REPORT DOCUMENTATION PAGE i

The public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data
sources, gathering and maintaining the data needed, and completing and reviewing the collection of information. Send comments regarding this burden estimate or any other
aspect of this collection of information, including suggestions for reducing the burden, to Department of Defense, Washington Headquarters Services, Directarate for Information
Operations and Reports (0704-0188), 1215 Jefferson Davis Highway, Suite 1204, Arlington, VA 22202-4302. Respondents should be aware that notwithstanding any other
provision of law, no person shall be subject to any penalty for failing to comply with a collection of information if it does not display a currently valid OMB control number

PLEASE DO NOT RETURN YOUR FORM TO THE ABOVE ADDRESS.

1. REPORT DATE (DD-MM-YYYY) | 2. REPORT TYPE 3. DATES COVERED (From - To)
03/28/2017 Final July 2015-December 2016
4. TITLE AND SUBTITLE 5a. CONTRACT NUMBER

Neurophysiological outcomes of mTBI

5b. GRANT NUMBER
N00014-15-1-2799

5c. PROGRAM ELEMENT NUMBER

6. AUTHOR(S) 5d. PROJECT NUMBER
Mark Tommerdahl, PhD (mark_tommerdahl@med.unc.edu)

5e. TASK NUMBER

5f. WORK UNIT NUMBER

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION
University of North Carolina at Chapel Hill REPORT NUMBER
Administrative Office Building, Suite 2200
104 Airport Drive, CB#1350

Chapel Hill, NC 27599-1350

9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSOR/MONITOR'S ACRONYM(S)
Office of Naval Research

100 Alabama Street SW Suite 4R15

Atlanta GA 30303-3104 11. SPONSOR/MONITOR'S REPORT
NUMBER(S)

12. DISTRIBUTION/AVAILABILITY STATEMENT
Approved for Public Release; Distribution is Unlimited

13. SUPPLEMENTARY NOTES

14. ABSTRACT

The proposed and executed effort of this project was a literature review of neurophysiological outcomes of mTBI. There are
two sections in this report. The first section is an overview of neurophysiological outcomes of mTBI that have been
addressed in the literature that are not related to cortical metrics. The second section addresses literature related to cortical
metrics. Specifically, references of measures that can be routinely collected with the Brain Gauge (the device used to
collect tactile based neurosensory assessments) were identified, collated, and excel spreadsheets were generated that
describe the contents of these references.

15. SUBJECT TERMS

neurophysiological outcomes; mTBI; literature review; cortical metrics; Brain Gauge; tactile; neurosensory assessments;
temporal order judgment; reaction time; timing perception

16. SECURITY CLASSIFICATION OF: 17. LIMITATION OF |18. NUMBER | 19a. NAME OF RESPONSIBLE PERSON
ABSTRACT OF
a. REPORT b. ABSTRACT | c. THIS PAGE PAGES

19b. TELEPHONE NUMBER (/nclude area code)

U u U uu 21

Standard Form 298 (Rev. 8/98)
Prescribed by ANSI Std. Z39.18



University of North Carolina M. Tommerdahl, PI

Neurophysiological outcomes of mTBI — Progress Report

The proposed and executed effort of this project was a literature review of neurophysiological
outcomes of mTBI. There was no original research proposed or executed (i.e., no human
subjects or animal research in this effort). There are two sections in this report. The first section
(Part 1 - directly below) is an overview of neurophysiological outcomes of mTBI that have been
addressed in the literature that are not related to cortical metrics. Subsequent sections address
literature related to cortical metrics. Specifically, references of measures that can be routinely
collected with the Brain Gauge (the device used to collect tactile based neurosensory
assessments) were identified, collated and excel spreadsheets were generated that describe the
contents of these references. These measures include temporal order judgement, reaction time,
and timing perception and how those measures have been used for detecting deficits in
information processing mechanisms in a number of cohorts, including mTBI.

Part 1.

A review of the literature on the topic of concussions shows what common sense should tell
you—every concussion is different, so the physiology of concussions cannot be boiled down to a
single, or even a single group, of statements. Physiological effects of concussion fall along a
spectrum and are very much dependent on where on the head the person was hit, the force of the
impact, the time since impact, total number of impacts the person has sustained, time between
repeated impacts, age, and gender. Thus, data from the literature is varied and spans a wide range
methods on study design and the subjects involved in testing.

Due to inconsistencies in subject injuries and time since impact, controlled animal studies can be
of great help when evaluating physiological impacts of concussion. Animal studies, especially
with rodents, allow for larger sample sizes, controlling the type and location of impact,
investigating histological changes, and more standardized multiple impact studies.
Homogenizing injuries and treatments allows for making more concrete statements about the
impacts of concussion. For example, Huang et al. (2013) found greater tissue damage when
impacts were administered 3d apart compared to 7d, and animals subjected to TBIs 3d apart still
showed behavioral signs of concussion 1 month later while the other treatment group did not. On
the other hand, concussions in humans are heterogeneous, with multiple sites of injury, torque,
and confounding factors common due to the nature of injury. Thus looking at effects of a single
impact at a single site does not necessarily reflect concussions that occur outside of a controlled
environment. Furthermore, as reviewed by Shultz et al. (2016), there are many translational
inconsistencies to consider when moving from animal models to humans, especially when using
rodents. For example, because a rodent life span is vastly shorter than the average human,
translating time between multiple impacts between species is not necessarily one-to-one.
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Similarly, metabolism and pathophysiology differ greatly, making it important to interpret results
with caution when relating to human TBI.

Balance is one measure commonly evaluated post-concussion, especially in athletics, although
evidence and support as this being a reliable measure is limited. Studies have found that failure
to pass the Balance Error Scoring System (BESS) test can be an effective measure for detecting
concussions immediately following an impact (Guskiewicz et al. 2001, McCrea et al. 2005,
Broglio & Puetz 2008), however false negatives are common—Guskiewicz et al. (2000) report
only 30% of head injury patients show signs of balance problems immediately after injury.
Furthermore, of those that do show alterations in balance, BESS scores usually return to equal or
better than that of healthy controls within a week following the concussion, likely due to a
practice effect and/or inter- and intra- rater variability (Riemann & Guskiewicz 2000, McCrea et
al. 2003, Valovich et al. 2003, Vaolovich et al. 2004, Finnoff et al. 2009, Sheehan et al. 2011).
Thus, reduced balance immediately after impact may be an effective way to quickly assess if a
concussion has occurred, but not usually effective at determining when the injury has healed.

In contrast, imaging studies have shown altered brain function in the absence of diminished
performance on cognitive tests in concussed individuals, but to date, no imaging study has been
able to establish a significant link between continuing, chronic symptoms and physiological
changes that result from concussion (reviewed in Shultz et al. 2016). While some
concussions/TBI result in brain lesions, intracranial bleeding, or skull fractures detectable by CT
or standard MRI, most are completely undetectable using these methods, especially when the
injury is mild. Less than 10% of CT scans of concussion patients reveal any abnormality, and
MRI abnormalities are present in only 10-57% of patients (reviewed in Bazarian et al. 2006).
Keeping in mind that these studies included patients with severe TBI, the use of these standard
imaging techniques appear to be very limited in their ability to diagnose concussion and mTBI.

Another MRI method capable of detecting physiological outcomes of concussion includes ASL,
or arterial spin labeling, which can directly measure cerebral blood flow. This method has been
used in relatively few studies to date to evaluate mTBI/concussion, with conflicting results found
between studies. Wang et al. (2016) found decreased cerebral blood flow 24 hours after
concussion in concussed athletes. After 8 day, when clinical symptoms had resolved, they
documented that cerebral blood flow had decreased further from 24 h post-concussion levels,
adding more evidence that the disappearance of clinical and neurocognitive symptoms
commonly used to determine return to play is not necessarily an indicator that the athlete has
fully recovered. However, Doshi et al. (2015) found that a week after concussion, athletes
showed increased blood flow in the left striatum and frontal and occipital lobes compared to
healthy controls. With small sample sizes (n=7 concussion group, n=12 control), this suggests
that more studies are needed to determine the accuracy of this method.
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Using fMRI pre- and post-concussion, Jantzen et al. (2004) found increased activation of the
parietal and lateral frontal and cerebellar regions within 1 week of concussion, even in the
absence of a change in cognitive performance postinjury. Similarly, McAllister et al. (1999)
observed similar performance of concussed and control individuals, but there were differences in
the activation patterns during working memory tasks between the two groups. Chen et al. (2004)
also noted differences in working memory activation patterns despite normal performance in
concussed individuals. Specifically, more activation was seen outside the area of interest that
was not present in control groups, and BOLD (Blood Oxygen Level Dependent) responses were
different between the two groups.

Changes in functional connectivity have been widely cited as a result of both acute and chronic
concussion/mTBI. However, the details of such changes are not always clear, straightforward, or
cohesive between studies depending on subjects used. Nevertheless, to make a generalization, it
has been shown that even in asymptomatic patients, connectivity, as measured by resting state
fMRI, is reduced post-concussion and is inversely related to the number of TBIs sustained by the
individual (Johnson et al. 2012). In their review of the topic, Chong and Schwedt (2015) were
only able to conclude that functional connectivity does appear to change following concussion,
including alterations in the default-mode network (DMN), but they were not able to make any
other broad generalizations on the topic.

Other techniques including EEG and DTI can also be effective at detecting altered brain function
post-concussion. Again, results and conclusions are varied depending on severity of concussion
and amount of time elapsed since impact. In general, DTI has documented changes in diffusivity
both acutely and chronically (6 months post impact) (Henry et al. 2011), and Lipton et al. (2009)
showed a correlation between executive function and activity in the dorsolateral prefrontal cortex
with acute concussion cases (< 2 weeks post impact).

Another imaging method, PET, or more specifically ['*F]fluorodeoxyglucose (FDG)-PET, is
able to detect changes in cortical metabolism post-concussion. As is the case with most
concussion research, studies vary widely in severity and location of injury, and sample sizes are
rarely big enough to make strong general conclusions. In their review of this topic, Byrnes et al.
(2014) concluded that post-concussion, patients show a decrease in brain metabolism, either
globally or regionally that can last days to months, with some indication of correlation with
degree of injury.

Alterations in brain metabolite concentrations can be measured using magnetic resonance
spectroscopy (MRS) as an indicator of disrupted metabolism within the brain (reviewed in
Honce et al. 2016). This method has been used to show changes in creatine and
glutamate/glutamine complex levels in asymptomatic high school football players following
impact (Poole et al. 2014). Furthermore, the use of NAA/Cr and NAA/Cho ratios have been
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successful in showing that athletes are not always fully recovered once clinical symptoms have
resolved, and in athletes who sustain a second hit before metabolite ratios return to normal,
recovery time from the second impact is significantly longer than in those who sustain a second
hit after fully recovering from the first injury, as determined by MRS. Also, metabolite
imbalances that were not present acutely can present up to 6 months post-injury (reviewed in
Honce et al. 2016).

More recently, the use of blood biomarkers as an indicator of concussion has been more
thoroughly investigated as a way to detect concussion more easily, cheaply, effectively, and
without the radiation exposure of CT scans (reviewed in Zetterberg et al. 2013, Mondello et al.
2014, Plog & Nedergaard 2015, Huang et al. 2016, Kawata et al. 2016, Kulbe & Geddes 2016,
Zetterberg & Blennow 2016). While they show more promise to accurately diagnosing mild TBI
than imaging, they still have their downsides and there are currently no biomarkers tests
available that can definitively detect mild concussions. In order to be effective, biomarkers must
be present in detectable quantities in some body fluid, and they should be specific to CNS injury.
As noted previously, each TBI patient is different and effects of impact are different in each
patient depending on a number of factors. It is therefore difficult to find a single biomarker that
can be used as a “gold standard™ for TBI detection, particularly when considering that these
molecules must 1) pass through the blood brain barrier (BBB) in detectable levels to be reliably
and accurately measured in blood samples 2) measurement errors are possible at many levels
including collection, storage, and measurement of samples 3) most of the biomarkers being
investigated currently are not exclusive to head trauma and elevated levels can be an indicator of
orthopedic or other peripheral injury. Analyzing CSF samples as opposed to blood can bypass
some of these problems, but it is much more invasive and risky, and sampling cannot be repeated
as often as a blood sample. That being said, there are some biomarkers that have been
investigated and show some potential for helping to clarify the picture of what is going on inside
a patients head following impact. Specifically, S100-f, neuron-specific enolase (NSE), and glial
fibrillary acidic protein (GFAP), are the most thoroughly studied biomarkers that show potential,
and all have been extensively reviewed (Zetterberg et al. 2013, Mondello et al. 2014, Huang et
al. 2016, Kawata et al. 2016, Kulbe & Geddes 2016, Pan et al. 2016, Zetterberg & Blennow
2016). While they show the more promise than other suggested biomarkers, they still have their
downsides and have shown mixed results in their efficiency as an indicator of mTBI.

S100-p is a marker of activated astrocytes and is moved into the bloodstream by bulk flow via
the glymphatic system (Plog et al 2015). However, it is also found in peripheral sources,
including chondrocytes, adipocytes, and exocrine cells and elevated blood levels have been
detected in patients following ischemic reperfusion injury, bone fractures, as well as in people
with mood disorders (reviewed in Pan et al. 2016).
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NSE is an enzyme involved in glycolysis, mostly within neurons, and it is upregulated in
response to axon damage in order to maintain homeostasis. While multiple studies have shown
significant increases blood levels of this protein following moderate and severe TBI, it has not
been shown to be useful in detecting mild TBI. Furthermore, increased serum NSE has been
detected following hypoperfusion, liver damage, kidney damage, migraines, and bone fractures,
further limiting its ability to accurately detect TBI (Reviewed in Kawata et al. 2016).

GFAP is a structural protein found in astrocytes. With neurotrauma, astrocytes show
morphological changes, including increases in size, which involves increased GFAP production,
plus GFAP can be shed following astroglial damage either due to mechanical forces or necrosis
(reviewed in Kawata et al. 2016). Unlike most other suggested biomarkers, this protein is not
found outside the nervous system, making its presence in blood more specific to neurotrauma.
Furthermore, multiple studies have shown that it can be found in detectable levels in mTBI
patients, and levels appear to be correlated with severity of injury. This protein appears to hold
more promise in detecting TBI, but it has not been studied as extensively as S100-p and many
studies that have been done have had relatively small sample sizes. Additional studies are needed
to verify its specificity and sensitivity, as well as establish how long it remains present in the
blood (reviewed in Kawata et al. 2016, Kulbe & Geddes 2016, Pan et al. 2016).

With more testing and validation, using fluid biomarkers could be a valid part of determining
when head trauma has occurred and/or when a patient has recovered. However, there are many
confounding factors to consider and many shortcomings to this method, it has even been
suggested that this method may never work to the degree that others have suggested due to the
glymphatic system (Huang et al. 2016). In fact, Plog et al. (2015) found that serum levels of
S100B, NSE, and GFAP were not elevated following experimentally induced TBI in mice when
the glymphatic system was blocked. The potential for a false negative test result from any
biomarkers measured from blood is a thus concern, particularly given that sleep deprivation (a
possible side effect of TBI) as well as TBI in and of itself decreases glymphatic system activity
(1liff et al. 2014, Plog et al. 2015). Furthermore, even if proteins make it into the bloodstream,
they will eventually degrade, be cleared by the hepatic and renal systems, and they can bind to
carrier proteins, making standard measurement methods inaccurate (reviewed in Plog &
Nedergaard 2015).

Huang et al. (2016) suggests a way around the obstacle of the glymphatic system by noting that
TBI of any origin causes breakdown of the blood brain barrier (BBB). In theory, increased levels
of circulating brain microvascular endothelial cells (¢cBMEC), the main constituent of the BBB,
could be an indicator of TBI. But again, this suggestion has its drawbacks as increased cBMEC
levels could be confounded by a number of other factors that also cause BBB breakdown.,
including (but not limited to) nicotine and HIV.
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Recent advances in TBI detection have been in the field of molecular biology. using micro RNA
(miRNA) as a biomarker for TBI. While studies in this area are limited, this method does appear
to hold more promise than protein biomarkers discussed previously. Using miRNA as opposed to
proteins allows for detection of the biomarker at lower concentrations, miRNA is less susceptible
to degradation, both before and after sampling, evidence shows that there are more biomarkers
that are specific to TBI and not influenced by peripheral damage, and there are miRNA markers
that have been shown to be able to differentiate between mild, moderate, and severe TBI in
mouse models and in humans (Balakathiresan et al. 2014, Sharma et al. 2014, Bhomia et al.
2016, Harrison et al. 2016, Sun et al. 2016, Taheri et al. 2016,).

Specifically, Sun et al. (2016), found that expression of the miRNA miR-23b was downregulated
in plasma of TBI patients relative to healthy individuals. Bhomia et al. (2016), using blood
samples from human subjects with either mTBI, severe TBI, orthopedic injury, or healthy
controls, found 8 miRNAs specific to mTBI, 10 specific to sTBI, and 10 specific to orthopedic
injury. In TBI patients, expression levels of most miRNAs showed a direct correlation to severity
of injury as indicated by CT lesions. These results seem promising, but sample sizes were small
(n=8/group) and all sampling was done 12-48 h after injury, meaning the ability to assess TBI
status over time to track progress and recovery remains unknown. Further studies must also be
done to determine if these miRNAs could also be present in other neurological conditions that
may co-occur with TBI. For example, PTSD has been shown to have its own miRNA signature
(Balakathiresan et al. 2016).

In summary, it has been widely documented that concussions/TBI cause a wide range of
alterations in brain function. However, this injury is extremely heterogeneous in nature, making
it difficult to make broad generalizations. Individual injuries can affect different parts of the
brain in different ways depending on factors such as the location and intensity of impact, the
number of previous concussions sustained, and time between impacts, so any method used to
assess the injury must be able to do so irrespective of each of these factors. One generalization
that can be made, however, is that changes in neurophysiology following concussion rarely are
completely resolved at the same time that clinical symptoms disappear, and sustaining a second
head injury before the first has resolved can drastically increase the severity of the injury. Thus,
it is important to establish a method to accurately detect and track progress in order to prevent re-
injury in an already injured brain.
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Part 2.

Temporal order judgement (TOJ) defines an individual’s ability to determine the order of two
stimuli delivered to the peripheral sensory sheet. This ability is largely attributed to frontal-
striatal pathways and TOJ is impacted in mTBI when that part of the cortex is impacted. Some
neurological groups do particularly poorly in this task (e.g., schizophrenia and dyslexia). The
contents of the TOJ references below are summarized in an excel spreadsheet.

Aoyama A, Krummenacher P, Palla A, Hilti LM, Brugger P. Impaired spatial-temporal integration of touch
in xenomelia (body integrity identity disorder). Spatial Cognition & Computation. 2012 Apr 19;12(2-3):96-
110.

Aglioti SM, Fiorio M, Forster B, Tinazzi M. Temporal discrimination of cross-modal and unimodal stimuli in
generalized dystonia. Neurology. 2003 Mar 11;60(5):782-5.

Auld ML, Boyd R, Moseley GL, Ware R, Johnston LM. Tactile function in children with unilateral cerebral
palsy compared to typically developing children. Disability and rehabilitation. 2012 Aug 1;34(17):1488-94.

Babkoff H, Zukerman Gl, Fostick L, BEN-ARTZI EL. Effect of the diurnal rhythm and 24 h of sleep
deprivation on dichotic temporal order judgment. Journal of sleep research. 2005 Mar 1;14(1):7-15.

Conte A, Khan N, Defazio G, Rothwell JC, Berardelli A. Pathophysiology of somatosensory abnormalities
in Parkinson disease. Nature Reviews Neurology. 2013 Dec 1,9(12):687-97.

Craig JC, Rhodes RP, Busey TA, Kewley-Port D, Humes LE. Aging and tactile temporal order. Attention,
Perception, & Psychophysics. 2010 Jan 1,72(1):226-35.

da Silva CF, Morgero KC, Mota AM, Piemonte ME, Baldo MV. Aging and Parkinson's disease as
functional models of temporal order perception. Neuropsychologia. 2015 Nov 30,78:1-9.

Fiorio M, Tinazzi M, Bertolasi L, Aglioti SM. Temporal processing of visuotactile and tactile stimuli in
writer's cramp. Annals of neurology. 2003 May 1,53(5):630-5.

Gibbon J, Rutschmann R. Temporal order judgment and reaction time. Science. 1969 Jul
25;165(3891):413-5.

Haenzi S, Stefanics G, Lanaras T, Calcagni M, Ghosh A. Botulinum toxin-A dose dependent perceptual
loss on the hand after its cosmetic use on the face. cortex. 2014,63:118-20.

Heed T, Azandn E. Using time to investigate space: a review of tactile temporal order judgments as a
window onto spatial processing in touch. Frontiers in psychology. 2014 Feb 17,5:76.

Kitazawa S, Moizumi S, Okuzumi A, Saito F, Shibuya S, Takahashi T, Wada M, Yamamoto S. Reversal of
subjective temporal order due to sensory and motor integrations. Sensorimotor foundations of higher
cognition attention and performance. 2008 Jan 30:73-97.

Laasonen M, Virsu VVJ. Temporal order and processing acuity of visual, auditory, and tactile perception in
developmentally dyslexic young adults. Cognitive, Affective, & Behavioral Neuroscience. 2001 Dec
1,1(4):394-410.



University of North Carolina M. Tommerdahl, P1

Moseley GL, Gallace A, Spence C. Space-based, but not arm-based, shift in tactile processing in
complex regional pain syndrome and its relationship to cooling of the affected limb. Brain. 2009 Nov
1;132(11):3142-51.

Moseley GL, Gallagher L, Gallace A. Neglect-like tactile dysfunction in chronic back pain. Neurology.
2012 Jul 24;79(4):327-32.

Nishikawa N, Shimo Y, Wada M, Hattori N, Kitazawa S. Effects of aging and idiopathic Parkinson's
disease on tactile temporal order judgment. PloS one. 2015 Mar 11,10(3):e0118331.

Pagel B, Heed T, Roder B. Change of reference frame for tactile localization during child development.
Developmental science. 2009 Nov 1;12(6):929-37.

Roder B, Résler F, Spence C. Early vision impairs tactile perception in the blind. Current Biology. 2004
Jan 20;14(2):121-4.

Sanger TD, Tarsy D, Pascual-Leone A. Abnormalities of spatial and temporal sensory discrimination in
writer's cramp. Movement disorders. 2001 Jan 1;16(1):94-9.

Sterr A, Green L, Elbert T. Blind Braille readers mislocate tactile stimuli. Biological psychology. 2003 May
31;63(2):117-27.

Takahashi T, Kansaku K, Wada M, Shibuya S, Kitazawa S. Neural correlates of tactile temporal-order
judgment in humans: an fMRI study. Cerebral Cortex. 2012 Jul 3:bhs179.

Tinazzi M, Frasson E, Bertolasi L, Fiaschi A, Aglioti S. Temporal discrimination of somesthetic stimuli is
impaired in dystonic patients. Neuroreport. 1899 May 14,10(7):1547-50.

Tinazzi M, Fiaschi A, Frasson E, Fiorio M, Cortese F, Aglioti SM. Deficits of temporal discrimination in
dystonia are independent from the spatial distance between the loci of tactile stimulation. Movement
disorders. 2002 Mar 1;17(2):333-8.

Tinazzi M, Fiorio M, Bertolasi L, Aglioti S. Timing of tactile and visuo-tactile events is impaired in patients
with cervical dystonia. Journal of neurology. 2004 Jan 1;251(1):85-90.

Van Damme S, Gallace A, Spence C, Crombez G, Moseley GL. Does the sight of physical threat induce a
tactile processing bias?: Modality-specific attentional facilitation induced by viewing threatening pictures.
Brain research. 2009 Feb 9;1253:100-6.

Virsu V, Lahti-Nuuttila P, Laasonen M. Crossmodal temporal processing acuity impairment aggravates
with age in developmental dyslexia. Neuroscience letters. 2003 Jan 23;336(3):151-4.

Wada M, Yamamoto S, Kitazawa S. Effects of handedness on tactile temporal order judgment.
Neuropsychologia. 2004 Dec 31;42(14):1887-95.

Wada M, Suzuki M, Takaki A, Miyao M, Spence C, Kansaku K. Spatio-temporal processing of tactile
stimuli in autistic children. Scientific reports. 2014 Aug 7;4:5985.

Reaction Time (RT). Reaction time describes an individual’s information processing speed.
The measure is simple in concept and easily measured, and for this reason, there are a large
number of references on this topic that date back to 1885. However, the majority of commercial
measures that collect reaction time introduce a very large variability for technical reasons and

12



University of North Carolina M. Tommerdahl, PI
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Timing Perception. Timing perception is an indivdual’s ability to accurately perceive the
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Frequency discrimination. Frequency discrimination is an individuals’ ability to differentiate
between two sinusoidal stimuli on the basis of frequency. This has been of ongoing interest in
the somatosensory research community for decades, but very few have a clue as to what
frequency discrimination relies on. Although it is fairly evident that frequency discrimination
relies on synchronization of cortical ensembles, a number of researchers have designed
experiments to push an alternative hypothesis (by designing out that possible conclusion). Some
of the references pertaining to frequency discrimination are listed below and the contents of these
are summarized in an excel spreadsheet.
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