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Abstract Objective: To evaluate the accuracy and reliability of a simple, single-camera smart-
phone-based method, named the Reflex Tracker (RT) system, for measuring reflex threshold
angles related to ankle clonus and quadriceps hyperreflexia.

Design: A prospective comparison study using a high-fidelity reference standard was constructed
employing a 2 x 2 x 2 factorial design, with factors of rater (tester) type (student and experi-
enced physical therapist), joint (ankle and knee), and repetition (2 per condition).

Setting: This multicenter study was conducted at 4 outpatient rehabilitation clinics.
Participants: A convenience sample of 14 individuals with a neurologic condition presented with
20 lower limbs that exhibited ankle clonus and/or quadriceps hyperreflexia and were included in
the study. Also participating in the study were 8 student and 8 experienced physical therapist
raters (testers) (N=16).

Interventions: Not applicable.

Main Outcome Measures: The plantar flexor reflex threshold angle (PFRTA) related to ankle clonus
and the quadriceps reflex threshold angle (QRTA) related to quadriceps hyperreflexia were quantified.
Results: PFRTA and QRTA results were compared between the smartphone RT method and syn-
chronous 3-dimensional inertial measurement unit (IMU) sensor motion capture. Mean difference

List of abbreviations: Cl, confidence interval; ICC, intraclass correlation coefficient; IMU, inertial measurement unit; LoA, limit of agreement;
LSD, least significant difference; MDC, minimum detectable change; PFRTA, plantar flexor reflex threshold angle; QRTA, quadriceps reflex

threshold angle; RMS, root mean square; RT, Reflex Tracker; RTA, reflex threshold angle.
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(bias) was minimal between RT and IMU measurements for PFRTA (bias<0.2°) and QRTA
(bias<1.2°). Intrarater reliability for PFRTA ranged from 0.85-0.90 using RT and from 0.85-0.87
using IMU; QRTA ranged from 0.97-0.98 using RT and from 0.96-0.99 using IMU. Intersensor reli-
ability for PFRTA and QRTA was 0.97 and 0.99, respectively. Minimum detectable change for
PFRTA ranged from 7.1°- 8.7° and for QRTA ranged from 6.1°-8.3°.

Conclusions: RT performed comparable to IMU for accurate and reliable measurement of PFRTA
and QRTA to quantify ankle clonus and quadriceps hyperreflexia in clinical settings.

© 2021 The Authors. Published by Elsevier Inc. on behalf of American Congress of Rehabilitation
Medicine. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).

Abnormal reflex activity such as hyperreflexia is common after
upper motor neuron injuries.’ Ankle clonus and quadriceps
spasm, forms of hyperreflexia, affect independence and qual-
ity of life.>* Precise, reproducible measures of plantar flexor
and quadriceps hyperreflexia are necessary to evaluate the
effectiveness of interventions directed at normalizing reflex
excitability.”> The Modified Tardieu Scale uses kinematic
measurements of “catch angles” or reflex threshold angles
(RTAs) that predict functional impairment.® However, this
scale has exhibited poor reliability for testing plantar flexor
and quadriceps spasticity.>” The RTA is the joint angle at
reflex onset. The ankle clonus drop test elicits the plantar
flexor RTA (PFRTA), and the quadriceps pendulum test elicits
the quadriceps RTA (QRTA). For the ankle, a larger angle at
reflex onset (less dorsiflexion) is associated with presence of
clonus.® For the knee, a smaller angle at reflex onset (less
knee flexion) is associated with presence of quadriceps
spasm.’ The PFRTA and QRTA are valid and reliable quantifiers
of spasticity.®'® However, PFRTA and QRTA measurements
require high-fidelity motion capture and are thus limited to
laboratory settings with expensive equipment.'°

Joint kinematics can be measured accurately with a variety
of existing technologies. Portable technology such as inertial
motion capture systems are accurate''""* but require calibration
procedures that may be difficult for people with disabilities''>
and can be cost prohibitive. Time-of-flight sensing, such as the
Microsoft Kinect, lacks accuracy and reliability and undersam-
ples human motion.'®'” To enable the routine use of the ankle
clonus drop test and quadriceps pendulum test in clinical set-
tings, a new motion capture system that is accurate, afford-
able, and easy for clinicians to use is required.

The purpose of our study was to develop a clinically acces-
sible, accurate, and robust sensing system for quantifying
hyperreflexia to use as a tool to evaluate treatment efficacy.
Our goal was to use a smartphone camera and custom tracking
and signal processing application to measure RTAs associated
with the ankle clonus drop test and the quadriceps pendulum
test in individuals with hyperreflexia. We evaluated smart-
phone video capture RTA measures with high-fidelity 3-dimen-
sional inertial motion capture measures and assessed
reliability of PFRTA and QRTA outcome measures performed
by student and experienced physical therapists.

Methods
Study design

A prospective comparison study using a high-fidelity refer-
ence standard was constructed employing a 2 x 2 x 2

factorial design, with factors of rater (tester) type (student
and experienced physical therapist), joint (ankle and knee),
and repetition (2 per condition).

Setting, participants, and raters

Fourteen individuals with ankle clonus or quadriceps
hyperreflexia in 1 or both legs were recruited by a sam-
ple of convenience from 4 outpatient rehabilitation clin-
ics in Austin, Texas, from April-December 2019.
Participant demographic characteristics are presented in
table 1. Eligibility criteria included individuals >10 years
of age with chronic upper motor neuron disorder and
clinical signs of ankle clonus and/or quadriceps hyperre-
flexia who tolerated sitting and supine positions. Individ-
uals with active medical conditions or undergoing Botox
or baclofen treatment were excluded. For participants
with bilateral clinical signs, the PFRTA and QRTA tests
were performed on both legs, resulting in testing of 20
impaired legs. Also participating in the study were 8 stu-
dent and 8 experienced physical therapist raters who
performed the tests. The study was approved by the Uni-
versity of St. Augustine for Health Sciences Institutional
Review Board; all participants gave written informed con-
sent.

Test procedures

Participants were tested at 1 of 4 local outpatient physical
therapy clinics in Austin, Texas. A portable commercial wire-
less inertial measurement unit (IMU) system, MVN BIOME-
CH,? provided a high-fidelity reference standard to compare
with our smartphone single-camera Reflex Tracker (RT) sys-
tem index test measures. The IMU MVN BIOMECH system
demonstrates differences of less than 1° root mean square
(RMS) difference for knee and ankle joint sagittal plane
angles during walking and stair climbing compared with opti-
cal motion capture.'" Another study verified this finding with
less than 1° RMS difference and approximately 1% difference
in knee flexion velocity during kicking.'?

Standard clinical equipment was used during testing and
included an adjustable height bench, a step platform, a
Dycem nonslip sheet,? and pillows for participant comfort.
The test area required space for positioning of the camera
phone 1 m from the participant facing perpendicular to their
sagittal plane. Seven IMUs were applied with Velcro bands to
pelvis, thighs, shanks, and feet following Xsens recom-
mended procedures.'® The only exception was the upper leg
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Table 1 Participant characteristics.
Participant Leg Tested LegNo. Sex Age (y) Diagnosis  Months From  Functional Assistive  Orthotic

Onset Status Device

1 Left 001 Male 36 Stroke 32 Ambulatory LBQC AFO
2 Right 002 Male 44 Stroke 109 Ambulatory SPC AFO
3 Left 003 Female 55 Stroke 113 Ambulatory SPC AFO
4 Left 004 Male 37 SCl 96 Nonambulatory WC None
4 Right 005
5 Right 006 Male 54 Stroke 46 Ambulatory None AFO
6 Right 007 Female 45 ™ 25 Nonambulatory WC None
6 Left 008
7 Left 009 Male 48 Stroke 26 Ambulatory None None
8 Right 010 Male 41 Stroke 22 Ambulatory None None
9 Left 011 Female 33 Stroke 23 Ambulatory None None
10 Right 012 Male 27 SCI 81 Ambulatory None AFO
11 Right 013 Female 36 SCI 129 Nonambulatory  WC AFO
11 Left 014
12 Right 015 Female 36 MS 300 Ambulatory SPC AFO
12 Left 016
13 Left 017 Male 37 MS 52 Nonambulatory ~ WC None
13 Right 018
14 Right 019 Female 48 MS 9 Nonambulatory =~ Walker None
14 Left 020

Abbreviations: AFO, ankle-foot orthosis; LBQC, large base quad cane, MS, multiple sclerosis; SCI, spinal cord injury; SPC, single point cane;

TM, transverse myelitis; WC, wheelchair.

IMU, which was placed on the middle of the anterior thigh to
avoid accidental contact by tester hands or the exam table.
The IMUs were calibrated prior to testing each leg using the
N-pose option in Xsens MVN Studio software.€ Following the
Xsens calibration protocol,'” the participant stood in a static
N-pose for 10 seconds before returning to a seated or supine
position to begin testing. For participants with walking abil-
ity, the N-pose was followed by a brief walk to further
improve IMU calibration accuracy. For the camera-based
motion capture, neon green adhesive stickers® were applied
to the test leg at the greater trochanter, lateral knee joint
line (proximal to fibular head), lateral malleolus, lateral
posterior heel, and lateral fifth metatarsal head (fig 1A, B).

The ankle clonus drop test elicits a reproducible clonic
response at the ankle.®'%?° Performed in sitting, the test leg
is lifted until the foot is 2 in above a platform and released
allowing the ball (metatarsal heads) of the foot to strike the
platform edge. To conduct the quadriceps pendulum test,
the individual, positioned on an adjustable height table in
supine with lower legs dangling, is elevated such that the
foot will not contact the ground; the tester grasps the foot
and raises it moving the knee into full extension before
releasing. For each test, the test response is recorded for 15
seconds and then the leg is placed in a rest position. To avoid
fatigue and test repetition effects, a 1-minute rest period
occurs between each repetition (see appendices 1 and 2 for
detailed test procedures provided to all testers). The RTA is
extracted as the outcome measure from each test.

We used a 2 x 2 x 2 factorial design, with factors of rater
(tester) type (student and experienced physical therapist),
joint (knee and ankle), and repetition (2 per condition).
Each leg was tested a total of 8 times: 4 ankle clonus drop

tests and 4 quadriceps pendulum tests. The order of tests
was pseudorandomized with ankle tests first for half of the
sessions. For participants with 2 legs tested, the IMUs were
recalibrated before testing the second leg.

We used iPhone 6° and iPhone 10° hardware and native
camera apps to record test videos at 60 frames per second.
Each video was processed using custom Python software,f
yielding 60 Hz measurements of ankle or knee joint flexion
in the sagittal plane. The reference IMUs recorded 3-dimen-
sional joint angles of the pelvis, both hips, knees, and feet
at a sampling rate of 100 Hz. Calculations of expected alias-
ing errors?' indicate a maximum error of 1.6° at 60 Hz and
0.6° at 100 Hz for the higher velocity ankle drop test
(appendix 3).2"%2

The RT system converts each frame from RGB to the CIE-
LAB color space and then uses the channel and spatial reli-
ability discriminative correlation filter tracking algorithm??
to obtain the pixel x-y (sagittal plane) coordinates of each
green adhesive sticker in every frame of the test video. We
developed a graphical user interface that allows the user to
select each marker from hip to toe and initialize the track-
er’s regions of interest. The lighting conditions at each test
site varied, affecting marker clarity (fig 1D, E). We imple-
mented an adjustable masking function to filter desired col-
ors and improve tracking performance (fig 1C). The ankle
and knee joint angle data were extracted from the marker
x-y coordinate data using the law of cosines. We used the
SciPy peak-finding function find_peaks’* to identify the
important oscillations in the signal, with a heuristically
determined threshold of 120° /s to reliably identify the RTA.
The number of oscillations were then counted as the
detected peaks that followed the RTA.
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Fig 1 Experimental setups and single-camera perspective. (A) Ankle clonus drop test setup, (B) quadriceps pendulum test setup,
(C) ankle drop test setup after applying color masking, (D) stationary marker, and (E) marker experiencing motion blur.

Data acquired

Participant data were acquired during 1 test session consist-
ing of 4 drop test trials and 4 pendulum test trials with a stu-
dent rater performing the first 2 test trials and an
experienced rater performing test trials 3 and 4. Neither RT
or IMU test results were available to the participants or
raters. Some data were excluded from analysis because of
various factors including rater testing error, participant time
constraints, and magnetic interference identified by MVN
Studio software (fig 2).

Statistical analysis

Bland-Altman plots and 95% limits of agreement (LoAs)?’
were used to examine sensor agreement and bias of PFRTA
and QRTA measurements using the first repetition of each
test. All Bland-Altman analyses, including confidence inter-
val calculations for bias and LoA, were performed using the
BlandAltmanLeh package in R. To our knowledge, there are
no empirically derived acceptable LoA for PFRTA and QRTA.
To estimate acceptable LoAs, we used clinical data from pre-
vious studies®?® and applied a conservative analysis, Fisher’s

\
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Student Rater, n = 20
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Limits of Agreement:
Student Rater, n = 17
Experienced Rater, n = 16

Intra-Rater ICC(3,1)
and Inter-Sensor ICC(3,k)
n=18

Intra-Rater ICC(3,1)
and Inter-Sensor ICC(3,k)
n=18

Limits of Agreement:
Student Rater, n = 17
Experienced Rater, n = 18

Fig 2

Participant testing and analysis flow diagram. *Problems identified during analysis included the tester contacting the shank

IMU during the test, a knee marker coming loose, and magnetic interference. 'Problems later identified in knee pendulum test data

included a misrecording and magnetic interference.
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(A) Subject 022 Ankle Clonus Drop Test Results
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Fig 3

Representative results in 1 participant of the (A) ankle clonus drop test and (B) quadriceps pendulum test measured by the RT

system and IMUs. Differences in PFRTA and QRTA measurements by each system are computed relative to baseline values. Hip internal
rotation measured by IMUs illustrates 1 source of differences between RT and IMU plantar flexion angle.

least significant difference (LSD),”” to compute the LSD for
PFRTA and QRTA. We then defined acceptable LoAs for PFRTA
and QRTA as smaller than the LSD of mean RTA between the
impairment level groups in the previous studies.

Reliability of the RT and IMU methods was evaluated and
compared using intraclass correlation coefficients (ICCs) and
minimum detectable change (MDCys).?® We used ICC(3, 1) to
describe the intrarater reliability of both the RT and IMU
measurements for each rater type conducting each test.?®
The first and second repetitions performed by each rater
were used to calculate each sensor’s intrarater reliability
using ICC(3, 1). We also used ICC(3, k) to describe the inter-
sensor reliability between RT and the IMUs.?® ICC interpreta-
tion was defined as excellent>0.90, good>0.75, and
moderate to poor<0.75.%° The MDCy52® was compared with
the pre-post changes in group mean values for PFRTA® and
QRTA*® reported in previous studies that sought to evaluate
treatment efficacy.

To evaluate effects of rater and repetition, we employed
a linear mixed effects model based on the factorial experi-
mental design. Each model’s random effects included the
subject, the subject-rater interaction, and the subject-rep-
etition interaction. The R® package afex was used to con-
struct the model and perform analyses («<.05). This process
was repeated with RTA magnitude as a covariate to check
for the presence of proportional bias and again with nonflex-
ion joint angles measured using the IMUs as covariates to
quantify their effect on sensor disagreement. Each hypothe-
sized model was compared using the R package stats anova()
function to determine which model provided the best parsi-
monious fit of the data.

Results

Graphic representation of ankle clonus and
quadriceps test response

Representative time series of aligned RT and IMU data are
illustrated for Ankle Clonus Drop Test (fig 3A) and Quadriceps
Pendulum Test (fig 3B). PFRTA and QRTA differences between
the 2 methods were —1.1° and —1.4°, respectively. How-
ever, in figure 3A, there is a difference in steady-state error
after 8 seconds, with the RT ankle angle decreasing below
the IMU data. This sudden increase in sensor disagreement
can be attributed to a change in hip internal rotation at the
8-second mark affecting the IMU data.

Bland-Altman limits of agreement

Four Bland-Altman plots for PFRTA and QRTA measured by
each rater type and each sensor type are illustrated in
figure 4. Based on data from earlier studies by Manella and
Field-Fote® and Fowler et al,?® for each impairment level
group in each study, we calculated the LSD for PFRTA and
QRTA of 8.10° and 16.4°, respectively, which defined our
acceptable LoA for RT measurements. For the ankle clonus
drop test PFRTA, the student rater tests had an RT-IMU bias
of 0.18°+1.22° (mean+95% confidence interval [CI]) and
LoA from —4.48°+2.12° to 4.83°£2.12°. The experienced
rater tests had a bias of —0.11°+2.04° and LoA from
—7.60°+3.53° to 7.37°+3.53°. A 2-tailed F-test showed no
significant difference between the student and experienced



Cls of the bias and 95% Cls of the LoA.

rater LoAs (P=.084). For the quadriceps pendulum test QRTA,
the student rater tests had a bias of —0.47°+1.22° and LoA
from —5.14°+2.12° t0 4.20°+2.12°. The experienced rater
tests had a bias of —1.15°£1.12° and LoA from —5.54°+
1.93° t03.25°+1.93°.

ICC for reliability of PFRTA and QRTA

The intrarater reliability ICCs for each test, each sensor, and
each rater type are presented in tables 2A and 2B along with
the MDCys. The intersensor reliability ICC(3, k) obtained by
comparing the average measurements of RT and the IMUs
was found to be 0.969 (95% Cl, 0.931-0.986) for PFRTA and
0.998 (95% Cl, 0.995-0.999) for QRTA. These ICCs reflect the
proportion of between-subject and between-sensor varian-
ces.

Linear mixed effects model of sources of PFRTA and
QRTA disagreement

For the ankle drop test PFRTA disagreement model, we
found no significant effects of rater type (8=0.65, SE=0.78,
P=.41) or repetition (8=1.02, SE=0.55, P=.073); however,
their interaction was significant (8=—1.91, SE=0.74, P=.02).
Ankle inversion, treated as a covariate, demonstrated a
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Fig4 Bland-Altman plots of RTA measurements calculated with the RT system and IMUs. The shaded regions represent separate 95%

trend toward significance (8=—0.066, SE=0.034, P=.058)
that likely improved the model’s description of the data as
indicated by chi-square test (P=.068). Ankle abduction was
not a significant covariate and did not improve the model
(table 2C).

For the model of quadriceps pendulum test QRTA dis-
agreement, we found no significant effects of rater type
(B=0.61, SE=0.40, P=.13), repetition (B=0.59, SE=0.39,
P=.14), or their interaction (8=—1.02, SE=0.56, P=.074). The
intercept was found to be significant (8=—1.15, SE=0.52,
P=.036). Modifying the model to include knee flexion magni-
tude, defined as the average of RT and IMU measured QRTA,
showed no significance and did not improve the model. The
final QRTA disagreement model included fixed effects of
rater type, repetition, and their interaction effect and is
summarized in table 2D.

Discussion

The bias of RT-IMU disagreement in PFRTA and QRTA was
within 2° in tests conducted by both student and experi-
enced raters. The LoAs between the 2 rater classes did not
significantly differ, and both the student and experienced
rater LoAs are within our defined acceptable range based on
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Table 2
disagreement

(A, B) Intrarater reliability of PFRTA and QRTA measurements and (C, D) fixed effects contributing to RT vs IMU

A. Ankle Clonus Drop Test PFRTA Reliability

Rater Type Sensor ICC (95% CI) MDCgs degree (95% Cl)
Experienced IMU 0.85 (0.70-0.93) 7.52 (5.38-9.67)
Experienced RT 0.90 (0.79-0.95) 7.10 (4.33-9.87)
Student IMU 0.87 (0.73-0.94) 7.75 (5.21-10.30)
Student RT 0.85 (0.69-0.93) 8.70 (5.37-12.03)

B. Quadriceps Pendulum Test QRTA Reliability

Rater Type Sensor ICC (95% CI) MDCys5 degree (95% Cl)
Experienced IMU 0.96 (0.92-0.98) 6.10 (4.11-8.08)
Experienced RT 0.97 (0.93-0.99) 7.65 (4.82-10.46)
Student IMU 0.99 (0.97-0.99) 8.40 (5.82-10.97)
Student RT 0.98 (0.96-0.99) 8.27 (5.73-10.81)

C. Linear Mixed Effects Random Model of PFRTA Disagreement

Fixed Effect Estimate SE DoF P(>Itl)
Intercept —0.039 0.693 36.0 .956
Rater type (student) 0.654 0.780 28.0 .409
Repetition (rep 2) 1.018 0.547 29.5 .073
Ankle inversion —0.066 0.034 44.5 .058
Rater type*Repetition —1.908 0.740 17.2 .020
D. Linear Mixed Effects Random Model of QRTA Disagreement

Fixed Effect Estimate SE DoF P(>Itl)
Intercept —1.146 0.520 26.7 .036
Rater type (student) 0.613 0.398 50.1 .130
Repetition (rep 2) 0.589 0.391 50.0 .138
Rater type*Repetition —1.020 0.558 50.1 .074

Abbreviation: DoF, degrees of freedom.

the between-severity group LSD calculated using data
reported in earlier work studying the ankle® and knee.?®
These findings suggest that RT can assess patients’ baseline
PFRTA and QRTA with accuracy similar to that of inertial
motion capture.

Intrarater reliability of the pendulum test was shown to
be excellent for both rater types measured by both sensors,
and the intrarater reliability of the ankle clonus drop test
ranged from good to excellent (table 2A, B). The higher pen-
dulum test ICCs highlight the presence of intrinsic differen-
ces between the ankle clonus drop test and the quadriceps
pendulum test. The intersensor reliability when comparing
average measurements of the PFRTA and QRTA was excellent
(table 2A, B). This suggests that the between-subject RTA
variance was substantially higher than the between-sensor
variance. Because between-sensor variance is also a key
component in finding the LoA, this result demonstrates that
RT and IMU have good reliability as well as good agreement
relative to the differences between subjects. Our findings
concur with Banky et al,*' who reported good to excellent
reliability for smartphone video assessment of soleus

(ICC=0.94) and quadriceps (ICC=0.88) for fast velocity start
angles using the Modified Tardieu Scale.>?

The MDCys for both the PFRTA and QRTA ranged between
approximately 6° and 9° (table 2A, B). Manella and Field-
Fote® reported that in individuals with spinal cord injury
who reduced their PFRTA the average change after training
was 10.7°. Our findings suggest that RT is capable of reliably
identifying typical improvements in patients who respond to
treatment and that regardless of rater, there is no significant
difference between the IMU and RT systems. Ness and Field-
Fote®® evaluated changes in the QRTA in individuals with
chronic spinal cord injury and found an average change of
12.05° after 4 weeks of intervention.

We did not observe a significant effect of rater experi-
ence or repetition, suggesting that the RT is repeatable and
usable by novices. Although the order of ankle and knee
drop tests was randomized across participants, the order of
rater type was constant with students always conducting
tests before experienced raters. As a result, the interaction
effect between rater type and repetition could instead be
an effect of testing order.



8

K. Macon et al.

Study limitations

Although the N-pose and walk calibration is recommended
by Xsens for best performance,'®'® not all participants
were able to walk. Use of the N-pose without walk calibra-
tion may have resulted in slightly higher RT-IMU disagree-
ment for measurements with nonambulatory participants.
The MDCy5 calculated for RT and IMU characterizes the reli-
ability of same-day repeated measurements. Although some
treatments can result in same-day improvement in RTAs,>°
the long-term efficacy of interventions is also of interest.
Future work may include test-retest reliability of RT and
analysis of RT sensitivity to oscillations during the reflex
response. We used inertial motion capture as the basis of
comparison for the RT. Although IMUs may approach the
accuracy and sensitivity of the criterion standard optical
motion capture,’’ " any system will have some joint kine-
matic error. Further, whereas some studies found <1° RMS
joint angle difference in knee and ankle flexion-extension
angles,'""? another study using an older version of the sys-
tem found greater differences at 3°-6°.% Because we can-
not confirm the exact nature of the error, we can only
discuss the agreement between measurement systems, not
the true error. During analysis of sources of error, we could
not quantify the effects of magnetic distortion or calibra-
tion error of the IMUs.

Conclusions

We developed a novel system known as the Reflex Tracker to
measure reflex threshold angles unobtrusively and inexpen-
sively in a clinical environment. We found that RT performed
with clinically acceptable accuracy and repeatability. We
conclude that RT can be used as a tool to effectively measure
changes in an individual’s PFRTA and QRTA in a clinical envi-
ronment. Because RT requires only a smartphone camera
and simple stickers, it provides both novice and experienced
clinicians with easy access to objective measurements of
plantar flexor and quadriceps hyperreflexia.
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