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Objective: To assess the utility of a head-mounted wearable inertial motion unit (IMU)- 
based physiological vibration acceleration (“phybrata”) sensor to support the clinical diag-
nosis of concussion, classify and quantify specific concussion-induced physiological system 
impairments and sensory reweighting, and track individual patient recovery trajectories.
Methods: Data were analyzed from 175 patients over a 12-month period at three clinical sites. 
Comprehensive clinical concussion assessments were first completed for all patients, followed by 
testing with the phybrata sensor. Phybrata time series data and spatial scatter plots, eyes open (Eo) 
and eyes closed (Ec) phybrata powers, average power (Eo+Ec)/2, Ec/Eo phybrata power ratio, 
time-resolved phybrata spectral density (TRPSD) distributions, and receiver operating character-
istic (ROC) curves are compared for individuals with no objective impairments and those clinically 
diagnosed with concussions and accompanying vestibular impairment, other neurological impair-
ment, or both vestibular and neurological impairments. Finally, pre- and post-injury phybrata case 
report results are presented for a participant who was diagnosed with a concussion and subse-
quently monitored during treatment, rehabilitation, and return-to-activity clearance.
Results: Phybrata data demonstrate distinct features and patterns for individuals with no 
discernable clinical impairments, diagnosed vestibular pathology, and diagnosed neurological 
pathology. ROC curves indicate that the average power (Eo+Ec)/2 may be utilized to support 
clinical diagnosis of concussion, while Eo and Ec/Eo may be utilized as independent 
measures to confirm accompanying neurological and vestibular impairments, respectively. 
All 3 measures demonstrate area under the curve (AUC), sensitivity, and specificity above 
90% for their respective diagnoses. Phybrata spectral analyses demonstrate utility for 
quantifying the severity of concussion-induced physiological impairments, sensory reweight-
ing, and subsequent monitoring of improvements throughout treatment and rehabilitation.
Conclusion: Phybrata testing assists with objective concussion diagnosis and provides an 
important adjunct to standard concussion assessment tools by objectively ascertaining neu-
rological and vestibular impairments, guiding targeted rehabilitation strategies, monitoring 
recovery, and assisting with return-to-sport/work/learn decision-making.
Keywords: wearable sensor, physiological vibration acceleration, concussion, multi-system 
impairment, sensory reweighting

Introduction
Managing concussion injuries in civilian, athletic, industrial, and military popula-
tions is complicated by the fact that patients typically suffer from impairments to 
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multiple interacting physiological systems:1 central ner-
vous system (CNS; brain and spinal cord), peripheral 
nervous system (PNS; somatic, autonomic), sensory 
(visual, vestibular, somatosensory), neurovascular, and 
musculoskeletal. This wide range of potential impairments 
arises from the corresponding wide range of potential 
impact-induced tissue damage locations, volumes, topolo-
gies, and affected CNS, PNS, sensory, vascular, and mus-
culoskeletal structures.2 A comprehensive objective 
assessment of these impairments is difficult to obtain, 
presenting significant challenges for concussion risk pre-
diction, diagnosis, treatment, and rehabilitation. Although 
a variety of instrumented concussion assessment tools are 
available, there is no gold standard assessment tool and 
diagnosis of concussion remains a clinical decision. These 
challenges are not unique to concussions and chronic sub- 
concussive head impact exposure – they also arise due to 
the wide range of lesion locations, volumes, topologies, 
and affected neural structures that can be caused by a -
stroke,3 and the wide range of CNS, PNS, sensory, vascu-
lar, and musculoskeletal impairments that can result from 
age-related decline,4 demyelinating diseases like multiple 
sclerosis,5 other neurodegenerative diseases such as 
Parkinson’s disease6 and Alzheimer’s disease,7 and 
a wide range of other medical conditions and the side 
effects of associated prescription medications and surgical 
interventions.

Systems-based approaches to model and clinically assess 
the complex interactions of physiological impairments such 
as those described above have been investigated for several 
decades. Important examples from industrial, sports, and 
clinical medicine that lay the foundation for the work 
described in this article include the measurements and ana-
lysis of normal and pathological body sway motion8 and, 
more broadly, body vibrational spectra, both naturally occur-
ring and externally induced. Monitoring and analysis of 
vibrational acceleration spectra in turn have their origins in 
industrial systems applications9 such as machine design, fail-
ure detection, remote asset management, predictive mainte-
nance, and, bridging industrial and human applications, the 
design of robots that can mimic human bipedal motion.10–12 

Vibrational analysis is a key component of digital twin mod-
els used to monitor the health of complex industrial 
systems,13 and this concept has recently been extended to 
the development of human digital twin models that can 
monitor patient health,14 for example by determining stroke 
severity from head vibration.15 Important related industrial 
medicine applications include reducing risks of physiological 

impairments due to human/machine interactions,9 riding in 
motor vehicles16 or industrial equipment,17 and determining 
causes of motion sickness.18 In sports medicine, head- 
mounted and body-worn accelerometers have been used to 
compare measured and simulated responses of the human 
body to external mechanical excitations such as simulated 
sub-concussive head impacts19 and to investigate the trans-
missibility of vibrations from the skis to lower back and head 
in alpine skiing.20 Localized vibration of the calf muscles has 
been used to study the effects of fatigue on human postural 
stability.21,22 The incorporation of whole-body vibration into 
fitness and injury treatment programs has also received sig-
nificant interest,23,24 although evidence regarding the corre-
sponding physiological changes and therapeutic benefits 
remains unclear.25 Head acceleration spectra from instru-
mented mouthguards have been used to identify features 
that can be utilized by machine learning algorithms to clas-
sify head motion in football players as impacts vs. non- 
impacts and impacts as concussions vs. non-concussive.26 

In clinical medicine, head-mounted accelerometers have 
been used to compare normal and pathological passive 
head acceleration spectra for healthy individuals and those 
with essential tremor,27 to compare head and eye tremors for 
the assessment of vestibulo-ocular impairments,28 to detect 
changes in intercranial pulsatility29 associated with diffuse 
brain tissue atrophy and white matter degeneration following 
stroke, and to measure the mechanocardiographic motion of 
the body30 resulting from cardiovascular blood flow. 
Acceleration spectral analysis of body center of mass data 
has also been utilized to study differences in the complex 
multi-system postural control process between young chil-
dren and adults,31 and physiological vibration has been 
shown to be inherent to human postural and motor 
control,32,33 including components described as tremor,32,34 

rambling, and trembling.33

The above studies reveal the rich set of physiological 
vibration acceleration phenomena that have been studied 
in the human body. In this article these phenomena are 
referred to collectively as “phybrata”, and the application 
of phybrata sensing is explored as an extension of tradi-
tional clinical measurements of postural stability, balance, 
neuromotor control, and neuro/cardiovascular dynamics 
for the assessment of complex medical conditions in 
which multiple physiological systems are impaired. We 
have previously reported the utilization of a head- 
mounted wearable inertial motion unit (IMU)-based sensor 
and three quantitative, physiologically intuitive measures 
of postural sway to detect outliers in populations at risk of 
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balance impairments.35 Normative reference ranges and 
well-defined 95% confidence intervals (CIs) have been 
established for all three postural sway measures across 
heterogenous populations and sampling environments.35 

Session-to-session variability and changes due to routine 
physical activity and potential confounding variables 
remain well within the 95% CIs for all three sway 
measures.35 We have also shown that the device enables 
on-field detection of abnormal sway to support concussion 
diagnoses and remove-from-activity/return-to-activity 
decisions for athletes at risk of impact-induced balance 
impairments, even in the absence of individual baseline 
measurements.35 In the case of concussions and sub- 
concussive head impact exposure, head-mounted devices 
can also provide the dual functions of continuously mon-
itoring the intensity and frequency of head impacts during 
athletic activity36 and quantifying resulting changes in 
postural stability and balance performance.35

The aims of the present study are to investigate appli-
cations of the above device as a phybrata sensor, expand 
our previous investigations to include larger cohorts of 
clinical concussion patients, and investigate the utility of 
the device for diagnosing concussions and classifying 
neurological versus vestibular impairments in patients 
with diagnosed concussions. We show that the device is 
able to detect normal and pathological features and pat-
terns in phybrata signals that are inherent to human bal-
ance stabilization and arise from cerebellar and cortical 
integration and processing of multiple afferent feedback 
inputs (visual, vestibular, somatosensory), efferent feedfor-
ward motor signals, and musculoskeletal responses. The 
tiny mass, high sensitivity, and head-mounted design near 
the vestibular balance organs allow the device to detect 
spatial, time-domain, and frequency-domain features and 
patterns with a level of detail not previously reported. We 
further show that phybrata time series data and spatial 
scatter plots, eyes open (Eo) and eyes closed (Ec) phybrata 
powers, receiver operating characteristic (ROC) curves, 
phybrata spectral density (PSD) distributions, and time- 
resolved phybrata spectral density (TRPSD) analyses 
enable the derivation of simple and clinically intuitive 
quantitative metrics to classify, quantify, and track the 
time evolution of vestibular and neurological impairments 
resulting from concussion injuries. The present direct mea-
surements and time-resolved spectral analyses of phybrata 
signals using a mastoid-mounted device address key lim-
itations of alternative measurement tools used to assess 
physiological impairments and sensory reweighting 

following concussions, including computerized dynamic 
posturography (CDP),37 video motion capture systems,38 

body-worn sensors,39 robotic assessments,40 electrodiag-
nostic testing such as quantitative electroencephalography 
(qEEG),41 motor evoked potentials (MEP),42 electromyo-
graphy (EMG),43 electrical vestibular stimulation (EVS)44 

and electrovestibulography,45 functional MRI (fMRI),46 

and functional near-infrared spectroscopy (fNIRS).47

Clinical Assessments of Multi-System 
Physiological Impairments and Sensory 
Reweighting
Clinical measurements of postural stability, balance, and 
mobility are important non-invasive tools in the assessment 
of neurological, sensory, musculoskeletal, and PNS disor-
ders resulting from a wide range of neurological medical 
conditions, including head trauma due to concussions,48–51 

sub-concussive head impact exposure,44,52–54 industrial 
accidents,55 and combat blast.56,57 Severe impairments of 
balance can be identified by qualitative postural stability 
tests that have been developed for a variety of clinical 
applications, including Romberg testing,58 the Bass 
Balance Test,59 the Berg Balance Scale (BBS),60 the bal-
ance error scoring system (BESS),61 and the Balance 
Evaluation Systems Test (BEST).62 However, instrumented 
measurements have been shown to provide enhanced sensi-
tivity, reproducibility, and reliability for detecting more 
subtle neuromotor, vestibular, and musculoskeletal abnorm-
alities resulting from injuries such as concussions,39,63 dis-
eases such as Parkinson’s disease64 and diabetes,65 age- 
related disorders such as postural dyscontrol,66 frailty,67 

and stroke,68 and a wide range of other complex medical 
conditions and associated pharmaceutical treatments69–71 

and surgical interventions.72

Force plates are widely deployed for instrumented bal-
ance assessment in clinical environments, and foot center- 
of-pressure (COP) displacement trajectories or body cen-
ter-of-mass (COM) displacement trajectories measured 
using these devices have been used to derive many differ-
ent postural sway metrics.73–75 However, there is still no 
consensus in the literature as to the accuracy and physio-
logical interpretation of many of these metrics,76–79 due in 
part to significant variations in testing procedures such as 
postural stance, visual condition, balance condition, sam-
pling rate and test duration,75,77,80–82 and data processing 
techniques.83 COP and COM displacement trajectories 
measured using force plates also obscure clinically 
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important higher frequency postural sway components 
corresponding to both complex multi-joint motion and 
motion of the head, as discussed further below.

Comparisons of theoretical and experimental COP dis-
placement frequency spectra reveal both lower frequency 
components (<1 Hz) corresponding to single-joint motion 
about the ankles, and higher-frequency (1–5Hz or higher) 
components corresponding to more complex in-phase and 
out-of-phase multi-joint motions involving knees, hips, 
torso, head, shoulders, and neck.84–86 Theoretical and 
experimental studies have revealed a combination of 
active, passive, intermittent, and continuous control of 
human balance11,12,87 to minimize energy consumption 
while maximizing stability. The corresponding postural 
sway in quiet stance exhibits motion with frequencies in 
the range 0–20Hz (the physiologically relevant range of 
joint oscillations)12 and amplitudes on the order of mm 
to cm, reflecting both natural and pathological involuntary 
motion caused by delays, gains, nonlinearities, and sto-
chastic behavior inherent to biological feedback and con-
trol systems. Spectral analyses of data from accelerometers 
and EMG reveal physiological tremor features out to 20 
Hz,34 with contributions from many different body parts 
and a wide range of central and peripheral motor control 
impairments. Studies combining EVS, EMG monitoring of 
lower limb muscle responses, and force plate measure-
ments of resulting changes in standing balance have 
revealed a biphasic vestibular-muscular response conveyed 
by two distinct physiological processes: an early response 
with 12–20 Hz frequency components and a late response 
with 2–10 Hz frequency components.88

Multiple studies based on spectral analyses of postural 
sway time series data indicate that distinct frequency bands 
may correspond to specific mechanisms of postural 
control,31,89–95 for example: >1Hz (spinal reflexive loops, 
proprioception, multi-joint and muscle activity); 0.5–1 Hz 
(CNS participation, both cerebellar and cortical); 0.1–0.5 Hz 
(vestibular regulation); 0.02–0.1 Hz (visual regulation). 
Unique spectral features observed in postural sway power 
spectrum measured with a force plate, together with somato-
sensory evoked potential (SEPs) and EMG testing, have been 
utilized to distinguish between cerebellar and sensory ataxia 
in patients with Miller Fisher syndrome.96 Frequency- 
derived measures from a body-worn accelerometer have 
been used to provide automated at-home assessments of 
mobility for patients with Parkinson disease.97 The integra-
tion of the multiple sensory inputs utilized for postural con-
trol is dynamically regulated to adapt to changes in 

environmental conditions and available sensory information 
in order to reduce dependence upon affected elements of the 
postural control system, a process referred to as sensory 
reweighting.89–91,95,98–105 Sensory reweighting resulting 
from experimental perturbations,90,98–100 aging,99,101 and 
impairments caused by a wide range of neurological 
conditions89,91–94,102–105 has been observed in postural 
sway displacement frequency spectra. CDP is an advanced 
clinical system that has been used to assess functional bal-
ance development with age, sensory reweighting, and the 
relative contributions of visual, proprioceptive, and vestibu-
lar sensory cues,106,107 including changes following 
concussion.37 CDP testing requires patients to stand on 
a moveable platform with integrated force plates or wearing 
accelerometers, facing a visual surround screen, and wearing 
a safety harness. The most commonly implemented CDP 
testing subset is the sensory organization test (SOT), requir-
ing the patient to maintain balance under six progressively 
more difficult conditions with conflicting visual and/or pro-
prioceptive cues.37,106 Robotic assessments of normal and 
altered reaching movements have been used to evaluate 
motor, sensory, and cognitive functional impairments follow-
ing sport-related concussions.40 Sensory reweighting caused 
by aging and exposure to simulated microgravity have been 
studied by combining fMRI with force plate and video 
motion capture measurements.108,109 Higher frequency and 
lower amplitude postural control adjustments are indicative 
of more complex musculoskeletal strategies utilized by 
healthy individuals, and reductions in these components is 
a key feature in the sensory reweighting observed in recently 
concussed athletes51 and patients with a variety of other 
neurological conditions.89,93,95,103 Analogous behavior is 
also observed in humanoid robots, where impairments to 
visual (camera) and vestibular (gyroscope) inputs trigger 
sensory reweighting of the postural control system that 
results in higher amplitude, lower frequency balance 
responses and increased fall risks.110

Contributions of head motion to postural sway have 
been studied in less detail but have been shown to be 
significant even in healthy individuals.27,111–114 The head 
serves as an egocentric reference for balance, walking, and 
most other voluntary motor activities,115 and centralizes 
the integrated sensing of physiological signals. Published 
data indicate that during quiet stance upper body motion 
increases in order of pelvis, trunk, head, and that quiet 
stance includes control of separate trunk-on-pelvis and 
head-on-trunk links, dominated by head resonance.112 

Not yet well understood are the head motion magnitudes 

submit your manuscript | www.dovepress.com                                                                                                                                                                                                                    

DovePress                                                                                                                                    

Medical Devices: Evidence and Research 2020:13 414

Ralston et al                                                                                                                                                          Dovepress

http://www.dovepress.com
http://www.dovepress.com


and frequency ranges during quiet stance from vestibular- 
ocular stabilization of gaze116 and vestibular-cervical sta-
bilization of head position.117 Spectral analysis of force 
plate COP trajectory data has, for example, revealed 
visually evoked postural responses from individuals in 
virtual reality environments.118 Vestibular reflex contribu-
tions to balance control have been shown to exhibit fre-
quency components up to 25 Hz in the lower limbs and 
even higher in the head neck system.119 This higher fre-
quency response of vestibular reflexes is governed by the 
mechanical systems under their control, with the neck 
system exhibiting a broader bandwidth than the appendi-
cular muscles.119 Eye and head movements are closely tied 
and well-synchronized, relying on common neural corre-
lates to ensure steady fixation of targets in the visual field. 
Abnormalities can be classified120 as: 1) eye movements as 
the primary abnormality with the seemingly abnormal 
head movements actually being compensatory; 2) head 
movements as the primary disorder with seemingly abnor-
mal eye oscillations being compensatory; 3) abnormal eye 
and head oscillations due to a shared pathophysiology; and 
4) eye and head oscillations occurring independently. 
Pathological head and eye motion can result from mal-
function in any of the related physiological system 
components.

Complex multi-joint postural sway components can be 
extracted from force plate data by modeling the body as an 
inverted simple or articulated pendulum and deriving the 
body’s COM trajectory from the COP trajectory.73,84,85,114 

However, such a derivation requires multiple biophysical 
assumptions74,84,121,122 which in turn produce a distorted 
estimate of the true postural sway. Furthermore, two key 
factors obscure much of the above clinically important 
higher frequency postural sway and sensory reweighting 
components beyond 2Hz in the power spectral density of 
force plate COP or COM displacements.77,84,98,103 The 
first factor is lower body attenuation and damping of the 
higher-frequency head and upper body components.123,124 

The second factor is the relationship between displace-
ment, velocity, and acceleration power spectral densities. 
Mathematically, displacement (d), velocity (v), and accel-
eration (a) all share the same spectral structure but with 
frequency-dependent scaling125 d(f) = v(f)/2πif = a(f)/ 
(2πif)2. As a result, COP displacement spectra show sig-
nificantly higher 1/f noise at lower frequencies and much 
steeper roll-off at higher frequencies than the correspond-
ing velocity85,126 and acceleration31 spectra. The displace-
ment signal can be integrated mathematically once to 

generate velocity or twice to generate acceleration, but 
this method is limited in the case of postural sway by 
lack of knowledge of the (typically non-zero) initial posi-
tion and velocity of the body for the integrations. Analysis 
of COM acceleration has nonetheless been shown to be 
useful for the assessment of the postural control strategy at 
the whole-body level,31,127,128 by revealing the presence of 
higher frequency sway components due to multi-joint 
coordination and providing insights into underlying neu-
romotor control mechanisms.

Video motion capture systems have been used to study 
the above higher frequency and multi-joint motions in 
detail,129,130 but this is a complex solution that requires 
dedicated research facilities. A much easier solution, 
applicable to wide range of clinical or even self-testing 
environments, is to measure acceleration directly using 
inertial measurement unit (IMU)-based sensors worn on 
the body. These devices typically incorporate micro- 
electromechanical systems (MEMS)-based linear acceler-
ometers and/or angular velocity sensors (gyroscopes) for 
precision motion tracking, although it has been shown that, 
in comparison to camera- and force-plate-based systems 
using multi-segment body models to assess the dynamics 
of standing balance, accelerometer-only inertial sensors can 
deliver highly accurate estimates of body segment orienta-
tions, ground reaction forces, COP position, and joint 
moments.131 Such devices have been shown to provide 
valid and sensitive metrics of postural sway132–135 that 
correlate well with force plates,65,106,136 and the typical 
computational measures derived from CoP signals can be 
applied directly to accelerometry signals with results that 
are as good or better. Body-worn accelerometers have also 
demonstrated better sensitivity and discriminatory perfor-
mance for various physiological conditions and different 
age groups compared with force platforms, with results 
demonstrating the importance of higher frequencies when 
evaluating postural steadiness.137 Body-worn sensors have 
also enabled detailed measurement of higher frequency 
upper body vibrational resonances during seated postural 
control studies138 and have been used to assess changes in 
central sensory integration following concussion.139 

Balance measurements using accelerometers in smart 
glasses have been shown to be highly correlated with 
those using a waist-mounted accelerometer140 and have 
also been proposed as a concussion assessment tool.141

Head-mounted IMUs have the potential to capture 
a richer set of features over a wider frequency range than 
either force plates or body-worn devices. Studies using 
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head-mounted accelerometers to compare head motion 
acceleration spectral densities (ASD) for healthy indivi-
duals and those with essential tremor,27 as well as to 
compare head and eye tremors,28 both reveal a variety of 
distinct ASD spectral features extending out to 25Hz. ASD 
is the standard engineering analysis tool for quantifying 
random vibrations in many different complex physical 
systems,9 including the human body.10–12,15–26 In addition 
to revealing significant details related to sensory reweight-
ing, time-resolved ASD analyses also address the fact that 
postural sway signals are non-stationary, by capturing the 
significant time varying spectral changes100,142 that result 
from intermittent balance control processes that utilize 
multiple physiological system inputs and outputs. 
Ensemble-average ASD analyses have been utilized to 
identify statistically significant spectral features that can 
distinguish patients vs. control groups.100 The present 
study integrates and extends many of the above concepts 
into head-mounted accelerometer assessments of phybrata 
signals features and patterns observed in the spatial, time, 
and frequency domains.

Methods
Participants
Data were collected from a total of 218 patients over a 12- 
month period during regularly scheduled visits at three 
clinical sites: Center of Excellence for Pediatric 
Neurology (CEPN) in Rocklin, CA; Concussion Medical 
Clinic (CMC) in Rocklin, California; and the Benson 
Concussion Institute (BCI) in Calgary, Alberta. CEPN 
patient visits included both healthy patient assessments 
and assessments for a variety of neurological conditions. 
CMC concussion patients presented with a wide range of 
injury causes, including automotive accidents, home and 
workplace falls, and sports-related injuries. BCI injuries 
were limited to baseline assessments of healthy athletes 
and assessment for sport-related concussions in Canadian 
National high-performance athletes or elite athletes from 
the Calgary community. Data included in the analysis below 
are from a total of 175 participants (94 female, 81 male, 
ages 18.1 ± 10.9 yrs, min 7 yrs, max 66 yrs), including 
92 patients diagnosed with concussion within 30 days of 
injury (51 female, 41 male, ages 18.8 ± 13.2 yrs, min 7 yrs, 
max 74 yrs) and 83 healthy participants (43 female, 
40 male, ages 17.2 ± 7.7 yrs, min 8 yrs, max 74 yrs). Of 
the 92 patients diagnosed with concussion, 26 were diag-
nosed with vestibular impairments via clinical assessment, 

40 with other neurological impairments, and 26 with both 
vestibular and other neurological impairments. Patients 
with diagnoses other than concussion were excluded from 
the analysis.

Ethical Considerations
Phybrata testing was included in regularly scheduled clin-
ical patient assessments, the study was conducted in accor-
dance with the Declaration of Helsinki under Western IRB 
Study Number 1,188,786, and informed consent was 
obtained for all participants in the study.

Measurements
Concussion diagnoses of patients at CEPN, CMC, and BCI 
utilized Sport Concussion Assessment Tool (SCAT5) 
assessments, computerized neuropsychological testing, 
vestibular/ocular motor screening (VOMS), and compre-
hensive neurological clinical exams, including mental/psy-
chiatric status, cranial nerves, and motor, sensory, reflexes, 
coordination, balance, and gait testing. BCI patients also 
underwent autonomic nervous system assessment and 
assessment of sensory, motor, and cognitive function, 
visual gaze, and postural stability using robotic assess-
ments of normal and altered reaching movements40 with 
the Kinarm End-Point Robotic Device.143 CEPN and 
CMC assessments were completed with concussion 
patients at initial presentation and to trend recovery 
throughout rehabilitation. BCI assessments were com-
pleted with athletes at baseline, acutely post-concussion 
for diagnostic utility, and at follow-up to ascertain clinical 
and physiological recovery to aid with return-to sport 
decision-making. Patients diagnosed with concussion 
based on the above physical examination and specific 
symptom assessments were further divided into those pre-
senting with vestibular impairments, other neurological 
impairments, or both vestibular and other neurological 
impairments, in order to develop the most appropriate 
plan of care.144

Patients were tested using the previously reported 
PROTXX sensor attached to the patient’s mastoid using 
a disposable medical adhesive, as shown in Figure 1, while 
patients stand still for 20 sec with Eo and then again for 
20 sec with Ec.35 During testing, participants were instructed 
to stand upright in a relaxed position with their feet together 
and their arms at their side while maintaining their gaze in 
a straight-ahead direction. No talking or arm movements 
were allowed during the trial. The test administrator always 
stood by the subjects: 1) to monitor subjects’ postural sway 
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throughout the trial; and 2) so that the subjects had no fear of 
falling during Ec testing. Test data was excluded from the 
analysis if anomalous patient movement was observed dur-
ing phybrata testing.145 A smartphone app connects to the 
phybrata sensor via a bluetooth low-energy (BLE) wireless 
link to configure and run tests, collect data, and interface with 
cloud-based data storage, analytics, and reporting services. 
The phybrata IMU includes a 3-axis accelerometer to record 
x (anterior-posterior [AP], or front-back), y (vertical), and 
z (medial-lateral [ML], or left-right) acceleration time series 
data in units of g. During each 20 sec test, data is recorded at 
a sampling rate of 100 Hz, generating a total of 2000 samples 
for each of the 3 axes (x,y,z). The accelerometer signals are 
filtered to remove drift, as in our previous studies with the 
same device.35 Figure 2 shows sample Eo and Ec x,y,x 
phybrata time series signals and AP/ML phybrata spatial 
scatter plots for an age/gender-matched healthy baseline 
participant (Figure 2A) and a patient with diagnosed concus-
sion (Figure 2B).

Data Analysis
For each pair of tests (20 sec Eo followed by 20 sec Ec), 
four phybrata metrics were calculated from the time series 
data as previously described:35 Eo and Ec powers (in 
watts), (Eo+Ec)/2 average power, and Ec/Eo power ratio. 
Data analyses and plotting were carried out using the 
commercially licensed statistical analysis software 
packages NCSS (NCSS LLC, Kaysville, UT, USA) and 
SigView (SignalLab e.K., Germany). Data analysis 
included descriptive statistics, analysis of variance 
(ANOVA, MANOVA), and ROC curves for the 4 phybrata 

metrics and sub-populations of interest (female vs. male, 
Eo vs. Ec, no concussion vs. concussion, vestibular 
impairment vs. neurological impairment). Eo and Ec dis-
tributions generally failed 2 or more of 3 normality tests 
(Shapiro–Wilk, skewness, kurtosis) and were log trans-
formed prior to ANOVA/MANOVA. Means and 95% CIs 
were calculated using the bootstrap method. PSD and 
TRPSD analyses of phybrata time series data were carried 
out for individual patients and for ensembles of patients 
sharing common characteristics (e.g., no concussion vs. 
concussion, vestibular impairment vs. neurological impair-
ment). Additional benefits of the direct measurement of 
acceleration and the use of power-based and frequency- 
based metrics in the present study include greater sensi-
tivity to differences in Eo vs. Ec performance and less 
sensitivity to sampling duration,73,75–77,80,81 enabling the 
20 sec test times utilized in the present work.

Results
Figure 3 presents cumulative probability distributions 
(CPDs) for Eo, Ec, and Ec/Eo plotted as a function of 
gender for the 83 healthy baseline patients (HB) and the 92 
patients with diagnosed concussions (CN). Means, 95% 
CIs, and ANOVA results for these two groups and all 4 
phybrata metrics are summarized in Tables 1 and 2, 
respectively. As we have previously reported,35 the 
increase in Ec vs. Eo for the healthy population (Figure 
3A) is statistically significant for both females: F(1,84) 
=19.45, p<0.0001 and males: F(1,78)=28.05, p<0.0001, 
while the Ec/Eo ratio (Figure 3B) does not differ signifi-
cantly as a function of gender: F(1,81)=0.63, p=0.43. 
Unlike our previous study,35 however, the present data 
do not show a statistically significant difference between 
females and males for either Eo: F(1,81)=1.48, p=0.23 or 
Ec: F(1,81)=0.41, p=0.53. As discussed further below, this 
latter result is attributed to any gender difference being 
masked by larger variations resulting from the signifi-
cantly wider age range of patients in the present study. 
Although the CPDs span much wider ranges for the 
patients with diagnosed concussions, the above trends are 
maintained in the concussed population: the increase in Ec 
vs. Eo (Figure 3C) is statistically significant for both 
females: F(1100)=18.65, p<0.0001 and males: F(1,80) = 
17.42, p<0.0001; the Ec/Eo ratio (Figure 3D) shows no 
significant difference as a function of gender: F(1,90) 
=0.38, p=0.54; and no statistically significant difference 
is observed between females and males for either Eo: F 
(1,90)=0.34, p=0.56 or Ec: F(1,90)=1.03, p=0.31. Figure 4 

Figure 1 Phybrata sensor attached to the mastoid using an adhesive patch.
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presents box plots comparing differences between the four 
phybrata metrics for the 83 HB patients and the 92 con-
cussion patients. Means, 95% CIs, and MANOVA results 
are presented in Table 3. All 4 phybrata metrics show 
significant statistical correlations (p<0.0001) with the 
diagnosis of concussion. The average power metric (Eo 
+Ec)/2 shows the strongest correlation: F(1171)= 164.4, 
p<0.0001, and may serve as a rapid, simple, and clinically 
intuitive phybrata-based metric or biomarker to support 
concussion diagnoses.

Figure 5 shows sample Eo and Ec phybrata power 
histograms and AP/ML acceleration spatial scatter plots 
for 15 athletes (ages 17–23): 5 healthy athletes during 

baseline testing (Figure 5A); 5 following a concussion 
with only vestibular impairments observed during physi-
cal examination (Figure 5B); and 5 following 
a concussion with other neurological impairments 
observed during physical examination (Figure 5C). 
Patients with vestibular impairment only consistently 
showed Eo phybrata powers that remained below the 
95% CI for healthy subjects, but Ec phybrata powers 
elevated above the 95% CI for healthy subjects (Figure 
5B). Patients diagnosed with neurological impairment, on 
the other hand, typically showed both Eo and Ec phy-
brata powers significantly elevated above the respective 
95% CIs for healthy subjects (Figure 5C). This 

Figure 2 Sample eyes open (Eo) and eyes closed (Ec) x(anterior-posterior, AP), y(vertical), z(medial-lateral, ML) acceleration time series data and AP/ML acceleration spatial 
scatter plots for age/gender-matched (A) healthy baseline participant (B) patient with diagnosed concussion.
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observation is consistent with vestibular impairments pre-
senting more severely in the absence of visual input, 
while neurological impairments lead to less efficient 

integration and/or processing of multiple sensory inputs 
and degraded postural stabilization regardless of which 
combination of sensory inputs are available.

Figure 3 Cumulative probability distributions vs. gender and eye state for phybrata metrics for: (A and B), 83 healthy baseline patients (HB); (C and D), 92 patients with 
diagnosed concussions (CN). 
Abbreviations: F, female; M, male; Eo, eyes open; Ec, eyes closed.

Table 1 ANOVA Summary of Phybrata Measurements vs. Eye State and Gender for 83 Healthy Baseline Patients (43F, 40M).

Measure Condition Mean 95% CI F-Ratio P

Female: phybrata power Eyes open 0.288 0.248–0.322 F(1,84) = 19.45 < 0.0001
Eyes closed 0.413 0.370–0.457

Male: phybrata power Eyes open 0.303 0.278–0.328 F (1,78) = 28.05 < 0.0001
Eyes closed 0.419 0.388–0.450

Eo power Female 0.288 0.248–0.322 F(1,81) = 1.48 0.23
Male 0.303 0.278–0.328

Ec power Female 0.413 0.370–0.457 F(1,81) = 0.41 0.53
Male 0.419 0.388–0.450

(Eo + Ec)/2 Female 0.351 0.312–0.384 F(1,81) = 0.95 0.33
Male 0.361 0.338–0.384

Ec/Eo ratio Female 1.520 1.387–1.653 F(1,81) = 0.63 0.43
Male 1.445 1.319–1.569

Abbreviations: Eo, eyes open; Ec, eyes closed.

Medical Devices: Evidence and Research 2020:13                                                                        submit your manuscript | www.dovepress.com                                                                                                                                                                                                                       

DovePress                                                                                                                         
419

Dovepress                                                                                                                                                          Ralston et al

http://www.dovepress.com
http://www.dovepress.com


Figure 6 presents box plots and graphs comparing the 
means of the 4 phybrata metrics for all 175 study participants 
as a function of the 4 sub-populations: 1) healthy baseline 
(HB); 2) vestibular impairments only (VI); 3) neurological 
impairments only (NI); and 4) vestibular and neurological 
impairments (VNI). Corresponding means, 95% CIs, and 
MANOVA results are presented in Table 3. Ec/Eo shows 
both the strongest correlation with vestibular impairment: F 
(1167)= 162.9, p<0.0001, and no statistically significant corre-
lation with neurological impairment: F(1167)=1.13, p=0.29. 
Conversely, Eo shows both the strongest correlation with neu-
rological impairment: F(1167)=191.2, p<0.0001, and no sta-
tistically significant correlation with vestibular impairment: F 

(1167)= 1.60, p=0.21. This behavior is strikingly evident in the 
variations of the means of Eo (Figure 6A) and Ec/Eo (Figure 
6B) for the 4 sub-populations, and indicates that Eo and Ec/Eo 
may be utilized as independent measures to support classifica-
tion of neurological and vestibular impairments, respectively, 
in patients with diagnosed concussions. The 2 remaining phy-
brata metrics, Ec (Figure 6C) and (Eo+Ec)/2 (Figure 6D) show 
significant correlations to both neurological and vestibular 
impairments, and thus do not have the same utility as indepen-
dent measures for impairment classification.

Figure 7 presents scatter plots of Ec/Eo power ratio vs. Eo 
power for all 175 study participants, revealing well-defined 
data clusters for each of the four subpopulations: HB, VI, NI, 
and VNI. These results further highlight the ability of simple 
and clinically intuitive metrics/biomarkers derived from phy-
brata test data to distinguish between patients with/without 
concussion ((Eo+Ec)/2), and to further independently classify 
accompanying neurological impairments (Eo) and vestibular 
impairments (Ec/Eo). Figure 7 also reveals that the data for 
VNI is split into two sub-clusters in close proximity to the VI- 
only and NI-only clusters, which may indicate the presence of 
“predominantly vestibular” vs. “predominantly other neurolo-
gical” impairments in these patients. Further assessments of 
larger patient cohorts will be required to better understand this 
observed behavior.0

Figure 8 shows ROC curves derived for the four clin-
ical diagnostic criteria (a) CN=0,1; (b) VI=0,1; (c) NI=0,1; 
and (d) VNI=0,1, and for all possible cutoff values of the 4 
phybrata metrics. Key ROC results are summarized in 

Table 2 ANOVA Summary of Phybrata Measurements vs. Eye State and Gender for 92 Patients (51F, 41M) with Diagnosed 
Concussions.

Measure Condition Mean 95% CI F-Ratio p

Female: phybrata power Eyes open 0.936 0.703–1.137 F(1100) = 18.65 < 0.0001
Eyes closed 2.587 0.986–3.609

Male: phybrata power Eyes open 0.836 0.569–1.054 F(1,80) = 17.42 < 0.0001
Eyes closed 1.600 0.945–2.054

Eo power Female 0.936 0.703–1.137 F(1,90) = 0.34 0.56
Male 0.836 0.569–1.054

Ec power Female 2.587 0.986–3.609 F(1,90) = 1.03 0.31
Male 1.600 0.945–2.054

(Eo+Ec)/2 Female 1.758 0.951–2.350 F(1,90) = 0.86 0.36
Male 1.212 0.834–1.528

Ec/Eo ratio Female 2.516 1.916–3.007 F(1,90) = 0.38 0.54

Male 2.286 1.801–2.775

Abbreviations: Eo, eyes open; Ec, eyes closed.

Figure 4 Box plots showing distributions of 4 phybrata metrics for 83 healthy 
baseline patients (HB) and 92 patients with diagnosed concussions (CN). 
Abbreviations: Eo, eyes open; Ec, eyes closed.
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Table 4. As a metric for clinical diagnosis of concussion 
(Figure 8A), (Eo+Ec)/2 achieves area under the curve 
(AUC)=0.981 (95% CI = 0.956–0.992), and for a cutoff 
value of (Eo+Ec)/2=0.49 watts, the corresponding sensi-
tivity and specificity are 0.935 and 0.940, respectively. As 
a metric for clinical confirmation of the presence of ves-
tibular impairment in patients with diagnosed concussions 
(Figure 8B), Ec/Eo achieves AUC=0.951 (95% 
CI=0.904–0.976), and for a cutoff value of Ec/Eo=1.95, 
the corresponding sensitivity and specificity are 0.904 and 
0.902, respectively. As a metric for clinical confirmation 
of the presence of other neurological impairment in 
patients with diagnosed concussions (Figure 8C), Eo 
achieves AUC=0.975 (95% CI = 0.944–0.989), and for 
a cutoff value of Eo=0.45 watts, the corresponding sensi-
tivity and specificity are 0.924 and 0.936, respectively. 

Figure 8D indicates that none of the 4 phybrata metrics 
independently classify the presence of both vestibular and 
neurological impairments. The above cutoff values for Eo 
(0.45 watts), (Eo+Ec)/2 (0.49 watts), and Ec/Eo (1.95) 
agree well with the corresponding 95% CPD values in 
Figure 3 and the box plot distributions in Figure 4, high-
lighting the utility of these simple and physiologically 
intuitive phybrata metrics for rapid diagnostic testing. 
The ROC results further illustrate the utility of the phy-
brata metrics Eo and Ec/Eo as independent measures; Eo 
achieves AUC of only 0.63 as a metric to confirm the 
presence of vestibular impairment (Figure 8B), while Ec/ 
Eo achieves AUC of only 0.52 as a metric to confirm the 
presence of neurological impairment (Figure 8C). As dis-
cussed further below, these ROC results compare favor-
ably with more complex, time consuming, and expensive 

Table 3 MANOVA Summary of 4 Phybrata Metrics for Patient Sub-Populations with and without (a) Concussion (CN); (b) Vestibular 
Impairment (VI); (c) Neurological Impairment (NI).

Population Measure Condition Mean 95% CI F-ratio P

(a) Concussion 

CN=0: 83 

CN=1: 92

Eo power CN = 0 0.296 0.272–0.316 F(1171) = 104.6 < 0.0001
CN = 1 0.891 0.718–1.050

Ec power CN = 0 0.416 0.387–0.444 F(1171) = 154.8 < 0.0001
CN = 1 2.145 1.277–2.781

(Eo + Ec)/2 CN = 0 0.356 0.332–0.378 F(1171) = 164.4 < 0.0001
CN = 1 1.508 1.020–1.904

Ec/Eo CN = 0 1.484 1.395–1.570 F(1171) = 15.09 0.00015
CN = 1 2.421 2.019–2.767

(b) Vestibular Impairment 

VI=0: 123 

VI=1: 52

Eo power VI = 0 0.295 0.270–0.317 F(1167) = 1.60 0.21
VI = 1 0.892 0.712–1.047

Ec power VI = 0 0.416 0.388–0.442 F(1167) = 117.6 < 0.0001
VI = 1 2.132 1.298–2.784

(Eo + Ec)/2 VI = 0 0.356 0.333–0.377 F(1167) = 66.01 < 0.0001
VI = 1 1.501 1.062–1.894

Ec/Eo VI = 0 1.484 1.389–1.574 F(1167) = 162.9 < 0.0001
VI = 1 2.420 2.018–2.762

(c) Neurological Impairment NI=0: 109 
NI=1: 66

Eo power NI = 0 0.305 0.285–0.323 F(1167) = 191.2 < 0.0001
NI = 1 1.114 0.883–1.302

Ec power NI = 0 0.559 0.481–0.627 F(1167) = 132.7 < 0.0001
NI = 1 2.569 1.409–3.466

(Eo + Ec)/2 NI = 0 0.432 0.386–0.472 F(1167) = 170.0 < 0.0001
NI = 1 1.842 1.182–2.364

Ec/Eo NI = 0 1.876 1.658–2.070 F(1167 = 1.13) =0.29

NI = 1 2.141 1.626–2.536

Note: Shaded rows indicate phybrata measure showing strongest statistical correlation with each condition. 
Abbreviations: Eo, eyes open; Ec, eyes closed.
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Figure 5 Eyes open (Eo) and eyes closed (Ec) phybrata power histograms (left) and anterior-posterior/medial-lateral (AP/ML) acceleration spatial scatter plots (right) for (A) 
baseline testing of 5 healthy athletes; (B) post-concussion testing of 5 athletes with vestibular impairments; (C) post-concussion testing of 5 athletes with neurological 
impairments.

Figure 6 Box plots and graphs comparing means of 4 phybrata metrics (A) Eo (B) Ec/Eo (C) Ec (D) (Eo+Ec)/2 for 83 healthy baseline patients (HB); 26 concussion patients 
with vestibular impairments (VI) only; 40 concussion patients with neurological impairments (NI) only; 26 concussion patients with both vestibular and neurological 
impairments (VNI). 
Abbreviations: Eo, eyes open; Ec, eyes closed.
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approaches that combine data from various balance, eye 
tracking, neurocognitive, and other tests to generate multi-
modal concussion biomarkers.

To investigate sensory reweighting, Figures 9–12 present 
normalized ensemble TRPSD plots and spectrograms for the 
same 15 patients and 3 sub-populations for whom data is 
presented in Figure 5. Figure 9 presents Eo/AP results, and 
includes normalized ensemble TRPSD plots (left) for 5 HB 
patients (Figure 9A), post-concussion testing of 5 patients 
with vestibular impairment (Figure 9C), and post-concussion 
testing of 5 patients with neurological impairment (Figure 
9E), along with spectrograms (right) for the same 3 sub- 
populations (Figure 9B, D and F, respectively). Figure 10 
presents Ec/AP results, and includes normalized ensemble 
TRPSD plots (left) for 5 HB patients (Figure 10A), post- 
concussion testing of 5 patients with vestibular impairment 
(Figure 10C), and post-concussion testing of 5 patients with 
neurological impairment (Figure 10E), along with spectro-
grams (right) for the same 3 sub-populations (Figure 10B, 
D and F, respectively). Figure 11 presents Eo/ML results, and 
includes normalized ensemble TRPSD plots (left) for 5 HB 
patients (Figure 11A), post-concussion testing of 5 patients 
with vestibular impairment (Figure 11C), and post- 
concussion testing of 5 patients with neurological impair-
ment (Figure 11E), along with spectrograms (right) for the 
same 3 sub-populations (Figure 11B, D and F, respectively). 
Figure 12 presents Ec/ML results, and includes normalized 
ensemble TRPSD plots (left) for 5 HB patients (Figure 12A), 
post-concussion testing of 5 patients with vestibular impair-
ment (Figure 12C), and post-concussion testing of 5 patients 
with neurological impairment (Figure 12E), along with 

spectrograms (right) for the same 3 sub-populations (Figure 
12B, D and F, respectively). For all 3 sub-populations, 
a wider range of frequency content is observed for AP motion 
than for ML motion, consistent with previous studies of 
healthy young populations,74,134,135 and this relationship is 
preserved following both vestibular and neurological impair-
ments. For both AP and ML motion and all 3 sub- 
populations, overall Ec powers are higher than Eo powers, 
but the normalized high-frequency Ec spectral content is 
reduced compared to Eo. This relative shift to higher overall 
postural sway power with lower frequency content has pre-
viously been reported and attributed to a shift to a more 
conservative postural control strategy in the absence of visual 
input: higher frequency motion resulting from passive, open- 
loop, continuous, and more complex muscle and joint motion 
strategies is reduced while lower frequency motion resulting 
from active, closed-loop, intermittent, and lower complexity 
activation of musculoskeletal structures increases.31,99,142 

This same overall behavior is observed even more dramati-
cally in Figures 9–12 in the sequential differences in both AP 
and ML TRPSD results proceeding from no impairment to 
vestibular impairment to neurological impairment, consistent 
with published results using alternative measurement tools to 
assess physiological impairments following concussion.37–47

Sensory reweighting as a function of specific mechan-
isms of postural control was investigated by calculating 
relative changes within 4 frequency bands31,89,91 in the 
above normalized TRPSD spectra: 1–10Hz (spinal reflex-
ive loops, proprioception, multi-joint and muscle activity); 
0.5–1 Hz (CNS participation, both cerebellar and cortical); 
0.1–0.5 Hz (vestibular regulation); 0.02–0.1 Hz (visual 
regulation). Figure 13 plots the change in normalized 
PSD between Eo and Ec calculated by integrating over 
time and frequency in each of the 4 frequency bands for 
the 5 individuals with no diagnosed impairment. For each 
frequency band, the PSD changes for AP and ML ensem-
bles are averaged. As in Figures 9–12, overall Ec powers 
are higher than Eo powers, but Figure 13 reveals the 
changes in relative redistribution of the normalized 
power between the 4 spectral bands for Ec vs. Eo. 
Removing the visual input leads to a small decrease in 
normalized power in the lowest frequency band, corre-
sponding to the loss of visual regulation, and a large 
relative decrease in proprioceptive activity (highest fre-
quency band) that is offset by a large relative increase in 
the vestibular band and a smaller relative increase in the 
CNS band. This observation is consistent with sensory 
reweighting to a more conservative postural control 

Figure 7 Scatter plots of Ec/Eo power ratio vs. Eo power for healthy baseline 
patients (HB) and concussion patients with vestibular impairments (VI), neurological 
impairments (NI), and both vestibular and neurological impairments (VNI). 
Abbreviations: Eo, eyes open; Ec, eyes closed.
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strategy in the absence of visual input. Figure 14 plots the 
changes in normalized PSD, over the same 4 frequency 
bands, between the 5 individuals with no diagnosed 
impairment (HB) and: 1) those with diagnosed vestibular 
impairment only (VI); and 2) those with diagnosed neuro-
logical impairment only (NI). For each frequency band, 
the normalized PSD changes for Eo/AP, Ec/AP, Eo/ML, 
and Ec/ML ensembles are averaged. Both vestibular and 
neurological impairments lead to a large relative decrease 
in higher frequency proprioceptive activity that is offset 
primarily by relative increases in both the vestibular and 
CNS bands. However, vestibular impairment is accompa-
nied by a larger increase in normalized PSD in the 

vestibular band, while neurological impairment is accom-
panied by a larger increase in normalized PSD in the CNS 
band. This observation is consistent with lower efficiencies 
and higher overall energy dissipations in the postural sta-
bilization contributions from individual physiological sys-
tems suffering from impairments.89

In order to investigate post-concussion injury recovery, 
Figure 15 presents a series of normalized TRPSD plots and 
spectrograms, along with AP/ML acceleration spatial scatter 
plots and bar graphs of phybrata power for an athlete mea-
sured at 4 different times: pre-season testing with no diag-
nosed impairment (Figure 15A); clinical diagnosis 6 days 
post-concussion with neurological impairment (Figure 15B); 

Figure 8 Receiver operating characteristic (ROC) curves for 4 clinical diagnostic criteria: (A) concussion (CN=0,1); (B) vestibular impairment (VI=0,1); (C) neurological 
impairment (NI=0,1); and (D) both vestibular and neurological impairments (VNI), for all possible cutoff values of the 4 phybrata metrics Eo, Ec, (Eo+Ec)/2, Ec/Eo. 
Abbreviations: Eo, eyes open; Ec, eyes closed.
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testing during concussion rehab 14 days post-injury (Figure 
15C); and testing during concussion rehab 21 days post- 
injury (Figure 15D). The relative shift to higher overall 
phybrata power with lower frequency content following con-
cussion is evident between baseline and 6 days post- 
concussion. Progressive recovery is observed at 14 days 
and 21 days by decreasing phybrata power and recovery of 
more complex higher frequency proprioceptive and muscu-
loskeletal activity. These results demonstrate the utility of 
phybrata testing to deliver a comprehensive picture of each 
patient’s unique impairment signature at the time of injury 
and changes during subsequent treatment and rehab.

Discussion
The results presented above demonstrate the ability of data 
from a phybrata sensor worn on the mastoid to confirm 
clinical diagnosis of concussion, provide independent mea-
sures that confirm the presence of accompanying neurologi-
cal and vestibular impairments, and quantify the progression 
of multi-system physiological impairments and sensory 
reweighting following concussion. ROC results have been 
previously reported for a variety of concussion diagnostics 
tools and biomarkers, including symptoms inventories,146,147 

neurocognitive testing,148–154 analyses of head impact 
kinematics,155–158 postural stability assessments,39,159,160 

gait analysis,161 eye movement tracking,162–166 vestibular 
and oculomotor screening,167,168 visually evoked 
potentials,169 electrovestibulography,45 robotic assessment 
of neuromotor performance,170 blood-based 
biomarkers,171–174 salivary biomarkers,175 EEG,176 and 
MRI assessments of alterations in cerebral blood flow.177 

Many components of traditional neurocognitive testing 
have been shown to have limited predictive value,151 and 
the use of reduced variable subsets (including balance and 
eye tracking) has recently been recommended.153 Results 
matching the ROC diagnostic performance of the present 
phybrata approach have generally required multivariate 

composite models that combine data from various balance, 
eye tracking, neurocognitive, and other tests to generate more 
complex multimodal concussion biomarkers.178–182

It is expected that the above ROC diagnostic perfor-
mance of the phybrata sensor may be further enhanced by 
segmenting patients according to age. CDP-based studies of 
the age-dependent maturation of sensory systems have 
revealed that generalized postural stability increases with 
age but does not reach adult levels until the age of 16 years 
or later.107 Somatosensory function has been found to 
develop earliest, becoming comparable with adult levels 
by the age of 3–4 years, followed by visual function, 
which reaches adult levels by the age of 15. The vestibular 
function requires the longest development period and may 
not reach adult levels until the age of 16 or older. ANOVA 
results using 16 years of age as a cutoff to divide the 83 HB 
individuals in the current study into two groups (40 indivi-
duals aged 8–15 years and 43 individuals aged 16–74 years) 
yielded a statistically significant difference between (Eo 
+Ec)/2 for the two age groups at the p<0.05 level: F(1,81) 
=3.97, p=0.0498. Further age-based segmentation can be 
incorporated to take account of the degraded postural stabi-
lity observed in healthy older populations.66,99,101

Additional opportunities to further enhance the ROC 
diagnostic performance of the phybrata sensor include 
leveraging additional features and patterns that can be 
extracted from the sensor data, and training machine learn-
ing models to automate impairment classification. The 
results presented in Figures 9–15 indicate that there are 
many additional unique spatial, time-domain, and fre-
quency-domain features that can be extracted from phy-
brata time series data, spatial scatter plots, and frequency- 
domain analyses that have the potential to further enhance 
ROC performance by identifying and eliminating false 
positives and false negatives. Finally, the distinct data 
clustering observed in Figure 7 for healthy and impaired 
individuals is consistent with the unique structure of 

Table 4 Summary of Receiver Operating Characteristic (ROC) Curves for (Eo+Ec)/2 as a Diagnostic Measure for Concussion (CN), 
Ec/Eo as a Diagnostic Metrics for Vestibular Impairment (VI), and Eo as a Diagnostic Measure for Neurological Impairment (NI).

Phybrata 

Metric

Sub- 

Population

Number AUC 95% CI Cutoff TP FP FN TN Sensitivity 

TP/(TP 

+FN)

Specificity 

TN/(TN 

+FP)

Precision 

TP/(TP 

+FP)

Accuracy (TP 

+TN)/(TP+FP 

+FN+TN)

(Eo+Ec)/2 CN = 0,1 83, 92 0.981 0.956–0.992 0.49 86 5 6 78 0.935 0.940 0.945 0.937

Ec/Eo VI = 0,1 123, 52 0.951 0.904–0.976 1.95 47 12 5 111 0.904 0.902 0.80 0.903

Eo NI = 0,1 109, 66 0.975 0.944–0.989 0.45 61 7 5 102 0.924 0.936 0.897 0.931

Abbreviations: Eo, eyes open; Ec, eyes closed; AUC, area under the curve; TP, true positive; FP, false positive; FN, false negative; TN, true negative.
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Figure 9 Normalized ensemble eyes-open (Eo) anterior-posterior (AP) time-resolved phybrata power spectral density (NPSD) plots (left) and spectrograms (right) for 
(A and B) baseline testing of 5 healthy patients; (C and D) post-concussion testing of 5 patients with vestibular impairment; (E and F) post-concussion testing of 5 patients 
with neurological impairment.
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Figure 10 Normalized ensemble eyes-closed (Ec) anterior-posterior (AP) time-resolved phybrata power spectral density (NPSD) plots (left) and spectrograms (right) for 
(A and B) baseline testing of 5 healthy patients; (C and D) post-concussion testing of 5 patients with vestibular impairment; (E and F) post-concussion testing of 5 patients 
with neurological impairment.
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Figure 11 Normalized ensemble eyes-open (Eo) medial-lateral (ML) time-resolved phybrata power spectral density (NPSD) plots (left) and spectrograms (right) for (A and 
B) baseline testing of 5 healthy patients; (C and D) post-concussion testing of 5 patients with vestibular impairment; (E and F) post-concussion testing of 5 patients with 
neurological impairment.
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Figure 12 Normalized ensemble eyes-closed (Ec) medial lateral (ML) time-resolved phybrata power spectral density (NPSD) plots (left) and spectrograms (right) for (A and 
B) baseline testing of 5 healthy patients; (C and D) post-concussion testing of 5 patients with vestibular impairment; (E and F) post-concussion testing of 5 patients with 
neurological impairment.
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phybrata data allowing machine learning models with high 
levels of classification performance to be trained with 
relatively small clinical data sets.145 This promising beha-
vior is being investigated in further detail for a variety of 
traditional machine learning and deep learning models, 
with the goal of reducing the computational complexity 
sufficiently to incorporate machine learning classification 
directly into the phybrata sensor. Such a wearable device, 
capable of cloud-independent classification and quantifica-
tion of multiple physiological impairments would greatly 
enhance remote patient monitoring and management of 
many chronic medical conditions.

To our knowledge, ROC results providing independent 
classification of neurological and vestibular impairments 

from a single test using a non-invasive wearable device 
have not previously been reported. The distinction 
between vestibular organ and brain injury is vital since 
the appropriate course of treatment and rehabilitation will 
typically be quite different. However, many concussion 
patients are still managed uniformly, despite the nature of 
their injuries, in the hopes that the pertinent physiological 
impairments will be addressed. Treatment efficiency and 
patient outcomes can be significantly improved using 
a tool such as phybrata testing to identify, quantify, and 
track changes in impairments to specific physiological 
impairments.

One important limitation of the current work is that the 
terms “vestibular impairment” and “neurological impair-
ment” remain broad and include a wide range of potential 
underlying pathologies. Future studies will investigate the 
degree to which phybrata assessments can provide more 
detailed classification and tracking of concussion-induced 
impairments to the CNS (e.g., cortical183 vs. cerebellar184), 
PNS (e.g., somatic185 vs. autonomic186), vestibular system 
(e.g., peripheral vs. central,187 and musculoskeletal system 
(e.g., impairments to specific muscles and joints38), as well 
as utilizing these additional details as biomarkers to iden-
tify different concussion phenotypes188,189 and to develop 
quantitative clinical endpoints to support return-to-activity 
decisions. Data currently being collected from clinical 
cohorts with a variety of other neurogenerative medical 
conditions will be utilized to assess the degree to which 
the wide range of spatial, time-domain, and frequency- 
domain features and patterns in phybrata data can used 
to develop biomarkers with sufficient sensitivity and spe-
cificity to diagnose specific medical conditions in addition 
to their underlying physiological impairments, as well as 
to support corresponding phenotyping and the develop-
ment of clinical endpoints for treatment, rehabilitation 
planning, and pharmaceutical development and clinical 
trials.

Phybrata data may also be important for the develop-
ment, refinement, and testing of biomechanical postural 
sway models that include the full range of active vs. 
passive, open-loop vs. closed-loop, intermittent vs. contin-
uous, and high-complexity vs. low-complexity control 
behaviors that have been proposed to account for normal 
and impaired postural stability and sensory 
reweighting.11,12,21,31,67,99,100,121,142 For example, in 
Figures 9–12 and Figure 15, higher frequency spinal 
reflexive loops, proprioception, and more complex multi- 
joint and muscle activity contributions > 4Hz appear to 

Figure 13 Change in normalized ensemble power spectral density (PSD) between 
eyes-open (Eo) and eyes-closed (Ec) for 5 healthy baseline patients (HB). Ensemble 
average {AP, ML} PSD changes are summed over phybrata frequency bands corre-
sponding to visual, vestibular, central nervous system (CNS), and proprioceptive 
control. 
Abbreviations: AP, anterior-posterior; ML, medial-lateral.

Figure 14 Change in normalized ensemble power spectral density (PSD) between 
5 healthy baseline patients (HB) and: 1) 5 concussion patients with vestibular 
impairment (VI); and 2) 5 concussion patients with neurological impairment (NI). 
For each group, ensemble average {Eo, Ec, AP, ML} PSD changes are summed over 
phybrata frequency bands corresponding to visual, vestibular, central nervous sys-
tem (CNS), and proprioceptive control. 
Abbreviations: Eo, eyes open; Ec, eyes closed; AP, anterior-posterior; ML, medial- 
lateral.
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continuously regulate postural sway, corresponding to 
open-loop, automatic, “learned” balance strategies, as 
opposed to lower frequency CNS, vestibular, and visual 
contributions that clearly reflect the intermittent feedback 
control arising from CNS integration and processing of 
multiple sensory afferent and efferent signals. In the case 
of concussion injuries, the observed loss of higher fre-
quency coordination, whether due to musculoskeletal/pro-
prioceptive impairment or a shift to a more conservative 
closed-loop control and ankles-only strategy, may contri-
bute to increased risk of subsequent musculoskeletal injury 
if not fully rehabilitated before returned to play.38 Even 
relatively simple inverted pendulum and feedback control 
models of the human postural control system can generate 
COP/COM spatial and time-series traces whose gross fea-
tures closely resemble physiologically measured postural 
sway data. Variations in the values of parameters such as 
joint stiffness, damping, feedback time delays, and noise 
levels are sufficient, for example, to account for typical 
differences between measured data for healthy elderly vs. 
young subjects.121 However, models that can replicate the 
detailed spatial, time-domain, and frequency-domain 
multi-impairment and sensory reweighting behaviors 
observed for concussions and many other complex neuro-
degenerative medical conditions have not yet been devel-
oped, but models with this level of sophistication will be 

required to provide effective digital twin monitoring in 
clinical and remote health care environments. The phy-
brata data analysis presented in the present work also 
offers a clinically intuitive alternative to more complex 
postural sway data analysis approaches such as approxi-
mate entropy,37,82 stabilogram diffusion analysis,67,190 and 
wavelet analysis.94,191

The present observation that concussed individuals 
categorized as having a vestibular-specific impairment 
presented with a dissociable pattern of abnormal balance 
performance, compared to those categorized as having 
a more general neurological impairment, highlights the 
importance of testing vestibular-specific balance control 
mechanisms.144 EVS is an effective method for isolating 
vestibular balance function without stimulating other sen-
sory systems contributing to balance and motor control 
(vision, proprioception).192–194 Vestibular evoked myo-
genic potentials (VEMPs), short latency, vestibular- 
dependent reflexes that are evoked by short bursts of 
sound delivered through headphones or vibration applied 
to the skull, have been shown to preferentially activate the 
otolith organs rather than the semicircular canals and are 
used clinically to measure otolith function.193,195 EVS 
involves applying electrical current through electrodes 
placed over the mastoid processes of the skull, which is 
the same anatomical location as the phybrata devices used 

Figure 15 Normalized eyes-closed (Ec) anterior-posterior (AP) time-resolved phybrata power spectral density (NPSD) plots (top) and spectrograms (middle), along with 
phybrata spatial scatter plots (bottom, left), and phybrata power bar graphs (bottom, right) for an athlete tested (A) healthy/baseline; (B) 6 days post-concussion with 
neurological impairment; (C) 14 days post-concussion; and (D) 21 days post-concussion.
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in the present study, making the integration of EVS func-
tionality into the next-generation of phybrata devices 
a logical and important next step. With EVS, electrical 
current is used to directly stimulate (i.e., alter the cellular 
membrane potential) of both the vestibular hair cell recep-
tors within the otoliths and semicircular canals and the 
vestibular afferent neurons that innervate them, with 
a greater effect on the irregularly firing than the regularly 
firing afferent nerve fibers.193,194 EVS can be applied with 
many different types of stimulus waveforms to probe 
vestibular-specific balance control mechanisms88 and 
impairments44 or, in conjunction with eye-tracking, to 
probe vestibulo-ocular reflex function196,197 similar to the 
clinical VOMS testing used in the present study. In addi-
tion to assessing vestibular balance control, EVS can also 
be utilized to evoke compensatory whole-body balance 
responses, both tilt and rotation. This capability presents 
the opportunity to integrate EVS functionality with the 
phybrata sensor’s precision motion detection as the basis 
of a vestibular prosthesis198–201 that can monitor an indi-
vidual’s postural stability and provide real-time feedback 
for calculating corrective or offsetting electrical vestibular 
stimuli to significantly reduce or counteract degraded sway 
in arbitrary directions, reduce or eliminate pathological 
motion such as head tremors, or reduce fall risks in elderly 
and other balance-impaired populations. The many 
demonstrated applications of EVS, together with the 
results of the present study revealing a vestibular-specific 
signature in the postural control of a sub-group of con-
cussed patients, indicate significant utility for a future 
EVS-enabled phybrata wearable device to assess, monitor, 
and enhance balance performance both in clinical settings 
and remotely, and for many different clinical, athletic, 
industrial, and military populations suffering from concus-
sions and other injury, disease, or age-related disorders.

Conclusions
The phybrata sensor presented in the present study pro-
vides a simple, wearable, non-invasive, and clinically 
intuitive alternative to more complex approaches currently 
used for objective identification and quantification of 
impairments and sensory reweighting affecting multiple 
physiological systems following concussion injuries. 
Phybrata testing contributes to a more comprehensive pic-
ture of each patient’s unique impairment signature and 
helps guide targeted rehabilitation strategies and track 
recovery trajectories, both in the clinic and via remote 
patient monitoring. The results present a consistent and 

cohesive pattern that integrates complimentary results 
from current research and practice in industrial, athletic, 
and clinical medicine, and highlight significant opportu-
nities to improve clinical assessments, recovery manage-
ment, and return-to-activity decision-making for 
concussion patients. Future work will focus on further 
enhancing the ROC diagnostic performance of the phy-
brata sensor for concussion patients, expanding applica-
tions to other medical conditions, leveraging machine 
learning to automate phybrata-based diagnoses, integrating 
EVS-based diagnostic and therapeutic capabilities into the 
phybrata device, and developing biomechanical phybrata 
models that can serve as digital twins in advanced digital 
health care applications.
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