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Background. Proprioceptive imprecision is believed to contribute to persistent pain.
Detecting imprecision in order to study or treat it remains challenging given the limitations of
current tests.

Objectives. The aim of this study was to determine whether proprioceptive imprecision
could be detected in people with neck pain by testing their ability to identify incongruence
between true head motion and a false visual reference using the Proprioception Incongruence
Detection (PID) Test.

Design. A cross-sectional study was conducted.

Methods. Twenty-four people with neck pain and 24 matched controls repeatedly rotated
to specific markers within a virtual world and indicated if their true head rotation was more
or less than the rotation suggested by the visual feedback. Visual feedback was manipulated at
6 corrections, ranging from 60% of true movement to 140% of true movement. A standard
repositioning error (RPE) test as undertaken for comparison.

Results. Healthy controls were better able to detect incongruence between vision and true
head rotation (X�75.6%, SD�8.5%) than people with neck pain were (X�69.6%, SD�12.7%).
The RPE test scores were not different between groups. The PID Test score related to
self-reported pain intensity but did not relate to RPE test score.

Limitations. Causality cannot be established from this cross-sectional study, and further
work refining the PID Test is needed for it to offer clinical utility.

Conclusions. Proprioceptive precision for neck movement appears worse in people with
neck pain than in those without neck pain, and the extent of the deficit appears to be related
to usual pain severity. The PID Test appears to be a more sensitive test than the RPE test and
is likely to be useful for assessment of proprioceptive function in research and clinical settings.
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Neck pain is one of the 20 most
burdensome chronic health prob-
lems worldwide,1 with evidence

suggesting that treatment effectiveness is
underwhelming.2,3 Several authors have
speculated that imprecision in the pro-
prioceptive system could contribute to
or cause persistent pain via peripheral4–6

and central mechanisms.7–9 This specu-
lation has resulted in widespread use of
treatments aimed at improving proprio-
ception. These treatments have been
shown to improve chronic and recurrent
neck pain, regardless of whether pre-
scribed alone10,11 or in combination with
other treatments,12 but compelling evi-
dence that improvement in symptoms is
mediated by improvement in proprio-
ception is lacking.

Proprioception includes the sense of
body position, movement, force, and
shape. Although proprioception is gen-
erally considered to be a result of periph-
eral signals, the last decade of research
has elucidated the critical role of central
factors, such as the integrity of cortical
proprioceptive maps,13 and the impor-
tant role of vestibular and visual inputs in
body-related perception. Proprioceptive
deficits have been shown to exist in a
number of persistent pain problems,
including low back pain,5,6,14,15 knee
osteoarthritis,4 and complex regional
pain syndrome16,17 (see Lotze and Mose-
ley18 for a relevant review).

Recently, a meta-analysis by our group
confirmed that proprioceptive deficits
probably exist in people with neck pain
relative to controls when measured using
a repositioning error (RPE) test.19 The
individual studies included, however,
generally had insufficient statistical
power to detect differences, thus yield-
ing null findings.20–24 These findings
demonstrate that between-group differ-
ences are small relative to the high vari-
ability, both in the population and in the
RPE measurement.25 This lack of test sen-
sitivity limits the usefulness of the RPE
test in investigating the role of proprio-
ception in persistent pain states. Further-
more, the RPE test may be insufficient to
capture the multiple dimensions of pro-
prioception that can be altered in pain
states. We contend that better knowl-
edge of proprioception and its relation-

ship to clinical states would be helpful
and that techniques that allow us to gain
this knowledge need to be developed.

We aimed to determine whether pro-
prioceptive deficits could be detected in
people with neck pain by testing their
ability to identify incongruence between
true head motion and a false visual refer-
ence, using a novel test we have called
the Proprioception Incongruence Detec-
tion (PID)26 Test. We hypothesized that
people with neck pain would show def-
icits in PID Test scores relative to con-
trols and that scores would relate to pain
severity. As secondary research goals, we
aimed to assess the strength of the rela-
tionship between the PID Test and the
traditional RPE test and to compare their
relative sensitivities.

Method
Participants
Participants with neck pain were
recruited through local physical therapy
clinics and reimbursed AU$20 for partic-
ipation. Participants were included if
they had had neck pain for more than 8
weeks, had no overt neurological signs,
and their attending physical therapist
deemed them fit to tolerate repeated
neck rotation. More than 8 weeks was
required because the test involves
repeated movement, which may be inap-
propriate for the acute phase of some
injuries. Furthermore, pain-related brain
changes that may contribute to proprio-
ceptive imprecision have not been con-
sistently found with time frames less
than 8 weeks27 and may increase with
time.28,29 All participants had pain asso-
ciated with movement, as they also were
involved in a concurrent study depen-
dent on this feature.30 Age- and sex-
matched healthy controls were recruited
through local physical therapy clinics,
the BodyinMind.org website, university
campus noticeboards, and social media.
In order to be considered age-matched,
participants were required to be within 5
years of the associated participant with
neck pain. Data were collected at The
University of South Australia in August
through September 2013. The sample
size was calculated based on the ability
to detect a between-group difference in
test scores of 7% with 80% power, con-
sidering the known variability in test

scores was a standard deviation of
approximately 10% during pilot studies.
Sample size was calculated for a single-
tailed comparison in line with our clear
and informed hypothesis.

Twenty-four individuals (6 men, 18
women; mean age�44 years, SD�15)
with long-standing neck pain and 24 age-
and sex-matched controls (mean age�45
years, SD�15) volunteered to participate
in this study. The average duration of
neck pain was 12 years (SD�10,
range�2 months–25 years), and the pain
conditions were described as primarily
relating to posture or tension (n�7),
degeneration (n�3), whiplash (n�5),
other trauma (n�2), or scoliosis (n�1).
Participants with neck pain were mildly
to moderately disabled (average Neck
Disability Index score�29%, SD�13%),
and no participants reported neck-
related dizziness.

Equipment
In order to isolate neck movement, par-
ticipants sat in a well-supported chair
with torso movement restricted using a
seatbelt. Participants wore an Oculus Rift
virtual reality head-mounted display
(HMD) (Oculus VR, Menlo Park, Califor-
nia). The HMD displayed the virtual
world and recorded head movement
using on-board gyroscopes. Customized
software was used to specify the factor,
or rotation gain, by which “real-world
movement” was translated into “virtual
movement” and to map 6 different
scenes to the virtual template. Partici-
pants wore white-noise–emitting head-
phones to counteract any environmental
sounds that might inform head
orientation.

PID Test
Participants repeatedly rotated their
head slowly to the left or right, stopping
at a marker placed within the virtual
environment at 20 degrees of virtual rota-
tion. At this point, participants were
asked, “Is your true amount of head rota-
tion more or less than the virtually sim-
ulated rotation suggested?” After verbal
and written explanation of the test
(Appendix), a practice phase was initi-
ated in which the rotation gain was set to
half (2 trials) or double (2 trials) their
real-world movement. Participants were
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required to detect the incongruence in
all 4 trials to show that they understood
the task before continuing. Each test con-
sisted of 7 trials at 6 different randomly
presented rotation gain settings (totaling
42 trials), taking approximately 12 min-
utes to complete. The 6 rotation gain
settings manipulated the virtually simu-
lated rotation to 60%, 76%, 92%, 108%,
124%, and 140% of true rotation in order
to create varying degrees of incongru-
ence and, therefore, task difficulty. After
each rotation trial, the participant verbal-
ized the direction of perceived incongru-
ence and returned to center. The next
scene and rotation gain setting were then
loaded, and the task was repeated to the
opposite side. The experimenter, who
recorded participant responses, was
blinded to the direction of the incongru-
ence in each trial. Six different virtual
scenes were used so as to prevent
accommodation to the environment. The
marker was placed at 20 degrees of vir-
tual rotation so that even those partici-
pants with significantly limited move-
ment would be able to complete the
task. Each participant’s score was calcu-
lated as the percentage of correct
responses across the 42 trials.

Repositioning Error Test
For the repositioning error test, partici-
pants again wore the HMD and were
instructed to find their neutral head posi-
tion. They were then asked to turn left or
right and were lightly guided to approx-
imately 30 degrees of neck rotation by
the experimenter’s hands, which
enabled the degree of rotation to be stan-
dardized among participants. From this
point, participants were asked to refind
their original position as accurately as
possible. Repositioning error was opera-
tionally defined as the absolute angular
difference in rotation between starting
(neutral) and finishing positions and was
calculated from the average of 6 trials (3
left and 3 right). This is known as the
absolute error. Although there are sev-
eral other ways to calculate error, they
generally reduce or make little difference
with regard to test sensitivity.31 Reloca-
tion to neutral was chosen over reloca-
tion to a target position, as this measure
has been shown to be most sensitive to
differences between patients with neck
pain and healthy controls.19 During this

test, a black screen was presented on the
HMD to eliminate visual feedback, and
participants also were instructed to close
their eyes. Angles were measured using
the on-board gyroscopes, which we pre-
viously confirmed had very high accu-
racy for angular measurements and were
thus valid.30

Reliability of the PID Test
In order to establish the reliability of the
PID Test, a sample of 9 healthy controls
underwent repeated-measures testing.
Reliability was assessed using the intra-
class correlation coefficient (ICC)
between repeated measures. The PID
Test was shown to have high correlation
among repeated measures, showing the
test to have very good reliability
(ICC�.74). Scores on trial 1 (77%) and
trial 2 (73%) were comparable, exclud-
ing the possibility of a rapid learning
effect. The participants also repeated the
test using 45 degrees of virtual motion,
rather than the usual 20 degrees, to
ensure that this limited range of motion
would not confound results. The testing
confirmed that performing the test to 20
degrees had high agreement with per-
forming the test to 45 degrees
(ICC�.79).

Clinical Data
To determine whether severity of pain
related to proprioception, participants
were interviewed prior to testing. The
variables explored were duration of
symptoms, worst pain intensity, and
average pain intensity experienced over
the last week. Participants reported their
pain using an 11-point numerical rating
scale, where 0�“no pain” and 10�“the
worst imaginable pain.” Neck Disability
Index and Tampa Scale of Kinesiophobia
(TSK) measures were administered for
descriptive purposes and for exploratory
analyses examining the relationship
between fear of movement and PID Test
results.

Data Analysis
In order to test the hypothesis that peo-
ple with neck pain would be less able
than healthy controls to detect incongru-
ence in the PID Test, between-group dif-
ferences were assessed using a single-
tailed t test with alpha set at .05. The
hypothesis that PID Test scores would

relate to higher pain severity was tested
using univariate regressions. The relative
sensitivity of the PID Test to between-
group differences was determined by
observing its ability to identify between-
group differences compared with that of
the RPE test. The correlation between
the different tests of proprioception was
assessed using Pearson r. In order to
check that the PID Test results were not
confounded by a perceptual bias toward
overperceiving magnitude of movement
in the neck pain group, the number of
trials where real movement was rated as
more than simulated movement was
compared between groups using chi-
square analysis.

Role of the Funding Source
Professor Moseley is supported by a
National Health and Medical Research
Council (NHMRC) Principal Research
Fellowship (ID 1061279). Ms Madden is
supported by the Oppenheimer Memo-
rial Trust, South Africa. This study was
supported by NHMRC Grant ID
1047317. Dr Meulders is a postdoctoral
researcher of the Research Foundation,
Flanders, Belgium (FWO Vlaanderen)
(Grant ID 12E3714N).

Results
Neck Pain and Proprioception
People with neck pain were less able to
detect incongruence between visual and
proprioceptive input than were healthy
controls. That is, people with neck pain
scored lower (X�69.6%, SD�12.7%) on
the PID test than did healthy controls
(X�75.6%, SD�8.5%) (t46�1.9, P�.03,
d�0.55; Fig. 1). People with neck pain
(X�3.3°, SD�1.5°) were not signifi-
cantly less accurate on the RPE test than
healthy controls (X�2.8°, SD�1.1°)
(t46�1.3, P�.11, d�0.36; Fig. 2).

Clinical Correlates of the PID Test
The PID Test scores related to average
pain (r�.38, P�.04). Secondary analyses
suggested that PID Test scores also
related to worst pain (r�.55, P�.004)
but not to duration of pain (r�.06,
P�.4). No relationship was found
between the RPE test and clinical mea-
sures (P�.3 for all). The RPE test and PID
Test scores did not relate when analyzed
across all 48 participants (r��.18,
P�.11), nor when analyzed within the
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neck pain (r��.21, P�.16) and control
(r�.00, P�.50) groups.

Perceptual Bias
In order to check that differences in PID
Test scores were a result of imprecision
rather than bias, we compared the num-
ber of trials where real-world movement
was rated as more than virtual movement
with the number of trials where real-
world movement was rated as less than
virtual movement. We expected 50% of
trials to be rated as less and 50% to be
rated as more. On average, participants
in the neck pain group rated 49%
(SD�15%) of the trials as less and 51%
(SD�15%) of the trials as more, whereas
the control group rated 48% (SD�16%)

of the trials as less and 52% (SD�15%) of
the trials as more. Chi-square analysis
showed that there was no difference
between less and more ratings (�2�0.00,
P�1.0), confirming that the between-
group differences were not a result of
perceptual bias. No relationship was
found between kinesiophobia score
(TSK) and PID Test score (r�.21,
P�.17), confirming that perception of
magnitude was not biased by fear of
movement.

Discussion
We aimed to determine whether pro-
prioceptive imprecision could be
detected in people with persistent neck
pain by testing their ability to identify

incongruence between true head motion
and a false visual reference using the PID
Test. We hypothesized that people with
neck pain would show deficits in PID
Test scores relative to controls and that
scores would relate to pain severity. Our
primary hypotheses were supported.
That is, people with neck pain were less
precise in detecting incongruence rela-
tive to healthy controls, and this deficit
related to pain intensity.

PID Test Properties
Current tests of proprioception have
fallen short of revealing group differ-
ences unless very large samples are
used.19 That the PID Test was able to
reveal group differences in a sample of
48 participants, therefore, represents a
substantial improvement in test sensitiv-
ity. The greater sensitivity of the PID Test
does not appear to be explainable by
differences in test variability, given that
the PID Test’s reliability was comparable
to that of the RPE test.32,33 Instead, the
PID Test may have greater sensitivity
because it includes trials of varying diffi-
culty, making it less susceptible to floor
and ceiling effects. The PID Test’s
greater sensitivity to between-group dif-
ferences also may be a result of the spe-
cific dimensions of proprioception that
are probed by the test. Furthermore, that
the RPE test is ordinal and the PID Test is
dichotomous and that the tests use dif-
ferent numbers of repetitions may bring
about differences in test precision and
sensitivity.

No relationship was found between the
PID Test and RPE test. This finding might
have been predicted on the basis of RPE
data showing limited agreement among
RPE test methods.33 Nonetheless, they
ostensibly interrogate similar properties,
so one would expect a relationship. Per-
haps this finding suggests that PID Test
and RPE test assess different aspects of
proprioception, which is certainly a
multidimensional capacity. Given that
individual clinical tests are limited in
their capacity to quantify the many
dimensions of proprioception,34,35 the
lack of relationship between the 2 tests
may enable them to contribute uniquely
to a barrage of tests that might more
adequately quantify proprioception, in a
way that no single test could. Indeed,

Figure 1.
Percentage of correct responses for the Proprioception Incongruence Detection (PID) Test in
people with neck pain and healthy controls. CI�confidence interval.

Figure 2.
Repositioning error (RPE) test scores for people with neck pain and healthy controls. Absolute
error scores are given in degrees. CI�confidence interval.
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until we can adequately quantify pro-
prioception, our ability to test its contri-
bution to persistent pain, motor control,
and other phenomena will be limited.

Notably, the relationship between tests
may be confounded by the nonproprio-
ceptive elements inherent in each test.
During the RPE test, for example, partic-
ipants are required to remember a posi-
tion and then replicate it. Clearly, the test
also relies on short-term memory. The
PID Test, on the other hand, requires
real-time comparison of visual and non-
visual proprioceptive information. This
comparison removes any significant
memory component but might introduce
a greater, or at least different, cognitive
element. The PID Test also may depend
on the salience of nonvisual propriocep-
tive input (somatosensory and vestibu-
lar) in the face of contradictory visual
information, which may vary among
individuals.

Sensory Imprecision and
Persistent Pain
Evidence exists for imprecision or dis-
ruption in the processing of body-related
information across multiple systems in
people with chronic pain. The concep-
tual framework that has been proposed
to make sense of these disruptions is that
of the cortical body matrix—a network
of neural loops that maintains the multi-
sensory representation of the body and
peripersonal space and subserves its reg-
ulation and protection at a behavioral
and perceptual level.17 There are estab-
lished principles that govern the opera-
tion of large populations of brain cells,
such as the neural mass principle, which
suggests that the stability of this multi-
sensory representation would depend on
the presence of highly tuned neurons
and effective intracortical inhibition,
among other factors.36 Deficits in sen-
sory processing and sensory perceptions
are likely to reflect disruption of these
inhibitory mechanisms. This idea is sup-
ported by the correlation between clini-
cal tests of tactile acuity and cortical
changes in people with chronic
pain.37–42 That cortical changes and tac-
tile acuity also correlate with pain inten-
sity adds support for the relevance of this
finding.37–42

Compared with tactile acuity, the rela-
tionship among proprioceptive acuity,
pain, and cortical mechanisms has
received less attention. The impaired
performance on motor imagery tasks,
which rely on intact cortical propriocep-
tive maps, demonstrated in a number of
pain states43–46 does suggest that a rela-
tionship may exist. That the perceived
size of a phantom limb varies in propor-
tion to cortical change and pain inten-
sity47 further implies a link between dis-
rupted proprioceptive maps and pain.
Given the clear relationship between
PID Test performance and pain intensity,
the PID Test may be a relevant tool for
investigating disruptions in propriocep-
tive maps.

How cortical imprecision might lead to
persistent pain remains unclear. The
recently proposed imprecision hypothe-
sis suggests that imprecision leads to
greater difficulty in differentiating
learned signals of threat and signals of
safety, in turn leading to erroneous
defensive responses, including pain.8

Similarly, Zaman et al9 propose that
when sensory acuity is impaired, discrim-
ination between sensations that have
become unpleasant (through fear learn-
ing) and nociceptive sensations becomes
increasingly difficult, resulting in more
painful perceptions. Other authors
have proposed that the incongruence
between motor intent and propriocep-
tion might itself cause pain,7 although
evidence for this suggestion is
conflicting.48,49

Limitations and Future Directions
This study, to our knowledge, represents
the first work developing and examin-
ing the PID Test in a clinical population.
Therefore, although the results are prom-
ising, they clearly need to be replicated.
In light of recent evidence elucidating
working memory and executive function
deficits in people with persistent
pain,50,51 we suggest caution in the inter-
pretation of any test in which there is
memory or cognitive load—which there
is in both the PID Test and the RPE test.
In addition, we note that the PID Test
results might be influenced by the vari-
ous strategies used by participants in
determining whether their movement
was more or less than that suggested by

the false visual reference. For example,
from postexperiment interviews, it
seemed that some participants compared
how far it felt like they rotated with how
far it looked like they rotated, whereas
others compared how fast it felt like they
were turning with how fast it looked like
they were turning. Although these 2
strategies both rely heavily on proprio-
ception, a third strategy used by some
participants may not. That is, some par-
ticipants compared how fast or far it
looked like they were turning with how
fast or far they expected it to look like
they were turning. This method would
equate to sensing a difference between
visual feedback and motor intention.
Knowledge of these different strategies
could inform future designs that attempt
to further elucidate the effect of strategy
used on performance. Passive movement
might offer important information that
removes the motor or effort component
but would also add new sensory cues,
such as from kinetics of the experiment-
er’s guidance.

Further work refining the test will be
needed before the PID Test can offer
clinical utility—for example, categoriz-
ing performance as within or beyond
normal limits, as has been done for tac-
tile acuity.52 This issue also applies to
the RPE test, and that more than double
the participants would be required
for the RPE test to yield sensitivity similar
to that of the PID Test suggests that the
widespread clinical adoption of the RPE
test might have been premature.

We note that other efforts are being
made to expand the repertoire of tests
able to quantify sensorimotor character-
istics of the neck, such as those that
measure smoothness of linear
motion.53–55 These tests also may offer
greater sensitivity and contribute to suit
of tests that can gauge the various
aspects of proprioception.

Implications
Neck pain appears to be related to a
lesser ability to detect when visual and
nonvisual cues are incongruent during
head rotation. Furthermore, this ability
appears to relate to pain severity, which
highlights its potential relevance. This
information adds to our growing under-
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standing of sensory imprecision in per-
sistent pain states. The PID Test appears
to gauge aspects of proprioception that
are distinct to the RPE test and exhibits
greater sensitivity to proprioceptive def-
icits. We, therefore, suggest that the PID
Test may be a relevant tool for the study
of proprioception.
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Appendix.
Participant Instructions for the Proprioception Incongruence Detection Test

During the task, the virtual reality display will appear something like this:

You will begin by looking straight ahead at point A. You will then be asked to rotate your head and look toward point B. You
will know you have arrived at point B because the white square labeled “You” will move with you—a bit like a mouse cursor
on a computer.

Your rotation in the virtual environment is controlled by the computer responding to your head movements. The computer will
be programmed so that the amount of rotation that you are seeing through the goggles is more or less than the amount you are
actually rotating your head (ie, your 20° of head rotation might be multiplied to look like 30° or halved to look like 10°).

Each time you turn your head, you will be asked to move exactly from point A to point B and stop. This will always be the exact
same rotation in the virtual world; however, as mentioned, the amount you rotate your head in the real world will vary.

After each rotation, your job is to reply to the question: Is your real rotation (the rotation that you felt) more or less than
your virtual rotation (the amount of rotation you saw)?

Note: You can only answer with “more” or “less,” even though it might sometimes feel the same. Just give your best answer.
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