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ABSTRACT

Objective: To estimate the intrarater agreement of the Compass application of
a smartphone (iPhone 4) in the assessment of the elbow extension range of
motion (EE—ROM) at pain onset and maximum tolerable point during the upper
limb neurodynamic test 1 (ULNT1).

Design: Within-day intrarater agreement study.

Setting: Private and university clinical settings.

Participants: 41 volunteers (age = 31.34 + 13.27 years, 21 males, height =
1.67 £0.07m, and body mass = 70.53 + 12.37kg) recruited from the community,
with no symptoms or musculoskeletal abnormalities in their upper body
guadrant and no regional or systemic nerve dysfunction.

Interventions: Not applicable

Main Outcome Measures: 95% limits of agreement (95% LoA), standard error
of the measurement (SEM) and minimal detectable change (MDCgs) of elbow
extension range of motion (EE—ROM) at pain onset and maximum tolerable
point during the ULNT1.

Results: SEM and MDCgys were relatively high on both sides when considering
the onset of pain (SEM=6.6—-6.8°, MDCgy5=18.4—18.8°). Better results were
found for the maximum tolerable point (SEM = 4.2-4.8°, MDCgs = 11.7-13.2°).
The 95% LoA showed a similar trend.

Conclusion: Smartphone measurements showed relatively wide agreement
parameters of elbow extension during the ULNT1. These results are,

nevertheless, comparable to previous studies using goniometric assessment
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when considering maximal pain tolerance. Further research is needed before

the possible widespread use of the smartphone in neurodynamic assessment.

Key Words: outcome measurement error; pain thresholds, peripheral nerves,

range of motion
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List of abbreviations

ClI confidence intervals

EE—-ROM elbow extension range of motion

GRRAS guidelines for reporting reliability and agreement studies
LoA limits of agreement

MDC minimal detectable change

SEM standard error of the measurement

ULNTZ1 upper limb neurodynamic test

The neurodynamic tests of the upper limb are routinely used during physical
examination to evaluate the involvement of neural tissues in pain mechanism
and disability of the upper body quadrant® 2. They consist of a sequence of
movements of the upper body segments that exert mechanical forces to a
portion of the nervous system, gradually causing motion and tension in those
neural structures> “. A positive sign of neural involvement is present when the
neurodynamic test reproduces, at least partially, the patient’s pain and this
response is altered by a differentiating maneuver™ °. Side-to-side differences in
range of motion and/or in sensory responses may also be indicative of the
presence of a neural component in the pathogenesis of pain and disability* > ”.
One standard neurodynamic test for the upper limb is directed at the median
nerve and/or brachial plexus, also known as the upper limb neurodynamic test 1

or simply ULNT1** (Figure 1). In high mechanosensitive tissues, it is expected

that a greater response (ie, hypersensitivity, hyperalgesia, or more resistance to
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motion due to muscle spasm) occurs which stops the elbow extension range of
motion (EE-ROM) at an earlier phase during the test and/or determines its
end®. For this reason, the assessment of EE-ROM frequently complements the
diagnostic criteria mentioned above and is used to evaluate the effects of

interventions®®.

Several measurement instruments are available to assess the movements of
body segments in space. These include universal goniometers, inclinometers,
electrogoniometers, imaging techniques including medical imaging, and 6
degrees of freedom motion tracking devices (eg, Table 1). However, most of
these instruments are expensive, time-consuming, of limited portability and
some of them require more than one examiner to perform the measurement,
making it difficult to use them in different clinical contexts. Innovative solutions,
such as the use of smartphones, have been suggested to overcome these
limitations'® . At present, most smartphones have embedded motion sensors
(eg, triaxial accelerometers, electro-mechanical gyroscopes, magnetometers)
which, through software applications, allow real time detection and
quantification of linear and angular motion of the device in the three planes of
orientation. A number of studies have shown that smartphone measurements
provide, in general, valid and reliable results for the evaluation of curvatures
and movements of the spine and the orientation and range of motion of different
segments and joints of the upper and lower limbs'® *2*®, Furthermore, as they
are easy-to-use, portable and frequently used by clinicians for communication

purposes, smartphones have the potential to assist these professionals in
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clinical decision-making and evaluation of interventions both inside and outside
the clinics without involving significant costs. However, smartphone
measurement properties have never been tested during neurodynamic

assessment.

The purpose of this study was to therefore estimate the intrarater agreement
properties of the Compass application of a smartphone (iPhone 4) in the
assessment of the EE-ROM at pain onset and maximum tolerable point during

the ULNT1.

METHODS

Study design

A within-day intrarater agreement study was conducted. The study was
registered at ClinicalTrials.gov (NCT02159924) and is reported according to the

general guidelines for reporting reliability and agreement studies (GRRAS) *°.

Ethical Approval Statement

The study protocol was approved by the Ethics Committee of ICBAS-UP,

Portugal (Project n. 064/2014).

Participants

Adults without impairments/limitations were recruited to participate in the study.

Recruitment was conducted using the dissemination channels of the
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management services of an academic organization in the central region of
Portugal (Leiria). The aims, procedures and eligibility criteria of the study were
provided. Inclusion criteria included being = 18 years old and able to move all
upper body quadrant joints in a normal ROM without any pain or movement
restriction. Participants were excluded if they presented: musculoskeletal
abnormalities in the upper body quadrant; any complaints in that region over the
past 3 months; health conditions that may disrupt nerve function (eg, diabetes);
leg length discrepancy of more than 1.5 cm 2%; or cognitive impairment. Given
the limited number of answers received through the dissemination channels
abovementioned (n = 15) after 2 months of recruitment, a number of
participants were brought into the study through snowball sampling in two

physical therapy private clinics in Oporto, Portugal.

All participants were informed about the aims and procedures of the study and
of their right to withdraw at any time during the study. A physical therapist with
17 years of clinical experience in musculoskeletal and neurodynamics
evaluation ensured that the participants met the eligibility criteria. The
assessments were undertaken at the places where the recruitment was held,
from June to August 2014. Written informed consent was obtained from each

participant before data collection and their rights protected.

Instrumentation

To assess EE-ROM, a smartphone with built-in sensors that measure the

position and orientation of the device in the space (iPhone 4, i0OS 7.2, Apple
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Inc., Cupertino, CA) was used. Measurements were undertaken with a native
application of the iPhone 4 operating system, the Compass app, in compass
vision mode. This hardware/software set has demonstrated good validity criteria
and intrarater reliability results when measuring body movements in the 3

planes of orientation .

Procedures

Sociodemographic information (age, gender), height and body mass were first
collected to characterize the sample. Measurements of the EE-ROM during the
ULNT1 were then conducted using the smartphone. Participants were asked to
remain in the supine position close to the border of a massage table, with the
lower limbs straight, the body aligned and the upper limbs in neutral position.
The head and neck were stabilized in maximum comfortable contralateral side-
flexion using a 5kg sand bag (Figure 1). One examiner (an experienced
physical therapist) performed the measurements twice on both sides. A resting
period of 5-10 minutes was allowed between measurements. The smartphone
was coupled to the participant’s forearm using an armband with an extended
Velcro strip to tightly adjust the smartphone (Figure 1). Before each test, the
examiner assessed the quality of smartphone coupling (eg, avoiding armband
slip during elbow extension) to ensure consistency of the measurements. All
participants underwent a practice trial in the contralateral side prior to the first
measurement which included performance of the ULNT1 movement sequence
and a structural differentiating maneuver (returning contralateral cervical side-

flexion to the midline). With this procedure, participants could become familiar



159

160

161

162

163

164

165

166

167

168

169

170

171

172

173

174

175

176

177

178

179

180

181

182

with the mechanosensations (eg, pain or paresthesia, stretch) that may occur
during the ULNT1 and could identify the sensory responses they should report
during the test — the onset of pain and the maximum tolerable point. ‘Onset of
pain’ was described as ‘the moment when the least experience of
discomfort/pain was recognized’ whereas ‘maximum tolerable point’ was
defined as ‘the greatest level of discomfort/pain which the subject was prepared

to tolerate'??

. Measurements were conducted by the same researcher, with 17
years of clinical experience in musculoskeletal and neurodynamics evaluation.
The ULNT1 sequence was performed in the following order, reaching the
recommended range of motion of each segment without leading to discomfort or
compensatory movements in the adjacent segments*: (1) maximal contralateral
cervical side-flexion; (2) arm at 90°of shoulder a bduction preventing scapular
elevation; (3) 90°of shoulder external rotation an d 90° of elbow flexion (this
position defined the 0° of testing range of motion); (4) maximal forearm
supination; (5) maximal extension of the wrist and fingers; and (6) elbow
extension. This sequence was selected in order to constrain the movement of
the forearm within the same plane of orientation (horizontal plane, forearm and
hand moving parallel to the ground) consistently throughout elbow extension.
Small deviations of the forearm/smartphone coupling from this plane were
expected because the flexion/extension axis of the elbow is a loose hinge joint,
involving 3-dimensional motion®* %4, The examiner was able to monitor such
deviations on the device with the Compass app. Participants were instructed to

inform the examiner when pain onset and maximum tolerable point occurred

during elbow extension, the latter indicating the end of the test. Then, the
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examiner registered the angular positions related to these events in
independent recording sheets, for each measurement. In practice, neither the
examiner nor the participant had access to the values of EE-ROM, since they
were subsequently calculated by the difference between the initial and final

angular positions registered.

Data analysis

Descriptive statistics were used to characterize the sample and to provide the
scores of each test. Intrarater agreement of the EE-ROM using the smartphone
was assessed at the onset of pain and at the maximum tolerable point of the
ULNTZ1. The following agreement parameters were used: the standard error of
the measurement (SEM), the minimal detectable change at the 95% level of
confidence (MDCgs, also known as the repeatability coefficient or the smallest
real difference), and the 95% limits of agreement (95% L0A) and its precision
estimates. SEM was calculated as follows (equation 1):

SEM = SD yi7/2 (1)
in which SD ;¢ represents the standard deviation of the mean of the differences

(d) between the two measurements performed on each side?. The SEM was

then used to determine the MDCgs (equation 2)* ?°

, representing the minimum
amount of change in a participant's EE-ROM that can be considered as a “true
change”:

MDCgys = 1.96 /2  SEM (2)

10
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The 95% LoA delimit the extremes within which the differences between the two
measures will be located in 95% of the times, which are thus comparable to the
MDCgs. The LoA were defined as follows (equation 3)°:

95%L0A = d £ 1.96 * SDg;rf (3)
Precision of the estimated LoA were calculated accordingly?®, using the 95%
confidence intervals (Cl) of the bias (equation 4) and 95%(CI for the limits of
agreement (equation 5):
95%CI(d) = d + t(n — 1) * SE(d) (4)
where the standard error of the bias (d) was defined as SE(d) = SDy;rs/Vn
95%CI(LoA) = LoA +t(n—1) * SE(95%L0A) (5)
where the standard error of the 95%LoA was defined as SE(95%LoA) =
1.71SE(d). These indicate how large the (dis)agreement between two
measurements will be in 95% of the occasions.
Analyzes were carried out using GraphPad Prism 6.0 (GraphPad Software, Inc.,

La Jolla, CA).

RESULTS

Participants

All of the 41 volunteers met the eligibility criteria and thus were included in the
study. Participants had a mean (xSD) age of 31.34+13.27 years (21 males,
51.2%), height of 1.67+0.07m and body mass of 70.53+12.37kg. The right side

was the dominant side for most participants (n = 35; 85.4%).

11



225 Intrarater agreement

226  Table 1 shows the descriptive statistics and the estimates of the agreement
227  parameters of the EE-ROM at the onset of pain and at the maximum tolerable
228 point of the ULNTL, for the dominant and non-dominant limbs. The SEM and
229 MDCgs were relatively high on both sides when considering the onset of pain
230 (SEM =6.6-6.8° MDCgys = 18.4-18.8°). Better results were found when the
231  maximum tolerable point of the test was identified (SEM = 4.2—4.8°, MDCgys =
232 11.7-13.2°). The 95% LoA showed a similar trend, with narrower agreement
233 limits for the maximum tolerable point. The 95% LOA results are presented in
234  Table 2 and Figure 2. No systematic bias was found in the measurements

235 performed.

236

237  The precision of the inferior limit of agreement at the onset of pain was

238 approximately £5°, being (-11.9°, -22.1°) and (-15.99, -26.3°) for the dominant
239 and non-dominant limb, respectively. The same trend was found for the upper
240  limit: (14.7°, 24.9°) on the dominant side and (11.2°, 21.6°) on the non-dominant
241  side. The 95%CI of the bias between the two measurements were (-1.6°, 4.3°)
242  and (-0.79, 5.4°) for the dominant and non-dominant sides, respectively. For the
243 maximal tolerable point, the precision of the LoA was narrower (£3°). For the
244 inferior limit, the 95%ClIs were (-8.9°, -16.1°) for the dominant side and (-8.9°, -
245  15.3°) for the non-dominant side. For the upper limit, they were (10.4°, 17.6°)
246  and (8.1°, 14.5°), for the dominant and non-dominant sides, respectively. The
247  95%CI for the bias were (-1.4, 2.9°) for the dominant side and (-2.3°, 1.5°) for

248 the non-dominant side.

12
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DISCUSSION

To the best of the authors’ knowledge, this was the first study to investigate the
intrarater agreement parameters of a smartphone application in the assessment
of the EE-ROM during the ULNT1. Relatively wide agreement parameters were
observed when determining the EE-ROM at the onset of pain, with narrower
estimates found at the maximum tolerable point. Findings suggest that
smartphone measurements may have potential for clinical purposes when

considering EE-ROM and maximum pain tolerance as the assessment criterion.

In the present study, estimates of the measurement error (SEM) and the
minimal amount of change necessary to assume a meaningful change in
patient’s performance (MDCgs) were relatively low at the maximum tolerable
point. Previous studies assessing the EE-ROM during the ULNT1 at maximum

pain tolerance, using an electrogoniometer®* %’

or a camera-based 6 degrees of
freedom motion tracking device?®, have shown even lower measurement error
(SEM = 0.97°-2.59°) than the present study (Table 1). It is known that this type
of equipment is paramount in providing accurate and reliable results under
laboratory conditions (eg, instrumental constraint of movements of the body
segments during the maneuver); however, such devices and conditions are not
available or unpractical to use in most clinical settings; therefore, their

usefulness in clinical practice is of questionable value. Despite that, results from

the present study were comparable to the results obtained in a study performing

13
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the same measurement with a universal goniometer®® (SEM = 4.2°-4.8° vs.
SEM = 3.91°-6.02°; MDC = 11.7°-13.2° vs. MDC = 10.93°-16.70°,
respectively). These findings are encouraging, since they suggest that
measurement of the EE-ROM at maximum pain tolerance during the ULNT1
can be performed in the clinical setting by either using a smartphone or a
universal goniometer without a substantiated difference in the measurement
error. Previous studies comparing measurements of joints ROM between
smartphones and universal goniometers have found high correlations (r = 0.79—

0.99%% 18 and good agreement results'®>*’

. Considering the availability,
portability and the reduced number of human resources needed to perform
measurements (ie, it requires only one person to conduct both the test and the

measurements), smartphones may have the potential to be widely used in the

future for measuring the EE-ROM during the ULNTL1 in the clinical context.

Regarding the onset of pain, the SEM and MDCgys were relatively high and the
95% LoA were wider in both sides, when compared to the maximum tolerable
point. Coppieters et al®® found a similar trend using electrogoniometer
measurements in a sample of asymptomatic subjects, with the SEM of
‘submaximal pain’ being better than the ‘onset of pain’. It is likely that these
results are related to less accurate perception of a light pain, as subjects
experience at “pain onset”, comparatively to the more intense experience at
“maximum tolerable point”. Further research is needed to explore this issue.
Furthermore, previous studies assessing the EE-ROM during the ULNT1 at the

onset of pain using goniometers and electrogoniometers have shown a lower

14
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measurement error than in the present study (Table 1)?* 3% 3 with the SEM
ranging from 3.0°% to 4.02°%. This finding suggests that care must be taken
when using the smartphone to measure EE-ROM during the ULNT1 at pain
onset. Future research is warranted to compare measurements conducted with
smartphones and (electro)goniometers.

The Compass app used in the present study is the smartphone's native
application primarily intended for recreational use; however, this study aimed to
assess its potential applicability to measure EE-ROM during the ULNT1 based
on the premise that any physical therapist using the smartphone could easily
use this application to measure ROM. Nevertheless, it is not specific to measure
joints ROM and thus it lacks specific features which are important for clinical
practice, such as the automatic calculation of the joint ROM, the selection of the
joint, side, position of the body segment, type of motion (ie, flexion, extension,
abduction, etc.), or the memory of the joint ROM by date, time and patient.
Currently, there are various paid applications designed to measure joints ROM
on real-time (eg, GetMyROM?>?, Simple Goniometer'®, Clinometer'® *> %), Their
agreement properties have been tested while assessing the ROM of the
shoulder™ *, knee'® and cervical spine®*. However, to the authors’ knowledge,
no study has examined the EE-ROM during the ULNT1, as performed in this
study. Future research should investigate the measurement properties of

goniometer-based apps in the assessment of the EE-ROM during the ULNT1.

Limitations

15
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This study had some limitations that need to be acknowledged. First, the results
cannot be generalized because the sample was composed of adults without
impairments or limitations. Further research should also assess the
measurement properties of smartphone measurements in populations with
nerve-related pain and disability of the upper limb, since they may show a
higher measurement error in EE-ROM during the ULNT1 than populations
without impairments/limitations®.

Second, in the present study, the measurements were conducted in the same
day; however, a previous investigation using an electrogoniometer to measure
the EE-ROM has shown that between-day agreement is frequently lower than
the within-day agreement®. This should be explored in future studies using the
smartphone. Third, the present study assessed the intrarater agreement of the
smartphone to measure EE-ROM during the ULNT1 without instrumental
constraint or measurement of the movements of the upper body quadrant
segments, as currently performed in the clinical setting. Before the possible
widespread use of this technology in the clinical environment, though, further
research needs to be conducted to more definitively discern its value,
specifically: (a) to compare the EE-ROM measurements from the smartphone
and a clinical (eg, goniometer) and laboratorial (eg, 6 degrees of freedom
motion tracking devices) ‘gold standard’ under the same and other testing
conditions (eg, different sequences, adding/removing structural differentiating
maneuvers) to assess the concurrent validity of smartphone measurements; (b)
to assess interrater agreement; (c) to explore the feasibility of using smartphone

applications to measure the EE-ROM during the ULNT1 in different clinical
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settings; (d) to establish the minimal clinically important difference of the EE-
ROM during the ULNT1 to better interpret the range of measurement error that
can be accepted for clinical purposes. Finally, the application used in the
present study is native to a specific smartphone and operating system
manufacturer and thus its use is restricted to this environment. However, the
applicability of smartphone measurements is likely extendable to other

smartphones having motion sensors and different operative systems.

CONCLUSIONS

The wide availability and portability of smartphones make them an interesting
alternative to the universal goniometers commonly used in clinical practice. The
results of this study, together with previous studies, has shown that
smartphones (particularly those using an iOS system) may have comparable
agreement parameters to goniometry to assess the EE-ROM during the ULNT1
when considering maximal pain tolerance. Nevertheless, much work still needs
to be conducted before the possible widespread use of the smartphone to

measure the EE-ROM during the ULNT1.

REFERENCES

17



368

369

370

371

372

373

374

375

376

377

378

379

380

381

382

383

384

385

386

387

388

389

390

1. Nee RJ, Butler D. Management of peripheral neuropathic pain:
Integrating neurobiology, neurodynamics, and clinical evidence. Physical
Therapy in Sport 2006;7(1):36-49.

2. Coppieters MW, Alshami AM, Hodges PW. An experimental pain model
to investigate the specificity of the neurodynamic test for the median nerve in
the differential diagnosis of hand symptoms. Arch Phys Med Rehabil
2006;87:1412-7.

3. Butler DS. The Sensitive Nervous System. Unley, South Australia:
NoiGroup Publications; 2000.

4. Shacklock MO. Clinical Neurodynamics : a New System of
Musculoskeletal Treatment. Edinburgh, UK: Elsevier Health Sciences; 2005.

5. Apelby-Albrecht M, Andersson L, Kleiva IW, Kvale K, Skillgate E,
Josephson A. Concordance of Upper Limb Neurodynamic Tests With Medical
Examination and Magnetic Resonance Imaging in Patients With Cervical
Radiculopathy: A Diagnostic Cohort Study. J Manipulative Physiol Ther
2013;36(9):626-32.

6. Nee RJ, Jull GA, Vicenzino B, Coppieters MW. The validity of upper-limb
neurodynamic tests for detecting peripheral neuropathic pain. J Orthop Sports
Phys Ther 2012;42(5):413-24.

7. Coppieters MW, Stappaerts KH, Wouters LL, Janssens K. Aberrant
protective force generation during neural provocation testing and the effect of
treatment in patients with neurogenic cervicobrachial pain. J Manipulative

Physiol Ther 2003;26(2):99-106.

18



391

392

393

394

395

396

397

398

399

400

401

402

403

404

405

406

407

408

409

410

411

412

413

8. Jaberzadeh S, Scutter S, Nazeran H. Mechanosensitivity of the median
nerve and mechanically produced motor responses during Upper Limb
Neurodynamic Test 1. Physiotherapy 2005;91(2):94-100.

9. Coppieters MW, Butler DS. Do 'sliders’ slide and 'tensioners' tension? An
analysis of neurodynamic techniques and considerations regarding their
application. Man Ther 2008;13:213-21.

10. Shin SH, Ro DH, Lee OS, Oh JH, Kim SH. Within-day reliability of
shoulder range of motion measurement with a smartphone. Man Ther 2012(0).
11. Morais NV, Pascoal AG. Scapular positioning assessment: Is side-to-
side comparison clinically acceptable? Man Ther 2013;18(1):46-53.

12.  Milani P, Coccetta CA, Rabini A, Sciarra T, Massazza G, Ferriero G.
Mobile Smartphone Applications for Body Position Measurement in
Rehabilitation: A Review of Goniometric Tools. PM&R 2014;6(11):1038-43.

13. Charlton PC, Mentiplay BF, Pua Y-H, Clark RA. Reliability and
concurrent validity of a Smartphone, bubble inclinometer and motion analysis
system for measurement of hip joint range of motion. J Sci Med Sport
2015;18(3):262-7.

14. Milanese S, Gordon S, Buettner P, Flavell C, Ruston S, Coe D et al.
Reliability and concurrent validity of knee angle measurement: Smart phone
app versus universal goniometer used by experienced and novice clinicians.
Man Ther 2014;19(6):569-74.

15. Werner BC, Holzgrefe RE, Griffin JW, Lyons ML, Cosgrove CT, Hart JM

et al. Validation of an innovative method of shoulder range-of-motion

19



414

415

416

417

418

419

420

421

422

423

424

425

426

427

428

429

430

431

432

433

434

435

436

437

measurement using a smartphone clinometer application. J Shoulder Elbow
Surg 2014;23(11):e275-e82.

16.  Ferriero G, Vercelli S, Sartorio F, Munoz Lasa S, llieva E, Brigatti E et al.
Reliability of a smartphone-based goniometer for knee joint goniometry. Int J
Rehabil Res 2013;36(2):146-51.

17. Johnson LB, Sumner S, Duong T, Yan P, Bajcsy R, Abresch RT et al.
Validity and reliability of smartphone magnetometer-based goniometer
evaluation of shoulder abduction - A pilot study. Man Ther 2015.

18. Jones A, Sealey R, Crowe M, Gordon S. Concurrent validity and
reliability of the Simple Goniometer iPhone app compared with the Universal
Goniometer. Physiother Theory Pract 2014;30(7):512-6.

19. Kottner J, Audigé L, Brorson S, Donner A, Gajewski BJ, Hrébjartsson A
et al. Guidelines for Reporting Reliability and Agreement Studies (GRRAS)
were proposed. J Clin Epidemiol 2011;64(1):96-106.

20. Hanada E, Kirby RL, Mitchell M, Swuste JM. Measuring leg-length
discrepancy by the “iliac crest palpation and book correction” method: Reliability
and validity. Arch Phys Med Rehabil 2001;82(7):938-42.

21. Tousignant-Laflamme Y, Boutin N, Dion A, Vallee C-A. Reliability and
criterion validity of two applications of the iPhoneTM to measure cervical range
of motion in healthy participants. Journal of NeuroEngineering and
Rehabilitation 2013;10(1):69.

22. Coppieters M, Stappaerts K, Janssens K, Jull G. Reliability of detecting
‘onset of pain’ and ‘submaximal pain’ during neural provocation testing of the

upper quadrant. Physiother Res Int 2002;7(3):146-56.

20



438

439

440

441

442

443

444

445

446

447

448

449

450

451

452

453

454

455

456

457

458

459

460

461

23. Bryce CD, Armstrong AD. Anatomy and Biomechanics of the Elbow.
Orthop Clin North Am 2008;39(2):141-54.

24.  Adikrishna A, Kekatpure AL, Tan J, Lee H-J, Deslivia MF, Jeon I-H.
Vortical flow in human elbow joints: a three-dimensional computed tomography
modeling study. J Anat 2014;225(4):390-4.

25. de Vet HCW, Terwee CB, Knol DL, Bouter LM. When to use agreement
versus reliability measures. J Clin Epidemiol 2006;59(10):1033-9.

26. Bland JM, Altman DG. Measuring agreement in method comparison
studies. Stat Methods Med Res 1999;8(2):135-60.

27. Oliver GS, Rushton A. A study to explore the reliability and precision of
intra and inter-rater measures of ULNT1 on an asymptomatic population. Man
Ther 2011;16(2):203-6.

28. Van Hoof T, Vangestel C, Shacklock M, Kerckaert I, D'Herde K.
Asymmetry of the ULNT1 elbow extension range-of-motion in a healthy
population: Consequences for clinical practice and research. Physical Therapy
in Sport 2012;13(3):141-9.

29. Lohkamp M, Small K. Normal response to Upper Limb Neurodynamic
Test 1 and 2A. Man Ther 2011;16(2):125-30.

30. Stalioraitis V, Robinson K, Hall T. Side-to-side range of movement
variability in variants of the median and radial neurodynamic test sequences in
asymptomatic people. Man Ther 2014;19(4):338-42.

31. Talebi GA, Oskouei AE, Shakori SK. Reliability of upper limb tension test
1 in normal subjects and patients with carpal tunnel syndrome. J Back

Musculoskelet Rehabil 2012;25(3):209-14.

21



462

463

464

465

466

467

468

469

470

471

472

473

474

475

476

477

478

479

32. Mitchell K, Gutierrez SB, Sutton S, Morton S, Morgenthaler A. Reliability
and validity of goniometric iPhone applications for the assessment of active
shoulder external rotation. Physiother Theory Pract 2014;30(7):521-5.

33. Coppieters M, Stappaerts K, Janssens K, Jull G. Reliability of detecting
‘onset of pain' and 'submaximal pain' during neural provocation testing of the

upper quadrant. Physiother Res Int 2002;7:146-56.

Figure Legends

FIGURE 1. Measurement of the elbow extension range of motion during the
upper limb neurodynamic test 1 using the smartphone: initial position (left
image), onset of pain (center), and maximal tolerable (right image). The initial

position defined the 0° of testing range of motion.

FIGURE 2. The 95% limits of agreement of the elbow extension range of motion
at the onset of pain and at the maximum tolerable point of the upper limb
neurodynamic test 1, for the dominant and non-dominant sides. Points

represent each of the participants.
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TABLE 1. Studies analyzing the intrarater agreement of the elbow extension
range of motion in asymptomatic subjects during the upper limb

neurodynamic test 1 (ULNT1).

Authors Participants Instrumentation Intrarater agreement

Coppieters n=10,5 Electrogoniometer Pain onset
et al®® males, 23.4 SEM: D = 3.0° + 95% Cl 6.0°
+ 2.2 years Pain tolerance
old, all right SEM: D =2.3°+4.5°
handed
Lohkamp n =20, 10 Goniometer Pain tolerance
and males, 27.9 SEM: D = 3.91° ND = 6.02°
Small*® + 6.2 years MDC: D = 10.93°, ND =
old, 16.70°
dominance

not specified

Oliverand n =140, 11 Electrogoniometer Pain tolerance*
Rushton®’  males, 23.4 SEM: R = 0.97°- 2.59°
(18-42) MDC: R =2.68° - 7.16°
years old,
dominance

not specified




Talebi et

a|27

Van Hoof

et al’®

Stalioraitis

et al*°

Current

study

n=23, 223
+ 2.3 years
old, sex and
dominance
not specified
n =36, 13
males, 21.4
+ 0.3 years
old, 31 right
handed

n =51, 26
males, 26.7
+ 5.9 years
old, all right
handed
n=41,21
males, 31.3
+13.3 years
old, 35 right

handed

Goniometer

Camera-based
motion tracking

device

Electrogoniometer

Smartphone

Symptoms or stretching
onset*

SEM =3.1°

Pain tolerance/ Maximal end
resistance
SEM: R=2.26° L =1.97°

MDC: R =6.28° L =5.46°

Symptoms onset
SEM: R =3.31° L =4.02°

MDC: R=9.17° L =11.14°

Pain onset

SEM: D =6.6° ND =6.8°
MDC: D = 18.4° ND =18.8°
Maximum pain tolerance
SEM: D =4.8°, ND =4.2°

MDC: D =13.2°, ND = 11.7°

Abbreviations: D, dominant; L, left; MDC, minimal detectable change; ND, non-

dominant; R, right; SEM, standard error of measurement. Notes: In studies

using variations of the ULNTZ, findings are only displayed for the sequence of



the test that was similar to that of the present study, unless otherwise indicated.

*The test was conducted with the cervical in neutral position.



TABLE 2. Descriptive statistics and agreement parameters of the elbow extension range of motion at the onset of pain and at the
maximum tolerable point of the upper limb neurodynamic test 1. Values are displayed for the dominant (D) and non-dominant (ND)

sides and presented in degrees (°).

Side  mean = SD of mean * SD of d + SD g5 Of SEM (°) MDCgs (°) 95% LOA (°)

measurement 1 measurement 2 (°)

measurements 1 and 2

(o)
©) ©
Onset of pain D 36.0 +13.7 346+13.1 1.4+94 6.6 18.4 -17.0-19.8
ND 33.3+13.8 35.7+10.4 -2.3+9.6 6.8 18.8 -21.1-16.4
Maximum D 61.3+12.6 60.5+12.8 0.8+6.8 4.8 13.2 -12.5 -14.0
tolerable
ND 59.2+125 596 +12.3 -0.4+6.0 4.2 11.7 -12.1-11.3

Abbreviations: 95% LoA, 95% limits of agreement; d, mean of the differences; D, dominant side; MDCgs, minimal detectable change

at the 95% level of confidence; ND, non-dominant side; SD, standard deviation; SD,,, standard deviation of the differences; SEM,

standard error of measurement.
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Highlights:
* The smartphone app showed a relatively wide agreement of EE-ROM

during the ULNTZ;

* A better agreement was found at maximal pain tolerance than at the

onset of pain;

Results regarding maximal pain tolerance are comparable to those using

goniometers.



