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ARTICLE INFO ABSTRACT

Background: Left/right judgement (LRJ) of body parts is commonly used to assess the ability to perform implicit
motor imagery and the integrity of brain-grounded maps of the body. Clinically, LRJ are often undertaken using
a mobile tablet, but the concurrent validity and reliability of this approach has not yet been established.
Objectives: To evaluate the concurrent validity and test-retest reliability of a mobile tablet for assessing LRJ.
Method: Participants completed LRJ for 50 hand images (Experiment 1), and 40 back, foot, or neck images
(Experiment 2) using a mobile tablet and desktop computer in random order. Participants in Experiment 2
performed a repeat test the following day to assess test-retest reliability. Accuracy and response time (RT) were
recorded.

Results: Twenty participants aged 55.3 ( = 6.7) years in Experiment 1, and 37 participants aged 38.2 ( + 12.3)
years in Experiment 2, were recruited. Concurrent validity of the mobile tablet was good to excellent for hand
judgements (ICC3; = 0.836 for RT; ICC = 0.909 for accuracy), and was good for back, foot, and neck judge-
ments (ICC = 0.781 for accuracy; ICC = 0.880 for RT). Test-retest reliability of the mobile tablet was good to
excellent (ICC = 0.824 for accuracy; ICC = 0.903 for RT).

Conclusions: The mobile tablet demonstrated good to excellent concurrent validity with the desktop computer in
two separate samples. The mobile tablet also demonstrated good to excellent test-retest reliability. The mobile
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tablet for LRJ is a valid alternative to the original desktop version.

1. Introduction

Left/right judgements (LRJ) (Parsons, 1987) require a judgement as
to whether a pictured body part belongs to, or has moved towards, the
left or right. The process is thought to involve three steps: firstly an
unconscious decision of left or right is made, then the chosen side is
mentally rotated into the same alignment for comparison, and finally
the initial choice is accepted or rejected (Parsons, 1987). Whether or
not this process also applies to neck and trunk images has not been
determined. The outputs of the task are response time (RT) and accu-
racy. As the task occurs without physically moving the tested body part,
it is frequently used to assess motor imagery (Botnmark et al., 2016;
Breckenridge et al., 2017; Wallwork et al., 2013), which relies on the
integrity of brain-grounded maps — or cortical representations — of the
body, receiving inputs from various brain areas that process visual,
proprioceptive and tactile input (Hétu et al., 2013).

Recent evidence suggests that cortical representations of the body
are altered in many different conditions, as assessed by LRJ

performance, including complex regional pain syndrome (CRPS)
(Moseley, 2004), phantom limb pain (Nico et al., 2004), knee os-
teoarthritis (Stanton et al., 2012), back pain (Bowering et al., 2014;
Bray and Moseley, 2011), chronic facial pain (von Piekartz et al., 2014),
chronic arm pain (Coslett et al., 2010b), chronic leg pain (Coslett et al.,
2010a), cervical dystonia (Bradnam et al., 2015; Fiorio et al., 2007),
carpal tunnel syndrome (Schmid and Coppieters, 2012), stroke (Amesz
et al.,, 2016) and neglect (Baas et al., 2011; Coslett, 1998; Reinhart
et al.,, 2012). As such, therapies aimed at normalising LRJ, such as
Graded Motor Imagery (Moseley et al., 2012), have evolved and show
promising results at reducing pain and disability (Bowering et al., 2013)
(although see (Johnson et al., 2012) for no effect as part of a wider
multimodal program). LRJ could potentially be used to facilitate motor
recovery following stroke (Page et al., 2007) as a person with hemi-
plegia is still able to use motor imagery to mentally simulate move-
ments of their affected limb (Johnson et al., 2002).

The Recognise™ (Neuro Orthopaedic Institute and Noigroup
Publications, 2012) software allows for quick and easy assessment of
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LRJ. Images displayed on a screen show a left or right limb - foot, hand,
shoulder or knee — or an axial image — back or neck - rotated or tilted to
the left or right. The number of total images presented can be custo-
mised from 6, 10, 20, 30, 40 or 50. The images are presented in random
orientations (0°, 90°, 180°, 270°), and total accuracy and average RT are
calculated and presented at the end of the task.

The reliability of the desktop computer version of Recognise™ has
previously been established in people with and without pain. The ac-
curacy score has good test-retest reliability with 40 hand (ICC = 0.924;
0.89) and back images (ICC = 0.92; 0.80), with moderate to good re-
liability of RT score of hand (ICC = 0.697; 0.83) and Back LRJ
(ICC = 0.87; 0.74) (Bray and Moseley, 2011; Dey et al., 2012).

Substantial limitations of the desktop computer version, such as
limited portability and the requirement of access to the internet or Wi-
Fi have been overcome by the mobile tablet version of Recognise™
designed for tablets and smartphones. The mobile tablet version of
Recognise™ presents a change in the hardware being used, however
there are no programmed differences with the software. The device is
often held by one hand or placed horizontally in front of the user; the
images are usually smaller; the responses involve touch screen interface
instead of keyboard.

The mobile tablet version of Recognise is being used clinically and
within research (Wong and Wong, 2017; Zimney et al., 2018), but the
reliability and validity of this method has not yet been established. No
studies have investigated the reliability or validity of tablet based back,
neck and foot LRJ. One study investigating the reliability of hand LRJ in
comparison to card-based measurement suggests good reliability
(ICC = 0.897) with RT, however, the accuracy score was poor to
moderate (ICC = 0.382; 0.602) and varied between the different ses-
sions (Zimney et al., 2018). This study did not use a practice test prior
to the recorded tests, therefore the poor reliability for the accuracy
score may have been due to participants being unfamiliar with the re-
quirements of the test or a possible learning effect. Additionally, the
participants in this study were younger adults with a narrow age range
(24.3 years = 2.5). Therefore, the results cannot be applied to an older
population as evidence shows that accuracy (Dey et al., 2012) and RT
(Saimpont et al., 2009) decrease as individuals age.

The aims of this study are to (1) evaluate the concurrent validity
and test-retest reliability of a mobile tablet device for assessing LRJ in
comparison to the original desktop version in a healthy adult popula-
tion and (2) establish minimal detectable difference (MDD) for accuracy
and reaction time for both methods using the Recognise iOS Apps
(Recognise Hand, Recognise Back, Recognise Foot, and Recognise
Neck).

2. Materials and methods

Written informed consent was given by all participants in
Experiments 1 and 2, in accordance with the latest version of the
Declaration of Helsinki, and ethical approval was obtained from the
institutional ethics committee. Both experiments in this study have
employed slightly different methods to explore the best protocol for LRJ
measurement, as recommended by previous evidence (Zimney et al.,
2018).

2.1. Experiment 1: hand judgements

Convenience sampling was used to recruit 20 participants over 40
years of age with no neurological or psychological diagnosis. The
testing took place in a quiet office within a university. Random allo-
cation to two groups using sealed envelope (Sealed Envelope Ltd,
2018), a web-based randomisation program, determined the order of
assessments. Group ‘A’ were assessed with the desktop version first,
Group ‘B’ were assessed with the mobile device first, with a break of
approximately 1 min between the two tasks. For the desktop version,
the keyboard was aligned on the desk directly in front of the seated
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participants at a comfortable position, with their face 50 cm from the
screen. Participants were asked to place their hands palm down on the
desk and use their “dominant hand to press the left arrow key on the
keyboard when the image showed a left hand, and the right arrow when
it showed a right hand”. For the tablet version, the tablet was held by
the assessor at an angle of 45° on the desk and approximately 50 cm
from the participant's face. The screen displayed two buttons marked
with left and right and the participant was asked to respond to each
image by touching the corresponding button on the screen with their
dominant hand.

Both versions displayed 50 images of right or left hands, on a plain
mono-coloured background, in random orientations (0°, 90°, 180°,
270°) and postures. Responses automatically triggered the next image.
If a response was not registered within 30s, the next image was dis-
played. Each version displayed five pictures as a familiarisation process
at the beginning, consistent with clinical practice, which did not count
towards the results. The participants were blinded to the results of each
trial including the familiarisation process until testing was complete.
Accuracy score (correct responses as a percentage of number of trials)
and average RT (seconds) were determined for each participant.

2.2. Experiment 2: back, neck and foot judgements

Convenience sampling was used to recruit 37 participants of any
age. Sample size was determined by the available time and resources. A
post-hoc analysis of sample size, revealed a minimum of 24 was sa-
tisfactory for a two-rater assessment, with width of the Wald interval at
0.15 assuming ratio of variability at 0.8 and providing a 50% assurance
probability (Zou, 2012). Testing took place during intervals at a pain
conference for health professionals. The body part to be assessed (back,
neck or foot), and the order of assessments (desktop first or tablet first)
were determined by blindly drawing from a hat to select device
(desktop/tablet) and to select body part (back, neck or foot). To assess
test-retest reliability, each participant completed the same test on the
tablet again the next day.

The desktop and tablet were positioned on the table 50cm in front of
the participant. Participants were asked to “press the left and right
arrow keys on the keyboard” and to “touch the left or right button on
the tablet screen” when they identified a left or right hand in the pic-
ture. Participants were advised that the Recognise™ App automatically
calculates speed and accuracy of all responses. Each participant was
fitted with headphones with white noise to minimise distraction due to
auditory stimuli.

Both versions displayed 40 images of backs, necks or feet, on a plain
mono-coloured background, in random orientations and positions, but
with a counterbalanced mix of left and right. Each picture was shown
for a maximum of 5s. A familiarisation process (40 images) of the se-
lected body part was completed immediately prior to commencing the
recorded test for each device on the first day. The familiarisation pro-
cess ensured that participants were familiar with the test and to account
for any learning effect. This process was not completed for the repeat
test due to the carry-over effect from the previous day. The participants
were not blinded to the results of each test. Accuracy (correct responses
as a percentage of number of trials) and average RT (seconds) were
determined for each participant.

2.3. Statistical analysis

Full details of the a priori statistical analysis plan for both experi-
ments are available on Open Science Framework (URL: https://osf.io/
695j2). Any deviations from that plan are clearly marked here. Data
were analysed using SPSS software (version 22 IBM Corp, Armonk, NY,
USA). Baseline characteristics were summarised using descriptive sta-
tistics. Means, standard deviation (SD) and the 95% confidence inter-
vals for assessing differences between the mobile device and the
desktop version were calculated for each parameter.
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The differences between assessments were checked for outliers
(defined as observations that were greater than 3SD from the group
mean difference) (Portney and Watkins, 2015, p.551), and the dis-
tributions of the differences between assessments were checked for
normality and skewness (Bland and Altman, 1986). For Experiment 2,
no significant differences were found with the regression coefficients of
the three data sets (back, neck and foot LRJ accuracy and RT), therefore
they were combined for the primary analyses.

To evaluate the concurrent validity of the mobile device in com-
parison to the desktop for assessing LRJ, all data were plotted against
the line of equality in Microsoft Excel to graphically observe the dif-
ferences between the mobile device and the desktop scores. For each
primary outcome - Accuracy and RT - a two-way mixed model analysis
was performed, and a single measure intraclass correlation coefficient
(ICC3,) was computed to estimate the magnitude of the correlation
(absolute agreement) between the two methods. Bland-Altman plots
were constructed to check for systematic bias, variability and agree-
ment. The agreement between the two methods was summarised using
the mean difference and standard deviation of the difference, and the
95% limits of agreement were calculated (Bland and Altman, 1986).

To evaluate the test-retest reliability of the mobile device for as-
sessing LRJ, back, neck and foot judgements, all data was plotted
against the line of equality in Microsoft Excel to graphically observe the
differences between the scores. For accuracy and RT, a two-way mixed
model was performed, and a single measure intraclass correlation
coefficient (ICC3,) was computed to estimate the magnitude of the
reliability of the mobile device. Bland-Altman plots were constructed to
check for systematic bias, variability, and agreement.

ICC was classified according to the Portney and Watkins' guidelines
of excellent (> 0.90), good (0.75-0.90), moderate (0.5-0.75) and poor
(< 0.50) (Portney and Watkins, 2015). To check for systematic bias,
variability and agreement, Bland-Altman plots were constructed. The
agreement between the two methods was summarised using the mean
difference (d) and standard deviation of the difference (s), and the 95%
limits of agreement was calculated (Bland and Altman, 1986). The
standard error of measurement (SEM) and minimal detectable differ-
ence (MDD) were calculated according to SEM = SD x (1- ICC), and
MDD = SEM x 1.96 x V2 (Weir, 2005). The results were considered
statistically significant with p < 0.05 a priori.

3. Results

Table 1 presents the baseline characteristics of participants in Ex-
periments 1 and 2. Participants in Experiment 2 were asked if they had
any persistent pain, out of whom 24% (9 out of 37) reported they did
have persistent pain, which is representative of the wider population
(Blyth et al., 2001; Fayaz et al., 2016; National Center for Health
Statistics, 2016). All data were normally distributed. Two outliers were
removed from the Experiment 2 data [one from the accuracy analysis
comparing both methods (concurrent validity), and one from the RT
analysis for Day 1 and 2 (test-retest reliability)], because the individual

Table 1
Baseline characteristics.

LRJ body part Experiment 1 Experiment 2 (n = 37)

(n = 20)
Hand Back Neck Foot
(n=12) (n=11) (n=14)
Age years), mean  55.3 (6.69) 41.67 40 (15) 33.79 (9.81)
(SD) (11.4)

Sex 15 Female 8 Female 9 Female 11F

5 Male 4 Male 2 Male 3M
Handedness 20 Right 12 Right 9 Right 12R

0 Left 0 Left 2 Left 2L

SD Standard Deviation.
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Table 2
Concurrent validity for LRJ Accuracy and RT.
LRJ Task Measure n F ICC ICC 95%CI SEM MDD
Hand Accuracy (%) 20 12.147 0.909* 0.765-0.964 0.664 1.841
Hand RT (sec) 20 6.060 0.836* 0.591-0.935 0.147 0.409
Back, Neck  Accuracy (%) 36 4.522 0.781* 0.571-0.888 1.006 2.789
& Foot
Back, Neck  RT (sec) 37 8.134 0.880* 0.766-0.938 0.027 0.074
& Foot

* =P < 0.0001.

differences in scores were greater than three standard deviations from
the mean difference.

3.1. Concurrent validity

The ICCs for accuracy and RT of hand LRJ were excellent and good
respectively (see Table 2). Fig. 1 displays the Bland-Altman for the
difference in accuracy and RT between the tablet and desktop LRJ for
hands (upper panels) and back, neck and foot (lower panels). Linear
regression analysis revealed no proportional bias for accuracy
(p = 0.590) or RT (p = 0.396). Fig. 2 displays the line of equality for
the two methods. The ICCs for accuracy and RT of back, neck and foot
LRJ were good (Table 2) and no proportional biases were found from
linear regression (p = 0.199 and p = 0.625, respectively).

3.2. Test-retest reliability

For test-retest reliability of the tablet device, the ICCs for accuracy
and RT were good to excellent (Koo and Li, 2016) (Table 3). Linear
regression revealed no proportional bias for RT (p = 0.818), but there
was a proportional bias for accuracy (p = 0.002) with the back, neck
and foot LRJ (see Fig. 3A). The Bland-Altman plots for the difference in
accuracy and RT on the tablet between day one and two for back, neck
and foot LRJ are displayed in Fig. 4. The Bland-Altman plot for accuracy
(Fig. 4a) shows the proportional bias may exist for participants with less
than 85% accuracy. This could indicate a trend may exist with parti-
cipants performing proportionally worse on repeat LRJ's, if their initial
accuracy score was less than 85%. Further inspection revealed all the
data points below 85% accuracy were LRJ's of neck images.

The data for each body part were separated from the analysis to
further explore the proportional bias in the back, neck and foot LRJ.
This exploration was not part of our planned analysis (URL: https://osf.
i0/695j2). The linear regression analysis of the back and foot LRJ data
revealed no proportional bias (p = 0.647). One sample t-test of the neck
LRJ data for day 1 and day 2 revealed a significant difference
(p = 0.026). Therefore, the regression analysis of neck LRJ could not be
completed as the assumptions were not met. However, further regres-
sion analysis separating the data for left and right accuracy of neck LRJ
revealed no proportional bias (p = 0.755; p = 0.222 respectively). This
could indicate that the proportional bias does not exist and resulted
from averaging the left and right judgements together.

4. Discussion

The aim of this study was to evaluate the concurrent validity and
test-retest reliability for hand, back, neck and foot LRJ on a tablet de-
vice in comparison to the desktop version in healthy participants.

4.1. Concurrent validity

We found good to excellent ICC values when comparing the two
methods for accuracy scores and RT, indicating high concurrent validity
of the tablet device for assessing LRJ of the hands, as well as the back,
neck and foot. This indicates that the tablet device version of the LRJ
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Fig. 1. Concurrent Validity. A, Bland-Altman plot for hand LRJ accuracy. B, Bland-Altman plot for hand LRJ reaction time. C, Bland-Altman plot for back, neck and

foot LRJ accuracy. D, Bland-Altman plot for back, neck and foot LRJ reaction time.

task is a valid method for assessing LRJ of the hands, back, neck and
foot.

4.2. Test retest reliability

The ICC values suggest the tablet device for assessing LRJ has good
to excellent reliability for accuracy and RT scores. A proportional bias
was found for test-retest reliability of the accuracy score for neck LRJ.
This finding indicates that the two methods of assessing LRJ do not
agree equally throughout the range of possible scores. For participants
scoring less than 85% a possible trend may exist with lower accuracy
resulting in proportionally worse scores on repeat LRJ's. This propor-
tional bias cannot be explained by a learning effect (see (Boonstra et al.,
2012)) as may be observed if the scores proportionally increased on
repeat testing. We cannot be certain that the proportional bias exists. It
may have been an artefact of averaging the left and right judgements
together — as the bias was not evident when the left and right judge-
ments were analysed separately.

If the bias does exist, a feasible explanation may relate to previous
findings that healthy participants have greater variability and lower
accuracy with left neck rotation judgements than with right neck
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rotation judgements (Leake, 2012; Wallwork et al., 2013). We have
previously speculated (Wallwork et al., 2013) that this side to side
difference may reflect a right neck rotation preference found in humans
as reported by others (Giintiirkiin, 2003; Konishi et al., 1987; Ververs
et al., 1994). Another possible explanation is that neck movements are
highly integrated with vestibular data such that neck LRJ may be af-
fected in a different way because of this. Hence neck LRJ may be a more
complex task resulting in higher variability of accuracy scores with
repeat testing, particularly with those participants that have a lower
average accuracy score.

It is unlikely that the familiarisation process on day one influenced
the results as a proportional bias was not found for the other body parts.
The familiarisation process was to familiarise the participants with the
test, and was therefore not required on repeat testing because ob-
servational data showed no performance loss over this time (GL
Moseley Unpublished). However, the bias only existed for participants
with low accuracy scores. Perhaps it cannot be assumed that partici-
pants with less than 85% accuracy for neck LRJ have a decent carry-
over effect particularly considering that neck LRJ may be a more
complex task, resulting in higher variability of accuracy scores with
repeat testing (Leake, 2012; Wallwork et al., 2013). Therefore, the
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Fig. 2. Concurrent validity tablet versus desktop. A, Hand LRJ Accuracy. B, Hand LRJ response time. C, Back, neck & foot LRJ accuracy. D, Back, neck & foot LRJ

response time.

Table 3
Test retest reliability for LRJ Accuracy and Response Time.
LRJ Task Measure n F ICC ICC 95%CI SEM MDD
Back, Neck  Accuracy (%) 37 5.788  0.824" 0.661-0.909 0.846 2.345
& Foot
Back, Neck  RT (sec) 36 12.386 0.903" 0.776-0.955 0.017 0.047
& Foot

& =P < 0.0001.

familiarisation process may have influenced their scores.

Perhaps LRJ of the neck and back do not involve the same motor
imagery process as limb LRJ. A recent report from a small study in
healthy participants doing LRJ of back images, showed a negative re-
lationship between mental movement amplitude and RT (Alazmi et al.,
2018), which is opposite to that observed for limb LRJ. We did not
detect this relationship in a previous study of over 1000 participants

49

performing LRJ for trunk images (Bowering et al., 2014), nor in a study
of over 1300 participants performing LRJ for neck images (Wallwork
et al., 2013). Notably however, the Alazmi et al. (2018) study failed to
provide practice trials, used both first and third person images and was
underpowered, which leaves the matter unresolved. A proportionality
bias has only been evident in previous back image data (see (Bowering
et al., 2014)) (not neck image data, which is shown in this study) which
suggests against the thesis that a different processing strategy for the
task would explain the proportionality bias, but we certainly cannot
unequivocally exclude the possibility.

Our assessment did not control for potential impact of images from
different perspectives (e.g. (Meng et al., 2017) (note that some studies
only include first person perspective images (e.g. (Bowering et al.,
2014)), and we did not seek to evaluate any spatial effects of where on
the screen the image occurred (see (Reid et al., 2016)). Despite this, the
tests showed good to excellent agreement which lends confidence to our
conclusion that they are valid and reliable.
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Fig. 3. A, Accuracy test-retest reliability: Day 1 versus Day 2. B, Response time test-retest reliability: Day 1 versus Day 2.

This study provides valuable information on the minimal detectable
difference of tablet based LRJ's, which is critical for distinguishing real
changes in repeat measurements from any random variation in the
measurement tool itself (Haley and Fragala-Pinkham, 2006). Our
findings have implications for clinical practice and research, particu-
larly considering anecdotal evidence that tablets are widely used
clinically for this purpose.

4.3. Strengths and limitations

We lodged and locked our a priori analysis plan prior to analysis,
and only deviated from the plan to explore the proportionality bias,
which is a strength, but we did not lock a full protocol prior to data
collection, which is gold standard practice and now recommended for

observational and behavioural studies (Lee et al.,, 2018). Both
15
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experiments involved reasonably small and convenience samples, al-
though the slim confidence intervals around ICC's, means and standard
deviations suggests that a larger sample would not have yielded a dif-
ferent response. Females were over represented in both our samples,
which leaves open the question that the results may not be as reliable in
males — we did not have enough males to undertake a sensitivity ana-
lysis on the basis of gender.

We pooled different body sites and acknowledge this may not be
ideal. Future studies could aim for more participants per body site to
test for differences. We found back LRJ had the highest average accu-
racy at 95%, neck was lowest at 89.5% and foot accuracy was in be-
tween at 91.4%. With small numbers we cannot be sure if the difference
is significant or not.

We intentionally took slightly different approaches to the two ex-
periments so as to evaluate several body parts and to more effectively
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Fig. 4. Experiment 2 Test-retest reliability. A, Bland-Altman plot for back, neck and foot LRJ accuracy. B, Bland-Altman plot for back, neck and foot LRJ reaction

time.
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cover what we think is happening clinically and in research, but this
prevented us from pooling data or looking specifically at sub-groups,
which may have been useful considering the different age groups in the
two experiments. Further related to protocol, Experiment 1 allowed
participants five images for practice, while Experiment 2 allowed 40
images. It is our understanding that both approaches are employed
clinically, although 40 images practice is recommended for the task to
become implicit (Moseley, 2006) and we may have seen better validity
and reliability for hand images if we had taken this approach. Finally, it
should be remembered that we have established validity and reliability
in healthy participants, some of whom had persistent pain (Experiment
2), not specific clinical populations.

5. Conclusions

The tablet version of the Recognise hand, back and foot LRJ tasks
are valid and reliable and we can recommend their use in research and
clinical practice in adult populations. The LRJ tasks may be less valid
and reliable without a practise test of 40 images. We recommend cau-
tion when interpreting accuracy scores with neck LRJ, particularly with
participants scoring lower than 85% accuracy. Further research is re-
quired to determine the validity and reliability in specific clinical po-
pulations.
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