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Abstract

Aims. Evaluate the intra-rater and inter-rater religpilbf hand-held goniometry compared to image

capture (IMC) in the assessment of joint positiense (JPS) in healthy participants.

M ethodology: Repeated-measures observational study design n@dertaken with 36 asymptomatic
university students of both genders aged betweeto 45 years. JPS in the knee was assessed by two
assessors over two sessions (one-week intervalp usind-held goniometry and IMC methods. Joint
position sense was assessed at four target kngerflangles. Intra- and inter-rater reliability was

assessed with absolute error (AE), relative efRfif)(and intra-class correlation coefficient.

Findings: Inter-rater reliability for goniometry was poor $abstantial (ICC: 0.00 to 0.64) and was poor
to moderate (ICC: 0.00 to 0.47) for IMC. Intra-rateliability for goniometry was poor to moderate
(ICC: 0.00 to 0.42) and poor to moderate for IMCL 0.00 to 0.41). AE for goniometry ranged from
3.2° to 8.6°, with RE from 0.1°-8.3°. For IMC, ABrfgoniometry was 5.3° to 12.5°, with RE ranging

from 0.1° to 11.1°.

Principal Conclusions: Neither goniometry nor IMC appeared superior ® éther in JPS assessment.
Caution should be made when considering the rétiabior goniometry and IMC before clinical

assessment is made.
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I ntroduction

Proprioception is the awareness of movement aniignosf a joint in space [1]. Proprioception relien

sensorimotor receptors which provide sensory inpubugh visual, tactile and vestibular feedback
systems [2,3]. Proprioception is also informed tigilo motion where mechano-sensitive proprioceptors
generate a feedback sensation which enables peateptareness of the limb including its movement,

orientation in space, velocity, force and jointitios sense (JPS) [1, 4-6].

Two previously documented methods of assessingad®Band-held goniometry and photographic image
capture (IMC) [4]. Joint position sense is assegbenugh goniometry by positioning the joint under
investigation at a pre-specified ‘target’; anglenasasured using the goniometer, asking the indaitiu

try to remember that position, and then moving tleerof that position, to then asking them to reguie

the target angle, and re-measuring this angle.séh@e principle holds for IMC, where the target anig|
measured with a goniometer and a photograph isitakehat joint angle. The participant then tries t
remember that angle, moved out of that positionthed replicates the target angle where a photbgrap
is taken. The assessor then measures that anghe oépeated joint position to estimate the degifee

agreement of deviation from the target angle.

Currently, limited evidence exists in relation tara- and inter-rater reliability of IMC methodsr fdPS
assessment [4]. Smith et al’s [4] systematic revsddPS measures of the knee, suggested varidble in
rater and intra-rater reliability for IMC, but wasable to identify any studies which have assefsed
reliability of hand-held goniometry in relation tmee JPS assessment. Ascertaining this is argaably
high priority given the importance of proprioceptiof the knee for everyday functional activity atsl
common association with injury and pathology [7-Blirthermore, given its proven reliability in knee
range of movement (ROM) assessment [10] and itquémst use in clinical practice, hand-held
goniometry clearly warrants further investigatiohieh provided the rationale for this research study
Similarly, given the low cost and simplicity of JR& digital photography measured by a protradtus,
could be deemed the most appropriate and feasiblead of IMC available for clinical practice [11]13
This assertion, coupled with the lack of currerseach underpinning reliability of IMC techniquéss
provided further rationale for digital photographyC (referred to simply as IMC from hereon in) use

this study.



Accounting for this paucity of evidence on theabllity of goniometry JPS assessment, and sinae the
is no previous evidence comparing goniometry to |Mi@& purpose of this study was to evaluate the

intra-rater and inter-reliability of hand-held gomietry compared to IMC assessment of JPS.



M ethods

A repeated-measures design with two assessorssedstol assess both intra- and inter-rater reltsbili

Participants

Comparison of inter- and intra-observer reliabitifygoniometry and IMC in JPS measurement had not
been previously assessed to base a sample sizdatiale on. It has been proposed that a minimurhof
to 20 participants is necessary when determining thliability of a quantitative variable [14].

Accordingly, accounting for the research timetaBR participants were recruited in total.

Participants were university students enrolled itimee Physiotherapy or Occupational Therapy courses
Participants were recruited between November 20tBJanuary 2014. Twenty-seven participants were

female and nine male aged 18 to 45 years (meaantlatd deviation age; 25.4 + 6.0 years).

Participants were excluded if: they reported sefferted joint pain (any part of the body) experashc

over the past three months; individuals allergicatthesive tape; individuals who did not provide

informed written consent; or were unable to underthe entire assessment process.

Instrument and test procedure

Prior to testing, both assessors (Assessor 1; 886@3 were taught a standardised method of asgessi
JPS through goniometry and JPS methods as statémlv.bd&oth assessors had 12 months
academic/clinical experience and were enrolled odnged Kingdom pre-registration physiotherapy
masters-degree programme. This was taught by tieé iclvestigator to ensure accurate and consistent
with current specifications [15, 16]. Data collectiwas only commenced only once each assessor and
the chief investigator were satisfied with the w@gues adopted in accordance with the standardised

techniques.



Joint position sense assessment was performedeangtit knee of all participants to ensure consisye
and prevent any potential variability in left anght JPS confounding the finding [17, 18]. Partaifs
were prepared for assessment with application dfevddhesive markers on the right greater troclnante
lateral tibiofemoral joint line and lateral mallesl{igure 1). All testing was performed in standing with

a 12cm distance between medial malleoli. Assessofel®S was conducted in the following stages:

e Participant instructed by assessor to actively flmee to first specified angle, termed the
“target” angle. This angle was measured as per iNogkd White's (1995) recommended
methods to assess knee flexion, with a 15cm tweedrplastic hand-held goniometer with 1°

marked increments [16].

» Participant instructed to remain in this anglelekibn for 10 seconds, to remember their knee

position.

e Participant then instructed by assessor to straigtnee. Immediately following this, the

participant was instructed to replicate the 'targegle position.

* In the goniometry method, this angle produced by participant was measured using the
goniometer whereas in the IMC assessment digitagam were captured with a standard iPad 2
(model; A1395). The distance of the iPad to thebliranged from 80 to 100 cm dependent on
the length of the participant’s lower limb. Theseages were printed and the knee positions

were measured using a simple 180° protractor.

* This process was repeated to assess four kneerfleatiget angles (20°, 40°, 75°, 100°).

Each assessor assessed each participant acrofsuthtarget angles. Each measurement angle was
recorded a single time. The order in which asseseswaluated participants was randomised through a
single toss of a coin. A second coin toss deterchthe order of the two JPS measures (goniometry or
IMC) to minimise the risk for order effects. All gigipants and assessors were instructed to be quie
throughout the assessment periods. Testing wasrpadl in the same building throughout, in similar

practical/clinical rooms, to reduce possible envinental variability.



All participants returned after a one-week intenal the same time of day, when the process was

repeated.

Statistical analysis

Descriptive statistics of mean and standard denatssessed gender and age. JPS accuracy was
measured by calculating absolute error (AE) andtined error (RE) [19]. AE was measured as the dctua
numerical difference between the test (target grahel response angle recorded by the assessor [19].
Relative error (RE) was defined as the numericiiidince between the test (target angle) and regpon
angle (knee range of motion actually achived by fraaticipant) with consideration of positive
(overestimation) and negative (underestimationjies| represented as +/ - figures, therefore corisigle
directional bias [19]. Both AE and RE were therefmecessary to determine the overall measurement

error [20,21].

It was necessary to determine agreement betweeAEalhnd RE variables. Therefore the intra-class
correlation coefficient (ICC) with 95% confideng#ervals was selected to ascertain intra- and-nater
reliability [17, 22]. Level of agreement strengtlr {CC’s were categorised in boundaries as outlimgd
Landis and Koch (1977) [23]. Through this, valuésess than 0.00 equate to poor strength, 0.0020 O
as slight, 0.21 to 0.40 as fair, 0.41 to 0.60 aslenate, 0.61 to 0.80 as substantial and 0.81  4s0

almost perfect.

All statistical analyses were completed using SP@S&rsion 21.0) (IMB, New York, USA).



Intra-rater reliability of goniometry compared fage capture methods

Agreement strength for both AE and RE remained iwitivo specified ICC boundaries for goniometry
and IMC which did not exceed ‘moderate’. These waeeglominately distributed between ‘poor’ to ‘fair’
(Table 1; Table 2). Minimal differences were obsehbetween AE and RE between variables in each
grouping. Agreement for RE ranged between ‘slightmoderate’ with ICC values achieving 0.00 (95%
Cl: 0.00 to 0.26) to 0.56 (95% CI: 0.29 to 0.74plfle 1; Table 2). The largest AE and RE observed
using goniometry assessment were 8.64° and 8.3p®ctvely which occurred at 40° for Assessor 2.

The smallest AE and RE were 3.19° and -0.11° afdbAssessor 1 (Table 2).

Inter-rater reliability of goniometry compared fndage capture method

Overall, the agreement of both assessors in gorignaad IMC categories of sessions one and two
varied considerably across AE and RE. Range ofwee between -0.00 (95% CI: 0.00 to 0.23) to 0.64
(95% CI: 0.00 to 0.31). This equates to ‘poor’ sabstantial’ agreement (Table 3). Results betwken t

sessions remained within two ICC boundaries with éxception of AE values for session 1, which

ranged from ‘poor’ to ‘substantial’ with ICC rangj®.00 (95% CI: 0.00 to 0.20) to 0.64 (95% CI: 0.00

to 0.31). The greatest agreement of session oneotbrJPS methods was observed at 40° for Asséssor
and 2 for goniometry. The lowest agreement was alserved at the same angle for IMC between the
assessors for session one (Table 3). The moststensiagreement observed for both goniometry and
IMC occurred at 100° for session two. In this ins& RE ICC values were both 0.47 (95% CI: 0.18 to
0.69) (Table 3). During IMC assessment, the largéstand RE occurred for Assessor 2 at 100° during
session two at values of 12.53° and -11.08° reidygt The smallest error occurred for Assessot 1 a

40° during session one at ICC of 5.36° (AE) an@D(RE) (Table 3).

Overall findings of AE and RE of both methods fathb assessors demonstrate greater error for IMC.
Overall average error (standard deviation) of AEgoniometry was 5.16 (4.30) and 1.61 (6.50) for RE

The IMC resulted in AE of 8.20 (6.33) and -1.92.(8) for RE.



Intra-rater reliability of goniometry

Agreement between Assessor 1 and 2 ranged fromr’‘podmoderate’ for both AE and RE ICC
(Supplementary Table 1). Agreement strength fohb®E and RE values across all groupings were
within two ICC boundaries. There was little diffaoe observed between AE and RE for all groupings.
Although definitively strong agreement was not oled overall, Assessor 2 demonstrated greater
agreement in comparison to Assessor 1 with AE I@@vben 0.05 (95% CI: 0.00 to 0.36) to 0.42 (95%
Cl: 0.12 to 0.67) (slight-moderate). In this imsta RE ICC values achieving 0.24 (95% CI: 0.00.52p

to 0.29 (95% CI: 0.02 to 0.56) (fair). Assessoresulted in AE at 0.00 (95% CI: 0.00 to 0.23) to60.2
(95% CI: 0.00 to 0.54) (poor-fair) and RE ICC betwed.00 (95% CI: 0.00 to 0.21) to 0.28 (95% CI:

0.00 to 0.55) (poor-fair) (Supplementary Table 1).

Inter-rater reliability of goniometry

Overall, agreement within this category highlighteider inconsistency ranging from 0.00 (0.00 to1(.2
(poor) to 0.64 (95% CI: 0.00 to 0.31) (substantatyoss AE and RE ICC (Supplementary Table 2).
Agreement between assessors in session one shoea&@rgstrength overall in comparison to session
two. In this case AE ICC were 0.00 (95% CI: 0.000t@1) to 0.64 (95% CI: 0.00 to 0.31) (poor-
substantial) and RE ICC between 0.00 (95% CI: ®00.33) to 0.24 (95% CI: 0.00 to 0.50) (poor-fair)
(Supplementary Table 2). Results at session twstithted ICC for AE at 0.00 (95% CI: 0.00 to 0.&8)
0.34 (95% CI: 0.04 to 0.59) (poor-fair). The ICQues for RE were 0.09 (95% CI: 0.00 to 0.35) ta60.4
(95% CI: 0.17 to 0.69) (slight-moderate). Howeas,outlined above, session one demonstrated larger
differences between AE and RE ICC resulting in tpedifference in agreement (Supplementary Table

2).

The greatest agreement for RE in this group wasgwsession two at 75°. Assessor 1 was-0.28° and
Assessor 2 was -1.50° resulting in an ICC of 06derate) (Supplementary Table 2). The weakest
agreement for AE observed during session two atwtf values of 3.33° for Assessor 1 and 7.31° for

Assessor 2. The ICC value in this instance was (6@ CI: 0.00 to 0.23). The weakest agreement for



RE was observed in session one at 75° with valtig® bl1° for Assessor 1 and -1.28° for Assessdh2.

ICC was 0.00 (95% CI: 0.00 to 0.33) (Supplemenialle 2).

Intra-rater reliability of IMC

Overall, the agreement observed was within two I&@ndaries. This did not exceed higher than a
‘moderate’ interpretation (Supplementary Table e results demonstrate strong agreement was not
observed across both sessions for either assétmoever AE of Assessor 1 demonstrate slightly highe
agreement overall for all groupings comapred toeaser 2. The ICC were 0.00 (95% CI: 0.00 to 0.86) t
0.41 (95% CI: 0.09 to 0.66) (poor-moderate) agai6& between 0.00 (95% CI: 0.00 to 0.10) to 0.32
(95% CI: 0.00 to 0.58) (poor to fair) (Supplementamble 3). AE ICC for Assessor 2 were 0.00 (95%
Cl: 0.00 to 0.10) to 0.32 (95% CI: 0.00 to 0.58)dpfair). RE were 0.11 (95% CI: 0.00 to 0.41) t43
(95% CI: 0.13 to 0.66) (slight-moderate). This lighed considerable difference between AE and RE

(Supplementary Table 3).

Inter-rater reliability of IMC

Agreement was within two ICC boundaries consisyeatiross both sessions with minimal difference
observed between AE and RE (Supplementary Tablél)ough high agreement was not observed
between assessors across either session, stroyrgermeent was noted in session two. In this instance
ICC values for AE ranged from 0.03 (95% CI: 0.000t85) to 0.47 (95% CI: 0.18 to 0.69) (slight-
moderate). ICC value for RE ranged from 0.15 (95P60®0 to 0.44) to 0.47 (95% CI:; 0.18 to 0.69)
(slight-moderate). ICC for AE and RE in session amge 0.00 (95% CI: 0.00 to 0.20) to 0.33 (95% CI:
0.01 to 0.59) (poor-fair) and 0.02 (95% CI: 0.210t@8) to 0.30 (95% CI: 0.00 to 0.57) (slight-fair)

respectively (Supplementary Table 4).

The strongest agreement of ‘moderate’ was obseatueidg session two for 100°. This resulted in AE of
10.6° for Assessor 1 and 12.5° for Assessor 2 anC€ of 0.47. RE values for this angle at sessiom
are also consistent in ‘moderate’ agreement with°-fr Assessor 1 and -11.1° for Assessor 2, aith
ICC of 0.47. The weakest agreement (poor) was gbdeaduring session one at 40° which resulted in AE

of 5.4° for Assessor 1 and 7.6° for Assessor 2 aithCC of 0.00 (95% CI: 0.00 to 0.20). RE for 40°

10



during session one resulted in 0.01° for Assessondl6.4° for Assessor 2 with an ICC of 0.02 (95k6 C

0.21 to 0.28). Accordingly, the strength of agrertiier RE was ‘slight’ (Supplementary Table 4).
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Discussion

The aim of this was to evaluate the intra-rater amer-rater reliability of hand-held goniometrympared to
image capture (IMC) in the assessment of joint timsisense (JPS) in healthy participants. Clinjcall
establishing proprioceptive acuity is of high imiamce, given that proprioception plays a signiftcase in
everyday functioning, joint stability, injury proplaxis, and prevention of falls [3,6,21,24]. Thisndonstrates
the necessity for establishing techniques that lenaticurate measurement of proprioception throlh fbr
clinicians to identify individuals at risk of sustang injury through proprioceptive deficit, objealy monitor
pathological decline and to enable creation of #igecehabilitation programmes that both maintainda
enhance proprioception in pathological and non-glatiical populations [3,10, 21]. Therefore, ovefalither
evidence is clearly warranted to determine the malgble and accurate method of JPS assessméatyifoy
recent research development, emerging technigues asi smartphone applications could offer innoeatind

easily applicable approaches for clinical pracfz®26].

The largest AE and RE and consequently the greateirestimation of a target angle occurred at 19@iis
study which is the position most likely to caustdiae for participants as research has suggesedhbmical
composition of muscle changes through fatigue,if@adb irregularity of sensory output and increagaidt
laxity [27]. Several authors have proposed thisosdary increase in laxity combined with temporary
inefficiency of muscle receptors through fatiguentributes to reductions in proprioceptive acuihdalPS
accuracy which could account for the observatiothe§e findings at this specific joint angle [28]. Previous
evidence has used three to five second holds whehés study used ten seconds to sufficiently giteiS,

which could have attributed to fatigue and consatiy@inderestimation [13, 19, 29].

Joint position sense accuracy was not seen to vepmwards end range movements despite some thabae
would predict this to be the case due to increastidular compression, recruitment of mechanorewsphus
leading to greater proprioceptive feedback and ecihg accuracy [20, 30]. However, this finding misy
observed at extreme range of motion, but as produektreme knee flexion may pose difficulty and tnos
rehabilitation protocols utilise closed chain aityivn the functional range of 0 to 100° in praetidt is arguably
not appropriate to test such angles [31]. Thes#irfgs could indicate that more accurate JPS assessan be

established at mid-joint range as supported byd@#aret al. in symptomatic populations [32].

12



Overall, the greatest overestimation of a targefieccurred at 20°. In standing, producing a 2@8ekbend
requires minimal flexion and thus potentially tisismall angle could be easier for participants torestimate
[20]. However, during bilateral weight-bearing, has been reported that increased afferent inpum fad

weight-bearing joints and other sensorimotor meismas influence and facilitate proprioceptive feedband
thus, AE and RE findings for knee JPS may be ddadimrs external to proprioceptive acuity at timedk joint

[3,19].

It is critical when interpreting the results fromd study that as participant variability and aseesneasurement
error cannot be separately examined in this sthdyugh the use of JPS as a measure of proprioceptio
cannot be definitively ascertained if measuremergreesulted from either one or a combination te#f two.
Although effects of fluctuations in an individuatscadian rhythm were controlled for where possitiirough
completion of testing at similar timings for bothssions [33], uncontrollable factors such as behavof
participant, individual physiology and learned etfecould have affected accuracy and overall resutich is a
fundamental limitation of the study and limits theneralisability of the findings. It is also créicto consider
that the average AE and RE values of all partidparere reported in this study and while the meaer@age) is
widely used measure of central tendency, it casuseeptible to influence by outliers and thus causihould

be adopted when interpreting the findings [17].

Goniometry has been routinely employed in clinjgadctice for many years, while the findings frorststudy
in isolation are not sufficient to recommend detgyiits use, they do highlight the need for cautjost because
a tool is traditionally used it does not automdljcéollow that is an effective tool given it's repted limited
sensitivity in recording smaller changes in joiahge of motion [34]. Due to the overall weak agreetiound
for intra-rater and inter-rater reliability for hotmethods, it could be argued that a more reliamasurement
tool should be utilised to adhere to evidence-baweadtice or that further research needs to beidered to
further elucidate the effectiveness of goniometryJPS assessment [4]. Although 2D IMC analysis trese
associated initial costs and timing restraintshiglighted by Smith et al [4], this method has destrated
strong reliability for JPS assessment and althdugher more recent research into its reliabilgywarranted,
this could potentially offer a more evidence-baa#idrnative for clinical practice [19,35]. Currgntemerging

evidence in relation to measurement of knee jongles through smartphone applications could offepst-
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effective and easily clinically applicable alterimatmethod of JPS measurement; however, furtherarek is
required to ascertain its reliability [25,26]. Sutdthnology may be used in addition to audio bedfeack,
particularly at end of range measurements. Thitdcenable repeatability training for the patiend anlearning
effect, particularly given the limitation in JPS asarements at extreme end range of motion as espiorthese

findings.

Conclusions

Overall, intra-rater and inter-rater agreementrgftie was weak and did not exceed substantial fihreei
method. Generally AE and RE agreement was poomidenate and greater error was reported for IM(#dh
assessors than goniometry. While using JPS is dt@amappropriate assessment of proprioceptivetiabiliit
is critical to be aware that by assessing proppgtos in this manner, the error observed could haslted
from poor proprioception of the participants, measwent inaccuracy by the assessors or a combinatibath
factors and this cannot be ascertained. While thiedengs in isolation are insufficient to deem gumetry or
IMC as unreliable measurement tools, they do héiweal implications, urge the use of caution arnghfight
the need for further research, particularly onudbke of smartphone Apps for assessing JPS in vagjinigal

populations.
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Figure and Table L egends

Figure 1. Image to present the output and methods of the tivghods of JPS assessment.

Table 1: Intra-rater reliability of goniometry comparedIiMC methods for Assessor 1.
Table 2: Intra-rater reliability of goniometry comparedIdC for Assessor 2.

Table 3: Inter-rater reliability of goniometry comparedItdC.

Supplementary Table 1: Intra-rater reliability of goniometry method.
Supplementary Table 2: Inter-rater reliability of goniometry method.

Supplementary Table 3: Intra-reliability of IMC method.

Supplementary Table 4: Inter-rater reliability of IMC method.
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Figure 1: Image to present the output and methods of the iM¢hods of JPS assessment.
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Table 1: Intra-rater reliability of goniometry comparedIMC methods for Assessor 1.

AE RE
AE (° - RE (° -
Session Anogle © AE950I/CC *Agreement © REgSOLCC *Agreement
©) Goniometry Image Capture (95%) Strength Goniometry Image Capture (95%) Strength
0.12 . 0.24 .
20 4.92 5.97 (0.00, 0.43) Slight 4.69 2.64 (0.00, 0.52) Fair
0.00 0.00
40 4.03 5.36 (0.00, 0.30) Poor 3.25 0.08 (0.00, 0.26) Poor
1
0.00 0.23 .
75 4.11 6.69 (0.00, 0.16) Poor -0.11 -5.58 (0.00, 0.50) Fair
0.30 : 0.37 .
100 3.64 9.31 (0.00, 0.58) Fair -2.58 -6.14 (0.07, 0.61) Fair
0.07 . 0.28 .
20 3.81 6.33 (0.00, 0.37) Slight 3.36 2.83 (0.00, 0.56) Fair
0.16 0.14 .
40 3.33 5.28 (0.00, 0.16) Poor 1.83 -1.11 (0.00, 0.43) Slight
2
0.01 . 0.14 .
75 3.19 10.50 (0.00, 0.19) Slight -2.08 -10.33 (0.00, 0.41) Slight
0.01 ; 0.22 .
100 3.50 10.64 (0.00, 0.20) Slight -0.89 -9.53 (0.00, 0.52) Fair

AE - Absolute error; ICC — intra-class correlatimefficient; RE — relative error.

*Kappa statistic boundaries as outlined in Landid Koch (1977).
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Table 2: Intra-rater reliability of goniometry comparedIdC for Assessor 2.

A0 AE - ICC *Agrégment O RE —1CC *Agrzgment
Session | Angle (° (95%) Strength (95%) Strength
Goniometry Image Capture Goniometry Image Capture

20 7.89 9.47 (0.006’18' ) Slight 7.72 8.97 (0'0%113. s Slight
40 8.64 7.58 (o.ood,og. " Slight 8.31 6.36 (o.ooo',lg. o Slight

1
75 5.67 8.86 o 006,18_ 1) Slight 1.28 4.92 o 0%?8_ 63) Fair
100 6.22 7.56 (0.107',48_ 68) Moderate 4.39 5.78 (0_209’587 " Moderate
20 6.64 8.17 (0.006?8'36) Slight 5.81 7.11 (0.006,23.56) Fair
40 7.31 7.50 (0.006?8.30) Poor 6.917 3.17 (o.ood,lg. 12) Slight

2
75 4.56 9.39 (0.000'?3.29) Slight 1150 7.33 (0.006,22.55) Fair
100 5.17 12,53 (0.006,2(5).56) Fair 3.33 -11.08 (0.006,33.69) Fair

AE - Absolute error; ICC — intra-class correlatmoefficient; RE — relative error.

*Kappa statistic boundaries as outlined in Landid Koch (1977).
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Table 3: Inter-rater reliability of goniometry comparedItdC.

AE () RE (°)
,5 Andl Goniometry ICC *AS Image Capture ICC *AS Goniometry ICC *AS Image Capture ICC *AS
A ©) (95%) ©) (95%) ©) (95%) ©) (95%)
@ Assessor Assessor Assessor Assessor
1 2 1 2 1 2 1 2
0.27 0.11 0.24 0.19
20 4.92 7.89 (0.00, Fair 5.97 9.47 (0.00, | Slight 4.69 7.72  (0.00, Fair 2.64 8.97 (0.00, | Slight
0.53) 0.39) 0.50) 0.45)
0.64 0.00 0.09 0.02
40 4.03 8.64  (0.00, Subs 5.36 7.58 (0.00, Poor 3.25 8.31 (0.00, | Slight 0.08 6.36 (0.21, | Slight
0.31) 0.20) 0.35) 0.28)
1 0.00 0.04 0.00 0.30
75 411 5.67  (0.00, Poor 6.69 8.86 (0.00, | Slight -0.11 -1.28 (0.00, Poor -5.58 -4.92  (0.00, Fair
0.21) 0.35) 0.33) 0.57)
0.01 0.33 0.17 0.30
100 3.64 6.22 (0.00, | Slight 9.31 7.56 (0.01, Fair -2.58 -4.39 (0.00, | Slight -6.14 -5.78  (0.00, Fair
0.30) 0.59) 0.46) 0.57)
0.06 0.15 0.03 0.37
20 3.81 6.64 (0.00, | Slight 3.36 5.81 (0.00, | Slight 6.33 8.17 (0.00, | Slight 2.83 7.11  (0.06, Fair
0.34) 0.44) 0.35) 0.62)
0.00 0.09 0.07 0.15
40 3.33 7.31 (0.00, Poor 1.83 6.92 (0.00, | Slight 5.28 7.50 (0.00, | Slight -1.11 3.17 (0.00, | Slight
5 0.23) 0.35) 0.37) 0.44)
0.34 0.46 0.26 0.22
75 3.19 456 (0.04, Fair -2.08 -1.50 (0.17, Mod 10.50 9.39 (0.00, Fair -10.33 -7.33  (0.00, Fair
0.59) 0.69) 0.54) 0.50)
0.00 0.30 0.47 0.47
100 3.50 5.17  (0.00, Poor -0.89 -3.33 (0.00, Fair 10.64 12.53 (0.18, Mod -9.53 -11.08 (0.18, Mod
0.19) 0.56) 0.69) 0.69)

AE - Absolute error; AS — Agreement Strength; IC@itra-class correlation coefficient; Mod — ModeraRE — relative error; Subs - Substantial.
*Kappa statistic boundaries as outlined in Landid Koch (1977).
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Supplementary Table 1: Intra-rater reliability of goniometry method.

Angle AE (°) AE RE () RE
©) _ AE —0|CC *Agreement , RE —0|CC *Agreement
Assessor Session (95%) Strength Session (95%) Strength
1 2 1 2
-0.11 -0.13
20 4.92 3.81 (-0.42. 0.23) Poor 4.69 3.36 (-0.43, 0.21) Poor
0.17 . 0.18 .
40 4.03 3.33 (-0.15, 0.46) Slight 3.25 1.83 (-0.16, 0.47) Slight
1
0.26 . 0.28 :
75 4.11 3.19 (-0.06, 0.54) Fair -0.11 -2.08 (-0.03, 0.55) Fair
0.15 0.22 .
100 3.64 3.50 (-0.19, 0.46) Poor -2.58 -0.89 (-0.11, 0.49) Fair
0.42 0.29 .
20 7.89 6.64 (0.12, 0.67) Moderate 7.72 5.81 (0.02, 0.56) Fair
0.09 : 0.24 :
40 8.64 7.31 (-0.24, 0.40) Slight 8.31 6.92 (-0.90, 0.52) Fair
2
0.05 . 0.29 :
75 5.67 4.56 (-0.28, 0.36) Slight -1.28 -1.50 (-0.05, 0.56) Fair
0.38 . 0.27 .
100 6.22 5.17 (0.73, 0.62) Fair -4.39 -3.33 (-0.06, 0.54) Fair

AE - Absolute error; ICC — intra-class correlatimefficient; RE — relative error.

*Kappa statistic boundaries as outlined in Landid Koch (1977).
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Supplementary Table 2: Inter-rater reliability of goniometry method.

AE (°) RE (°) RE
Session A?(gle Assessor AI(EQEOIAS;C *Agt'gsn;im Assessor R(Eg;og)zc *Agtiiigtint
1 2 1 2

20 4.92 7.89 (-o.gé%ss) Fair 4.69 7.72 (_0_8;‘(‘)_50) Fair
40 4.03 8.64 (_0.25?‘8.31) Substantial 3.25 8.31 (-o.fé(,)%.ss) Slight

1
75 4.11 5.67 (_0;102',13_21) Poor -0.11 -1.28 (_0':,303;’08'33) Poor
100 3.64 6.22 (_0_35%_30) slight -2.58 -4.39 (-o.fé%. 1) slight
20 3.81 6.64 (-o.gi(,)%.s " slight 3.36 5.81 . o " Slight
40 3.33 7.31 (-o.-zodf)é.zs) Poor 1.83 6.92 . fé(,)%.ss) Slight

2
75 3.19 4.56 (0'004,33.59) Fair -2.08 -1.50 (0.107.,48.69) Moderate
100 3.50 5.17 (-0.2106,15.19) Poor 10.89 3.33 (0.006,38.56) Fair

AE - Absolute error; ICC — intra-class correlatwoefficient; RE — relative error.
*Kappa statistic boundaries as outlined in Landid Koch (1977).
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Supplementary Table 3: Intra-reliability of IMC method

Assessor Angle AE (°) AE - ICC AE RE (°) RE
© ) (95%) *Agreement . RE —ICC *Agreement Strength
Session Strength Session (95%)
1 2 1 2
0.06 . 0.07 .
20 5.97 6.33 (-0.28, 0.38) Slight 2.64 2.83 (-0.27. 0.39) Slight
-0.08 0.08 .
40 5.36 5.28 (-0.41, 0.26) Poor 0.08 -1.11 (-0.25, 0.40) Slight
1
0.22 . 0.27 .
75 6.69 10.50 (-0.06, 0.49) Fair -5.58 -10.33 (-0.0, 0.53) Fair
0.41 0.26 .
100 9.31 10.64 (0.09, 0.66) Moderate -6.14 -9.53 (-0.05, 0.53) Fair
0.32 . 0.43
20 9.47 8.17 (-0.00, 0.58) Fair 8.97 7.11 (0.13, 0.66) Moderate
0.11 . 0.24 .
40 7.58 7.50 (-0.26, 0.42) Slight 6.36 3.17 (-0.07, 0.51) Fair
2
-0.24 0.11 .
75 8.86 9.39 (-0.54, 0.10) Poor -4.92 -7.33 (-0.23, 0.41) Slight
0.29 . 0.36 .
100 7.56 12.53 (-0.02, 0.55) Fair -5.78 -11.08 (0.05, 0.61) Fair

AE - Absolute error; ICC — intra-class correlatimefficient; RE — relative error.

*Kappa statistic boundaries as outlined in Landid Koch (1977).
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Supplementary Table 4: Inter-rater reliability of IMC method.

AE (°) RE (°)
AE - ICC AE RE -ICC RE
Session Angle (95%) *Agreement (95%) *Agreement
© Assessor Strength Assessor Strength
1 2 1 2

0.11 . 0.19 .

20 5.97 9.47 (-0.17, 0.39) Slight 2.64 8.97 (-0.08, 0.45) Slight
-0.12 0.02 .

40 5.36 7.58 (-0.41, 0.20) Poor 0.08 6.36 (0.21, 0.28) Slight

1

0.04 . 0.30 .

75 6.69 8.86 (-0.27, 0.35) Slight -5.58 -4.92 (-0.03, 0.57) Fair
0.33 . 0.30 .

100 9.31 7.56 (0.01, 0.59) Fair -6.14 -5.78 (-0.03, 0.57) Fair
0.03 . 0.37 .

20 6.33 8.17 (:0.29, 0.35) Slight 2.83 7.11 (0.06, 0.62) Fair
0.07 . 0.15 .

40 5.28 7.50 (:0.23, 0.37) Slight -1.11 3.17 (-0.14, 0.44) Slight

2

0.26 . 0.22 .

75 10.50 9.39 (-0.08, 0.54) Fair -10.33 -7.33 (-0.09, 0.50) Fair
0.47 0.47

100 10.64 12.53 (0.18, 0.69) Moderate -9.53 -11.08 (0.18, 0.69) Moderate

AE - Absolute error; ICC — intra-class correlatmoefficient; RE — relative error.
*Kappa statistic boundaries as outlined in Landid Koch (1977).
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