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Abstract

Objectives: To determine if Brain Gauge somatosensory
metrics would adequately reflect an individual’s recovery.

Design: Prospective case study of Ms ‘K’.

Methods: The Brain Gauge somatosensory assessment
system was used to show, progress towards recovery from
concussion. The battery of tactile tasks was delivered over
a 20-minute test period and sensory perceptual metrics
(reaction time, amplitude discrimination, temporal order
judgment with and without conditioning, and duration
discrimination) were obtained. The metrics obtained at
post-concussion days 18, 25 and 48 post-injury, were
compared to normative values obtained from previously
published studies.

Results: Ms ‘K’ recorded 20 sympto Ms with a severity of
77 and the SAC was 24. There were decreases in reaction
time, fatigue, amplitude discrimination sequential score,
temporal order judgment and the duration discrimination
across all three assessments. The temporal order
judgment connectivity score increased across all three
assessments to be >30% of the temporal order judgment.
Temporal order judgment was much higher than
normative values for Ms ‘K’ initially but returned to
normative values over the time-frame studied. Ms ‘K’s’
timing perception (i.e., duration discrimination) showed
notable improvement over the time course examined in
this case study.

Conclusion: The multi-parametric approach of cortical
metrics was sensitive to the degree of recovery and the
diversity of symptom that Ms ‘K’ sustained from her head
injury. The Brain Gauge somatosensory metrics enabled
rapid visual identification of where Ms ‘K’ was in her

recovery from a concussive injury, therefore was a useful
tool to help monitor physiological recovery from
concussion.

Keywords: Mild traumatic brain injury; Plasticity; Reaction
time; Amplitude discrimination; Speed; Accuracy;
Connectivity; Temporal order judgment

Key Points

• For a minority of people, concussions can take
longer than 10 days to recover.

• Use of the symptom indices with the PCS of the
SCAT3 can provide a measure of the intensity of the
symptoms reported.

• Utilizing a somatosensory system can provide
access to a diagnostic system for overall cortical
health by enabling access to a somatotopic
organization for evoking cortical-cortical
interactions.

• The potential for the Brain Gauge to be utilized as a
tool to individually assess the recovery of
concussions needs to be researched further.

Introduction
Recovery from concussion, or mild Traumatic Brain Injury

(mTBI), is difficult to diagnose and often difficult to track.
Should a person receive a second concussion, while still
recovering from a concussion, the injury can be much more
serious, if not fatal [1,2]. As such, during the period between
concussion, and full recovery, it is critical that the person not
become reinjured. In the initial period, concussions can have
adverse effects on cognitive function, balance and have a
diverse number, and severity of symptoms [3,4]. There is an
increasing body of evidence reporting [5-8] that balance and
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cognitive deficits, and the symptoms of concussion will return
to normal within 10 days for the majority of the population [9].
However, for a sizeable minority of people, this recovery can
take longer than 10 days to clinically recover from a
concussion, before they are able to return to their normal
activities and sporting environments [9-12]. More recently it
has been reported that, although people may have clinically
recovered from a concussion (i.e., no signs or symptoms),
some may not have physiologically recovered (e.g., cerebral
blood flow, cortical excitability) [13]. The period of
physiological recovery may outlast clinical recovery time, but
the duration of this is, as yet unknown [13]. In a study on
Cerebral Blood Flow (CBF) post-concussion, it was reported
that CBF abnormalities were resolved by 30 days post-injury
[14,15]. Studies on Electro Encephalo Gram (EEG) and Event
Related Potential (ERP) in concussion have reported persistent
effects up to 45 days post-injury [16-19]. In conducting Trans
Cranial Magnetic Stimulation (TMS), it was found that there
were cortical hypo-excitability persisting beyond the time of
clinical recovery, approximately 28 days, and increased
inhibition in the motor system that persisted beyond 9 months
post-injury [20,21].

Aim
The aim of this case study was to describe the clinical and

physiological recovery from concussion utilizing Brain Gauge
somatosensory metrics for a case study.

Methodology
The patient assessed throughout this case study is identified

as Ms ‘K’ a 50-yr. old female health professional. The use of her
information was discussed with her after the last assessment
was completed and Ms ‘K’ provided informed consent as to
the nature of the study and what details were included. A copy
of the manuscript was provided to Ms ‘K’ prior to submission
to gain her approval for submission.

Patient clinical management and initial
assessment with SCAT3 and BESS

Ms ‘K’ fell off a stationary pushbike and hit her head on the
side of a ceramic pot. Sustaining a cut to her ear she was
assessed at the local emergency department and treated for
this injury (day-0 injury) and provided with two days off work.
Ms ‘K’ returned to work and could function in her role during
day-3 post injury. Upon returning to work on day-4 she felt
unwell and was unable to concentrate. She was referred for a
head injury clinical assessment on 4th day. On 4th day, Ms K
completed the Sports Concussion Assessment Tool 3rd edition
(SCAT3). In addition to the symptom evaluation scales of the
SCAT3, symptom indices were applied to the symptom score
and severity [22]. The symptoms indices were the Global
Severity Index to provide an overall summary measure of the
symptoms on a scale from 0 to 6, and the Positive Symptom
Distress Index as a measure of the intensity of the symptoms
the player reported on a scale from 0 to 6. Ms ‘K’ was
medically diagnosed with a concussive injury and was given a

return-to-activity program consisting of a further seven days
off work, incorporating two days of cognitive rest and 4 days of
graduated increase in activities with the aim to return to work
in a reduced capacity a week later. Ms ‘K’ was reassessed by
her General Practitioner on day-11 and given a further week
off work as she did not feel capable of returning to full work
duties in the hospital. Upon returning to work on day-18, Ms
‘K’ reported that she felt ‘spacey’ and had difficulty
concentrating with her tasks. Ms ‘K’ also reported that her
dyslexia appeared to be worse than previously. Her line
manager, and Ms ‘K’, approached the lead author (DK) for
assistance in developing a graduated return-to-work program.
Options were discussed with Ms ‘K’ and her manager, and Ms
‘K’ agreed to a modified return-to-work program and to
undergo the Brain Gauge somatosensory assessment as part of
this process. Ms ‘K’ underwent three Brain Gauge assessments
(post-concussion day 18 [D-18], day 25 [D-25] and day 48
[D-48]) and her return-to-work program was modified to assist
with improvements in her recovery.

Sport Concussion Assessment Tool version 3
(SCAT3)

Developed by the Concussion in Sport group, the Sport
Concussion Assessment Tool version 3rd (SCAT3) for assessing
sports-related concussion [23]. It is the most recent validated
tool combining aspects of previous assessment tools into a
standardized process. The SCAT3 was utilized to assess, and
document the symptoms of concussion, co-modifiers and to
conduct a cognitive assessment of Ms ‘K’. There are three
sections of the SCAT3 that were utilized for Ms ‘K’. The
participant’s background, the test domains for symptom
evaluation and the cognitive screening components. The
immediate or on-field assessment was not utilized as this was
not a field based assessment. The participant’s background
provides questions relating to age, gender, hand dominance,
history of concussions and recovery; medical imaging for head
injury; headaches or migraines; learning disability, dyslexia,
attention deficit hyperactive disorder/attention deficit
disorder (ADHD/ADD); depression, anxiety or other psychiatric
disorder; any familial history of any of these disorders or
problems and if they are on any regular medications. In the
test domain for symptom evaluation there are two
components. The first is to identify the total number of
symptoms (0-22; higher score=more symptoms) that are
occurring and, following this, to identify the symptom severity
(0-132; higher score=more severe symptoms) of those
symptoms. The second test domain is the Standardized
Assessment of Concussion (SAC) (0-30; lower score=worse
cognitive performance), and the modified Balance Error
Scoring System (mBESS) comprising of three stances on a hard
floor (0-30; higher score=lower number of errors). The timed
tandem-gait measure was not completed as part of the SCAT3
assessment. The cognitive assessment in the SAC comprises
four components: orientation (0-5), immediate memory
(0-15), concentration (digits backwards and months in reverse
order, 0-5) and delayed recall (0-5). To evaluate the SCAT3
components the following guidelines for concussion
assessment were utilized [24].
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Symptom evaluation

• Score (range 1-22): 3 or more symptoms from baseline.
• Severity (range 1-132): score of 11 or more.

Cognitive assessment

• Orientation (range 0-5): 1 less than baseline.
• Immediate memory (range 0-15): 12 or less.
• Concentration (range 1-5): 3 or less for numbers reversed.
• Delayed recall (range 0-5): 3 or less.
• SAC (range 0-30): combined score of 27 or less.
• Modified balance scoring system (range 0-30): more than 3

errors in double and/or tandem stance from baseline.

In addition to the symptom evaluation scales, symptom
indices were applied to the symptom score and severity as
part of the analysis [22]. The symptoms indices were the
Global Severity Index to provide an overall summary measure
of the symptoms on a scale from 0 to 6, and the Positive
Symptom Distress Index as a measure of the intensity of the
symptoms reported on a scale from 0 to 6 [22].

Brain gauge somatosensory assessment
The ‘Brain Gauge’ two-digit vibrio-tactile stimulation hand

held device (Brain Gauge. Cortical Metrics, Chapel Hill, NC, USA
www.corticalmetrics.com) is the same shape and size to a
standard computer mouse (Figure 1).

Figure 1 The ‘Brain Gauge’ (A) two-digit vibro-tactile
stimulation hand held device and (B) example of visual
cueing test screen.

Sitting at a computer and when logged into the Cortical
metrics programmer, the patient was guided through a series
of tests. The two cylindrical probes (5 mm in diameter) on the
top of the mouse provided a vibration stimulus in the flutter
range (25-50 Hz) on the patients second (index, D2) and third
(middle, D3) fingers of their non-dominant hand. The custom
software running on the laptop computer advised the patient
of what actions to take. Ms ‘K’ responded by pressing D2 (left
mouse button for digit 2) and D3 (right mouse button for digit
3) with her dominant hand according to instructions of each
measurement protocol. Each measurement consisted of a
battery of five sequential protocols which lasted approximately
30 minutes. The protocols were similar to previous studies and
all amplitude values were measured zero-to-peak [25-29].

Brain gauge test battery
The vibrotactile testing battery consisted of nine tasks. Prior

to each task, Ms ‘K’ had to correctly respond to three
consecutive practice trials to proceed, in order to confirm that
she understood the instructions. Feedback was given during
practice trials but not during task trials. In all tasks, stimulus
delivery was pseudo-randomized between D2 and D3. All data
recorded were visually inspected prior to analysis. In each of
the assessments, a simple tracking procedure utilizing a two-
alternative forced choice paradigm was undertaken. The
tracking procedures for each of the protocols queried Ms ‘K’ as
to which of the two stimuli were larger (Amplitude
Discrimination [AD]), which of the two stimuli came first
(Temporal Order Judgment [TOJ]), or which of the two stimuli
lasted longer (Duration Discrimination [DD]). Visual cueing was
provided via the computer and practice trials were performed
before each test to ensure Ms ‘K’ was familiar with the test. No
performance feedback or knowledge of the results was
provided during data acquisition.

Brain gauge variables
Brain Gauge normalized scores for speed, accuracy, timing

perception, TOJ, connectivity, plasticity and the overall
composite (“Cortical Metric”) are described, along with the
normative ranges in Table 1.

Table 1 Description of Brain Gauge variables and normative ranges.

Variable and Range Description of Variable

Speed Computed from reaction time (RT) and variability (RTVar) on the RT tests. Speed is dependent on white matter
integrity and frontal-parietal pathways. Disruption of white matter integrity occurs with a number of conditions such
as traumatic insult (TBI), MS and some neurodegenerative conditions. High variability has been linked to micro-
lesions in the white matter. When performance degrades between the first and second reaction time tests, the
Fatigue score will be poor (low value).

Reaction Time

150-200 ms

Reaction Time Variability

0-20 (or 10% of RT)

Accuracy Reliant on functional integrity in the parietal lobe and comprises the averaged Amplitude Discrimination (AD)
scores (AD sequential (ADseq) and AD simultaneous (ADsimult)). This metric reflects one’s ability to accurately
determine which of two stimuli is larger in size (amplitude). Accuracy is reliant on functional integrity in the parietalAmplitude Discrimination Sequential
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20-70 microns lobe. Lower numbers are better but both AD values should be similar. Systemic hyperactivity in the cerebral cortex,
or an imbalance in excitation/inhibition, can cause a large divergence between the ADseq and ADsimult values.
When ADsimult is much greater than ADseq, there are likely problems with lower than normal inhibition or greater
than normal activity (hyper-responsively). This can cause a low Plasticity score, which is often observed in chronic
pain patients (e.g., migraine), some patients with neurodegenerative problems and patients with traumatic insult,
particularly to the parietal lobe. Two stimuli are delivered in each of the AD tests: the stimuli are given one after the
other in ADseq while both are delivered at the same time in ADsimult.

Amplitude Discrimination Simultaneous

20-70 microns

Temporal Order Judgment Metric associated with the “when” pathway (frontal-striatal). The measure (in ms) is the smallest time difference
between two stimuli such that one can still identify which finger received the first stimulus. Higher than normal
values for TOJ are consistent with autism, migraine, non-headache chronic pain, some neurodegenerative
disorders, and traumatic insult to the frontal-striatal area.

TOJ

15-35 ms

Time Perception Metric associated with the duration discrimination (DD) task and the “how long” pathway (cortical-cerebellar). The
measure (in ms) is the smallest duration difference between two stimuli that one can perceive. Damage to the
cerebellar lobe or the pathway to it results in timing perception getting worse (longer). Higher than normal values
for timing perception have been found to be consistent with migraine and non-headache pain as well as traumatic
insult to the cerebellum.

Duration Discrimination

30-80 ms

Connectivity Measure of how well groups of brain cells are communicating with each other. This metric is determined by
comparing the scores of the temporal order judgment task (TOJ) and the temporal judgment task carrier (TOJc).
TOJc delivers the same stimuli as the TOJ task but with a concurrent conditioning stimulus in order to create an
illusion. In the presence of this illusion (or confound), TOJ should be ~30% worse. If the TOJc score is not greater
(worse) than TOJ, the connectivity score will be low.

Temporal Order Judgment Connectivity

TOJc>30% TOJ

Plasticity Measure of how well your brain is integrating, processing, and adapting to information from its external
environment. States of hyper-excitation (such as can be caused by low GABA levels) lead to poor plasticity scores.
Plasticity is a computed metric and a weighted average of lateral inhibition, adaptation and temporal- intensity
integration metrics. A comparison of ADseq with ADsimult yields information about lateral inhibition: how well the
brain discriminates between two points. ADsimult should not be more than ~50% higher than ADseq. Low GABA
can be responsible for low lateral inhibition. A measure of the impact that single site adaptation (SSA) has on
amplitude discrimination yields an adaptation metric. The delivered adapting stimulus should be illusory and cause
SSA to be ~30% worse than the ADsimult score. A measure of timing perception in the presence of intensity
confounds yields a temporal-intensity integration score. Timing perception with confound (DDc) should be ~30%
worse than timing perception without the illusion (DD).

Lateral inhibition ADsimult>50% ADseq

Adaption

SSA<30% ADsimult

Temporal intensity integration

DDc<30% DD

Cortical Metric A holistic representation of brain health. It takes the information collected from every available test and computes
an “at a glance” view of total brain health. The Cortical Metric is represented as a plot.

0-100%

In each case, the score was normalized by comparing the
respective measure to the average values previously reported.
The normative database was generated by obtaining
observations from 448 healthy controls (age range 18-50) that
took the same tests in the same manner as the individual
described in this case study and a previous concussion study
For example, connectivity is a comparison of TOJ to TOJ carrier
[26-31]. Plasticity is a comparison of sequential to
simultaneous amplitude discrimination and the overall Cortical
Metric is the normalized average of all scores. These scores
have been implemented as commercialized standards in the
Brain Gauge system that is distributed by Cortical Metrics and
since they are normalized, can be plotted on a radar plot
(Figure 2).

Figure 2 Graphical representations of the shift in the radar
plot paralleling the somatosensory results of Ms ‘K’ towards
recovery at day-PC1 (1A), day-PC7 (1B) and day-30 (1C) for
Speed, Accuracy, Temporal Order Judgment (TOJ), Time
Perception, Connectivity, Plasticity and Fatigue. The lower
number (closer to 0) indicates a worsening of that aspect,
whereas a higher score (closer to 100) indicates a healthy
score.

Reaction time
A supra-threshold stimulus (frequency 25 Hz, amplitude 300

μm, duration 40 ms) was delivered on D2 or D3. Ms ‘K’ was
asked to respond, as quickly as possible, when they felt the
stimulus. 20 trials were delivered with an inter-trial interval of
3 s; 20 trials). The reaction time task was delivered at the
beginning and end of each test session.
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Amplitude discrimination threshold:
Simultaneous vs. Sequential

The AD tasks have been previously described [32,33]. In the
simultaneous AD task, Ms ‘K’ was asked to choose which of the
two simultaneously delivered stimuli had the higher amplitude
(25 Hz; 500 ms; standard stimulus amplitude: 200 μm; initial
comparison stimulus amplitude: 400 μm). A 1-up/1-down
tracking paradigm (comparison stimulus amplitude was
decreased for a correct answer and increased for a wrong
answer) was used for the first 10 trials and a 2 up/1 down (two
correct answers were necessary for a reduction in comparison
stimulus amplitude) was used for the remainder of the task (an
inter-trial interval of 5 s; 20 trials). After the simultaneous
amplitude discrimination trials, the task was repeated with the
same stimulus parameters and the same tracking paradigm,
but the two stimuli were delivered 500 ms apart to establish
the sequential amplitude discrimination. The order of the
stimuli was presented in a pseudo-random manner.

Temporal order judgment (With and without
carrier)

In the TOJ task, two single vibrotactile pulses (40 ms, 25 Hz,
200 m) were delivered on D2 and D3 separated temporally by
a starting inter-trial interval of 150 ms (the first pulse was
assigned pseudo randomly) within a 1-s interval. Ms ‘K’ was
asked to respond to the digit that received the first pulse. The
TOJ thresholds were taken as the mean of the inter-trial
interval of the final five trials. In one condition, there was no
concurrent stimulation and in the second condition, a 25 Hz
concurrent carrier (20 m) stimulus was delivered throughout
each 1-s trial interval.

Duration discrimination
For the DD task, sequential stimuli were delivered to D2 and

D3 for 20 trials (initial stimulus parameters: 750 ms test, 500
ms standard, 300 mm, 25 Hz, 25 ms step size). Discrimination
capacity was assessed using a two-alternative forced choice
tracking protocol in a manner similar to that described for
amplitude discrimination capacity. The duration of the test
stimulus was always greater than that of the standard
stimulus, but the location of the stimulus of longer duration
was randomly selected on a trial-by-trial basis. Ms ‘K’ was
asked to determine which of the two digits received the longer
stimulus duration. The difference between the duration of the
test and standard amplitudes was adjusted based on her
response; correct responses resulted in shortening the test
duration in subsequent trials while incorrect responses
resulted in increasing the test duration in subsequent trials
(total of 20 trials).

Plasticity
Plasticity, or the ability of the cortex to adapt, is computed

by comparison of the results of the sequential and
simultaneous AD tasks. In healthy controls, the outcomes of
these two tests are typically very similar [34]. Delivery of two
stimuli at the same time to the two digits maximally tasks
lateral inhibition whereas this is not the case when the same
two stimuli are delivered at different times. If there is below
normal inhibition, or over-excitation, as is often the case with
concussed individuals, then the ability to discriminate between
two adjacent and simultaneously delivered stimuli will be
compromised (i.e., lateral inhibition will be compromised).
Such compromise will negatively impact the plasticity score.

Statistical analysis
All the results of the Brain Gauge were downloaded onto a

Microsoft Excel 2016 spreadsheet and analysed with SPSS (IBM
Corp, Released 2017. IBM SPSS Statistics for Windows, Version
24.0 Armonk, NY: IBM Corp). Components of the SCAT3 were
analysed using a Friedman repeated measures ANOVA on
ranks. If significant differences were observed a post-hoc
analysis was undertaken by a Wilcoxon signed-rank test. A
one-sample chi-squared (χ2) test was used to determine
whether the results for D-18 were significantly different from
the subsequent scores recorded. Results were considered
significant at p<0.05.

Results

SCAT3 with global severity index and positive
symptoms distress index

The results of the SCAT3 (Table 2) identified that Ms ‘K’ had
some co-modifiers such as migraines, dyslexia and a familial
history of the same. On D-4 Ms ‘K’ recorded a symptom score
of 20 (GSI 3.5), symptom severity of 77 (PSDI 3.9) and a SAC of
24. Ms ‘K’ scored 10 on the mBESS at the post-injury
assessment. Ms ‘K’s symptoms decreased at D-18 (χ2(1)=12.0;
p=0.0005; z=-3.1; p=0.0018) and D-25 (χ2(1)=9.0; p=0.0027;
z=-2.7; p=0.0065) when compared with D-4.

Speed
There were decreases in the reaction time assessment 1

from D-18 (450.2 ms) compared with D-25 (χ2(1)=15.8;
p=0.0001) and D-48 (χ2(1)=48.1; p<0.0001) (Table 3).

Table 2 Modified SCAT3 results with Global Severity Index And Positive Symptoms Distress Index for Ms ‘K’ on day-4 and the last
testing session (D-48) following a head injury from a stationary pushbike.

SCAT3 Assessment
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Co-Modifiers Yes/No

Previous concussion No

Previous hospitalization / Medical imaging for head injury No

Diagnosed headaches / Migraines Yes

Diagnosed ADD/ADHD; Learning Disability / Dyslexia Yes

Diagnosed Depression; Anxiety; Other Psychiatric Disorder No

Has family history of any of above (Dyslexia, Migraines) Yes

Currently on any medications No

Symptom Evaluation Range D-4
Score

D-18 Score D-25 Score D-48 score Signs of Concussion

Symptom Score 0-22 20*bc 14*ac 10*ab 2 5 or more symptoms

General Severity Index 0.0-6.0 3.5 1.6 0.8 0.1

Symptom Severity 0-132 77*bc 36*ac 17*ab 2 Combined score>11

Positive Severity Distress Index 0.0-6.0 3.9 2.6 1.7 1

Cognitive Assessment Score

Orientation 0-5 5 5 5 5 ≤ 4

Immediate Memory 0-15 14 15 15 15 ≤ 12

Concentration 0-5 2* 4 5 5 ≤ 3 numbers

Delayed Recall 0-5 3* 5 5 5 ≤ 3

Standardised Assessment of Concussion 0-30 24* 29 30 30 ≤ 27

Modified Balance Error Scoring System 0-30 10* 30 30 30 ≤ 3 errors

Table 3 Brain Gauge somatosensory results for Ms ‘K’ at D-18, D-25 and D-48 post-injury actual scores, and differences from
normative range of results. 1=Start of assessment; 2=End of assessment; Diff=Differences from upper limits of range; Significant
difference (p<0.05) than (a)=D-18; (b)=D-25; (c)=D-48; (d)=Reaction time 1; (e)=Reaction time 2.

D-18 D-25 D-48

Measure Range Actual Diff Actual Diff Actual Diff

Reaction Time-1 150-200 ms 450.2bce 250.2 338.4ace 138.4 264.8ab 64.8

Reaction Time-2 150-200 ms 325.8bcd 125.8 246.8ad 46.8 257.0a 57

Reaction Time Variability1 0-20 65.9bc 45 39.3a 33.8 38.5a 26.5

Reaction Time Variability-2 0-20 33.4bc 32.6 12.6a 24.7 9.4a 25.7

Amplitude Discrimination Sequential 20-70 microns 80.0b 10 32.0ac In range 68.0b In range

Amplitude Discrimination Simultaneous 20-70 microns 88 88 108.0c 38 76.0b 6

Temporal Order Judgment (TOJ) 15-35 ms 108.9bc 78.9 49.6a 19.6 37.4a 7.4

Temporal Order Judgment Connectivity >30% TOJ 109.0b 0.001 53.2ac 0.073 92.7b 1.479

Duration Discrimination 30-80 ms 275.0bc 195 70.0ac In range 45.0ab In range

This was similar for reaction time variability assessment 1
with decreases from D-18 (65.9 ms) compared with D-25
(χ2(1)=6.7; p=0.0095) and D-48 (χ2(1)=7.2; p=0.0073). The
reaction time assessment 1 decreased from D-18 (325.8 ms)
compared with D-25 (χ2(1)=10.9; p=0.0010) and D-48
(χ2(1)=8.1; p=0.0044).

Fatigue
There were differences in the reaction times between the

first and second assessments at D-18 (χ2(1)=19.9; p<0.0001)
and D-25 (χ2(1)=8.98; p=0.0027) but not D-48 (χ2(1)=0.12;
p=0.7328) indicating a decrease in the effects of fatigue over
the duration of the assessments. The reaction time variability
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decreased between the first and second assessments at D-18
(65.9 vs. 33.4; χ2(1)=10.6; p=0.0011), D-25 (39.3 vs. 12.6;
χ2(1)=13.7; p=0.0002) and PC-3 (38.5 vs. 9.4; χ2(1)=17.7;
p<0.0001).

Accuracy
The AD sequential score decreased from D-18 to D-25

(χ2(1)=20.6; p<0.0001) to be within the normative range of 20
to 70 microns, but the AD simultaneous score increased from
D-18 when compared with D-25 (χ2(1)=2.0; p=0.1531). On
D-48, the AD simultaneous score decreased when compared to
D-25 (χ2(1)=5.6; p=0.0183).

Temporal order judgment
The TOJ score decreased from D-18 (108.9) when compared

with D-25 (χ2(1)=22.2; p<0.0001) and D-48 (χ2(1)=34.9;
p<0.0001). TOJ connectivity score increased from D-18 (108.9
ms vs. 109.0 ms; 0.1%) over the three assessments to be >30%
of the TOJ (37.4 ms vs. 92.7 ms; 147.9%) at D-48 (χ2(1)=23.5;
p<0.0001).

Time perception
The DD score decreased from D-18 (275 ms) when

compared with D-25 (χ2(1)=121.8; p<0.0001) and D-48
(χ2(1)=165.3; p<0.0001) to 45 ms.

Discussion
This case study reports on the recovery of Ms ‘K’ from a

concussive injury after having been medically cleared to return
to full work activities from her GP. With the symptoms
returning the decision was made to further evaluate Ms ‘K’.
We employed a somatosensory based device to obtain
neurosensory assessments of Ms ‘K’ during recovery from her
head injury. At D-18 post injury, the results of the Brain Gauge
tests identified that Ms ‘K’ was outside of the normative
ranges on six of the eight scores recorded on the radar plot.
Although her accuracy and plasticity were towards the
normative range, the rest of the measurements were outside
the normative ranges and her Cortical Metric was 35.7%.
Having the visual graph enabled Ms ‘K’ to see where she was
at in relationship to the normative ranges. Following these
results, a plan was established to assist Ms ‘K’ to recover. This
included limited cognitive tasks such as watching screens
(computer, television, cell phones) and driving after work
longer than 30 minutes. As her primary employment meant
using computers to document her care with patients she
managed in the emergency department, computer use was
limited using a buddy-nursing approach. A space was provided
for Ms ‘K’ to have time out in a quiet environment away from
the workplace as she required. At D-25, upon re-testing, the
results of the Brain Gauge identified that Ms ‘K’ had improved
but was still outside of the normative ranges on two of the
eight scores recorded. Her fatigue had reduced, Cortical Metric
had increased (75.8%) and her speed and accuracy had
increased. Ms ‘K’ also reported that her dyslexia had improved

following the week of reduced activities and she felt better
able to return to work in the ED knowing that she was able to
utilize the quiet environment.

Speed
Ms ‘K’ demonstrated an improvement in all the metrics

collected. Reaction time and reaction time variability both
demonstrated consistent improvement with time post-
concussion. Reports on parallels in neurological status and
reaction time performance date back to 1868 and this has
been well established that both reaction time and reaction
time variability are compromised with impaired neurological
status [35-37]. Ms ‘K’s’ reaction time and reaction time
variability decreased with recovery and led to an improvement
in the speed metric. More specifically, reaction time has been
demonstrated to be impacted by concussion [38-51], and
reaction time variability has been correlated with attention
and the inability to focus or attend to activities. The difference
between the first and second reaction time and reaction time
variability’s can be used to compute a measure of mental
fatigue and in the case of Ms ‘K’, this demonstrated
improvement post-concussion [41].

Accuracy
Comparison of the sequential vs. simultaneous amplitude

discrimination (AD) tasks provides unique insight into the
process of lateral inhibition. Both accuracy and plasticity
improved time post-concussion for Ms ‘K’. This reflected both
an improvement in the AD scores relative to normative values
and the relationship between those scores. The accuracy
metric is computed from the sequential and simultaneous AD
tasks and the plasticity metric is computed from the
relationship between the two. The relationship between
performances on these two tasks was first described in 2008
and the simultaneous AD task performance has been
demonstrated to be approximately equal to task performance
in the sequential AD task in healthy populations [34]. The
important dimension is the relative performance of
simultaneous AD task performance to sequential AD task
performances: the worse the performance of the simultaneous
task relative to the sequential task, the worse the plasticity
metric. Task performance on simultaneous AD is greatly
compromised in populations with hypersensitivity (e.g.,
migraine) [52]. Additionally, the simultaneous AD task
demonstrates a correlation with data from non-human
primates, and degradation in lateral inhibition has been
demonstrated both in vivo and in vitro in cortical states that
mimic hypersensitivity. In this case study, there was a
substantial improvement in performance in this metric in the
time course post-concussion [53-55].

Temporal order judgment
Temporal order judgment (TOJ) was much higher than

normative values for the subject initially but returned to
normative values over the time-frame studied. This metric is
largely attributed to pathways in the frontal, pre-frontal and
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parietal cortex [56-61]. The connectivity metric is computed by
determination of relative performance of the TOJ carrier (TOJ
with an illusory conditioning stimulus that normally makes it
more difficult to perform the task), and a poor score on
connectivity reflects that the illusory confound had little or no
effect on TOJ performance. In other words, absence of the
effect of the illusion causes the concussed individual to
outperform non-concussed individuals on the TOJ task (this
was the case for a group study of concussed vs. non-concussed
individuals) [26].

Time perception
The finding that the duration discrimination (DD) was slow

on Ms K’s D-18 test was not unexpected. In a previous study
reporting on assessment of concussion of student athletes, the
ability to accurately determine which of two stimuli has a
longer temporal duration, had a less of an impact on
concussed individuals. Ms ‘K’s’ timing perception (or DD)
showed notable improvement over the time course examined
in this case study. The ability of an individual to differentiate
which of two stimulus epochs is longer in duration has been
attributed to cerebellar-cortical circuitry: in studies in which
TMS was used to block activity in the cerebellum, timing
perception task performance was greatly reduced or
eliminated regardless of which sensory modality was used
[62].

Connectivity
In the presence of a conditioning stimulus, healthy subjects

do worse on the TOJ task because of the connectivity between
adjacent cortical regions [30]. The conditioning stimulus is
hypothesized to engage adjacent and near-adjacent cortical
ensembles that are exhibit stimulus evoked activity [26,30,52].
First described in 2007 [30], the connectivity metric was used
to demonstrate a lower than normal functional connectivity in
individuals with autism [63]. This demonstration paralleled
previous histological post-mortem findings that predicted
lower than normal inhibition in autism [64]. In short, the
decreased performance in the TOJ task in healthy controls with
the illusory conditioning stimulus was not evident in the
autism population, indicating lower than normal connectivity.
Subsequently, similar findings were demonstrated in other
populations that (predictably) had lower than normal
connectivity (e.g., individuals with migraine [52]; concussed
individuals [26]. In these populations, individuals impacted by
some compromise of functional connectivity performed better
on the TOJ task in the presence of the conditioning stimulus
because the lack of synchronized activity led to decoupling of
activity at the two-digit representations. This lower than
normal connectivity can be seen in the results of Ms ‘K’ where
her TOJ was nearly 80 ms greater than the normative range on
D-18 but as her concussion recovered the TOJ returned
towards the normative range (D-48). Additional evidence of
the role of synchronized activity between adjacent cortical
ensembles in task performance were obtained in studies with
TMS (in which synchronized activity was decoupled [65], MEG
studies that demonstrated a lack of synchronization in local

cortical ensembles that paralleled task performance [66] and
non-human primate studies [67-69].

Summary
In summary, using the somatosensory system provides

access to a diagnostic system for overall cortical health by
enabling access to a somatotopic organization for evoking
cortical-cortical interactions in adjacent, or near adjacent,
regions of the brain [26]. In addition, the somatosensory
system can control for ambient environment noise (tactile
stimuli vs auditory or visual stimuli), is highly integrated with
the pain system and alterations in sensory input occur in
parallel with alterations on systemic cortical alterations
enabling ‘sampling’ from the center of the brain [26]. These
neurosensory assessments had been previously described as
sensitive to systemic cortical alterations and are successful in
differentiating groups of concussed vs. non-concussed
individuals at a high confidence level [26]. The overall finding
of the case study was that Ms ‘K’ greatly improved in all
metrics, indicating a network-wide improvement in
performance and return to normative function over the time
range studied post-concussion. The potential for the Brain
Gauge to be utilized as a tool to individually assess the
recovery of concussions needs to be researched further.

Conclusion
The identification and monitoring of the different facets of

the brain gauge enabled the recovery of Ms ‘K’ to be recorded,
and the provision of a visual display to show the progress of
her recovery was beneficial to Ms ‘K’. The findings that the TOJ,
timing perception, fatigue, plasticity and duration
discrimination were outside normative levels was not
unexpected and, with appropriate cognitive and physical rest
these returned towards the normative range. The multi-
parametric approach of cortical metrics was sensitive to the
degree of recovery and the diversity of symptoms that Ms ‘K’
sustained from her head injury. Further research is warranted
to evaluate the Brain Gauge for the use of individual
concussion recovery assessments.

Practical Implications
The Brain Gauge somatosensory system enables rapid visual

identification of where the individual is in their recovery from
a concussive injury and warrants further investigation as a tool
to help monitor physiological recovery from concussion.
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