this regard, the nature of ultrasound, or mechanical energy,
can physically interact with a medium in a thermal and non-thermal
manner (Dalecki 2004). Under current standards, the intensity values used
in our studies fall under the low-intensity, non-thermal effects. Additionally,
the lack of gas bodies in the brain support this assertion.

The non-thermal bioeffects include acoustic radiation force and
cavitation. Acoustic radiation force results from the transfer of momentum
from the acoustic field to the object, or medium (Dalecki 2004). Radiation
force is responsible for producing radiation torque and acoustic streaming
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(Dalecki 2004). This force is capable of displacing small ions, molecules,
and even organelles. The mechanical pressure produced from the
radiation force can also induce movement of the fluid along and around
cell membranes (Johns 2002). These mechanical actions on biological
tissues have led to a hypothesis that attributes the physical properties of
fluids and membranes as major components to the underlying
mechanisms. This hypothesis perceives the environment of the brain as a
set of dynamic boundary conditions that give rise to acoustic impedance
mismatches (Tyler 2010). The presence of these mismatches give rise to
stable cavitation, fluid micro-jets, eddying, turbulence, shear stress and
Bernoulli effects as the propagation of the acoustic fields come in to
contact with lipid bilayers, intracellular/extracellular fluids, and
cerebrovascular networks (Tyler 2010). It is probably these phenomena
that manifest the ability of US to modulate neuronal excitability in two
ways. The simplest form of the mechanisms that encompass multiple
hypotheses and observations in the brain demonstrate that 1) the
viscoelastic properties of lipid bilayers under mechanical stress may
induce enough strain and turbulence to locally permeabilize the bilayer
allowing flux of ions and thus small changes in membrane polarization and
2) the direct energy absorption or stretch induced changes on
mechanosensitive transmembrane proteins may result with modulation of
receptor/channel gating kinetics (Johns 2002; Morris and Juranka 2007;
Tyler 2010).
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Keeping the proposed mechanisms of action in mind, it is important
to mention the correlation observed between the measured output of
stimulating the intact motor cortex, and the characteristics of the applied
acoustic waveform. As illustrated in Chapter 3, figure 10, there is an
inverse relationship between both acoustic frequency and intensity with
the normalized EMG response. What biophysical interactions are
responsible for producing a greater EMG event in response to lower
relative acoustic frequencies and intensities? One could hypothesize that
the shorter pulse durations may effectively act as a shock pulse to the
exposed neural tissue. This may act to displace ions across membranes
and alter membrane induced tension on ion channels, resulting with
modulation of gating kinetics. Additionally, we reported that greater EMG
responses were observed under the influence of lower acoustic
frequencies. These observations allude to a complex relationship between
the induction of neurostimulation and the effective acoustic parameters, as
the limits to the parameter space seem obscure and largely unknown.
During in vivo experiments, we initially set out to mechanistically test a
spectrum of acoustic intensities, but not only did this prove to be hugely
time consuming, it was very ineffective in producing reliable results. This
led to a more undirected search of acoustic parameters. Likewise, this
approach did not immediately yield any positive result, instead we
discovered that the animal’s plane of anesthesia was another highly
influencing variable.
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As an accepted and often dismissed limitation to studying aspects
of neurophysiology, the use of anesthetics imposes restrictions on the
ability to interpret data and its applicability to normal behavior. Our
observations during the application of ultrasound initially varied within
each subject over the course of time. We began to notice that depending
on the responsiveness of the animal within the first ~20 minutes of
anesthetic injection, the probability for obtaining an immediate ultrasound
induced motor response was variable. Increased reliability was obtained
when the animal was mildly responsive to the toe or tail-pinch reflex. What
are the interactions of anesthetics on the effectiveness of using ultrasound
for brain stimulation? Owing to the fact that our experiments solely utilized
a ketamine/xylazine cocktail, what observations can be made when a
different anesthetic is used? Will specific anesthetics yield dissimilar
effects when seeking ultrasound induced neuromodulatory effects?

In order to substantiate our claims for implementing ultrasound as a
potential neurological therapeutic, further investigations into the
responsible mechanisms underlying neurostimulation need to be carried
out. Additionally, issues such as the influence of anesthetic type and level
need to be resolved. Although a difficult set of tasks, much benefit will be
gained through these experiments as their undertaking will support the

benefit in the growth and translation of this method.

Biosafety of ultrasound
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The latest wave of ultrasound technology has emerged from its
applications in diagnostic imaging and tissue healing to non-invasive
surgery. The techniques and parameters used to manipulate US for its
particular application vary substantially, thus suggesting the need for
detailed analysis. Fetal ultrasonic scanning has become routine practice
for clinicians as it has maintained a positive safety record for many
decades. This type of diagnostic imaging employs frequencies in the
range of ~1-10MHz while being regulated by the U.S. Food and Drug
Administration (FDA) for safety measures. A method to quantify the output
levels of such diagnostic tools calculates what is known as the thermal
index and mechanical index. The thermal index describes the energy
required to raise tissue temperature 1°C (Mitragotri 2005). The Mechanical
index is more precisely defined as the peak negative pressure, at its max
pulsed intensity integral, divided by the center frequency of the transducer
(Dalecki 2004). In addition to these measures, reporting such intensities
as spatial peak temporal average intensity (Ispta), spatial average
temporal average intensity (Isata), and spatial peak pulse average
intensity (Isppa) are also significant and accepted parameters used to
define exposure and dosimetry (ter Haar 2007). The motivation for
determining such measures resides in the ability of US to inflict damage
upon tissues through mechanisms described by thermal and non-thermal
interactions. The better known major biohazards to appreciate are
manifested by the thermal effects. It is important to know how ultrasound
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can elicit thermal effects on the biological application of interest within a
given acoustic field and its environment, such as the uterus of a pregnant
female or the intact brain of a human patient. Manipulating the thermal
effects, HIFU is capable of raising the temperature in live tissue above
56°C in less than 3 seconds (ter Haar 2007). When live tissue reaches
temperatures between 57-60°C, the threshold for protein denaturation is
obtained and coagulation necrosis occurs (Jolesz 2009). To achieve
temperature levels of this magnitude, it has been reported that a peak
power of 63 watts can produce a peak temperature rise of 64.1°C at a
depth of 29 mm using a single element transducer on the head and
through the tissue of a primate (McDannold, Moss et al. 2003). In addition,
it was recently reported that a dose of 17.5 equivalent minutes of US that
raises tissue to a temperature of 43°C can induce thermal coagulation as
the probability for tissue coagulation using the stated parameters is
roughly 50% (Jolesz, Hynynen et al. 2005; Hynynen, McDannold et al.
2006). For reasons implicated by the results obtained from groups
implementing various parameters, it is clear why all scenarios of US
acoustic parameters and biological environments must be well
characterized or predicted to ensure the absence of undesired biological
effects.

The non-thermal effects of ultrasound can be more subtle and
therefore must be carefully considered when determining biosafety. As
mentioned, the many modes of physical interactions US may elicit on
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tissue invoke a need for extensive study. It has been reported that
prenatal exposure to ultrasound parameters similar to those used in
obstetrical clinical practice can affect neuronal migration in the cerebral
cortex (Ang, Gluncic et al. 2006), but follow up studies supporting a
functional significance for these observations lacks exploration. There is
an opposing general school of thought that stresses the observations that
bubbles or gas bodies are obligatory for producing non-thermal damage to
living tissue (Church and Carstensen 2001; Church, Carstensen et al.
2008). The well established organs that readily maintain US sensitive gas
bodies are the lungs and gastrointestinal system (Dalecki 2004). In order
to study the non-thermal cavitational effects of US in the brain, contrast
agents such as Albunex™ are introduced to the vasculature of the
specimen under study. Contrast agents such as these contain gas bodies
that are cavitationaly responsive to acoustic fields. When a lithotripter field
of 2 MPa is delivered to a specimen containing US contrast agents,
microvascular damage can be observed in most soft tissues including
muscle, mesentery, kidney, stomach, bladder, and fat (Dalecki 2004). It
should be stressed that a great understanding of the acoustic interactions
with biological tissues and their natural environments should be uncovered
and detailed knowledge of the mechanisms is crucial for properly
evaluating safety measures. The report that acoustic pressure fields with
amplitudes up to 40 MPa display only minimal damage to soft tissues
(Dalecki 2004) makes this point evident. Although requiring further
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investigations, our methods for TPU produce energy profiles with peak
rarefactional pressures (pr) on the order of 0.085 MPa (Tufail, Matyushov
et al. 2010).

The horizon for US bio-applications has recently broadened and
innervated new clinical significance, therefore the efficacy must be re-
evaluated and again carefully studied to maintain its safety record.
Problems may arise when instruments carefully designed, for example,
fetal diagnostic scanning become used for other in-vivo or in-vitro
applications, and maintaining the same methods that measure output
levels are interpreted to have the equivalent safety rating (Leighton 2007).
As a trend with many citations, great effort is focused on the behavior that
is elicited by the specimen being exposed to ultrasound. Subsequently,
details describing the US waveform(s) can be overlooked and imprecisely
reported, including considerations of the acoustic environment. Tim
Leighton provides an example by explaining that reports like these can be
misleading. Mechanical index is widely used when US is applied with
contrast agents even though their presence reduces the validity of the Ml
in representing the conditions (Leighton 2007). In addition, Leighton also
states that albeit hydrophones are used to detect pressure fields, one
must appreciate the ability of the acoustic environment, especially the
dynamic properties of biological systems, that changes may occur non-

linearly or through reflection and diffraction (Leighton 2007).

185



The challenges must be surfaced when attempting to establish a
standard level of safety. The importance of considering such details as
interaction between hydrophone, ultrasonic field, bio and non-bio species
need to be considered because these can be sources of large scattering
or diffracting targets, and the measurement can be complicated by

directionality and spatial averaging (Leighton 2007).

Innovative technology

The studies reported here employed sources of ultrasound from
single element planar ultrasonic transducers. Despite the resolution
obtained for neuronal activation using methods developed here, we lack
the technical access to implement and manipulate the complete
capabilities ultrasound has to offer. Our data suggests a competitive trait
compared to the resolution limits reported for TMS (1.5-2.0 mm versus ~1
cm) (Barker 1999; Tufail, Matyushov et al. 2010). With these numbers in
mind, the implementing of current ultrasonic focusing technologies with
our TPU methods could observe a superior succession of ultrasound for a
noninvasive neurostimulation device. One such current method uses
multiple transducers arranged in phased arrays to spatially control the
acoustic focal point. Although this method has been developed for the
application of HIFU used for noninvasively ablating brain tissue, the lesion
diameters were between 3 and 5 mm (Hynynen, Clement et al. 2004;
Martin, Jeanmonod et al. 2009). Aside from the 500 element or 1024
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element design used in HIFU studies, the ability to achieve such resolution
is fundamentally dependent on the frequencies utilized. This notion has
been recently surpassed by the employment of acoustic meta-materials
(having a negative refractive index) enabling subdiffraction acoustic spatial
resolutions (Zhang, Yin et al. 2009; Tufail, Matyushov et al. 2010). Based
on these currently proven technologies, it is reasonable to hypothesize
that the marriage of the mentioned techniques along with our TPU
protocols may produce a tool that could noninvasively penetrate tissue
and skull, access subcortical structures, and accurately stimulate
submillimeter brain regions. Future technologies could conceivably
stimulate multiple and patterned brain areas simultaneously or even in

succession to replicate normal circuit activation in the compromised brain.

Applications for clinical models

Collectively, can TPU be realized as a useful tool for specialized
clinical practice?

The year 1928 marked the time where ultrasound was reported to
have an observable effect in a biological application (Harvey, Harvey et al.
1928). As progression has persisted in the field of ultrasound, the year
2009 had demonstrated that with the marriage of technologies from
multiple disciplines, ultrasound can be successfully used in clinical
applications for non-invasive brain surgery. A prime example was
conducted by researchers at the University Children’s Hospital in
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Switzerland where nine patients with neuropathic pain underwent selective
thalamotomies (Martin, Jeanmonod et al. 2009). The success for
demonstrating a complete non-invasive surgery into deep structures within
the human brain where patients reported 30-100% in pain reduction within
2 days post-treatment (Martin, Jeanmonod et al.) is well recognized.

One of the significant achievements that had occurred throughout
this time period was overcoming the boundary of the skull. Many biological
preparations have been used to observe and measure the induced effects
of US, but when the application for delivering US to the living brain
through the intact skull arose, it meant that superior methods for directing
US to a target through an acoustic scattering barrier had to be developed.
The skull acts as a penetrable obstacle to US because of impedance
mismatches as the compression and rarefaction of molecules translate
through different mediums. These mismatches arise from the intrinsic
fluidity and compressibility of the tissue as it must pass through skin,
bone, brain and all the interfaces in between (Tyler 2010). Through
experimental and modeling data (White, Clement et al. 2006)
demonstrated that lower frequency US achieves better bone transmission
in relationship to both density and skull thickness. As ultrasound passes
through these boundaries, the mechanical energy is deflected, scattered,
absorbed, and transmitted, thus drastically changing the initial waveform

characteristics it may have had in the near or far field of the transducer.
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The nature of such surgical applications requires that the
performance of the transducer(s) used to be superior. The performance of
transducers depends on the design, material, and apparatus. The purpose
for such high demands stems from the need to maintain the efficiency of
energy transfer through the skin and skull, as well as to maintain high
focusing tolerances, and the ability to steer the ultrasound focal point with
reliability. The fight to overcome the distortion that bone inflicts on
ultrasound has proven to be short lived. It was the use of a propagation
model that takes into account the thickness, orientation, and density
obtained from CT images of the head to activate sections of transducer
elements positioned in a hemi-spherical array that ultimately allows
focusing capabilities (Clement and Hynynen 2002).

Part of the motivation for exploring the use of TPU as a clinical
intervention originates from the idea that ultrasound may be a viable
avenue to supercede DBS and vagus nerve stimulation with regards to
their observed clinical benefits. It has been shown that electrical
stimulation can increase the expression of neurotrophic factors (Andrews
2003) and it is part of a suspicion as to how DBS and vagus nerve
stimulation have been observed to benefit a spectrum of neurologic
disorders (Wagner, Valero-Cabre et al. 2007). Fortunately, we were able
to reproduce these findings (Tufail, Matyushov et al. 2010), implicating the
translation of our technique and possibly the replacement of current

methods.

189



Unlike the currently implemented neurostimulation techniques,
ultrasound in theory could be used to stimulate different areas of a
patient’s intact brain without the invasiveness, without running the risks of
surgery, and incurring less costs. This approach could prove effective for a
greater population of patients as the origination of their neurological
deficits may prove to be variable across individuals.

Collectively, the observations in the numerous reports that use
ultrasound to manipulate particular functions of the nervous system, and
the technology used to safely and reliably target particular areas within the
brain opens a path for potentially limitless applications. One such
application, as demonstrated in this dissertation is the treatment for acute
epileptic seizure management. One may envision an apparatus in a
clinical setting that would be able to detect the onset of seizures through
surface EEG, and then simultaneously use magnetic resonance guided
ultrasound stimulation protocols to locate the brain region and abolish the
manifestation of a seizure. This can be a foreseeable intervention owing to
the fact that the tools mentioned are already in existence and currently
used in clinical settings. The major obstacles remaining include the
integration of all EEG, MRI, and focused ultrasound equipment. More
importantly, what remains is the understanding of the ultrasound
interaction with a diseased brain circuit. As mentioned, the mechanisms

behind ultrasound induced neurostimulation are still vague, therefore
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unveiling the properties to how UNMOD is effective for treating epilepsy
will require greater investigation.

In particular, an interesting question deals with the region specific
sensitivity to ultrasound. In other words, are different regions of the brain
more or less sensitive to particular parameters of ultrasound stimulation?
To address this question, and to surpass some of the limitations in our
prior experiments, the use of multi-electrode arrays for observing
extracellular neuronal activity may prove to be helpful in understanding the
propagation of the acoustic wave as it penetrates, absorbs, and scatters
throughout the brain. Another experiment would be to use MRI compatible
ultrasound transducers and equipment in order to map brain responses
using fMRI. Secondly, the direction and orientation of the applied acoustic
fields need to be investigated. For reasons that we can only speculate, the
orientation may be a significant factor because we observed orientation
specific activation of the hippocampus. We assumed that this was due to
the layered and structured organization of the brain, in addition to the
acoustic direction. With a roughly 50 degree change in angle approach,
we were able to successfully stimulate the hippocampus (fig. 13). These
aspects raise issues that call for scrutinizing investigations in order to see
this technology deliver its full potential as a clinical intervention.

As a foundation for prospective medical applications, TPU
possesses the characteristics and integrative capabilities to produce a
reliable and effective tool in the near future. Now is the time to stress such
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technology and explore the complete capacity it may have on nervous

system pathologies and further discoveries of normal brain function.
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