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Background. A large number of neurological disorders (neurodegenerative,
neurodevelopmental or trauma induced) are difficult to diagnose or assess, thus limiting
treatment efficacy. Existing solutions and products for this need are costly, extremely slow,
often invasive, and in many cases fail to definitively (and quantitatively) diagnose or assess
treatment.

Advances. For the past decade, we have been developing what we consider to be an
innovative low-cost sensory testing device (the Brain Gauge) that non-invasively assesses the
central nervous system (CNS). The objective has been to develop an inexpensive, highly
accurate, simple to use device to assess brain health in all environments: in the clinic, at
home, at work, on the battlefield or sports field. The device is non-invasive, generates no
harmful radiation, requires no chemicals nor exposure to dangerous substances. The device
does not require expensive disposables and does not involve the use of samples that require
physical processing in a central laboratory. Tests can be administered in a matter of minutes
and do not require expert oversight. The most recent versions of the technology are easily
portable; the device is the size and shape of a computer mouse. As such, the technology is
particularly well suited to non-drug, non-radiation based alternative and in-home care. The
device and methods have been used in numerous studies of neurological cohorts that are
often considered difficult to diagnose or assess objectively. Based on over a decade of studies
(currently an ontological database of over 10,000 subjects and over 60 peer reviewed
publications), the system can be used to enable clinicians to have a much better view of a
patient’s CNS health status. The diagnostic system delivers a battery of sensory based
(tactile) tests that are conducted rapidly - much like an eye exam with verbal feedback - and
the tests were designed to be predominantly impacted by specific mechanisms of CNS
information processing. Because of the broad diversity of the questions addressed by the
different metrics, combining the metrics allows for the generation of a unique individual CNS
profile that appears to be very sensitive to neurological status.

Outlook. A review of the development of the system and the application of the method in
basic and clinical research is provided to give readers an insight into why the methods were
developed, how the methods work and what the methods can be optimally utilized for. The
methods provide an objective means for clinicians and researchers to track brain health, and
examples of case studies of tracking recovery from concussion as well as response to
treatments are provided.
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Introduction

Current contemporary methods for assessing neurological disorders are often found inadequate
because they either lack sufficient resolution, are not practical or portable, lack specificity, and/or
are not accurate or objective. New, more advanced, methods of assessing brain health that are
portable, easily implemented and administered are needed in order to provide accurate and
objective outcome measures to better determine and/or track efficacy of recovery and/or treatment
of neurological disorders. Over a decade ago, we conceived a radically new approach to assessing
brain health. To summarize, this concept is very simple: it takes advantage of the very direct
mapping that exists from skin to cortex and creates measurable sensory percepts that occur from
interactions between well-defined groups of brain cells that are activated by stimulating the skin.
Conducting experiments with human and non-human primates in parallel, it was demonstrated that
there was a very high correlation between the sensory percept in humans and the patterns of brain
activity in non-human primates (for review, see Tommerdahl et al (1)). Additionally, we
demonstrated that alterations in different sensory perceptual metrics could be related to specific
underlying neural mechanisms, and in particular, to the dynamic changes that occurred cortically
in response to repetitive tactile stimulation. This, in turn, led us to develop a rich array of sensory
perceptual metrics (called cortical dynamic metrics or cortical metrics) that could be implemented
by delivering performance tasks with a high precision tactile stimulator.

Over the past decade, we have developed a number of cortical metrics to utilize in research for
evaluating CNS deficits across a wide spectrum of neurological disorders. Each of these cortical
metrics have been published independently (most multiple times), and these somatosensory based
tasks have demonstrated sensitivity to alterations in neurological function in autism (2-8),
Tourette’s (9), OCD (10), ADHD (11), Parkinson’s (12, 13), chronic pain (14-16), concussion (17-20),
aging (21), alcohol consumption history (22), early stage diabetes (23) and amputation (24).
Additionally, healthy individuals demonstrated sensitivity to pharmacological manipulation (low
dose of DXM (25)), conditioning with TMS (26-28) and different conditions of adaptation (1,29,30).
These studies were made possible by the utilization of a high precision tactile stimulator, and this
review discusses the concepts behind the methods, the device developed to utilize those methods, a
description of one of the cortical metrics (lateral inhibition), how the metrics are combined to
provide an overview of an individual’s brain health, and some exemplary results from case studies
that we have observed with this novel methodology.

The concept: non-invasively assessing brain health.

There are countless reasons that a person’s blood pressure could be high: hardening of the arteries,
too much salt in the diet, kidney malfunction, obesity, etc., could all be one of many of the potential
culprits that cause high blood pressure. The long list of things that could lead to high blood
pressure would seemingly deter us from using it as a vital sign, a standard measure of health, since
any of a number of factors could be what led to the deviation from normative values and thus, the
measure of blood pressure seems somewhat nonspecific. The same is true of all vital signs.
However, blood pressure is generally regarded as a starting point for a physician to determine
what, if any, more detailed assessment and subsequent action should be taken to return a patient to
cardiovascular health.

Vital signs have a well-earned central role in health and medicine because they allow a rapid and
accurate albeit non-specific assessment of the health status of a person. Could such a non-invasive
procedure exist for evaluating the general health status of a patient’s central nervous system
(CNS)? Is there a vital sign for brain health? We believe so. Sensory perception relies on many
facets of the CNS for a patient or subject to perform well (or within a “normal” range). First, it
requires that the peripheral nervous system (PNS) is, for the most part, intact. Second,
transmission of the signal must reach the sensory cortex (in the case of the somatosensory system,
via the spinal cord) with reasonably good fidelity. Third, processing within the cerebral cortex must
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be capable of spatially and temporally integrating information that it has received, and this
typically requires multiple levels of processing - both in the primary sensory cortex as well as at
cognitively higher levels.

When we began development of a method for evaluating brain health, we chose the somatosensory
system because it is ideally suited for the design of a such a CNS diagnostic system. First, the
organization of the somatosensory system is such that adjacent skin regions project to adjacent
cortical regions (i.e., it is somatotopic). In other words, if you mechanically vibrate two adjacent
finger-tips, you activate significant brain activity in two adjacent cortical regions that will interact
in a predictable fashion - assuming that the brain is healthy. Second, ambient environmental noise
in the somatosensory system can be easily controlled (i.e., it is less likely that a patient will be
exposed to distracting tactile input than auditory or visual input). Third, the somatosensory system
is the only sensory system that is highly integrated with the pain system, and this is often an
important aspect of a patient’s diagnosis. Pain will increase activity in cortical area 3a (31-33), and
this will suppress cortical areas 3b/1, the areas responsible for processing mechanical stimuli
(1,34), which in turn leads to alterations in the ability of an individual to process specific stimuli
(15,35).

Neurophysiological studies over the past 60 years have well established that corticalcortical
interactions play a significant role in sensory perception: adjacent and near adjacent neuronal
assemblies interact with one another and these interactions result in distinct percepts. For
example, the Nobel Laureate Georg von Bekesy first described lateral inhibition, the process by
which cortical neurons, when they become active, work to suppress or inhibit the activity of the
cortical neuronal assemblies surrounding them (36). While this description of lateral inhibition does
not seem all that earth shattering, it should be noted that von Bekesy made this proposition based
on sensory perceptual experiments. In other words, an important neurophysiological mechanism
was characterized simply by measuring what individuals perceived in response to sensory stimuli.
In the subsequent decades, neurophysiological experiments - including those conducted by our
group - demonstrated the concept of lateral inhibition. Additionally, a common experimental design
that was employed was to use neurophysiological experiments (e.g., extracellular recording and/or
high-resolution imaging in animals; see Tommerdahl et al (1) for review) to either confirm findings
predicted by (human) sensory perceptual experiments or to subsequently design sensory perceptual
experiments to confirm the role of neurophysiological mechanisms characterized by the animal
experiments.

The resolving power of sensory perception is much greater than any medical device. Perhaps the
best-known example of a sensory perceptual test is the eye chart - most people are prescribed
lenses based on a simple and basic eye exam using an eye chart. A very high degree of corrective
optical precision is easily achieved by this simple sensory perceptual test using only a paper eye
chart and verbal responses from the patient. The vast majority of people would not consider nor
benefit from putting their eyes in a scanner to determine optical geometry of their cornea-lens-
globe-retina system to calculate their prescription. Not only would this be expensive, but it would
invariably miss other important factors of their visual system and thus would likely yield a poor
estimate of the visual correction that they need. Nonetheless, the health care industry has
gravitated to more and more expensive methods (such as imaging systems) which often do not work
as well as less costly, simpler, and more effective methods such as sensory perception testing. The
authors will leave it to the reader to form their own opinion as to why.

With relatively inexpensive equipment it is possible to resolve many aspects of brain function using
a somatosensory approach. In fact, many aspects of brain function can be easily and accurately
measured using a somatosensory approach, where no imaging method could possibly yield better
information, at any cost. Consider the case of feeling two tactile stimuli on two fingers. With
sensory percept, most people can distinguish a difference between 10 and 20% in intensity of two
stimuli on adjacent fingers (this follows Weber’s Law (37)). Present the same stimuli on the same
fingers and try to image the resulting difference on the cortex. Even when using the most modern
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medical imaging devices, the difference in the detectable cortical response to the two stimuli
cannot be resolved at all. In most cases, the stimuli would have to be delivered separately - at
different points in time - in order for the imaging system to differentiate which of the two fingers
received a stimulus, and this could only be done with the best of imaging systems, at great cost, by
highly trained specialists.

Development of a Portable Tactile Stimulator

As a first step towards developing quantitative sensory testing methods that could non-invasively
detect systemic alterations in the CNS, we designed and fabricated a portable dual-site stimulator.
The stimulator pictured below (Figure 1; The Brain Gauge) can be used to deliver high precision
vibrotactile stimuli to two finger tips, is approximately the size of a computer mouse and will
interface with any computer or laptop with USB interface. Typically, the gentle mechanical stimuli
that are delivered to the skin are sinusoidal in nature, and the stimulator is capable of delivering
amplitudes in the range of 0 - 1000 microns and frequencies in the range of 0 - 200Hz. Stimuli can
be delivered independently to each finger-tip, and the temporal sequences of stimuli, as well as the
amplitude, frequency, and duration, are computer controlled via USB interface. Prior models of the
device and its design have been previously reported and validated (38-40).

N

Figure 1. Brain Gauge 2-point vibrotactile stimulator used in cortical metrics studies. Vertical skin displacement sinusoidal
stimuli are delivered to the tips of the index and middle fingers via 2 round 5mm diameter probes; the device itself
interfaces to any computer or laptop via USB.

The CM Theory.

One of the overall objectives of our work is to develop a unifying construct that integrates multiple
types of information into a CNS profile for each individual at each time point that they are tested.
Each of the individual measures, or cortical metrics, that are collected target specific mechanisms
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that are essential for CNS information processing. The combination of all metrics allows for the
generation of a CNS profile, and the goal is to make the profile as complete as possible. In some
ways, administering multiple tasks to an individual is similar to a clinician asking a patient multiple
questions - no two patients are alike, yet the questions can lead the clinician to develop a summary
of the patient’s health. In mathematical terms, the CM generated CNS profile is comprised of
multiple vectors that are all pointed in different directions in multidimensional space, and how well
an individual performs on a particular task contributes to the magnitude of each vector.
Deficiencies in different mechanisms will lead to a skewed profile; deficiencies in all mechanisms
will lead to a uniform but sub-optimal profile and little or no deficiencies will lead to a robust and
optimal profile. We currently refer to this as the Cortical Metrics Theory, or CM theory, and
implementation of this model requires collection of multiple metrics. An example of one of these
metrics - lateral inhibition - is described below.

Exemplary Cortical Metric: The Lateral Inhibition Metric.

In the image below the response profile of the activity of the cortex to a single, focal tactile
stimulus given to one point on the skin is shown. Lateral inhibition is the process by which an input
to part of the brain (marked by the up arrow) causes an area of the brain to become excited. This
input can come from many places, both from sensory input and/or other parts of the brain. The
center of the excited region tries to turn off, or inhibit, the regions next to it (i.e., lateral to the area
of excitation). This leads to contrast enhancement of the input - much like focusing an old television
with a contrast dial. This phenomenon was first proposed by Nobel Laureate Georg Von Bekesy in
the 1950s (based on observations of sensory percept). Over the next 60 years, a number of
researchers, including our group, demonstrated that lateral inhibition played an important role at
many different levels of information processing.
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excitation causes inhibition

excitation

Figure 2. Model of lateral inhibition. Note that excitation to the central point of a region of cortex is surrounded by an area
of stimulus-evoked inhibition.

The process of lateral inhibition is essentially a mechanism by which the cerebral cortex promotes
contrast enhancement by modulating the interactions between groups of neurons. It is a process by
which excitation of one cortical area is characterized by inhibition in surrounding areas (i.e.,
contrast enhancement of input signals). The mechanism itself is a key element of learning, memory,
and neuro-plasticity, and although lateral inhibition has been observed in the cortex with a number
of experimental methods, the methods are highly invasive and not suitable for human testing. No
medical imaging method is capable of detecting subtle changes or disruptions in lateral inhibition,
but the mechanism can be readily and reliably measured with a simple tactile based sensory test.
Consider Figure 3, which was experimentally derived from observations of cerebral cortical activity
evoked by stimulating adjacent sites on the skin. When two adjacent inputs are delivered to a
healthy cortex, it is fairly easy to differentiate the amplitudes of the two, regardless of whether they
were delivered at the same time (simultaneously; ADsimult = amplitude discrimination:
simultaneous) or at different times (sequentially; ADseq = amplitude discrimination: sequential). If
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the cortex is compromised, differentiating the two inputs is still achievable if they are delivered at
different times, but difficult if the inputs are at the same time.
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Figure 3. Model of cortical-cortical interactions from 2 site stimulation. Note that in the healthy condition, the cortical
response evoked by 2 site stimulation allows for differentiation of activity at 2 sites regardless of the timing of the stimulus.
In the compromised cortex, differentiation for simultaneously delivered stimuli is poor relative to that for sequentially
delivered stimuli.

What is the best way to measure lateral inhibition? As described above, evidence of lateral
inhibition has been observed via neurophysiological experiments with a number of methods (41-47),
but all are highly invasive and not suitable for human testing (in general, no one wants electrodes
inserted in their brain or their skull trephined). There are no contemporary medical imaging
methods that are capable of detecting disruptions in lateral inhibition, and even if there were, they
would most likely be cost-prohibitive to use on a routine basis. However, the lateral inhibition
metric can be derived from administration of two relatively simple tasks that were designed to
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evoke the interactions observed in Figure 3. In the first task, individuals are queried as to which of
two sequentially delivered stimuli are larger (referenced as ADseq), and in the second task, they
are queried in identical fashion for stimuli that are delivered simultaneously (referenced as
ADsimult). Comparison of the performance on these two tasks (first described in Zhang et al (48) )
allows us to test the contributions of the cortical-cortical interactions between the two cortical sites
that are active to sensory percept. When a neurological insult results in a compromise of the lateral
inhibition between the two areas, then we would predict that there would be a significant
difference in the performance on the two tasks.

Consider the test results from the lateral inhibition task described in Figure 4 from concussed
individuals (n=200) (reproduced from Francisco et al (19)). The data plot demonstrates that the
ratio of the two values (ADsimult/ADseq) almost doubles the ratio that was obtained for healthy
controls (p<0.001 for comparison of concussed vs. non-concussed individuals). In other words, poor
performance on the ADsimult task relative to the ADseq task occurs with neurological insult (in this
case, concussion) but in the case of healthy controls, performance on the ADsimult task is, on
average, very similar to that for ADseq. With neurological insult, lateral inhibition - or contrast
enhancement between the activity of adjacent cortical ensembles - is significantly compromised.

Lateral Inhibition
(Sequential vs. Simultaneous)

Z-Score
(Normalized to Control Average)

1 23 4.7 8-14 15-21 22-28
Days Post Concussion

Figure 4. Time course of lateral inhibition post-concussion. Post-concussion values for the lateral inhibition metric remain
well above healthy control values for up to 28 days post-concussion (higher values indicate worse performance). Note that
the green arrow indicates time of clinician clearance for return-to-play, black arrow indicates when individual was cleared
by ImPACT and the red arrow indicates when balance testing was greater than 15% better than pre-concussion baseline.
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Another feature of this measure is that baseline measures, such as those routinely obtained pre-
season in sports medicine programs, are not needed because lateral inhibition does not impact the
sequential task as much as it impacts the simultaneous task; each individual can be tested for this
“baseline” post-concussion. It is the relationship of the two measures that is important, not the
absolute measure. Other cortical metrics were designed in similar fashion, and the reader is
encouraged to investigate these other metrics as well. For example, Temporal Order Judgement
(TOJ; (3, 49); duration discrimination (50), feed-forward inhibition (6, 23, 51) and adaptation (29 52,
53) are examples of cortical metrics that examine relationships between two sensory percepts to
derive information about mechanisms of CNS information processing.

Comparison with other methods.

Note the colored arrows in the lateral inhibition data plot above indicating time points post-
concussion. The black arrow denotes the average days post- concussion that this cohort of
individuals passed an online neurocognitive test (ImPACT; day 7), the green arrow indicates the
average day that this cohort was cleared for return to play by clinician (day 14), and the red arrow
indicates the time point when balance testing was 15% better for concussed than non-concussed
individuals (19, 54). As previously mentioned, we typically collect multiple measures on each
individual as a test battery (for description of typical test battery, see Puts et al (55) ). Each of these
metrics targets a different mechanism of information processing. As described above, two
conditions of amplitude discrimination are used to extract the lateral inhibition metric. Similarly,
two types of temporal order judgement (TO]J) are used to extract a measure of functional
connectivity (22, 56, 57; for recent review, see Tommerdahl (17) ), two conditions of threshold
testing are used to derive a measure of feed-forward inhibition (8, 14, 21, 52, 58, 59), two
conditions of duration discrimination are utilized to derive a measure of neuroinflammation (i.e.,
predict impact on neuron-glial interactions (50)) and two additional conditions of amplitude
discrimination can be used to derive a measure of adaptation (1, 4, 6, 8, 10, 17, 53, 55, 26-28, 60).

In practical terms, or in terms of clinical applications, what do these measures mean? In the case of
the measures referenced above, the cortical metrics are sensitive to systemic cortical alterations.
That is, systemically alter the entire CNS - such as with a drug - and the measures will be
impacted. Brain activity is all about a balance between excitation (glutamate and NMDA receptor
mediated) and inhibition (predominantly GABA mediated). Too much or too little excitation or
inhibition can result in imbalances that can lead to wide range of neurological disorders. For
example, reduction of excitation can be achieved with an NMDA receptor antagonist, and even a
small amount - such as can be achieved with over the counter cough syrup or dextromethorphan -
can lead to an alteration in the adaptation metric (25). Lower than normal GABA levels can lead to
a similar reduction in the adaptation metric (which is synonymous with a reduction in
neuroplasticity) and this is the case for both individuals that have higher than normal drinking
behavior (22) and individuals with autism. Puts et al (9) demonstrated that lower than normal GABA
levels in individuals with autism correlated with the adaptation metric. MRS imaging can measure
GABA levels, as it was in the referenced Puts study, but MRS imaging cannot differentiate between
different types of GABA. Multiple studies have reported that there is a lower than normal feed-
forward inhibition metric in individuals with autism (7, 58, 61) and there is strong evidence that the
feed-forward inhibition metric is more influenced by GABAb than GABAa mediated activity (for
recent discussion, see Favorov et al (19) ). Individuals with higher than normal drinking behavior
have feed-forward inhibition metrics in the normative range (22) but lower than normal adaptation
metrics: this suggests that their drinking behavior created a GABAa deficiency that is more
pronounced than a GABAD deficiency. Individuals with migraine demonstrated a slightly lower than
normal feed-forward inhibition metric and a more pronounced reduction in adaptation metric (15).
This could be the result of migraineurs either having a completely different profile in terms of
GABAa vs. GABADb mediated activity or because perhaps that population had a wider spectrum that
captured elements of both deficiencies. Individuals with acute concussion do not demonstrate
deficiencies in feed-forward inhibition but do demonstrate a decrease in the adaptation metric (1,
17) Early stage diabetics have higher than normal feedforward inhibition metrics and below normal
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adaptation metrics (23). This interesting paradox could be the result of the inhibitory cell line
(neuro-gliaform cells) that plays a significant role in mediating GABAD activity; these cells are also
the only cells that produce insulin in the cortex and most likely have a down-stream impact on
insulin production in the pancreas (23). A number of chronic and degenerative disorders appear to
have non-stable feed-forward inhibition metrics that are suspected to be the result of, or play a role
in, insulin mediated brain activity, particularly in the aging population and individuals that have
suffered repetitive head injuries. This is an active area of investigation and currently, ongoing
animal studies are being conducted to investigate the role that different systemic alterations have
on feed-forward inhibition and adaptation. The functional connectivity metric is also sensitive to
imbalances in excitation and inhibition, the reader is referenced to a recent review that discusses
its application (17).

While the systemic metrics described above have proven themselves quite useful, non-systemic or
pathway-specific metrics also have some potential clinical applications. Timing perception (ability
to discriminate between the duration of two different sensory stimuli) is highly influenced by
cerebellar-parietal interactions. Previous studies demonstrated that blocking activity in the
cerebellum via TMS will reduce or eliminate the ability of an individual’s timing perception
(references in RFI). The cerebellum coordinates activity between multiple cortical areas and loss of
timing perception is a reflection of this loss of coordination. Parkinson’s patients do very poorly at
timing perception (13) as do migraineurs (15), although not as poorly as Parkinson’s patients.
Traumatic insult can cause an individual’s timing perception to be impacted, though it does appear
to recover over time (cite two-three abstracts). Interestingly, another time related measure,
temporal order judgement (TQ]J) is impacted when there are insults (or disorders) related to frontal-
parietal pathways. Schizophrenics have significant problems with discriminating temporal order as
do dyslexics (though not nearly as impaired as the former). Individuals with autism (3) and
migraine (15) also have below normative problems with TOJ, as do some individuals with
concussion that appear to have been impacted towards the front of the head (cite abstracts).
Another time-related measure is reaction time, which has been used since the late 1800s (62) to
assess brain health. It was recognized in the 1950s (63) that tactile reaction time was perhaps the
best way to assess the speed of information processing in the CNS, although there was no feasible
way to administer that task. The Brain Gauge has sub-millisecond resolution for measuring reaction
time (as compared to 50-100msec for most of the currently available online neurocognitive tests),
and not only does this provide for accurate reaction time measures (normative values are in the 200
msec range (21)) , but it allows for reaction time variability to be accurately measured. Reaction
time variability has proven to be an important measure in mTBI assessment (19, 64). Reaction time
variability relates to attention or focus much more than the simple reaction time measure - for
example, adolescents with ADHD do very poorly on RT variability though the ADHD subjects scored
in the normative range for simple reaction time (11).

A number of studies have examined a wide range of neurological disorders and the impact on
cortical metrics. Table 1 is a summary of the findings of those studies and how different subject
groups performed on different cortical metrics tests. Note that this table is intended to be a
summary of research findings and not guidance for making diagnoses.

Neurological [RT RTVar Lateral Adaptation |Functional |Feedforward |TOJ Timing
Disorder Inhibition Connectivity |Inhibition Perception
Healthy + + + + + + < <
Control,

Adolescents

Healthy + + + + + + + +
Control,

Adults

Autism, + + + << + << < <
Adolescents

Autism, + + + << << << < <
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Adults

ADHD < << + < <

Tourette's + + + << <

OCD < < <<

Chronic Pain < << < < +
Migraine + + < << << < << <<
Mild < < < < < + < <
Traumatic

Brain Injury

Moderate << << << << << < << <<
Traumatic

Brain Injury

Acute + + < < +

Alcohol

Chronic < < < << +

Alcohol

Parkinson's < < < < < < <<<
Early Stage [+ + < < >>> + +
Diabetes

Table 1. Table provides overview of research findings for a number of neurological disorders and group performance
relative to normative range. RT = Reaction time. RTvar= Reaction time variability. TOJ = Temporal order judgement. All
comparisons are made to healthy control adults. + Normative Range< Below Normative Range> Above Normative RangeNo
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Figure 5. Time course of composite cortical metric post-concussion. Dotted line indicates standard error. Note that higher
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numbers indicate worse performance and overall performance improves with recovery.

Post-data collection, a composite metric is generated using the values generated by the multiple
tests. These metrics are each treated as independent vectors in multi-parametric space (17, 19) and
can be combined to generate a composite score. Figure 5 shows the composite cortical metric
(dotted line standard error) of the post-concussion history of the same group of individuals
evaluated and described above with the lateral inhibition metric. Note that the composite score
demonstrates favorable comparison with clinician assessment (average clearance date at day 14),
although full recovery appears to occur beyond clearance by the clinician. This should come as no
surprise as most contemporary studies demonstrate lingering effects of concussion that last well
beyond 14 days (65, 66).
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Figure 6. Receiver operating characteristic (ROC) curve. The ROC curve demonstrates significant accuracy in
differentiating healthy controls from concussed individuals.

For the reader more familiar with ROC analysis, the aforementioned sports concussion study using
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this technology have established efficacy for detecting concussion and tracking its recovery,
demonstrating a 99% confidence level (p<0.0001) for differentiating individuals with and without
mTBI with no baseline measures required (17, 19) The ROC analysis shown in Figure 6
demonstrates that the method is highly accurate for tracking recovery (AUC=0.979).

Practical utilization of the method.

The Brain Gauge was designed to assess an individual’s brain health. Research in many
neurological disorders using the Brain Gauge is ongoing, and as mentioned in the introduction, has
been demonstrated to be sensitive to alterations in brain health across a wide spectrum of
neurological disorders. Additionally, it appears to be quite useful in tracking recovery of an
individual from many types of neurological insult, and for demonstrating treatment efficacy. Some
examples of tracking different individuals are provided below.

SPEED SPEED SPEED

FATIGUE ACCURACY FATIGUE ACCURACY FATIGUE Tf’fx’ ACCURACY

— |

TOJ / TOJ TOJ
PLASTICITY PLASTICITY \ J PLASTICITY

FATIGUE FATIGUE FATIGUE

Figure 7. Radar Plots tracking an individual recovering from concussion. Note improvement in performance with days post-
concussion.

Example #1: Tracking Concussion Recovery.

In Figure 7, an individual was tracked post-concussion (18). Multi-parametric results (from all tests
administered) are displayed on radar plots for Days 1, 7 and 30 post-concussion. The radar plots
are scaled such that values in the normative range are plotted at the edge of the plot; the worse the
score relative to normative values, the smaller the value. Note that the individual displayed
improving performance post-concussion, and these values paralleled other outcome measures (18).
It was determined in the study that the Brain Gauge was a useful tool because it could rapidly and
objectively monitor physiological recovery from concussion.

Example #2. Tracking Treatment Efficacy.

A pilot study (20) was conducted using PEMF treatment on individuals with a history of TBI (time of
traumatic insult ranged from several months to several years post-traumatic event). Individuals
who had suffered mild, moderate, and severe TBI were recruited into the study, and these
individuals all suffered from chronic symptoms of TBI.

A battery of tests was administered with the Brain Gauge both pre-treatment and during each
patient’s subsequent clinical visit during the study, and the composite cortical metric averaged
across all patients demonstrated significant improvement in the patients’ overall brain health that
occurred while PEMF therapy was being administered. The scores paralleled other outcome
measures that were obtained in the study that also demonstrated improvement in CNS function.
Additionally, patients reported qualitative improvements in brain health and cognitive function over
the course of the study. Sample outcomes from four of the individuals in the study are displayed in
Figure 8. Similar to the radar plots in Figure 7, each bar of the bar charts is scaled to normative
values: if the individual’s data is in the normative range, then it is colored green and scales to the
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right hand end of the bar. Poor performance leads to red-colored short bars. Note that in each case
of these individuals, performance greatly improved post-treatment and could be objectively
measured.
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Figure 8. Treatment efficacy of chronic mTBI with PEMF. Examples of 4 patients receiving PEMF treatment. Note relative
performance of pre-treatment vs. post-treatment. Full scale green bars indicate good performance; short red bars indicate
poor performance.

Conclusions

To summarize, we have spent over a decade developing technology and scientific methods to
support the investigation of CNS information processing mechanisms and how they are altered with
neurological alterations. The resulting sensory perception testing instruments have been simplified
and vastly reduced in cost to the point that they are appropriate for use in almost any health testing
environment and are particularly well suited to in-home care and alternative/integrative medical
practices. Because of the relatively low cost of the methods, clinicians could remotely monitor
patient recovery and/or response to treatment from virtually any location.

The methods are based on observations made over decades of neuro-scientific research and initial
translational research efforts with the methods have been successful in detecting differences in
information processing between multiple neurological disorders, tracking concussion recovery and
tracking responses to treatments of head injury. Additionally, new research continues to
demonstrate that the methods could potentially differentiate the impact that neurological disorders
have on mechanisms of information processing. Developing a better understanding of the
mechanisms impacted by different neurological disorders could eventually lead to better treatment
guidance. One of our objectives, in our future research, is to evaluate new methods for treating a
wide range of neurological disorders, and the research will be iteratively combined with animal
models of research. A more comprehensive report on these animal models is in preparation, and it
is anticipated that the animal studies will be able to improve performance of both diagnostics and
treatment of a wide spectrum of neurological disorders in the future.

References:

1. Tommerdahl, M., Favorov, O. & Whitsel, B. Dynamic representations of the somatosensory
cortex. Neurosci. Biobehav. Rev. 34, 160-170 (2010).

2. Tommerdahl, M., Simons, S., Chiu, J., Favorov, O. & Whitsel, B. Ipsilateral Input Modifies
the Primary Somatosensory Cortex Response to Contralateral Skin Flutter. J. Neurosci. 26,
5970-5977 (2006).

3. Tommerdahl, M., Tannan, V., Holden, J. & Baranek, G. Absence of stimulus-driven
synchronization effects on sensory perception in autism: Evidence for local
underconnectivity? Behav. Brain Funct. BBF 4, 19 (2008).

4. Tannan, V., Holden, J., Zhang, Z., Baranek, G. & Tommerdahl, M. Perceptual metrics of
individuals with autism provide evidence for disinhibition. Autism Res. 1, 223-230 (2008).

5. Puts, N. et al. A Combined GABA-MRS and Behavioral Study in Children with Autism
Spectrum Disorder. in International Meeting for Autism Research (2013).

6. Puts, N., Wodka, E., Tommerdahl, M., Mostofsky, S. & Edden, R. Impaired tactile processing
in children with autism spectrum disorder. J. Neurophysiol. 111, 1803-1811 (2014).

7. Francisco, E., Holden, J., Zhang, Z., Baranek, G. & Tommerdahl, M. Sensory Information
Processing in Autism. in Society for Neuroscience 635.21, (2009).

8. Wodka, E. L. et al. The Role of Attention in Somatosensory Processing: A Multi-trait,
Multimethod Analysis. J. Autism Dev. Disord. 46, 3232-3241 (2016).

9. Puts, N. A. J. et al. Reduced GABAergic inhibition and abnormal sensory symptoms in
children with Tourette syndrome. J. Neurophysiol. 114, 808-817 (2015).

10. Gugluy, B. et al. Tactile processing in children and adolescents with obsessive-compulsive
disorder. Somatosens. Mot. Res. 32, 163-171 (2015).

11. Puts, N. A. J. et al. Altered tactile sensitivity in children with attention-deficit hyperactivity
disorder. J. Neurophysiol. 118, 2568-2578 (2017).

12. Nelson, A. J. et al. Dopamine alters tactile perception in Parkinson’s disease. Can. J. Neurol.

15/18



Ja&y

The Journal of Science and Medicine
Vol 1 No 1 (2019): Journal of Science and Medicine, 1-19
Articles

13.

14.

15.
16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Sci. J. Can. Sci. Neurol. 39, 52-57 (2012).

Kursun, O. et al. Analysis of Effects of Parkinson’s Disease on the Somatosensory System via
CM-4 Tactile Stimulator. in (2013). d0i:10.13140/RG.2.1.1554.5368

Zhang, Z. et al. Altered central sensitization in subgroups of women with vulvodynia. Clin. ].
Pain 27, 755-763 (2011).

Nguyen, R. et al. Neurosensory assessments of migraine. Brain Res. 1498, 50-58 (2013).
Maeda, Y. et al. Functional deficits in carpal tunnel syndrome reflect reorganization of
primary somatosensory cortex. Brain J. Neurol. 137, 1741-1752 (2014).

Tommerdahl, M. et al. Neurosensory assessments of concussion. Mil. Med. 181, 45-50
(2016). 1

King, D., Pa, H. & Tommerdahl, M. Use of the Brain-Gauge Somatosensory Assessment for
Monitoring Recovery from Concussion: A Case Study. 2, (2018).

Favorov, O., Francisco, E., Zai, L. & Tommerdahl, M. Quantification of Mild Traumatic Brain
Injury Via Cortical Metrics: Analytical Methods. (2017).

Pawluk, W., Dennis, R. & Tommerdahl, M. Tracking the effects of pulsed electro-magnetic
field (PEMF) on individuals with a history of traumatic brain injury with the Brain Gauge.
Cortical Metrics Magazine 1, 1-4 (2017).

Zhang, Z., Francisco, E. M., Holden, ]J. K., Dennis, R. G. & Tommerdahl, M. Somatosensory
Information Processing in the Aging Population. Front. Aging Neurosci. 3, (2011).

Nguyen, R. H. et al. Centrally-mediated sensory information processing is impacted with
increased alcohol consumption in college-aged individuals. Brain Res. 1492, 53-62 (2013).
V. Favorov, O., Kursun, O. & Tommerdahl, M. Role of Feed-Forward Inhibition in
Neocortical Information Processing: Implications for Neurological Disorders. in 383-397
(2017). doi:10.1007/978-3-319-29674-6 17

Collins, K. L. et al. Hand-to-Face Remapping But No Differences in Temporal Discrimination
Observed on the Intact Hand Following Unilateral Upper Limb Amputation. Front. Neurol.
8, (2017).

Folger, S. E., Tannan, V., Zhang, Z., Holden, J. K. & Tommerdahl, M. Effects of the Nmethyl-
D-Aspartate receptor antagonist dextromethorphan on vibrotactile adaptation. BMC
Neurosci. 9, 87 (2008).

Lee, K. G. et al. Continuous theta-burst stimulation modulates tactile synchronization. BMC
Neurosci. 14, 89 (2013).

Rai, N., Premji, A., Tommerdahl, M. A. & Nelson, A. J. Continuous theta-burst rTMS over
primary somatosensory cortex modulates tactile perception on the hand. Clin. Neurophysiol.
Off. J. Int. Fed. Clin. Neurophysiol. 123, 1226-1233 (2012).

Lee, K. et al. The Influence of Continuous Theta-Burst Stimulation over the Primary
Somatosensory Cortex on Temporal Order Judgement Perception. Society for Neuroscience
377.12 (2012).

Tannan, V., Whitsel, B. & Tommerdahl, M. Vibrotactile adaptation enhances spatial
localization. Brain Res. 1102, 109-116 (2006).

Jones, C. B. et al. Metaplasticity in human primary somatosensory cortex: effects on
physiology and tactile perception. J. Neurophysiol. 115, 2681-2691 (2016).

Tommerdahl, M., Delemos, K. A., Vierck, C., Favorov, O. & Whitsel, B. Anterior parietal
cortical response to tactile and skin-heating stimuli applied to the same skin site. J.
Neurophysiol. 75, 2662-2670 (1996).

Tommerdahl, M. et al. Response of Anterior Parietal Cortex to Different Modes of SameSite
Skin Stimulation. J. Neurophysiol. 80, 3272-3283 (1998).

Chen, L. M., Friedman, R. M. & Roe, A. W. Area-specific Representation of Mechanical
Nociceptive Stimuli within SI Cortex of Squirrel Monkeys. Pain 141, 258-268 (2009).
Vierck, C., Whitsel, B., Favorov, O., Brown, A. & Tommerdahl, M. Role of primary
somatosensory cortex in the coding of pain. Pain 154, 334-344 (2013).

Zhang, Z. et al. Altered central sensitization in subgroups of women with vulvodynia. Clin. ].
Pain 27, 755-763 (2011).

Nguyen, R. et al. An undergraduate laboratory exercise to study sensory inhibition. J.
Undergrad. Neurosci. Educ. JUNE Publ. FUN Fac. Undergrad. Neurosci. 11, A169-173

16/18



Ja&y

The Journal of Science and Medicine
Vol 1 No 1 (2019): Journal of Science and Medicine, 1-19
Articles

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

(2013).

Francisco, E., Tannan, V., Zhang, Z., Holden, J. & Tommerdahl, M. Vibrotactile amplitude
discrimination capacity parallels magnitude changes in somatosensory cortex and follows
Weber’s Law. Exp. Brain Res. 191, 49-56 (2008).

Tannan, V., Dennis, R. & Tommerdahl, M. A novel device for delivering two-site vibrotactile
stimuli to the skin. J. Neurosci. Methods 147, 75-81 (2005).

Tannan, V., Dennis, R., Zhang, Z. & Tommerdahl, M. A portable tactile sensory diagnostic
device. J. Neurosci. Methods 164, 131-138 (2007).

Holden, ]. et al. A novel device for the study of somatosensory information processing. J.
Neurosci. Methods 204, 215-220 (2012).

Mountcastle, V. B. Modality and topographic properties of single neurons of cat’s somatic
sensory cortex. J. Neurophysiol. 20, 408-434 (1957).

Tommerdahl, M., Favorov, O., Whitsel, B., Nakhle, B. & Gonchar, Y. A. Minicolumnar
Activation Patterns in Cat and Monkey SI Cortex. Cereb. Cortex 3, 399-411 (1993).
Tommerdahl, M., Favorov, O. & Whitsel, B. Optical imaging of intrinsic signals in
somatosensory cortex. Behav. Brain Res. 135, 83-91 (2002).

Simons, S. et al. Amplitude-dependency of response of SI cortex to flutter stimulation. BMC
Neurosci. 6, 43 (2005).

Simons, S., Chiu, J., Favorov, O., Whitsel, B. & Tommerdahl, M. Duration-Dependent
Response of SI to Vibrotactile Stimulation in Squirrel Monkey. J. Neurophysiol. 97, 2121-
2129 (2007).

Tommerdahl, M. & Whitsel, B. Optical imaging of intrinsic signals in somatosensory cortex.
in Somesthesis and the Neurobiology of the Somatosensory Cortex (eds. Franzén, P. O.,
Johansson, P. R. & Terenius, P. L.) 369-384 (Birkhauser Basel, 1996).

Gardner, E. P. & Spencer, W. A. Sensory funneling. II. Cortical neuronal representation of
patterned cutaneous stimuli. J. Neurophysiol. 35, 954-977 (1972).

Zhang, Z., Tannan, V., Holden, J., Dennis, R. & Tommerdahl, M. A quantitative method for
determining spatial discriminative capacity. Biomed. Eng. OnLine 7, 1-8 (2008).
Tommerdahl, M., Tannan, V., Zachek, M., Holden, J. & Favorov, O. Effects of stimulusdriven
synchronization on sensory perception. Behav. Brain Funct. BBF 3, 61 (2007).

Francisco, E. M., Holden, J. K., Nguyen, R. H., Favorov, O. V. & Tommerdahl, M. Percept of
the duration of a vibrotactile stimulus is altered by changing its amplitude. Front. Syst.
Neurosci. 9, 77 (2015).

Zhang, Z., Francisco, E., Holden, J., Dennis, R. & Tommerdahl, M. Somatosensory
Information Processing in the Aging Population. Front. Aging Neurosci. 3, (2011).

Puts, N. A. J., Wodka, E. L., Tommerdahl, M., Mostofsky, S. H. & Edden, R. A. E. Impaired
tactile processing in children with autism spectrum disorder. J. Neurophysiol. 111, 1803-
1811 (2014).

Tannan, V., Simons, S., Dennis, R. & Tommerdahl, M. Effects of adaptation on the capacity
to differentiate simultaneously delivered dual-site vibrotactile stimuli. Brain Res. 1186, 164-
170 (2007).

Tommerdahl, M., Francisco, E., Zai, L. & Favorov, O. The Brain Gauge: A neurosensory
assessment tool that reliably tracks brain health. in (2018).

Puts, N., Edden, R., Wodka, E., Mostofsky, S. & Tommerdahl, M. A vibrotactile behavioral
battery for investigating somatosensory processing in children and adults. J. Neurosci.
Methods 218, 39-47 (2013).

Tommerdahl, M., Tannan, V., Cascio, C. J., Baranek, G. T. & Whitsel, B. L. Vibrotactile
adaptation fails to enhance spatial localization in adults with autism. Brain Res. 1154, 116-
123 (2007).

Tommerdahl, M., Tannan, V., Holden, J. K. & Baranek, G. T. Absence of stimulus-driven
synchronization effects on sensory perception in autism: Evidence for local
underconnectivity? Behav. Brain Funct. BBF 4, 19 (2008).

Tavassoli, T. et al. Tactile Reactivity in Autism Spectrum Disorders. in International Meeting
for Autism Research (2013).

Puts, N. A. J., Edden, R. A. E., Wodka, E. L., Mostofsky, S. H. & Tommerdahl, M. A

17/18



Ja&y

The Journal of Science and Medicine
Vol 1 No 1 (2019): Journal of Science and Medicine, 1-19
Articles

60.

61.

62.

63.
64.

65.

66.

vibrotactile behavioral battery for investigating somatosensory processing in children and
adults. J. Neurosci. Methods 218, 39-47 (2013).

Nelson, A. et al. Dopamine alters tactile perception in Parkinson’s disease. Can. J. Neurol.
Sci. J. Can. Sci. Neurol. 39, 52-57 (2012).

Puts, N. A. J., Wodka, E. L., Tommerdahl, M., Mostofsky, S. H. & Edden, R. A. E. Impaired
tactile processing in children with autism spectrum disorder. J. Neurophysiol. 111, 1803-
1811 (2014).

Merkel, J. Die zeitlichen Verhaltnisse der Willensthatigkeit. Philos Stud. 2, 73-127 (1883).
Donders, F. C. On the speed of mental processes. Acta Psychol. (Amst.) 30, 412-431 (1969).
Cole, W. R., Gregory, E., Arrieux, J. P. & Haran, F. ]J. Intraindividual Cognitive Variability:
An Examination of ANAM4 TBI-MIL Simple Reaction Time Data from Service Members with
and without Mild Traumatic Brain Injury. J. Int. Neuropsychol. Soc. JINS 24, 156-162
(2018).

Iverson, G. L. et al. Predictors of clinical recovery from concussion: a systematic review. Br.
J. Sports Med. 51, 941-948 (2017).

Kamins, J. et al. What is the physiological time to recovery after concussion? A systematic
review. Br. J. Sports Med. 51, 935-940 (2017).

18/18


http://www.tcpdf.org

