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Local subcutaneous and muscle pain impairs detection
of passive movements at the human thumb

N. S. Weerakkody', J. S. Blouin?, J. L. Taylor! and S. C. Gandevia'

! Prince of Wales Medical Research Institute and UNSW, Randwick, NSW 2031, Australia
?School of Human Kinetics, University of British Columbia, Vancouver, Canada

Activity in both muscle spindle endings and cutaneous stretch receptors contributes to the
sensation of joint movement. The present experiments assessed whether muscle pain and sub-
cutaneous pain distort proprioception in humans. The ability to detect the direction of passive
movements at the interphalangeal joint of the thumb was measured when pain was induced
experimentally in four sites: the flexor pollicis longus (FPL), the subcutaneous tissue overlying
this muscle, the flexor carpi radialis (FCR) muscle and the subcutaneous tissue distal to the
metacarpophalangeal joint of thumb. Tests were conducted when pain was at a similar subjective
intensity. There was no significant difference in the ability to detect flexion or extension under
any painful or non-painful condition. The detection of movement was significantly impaired
when pain was induced in the FPL muscle, but pain in the FCR, a nearby muscle that does
not act on the thumb, had no effect. Subcutaneous pain also significantly impaired movement
detection when initiated in skin overlying the thumb, but not in skin overlying the FPL muscle
in the forearm. These findings suggest that while both muscle and skin pain can disturb the
detection of the direction of movement, the impairment is site-specific and involves regions and
tissues that have a proprioceptive role at the joint. Also, pain induced in FPL did not significantly
increase the perceived size of the thumb. Proprioceptive mechanisms signalling perceived body
size are less disturbed by a relevant muscle nociceptive input than those subserving movement
detection. The results highlight the complex relationship between nociceptive inputs and their
influence on proprioception and motor control.
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Our proprioceptive ability to sense the position and
movement of limb segments is a prerequisite to enable us
to maintain balance, body orientation and coordination
of movements. Muscle spindles are considered the most
important peripheral receptor involved in the sense
of position and movement (e.g. Goodwin et al. 1972;
Roll & Vedel, 1982; Gandevia, 1985), although there is
evidence to suggest skin (e.g. Edin & Johansson, 1995;
Collins et al. 2005) and to a lesser extent joint receptors
(Ferrell et al. 1987) also contribute (for review see
McCloskey, 1978; Gandevia, 1996; Proske, 2006). Another
potential contributor to the sensation of joint position and
movement is input related to central motor commands.
Recent evidence suggests that such efferent signals bias
judgements of joint position (e.g. Saxton et al. 1995; Walsh
etal 2004) even when afferent signals are absent (Gandevia
et al. 2006).

While the function of proprioceptive afferents during
natural movements has been the subject of many
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investigations, it still remains unclear how the central
processing of proprioceptive signals arising from these
afferents changes during pain (Capra & Ro, 2000).
Abnormal proprioception is often seen in people with
musculoskeletal pain syndromes (e.g. Sainburg et al. 1993;
Brumagne ef al. 2000; Baker et al. 2002). For example, in
patients with cervical pain, reproduction of joint position
was impaired (Revel et al. 1991), and pain intensity
and reproduction of joint position were improved with
therapy (Rogers, 1997). These clinical observations have
led to consistent reports that pain disturbs proprioception.
However, while some clinical studies have demonstrated
a link between proprioceptive impairment and pain,
others have failed to do so (e.g. Skinner et al. 1984).
In 220 patients with painful osteoarthritis at the knee
there was little association between measures of knee
position sense and measures of pain and disability (Bennell
et al. 2003). Therefore, the clinical evidence remains
inconsistent.
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Studies of proprioception using experimentally induced
pain also have inconsistent links with proprioceptive
disturbance in healthy subjects. Some have shown that
pain altered movement and posture (e.g. Arendt-Nielsen
et al. 1996; Svensson et al. 1997; Blouin et al. 2003;
Corbeil et al. 2004) and force matching (Weerakkody et al.
2003). However, at the ankle joint, movement detection
thresholds were disturbed only when high-intensity
pain was induced simultaneously in an agonist and
its antagonist muscle (Matre et al. 2002). In contrast,
position sense at the knee was not reduced by pain in the
infrapatellar fat pad (Bennell ef al. 2005).

If pain does disturb proprioception, there are multiple
sites in the central nervous system where nociceptive
inputs could alter proprioceptive processing of inputs from
muscle, skin and joint. Stimulation of nociceptors may
interfere with proprioception at such as convergent sites
of afferent inputs in the dorsal horn (e.g. Capra & Ro,
2000), at subcortical somatosensory relay nuclei, and at
the sensorimotor cortex (Le Pera et al. 2001; Martin et al.
2007).

The aim of this study was to investigate whether
induction of pain from specific muscle and subcutaneous
sites distorts proprioception in humans. The inter-
phalangeal joint of the thumb was used as it is flexed
by only one muscle, the flexor pollicis longus with its
belly in the forearm. Furthermore, this muscle is absent
or rudimentary in non-human primates (Straus, 1942)
and is important for human manual dexterity. The muscle
is easily accessed for injection. Both muscle and skin pain
were investigated to uncover whether any disturbance of
proprioception from nociceptor activity was general or
specific in nature. Hypertonic saline was used to produce
pain as this method is safe and generates controllable
levels of pain (e.g. Kellgren, 1937; Graven-Nielsen et al.
1998). Therefore, proprioceptive acuity was assessed at
the thumb interphalangeal joint when pain was induced
experimentally in four sites: the flexor pollicis longus, the
subcutaneous tissue overlying this muscle, a nearby muscle
which does not act on the thumb, and the subcutaneous
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area around the joint itself. As pain may also distort the
body image (e.g. Ramachandran, 1998; McCabe et al.
2004), including the perceived size of the digits (Gandevia
& Phegan, 1999), this aspect of proprioception was also
explored.

Methods

The ability to detect the direction of passive movements
imposed at the interphalangeal joint of the thumb was
measured under control conditions and when pain was
generated at four different locations in healthy subjects:
the flexor pollicis longus muscle (FPL), a subcutaneous site
over the FPL, the flexor carpi radialis muscle (FCR) and
a subcutaneous site on the dorsal aspect of the proximal
phalanx of the thumb (Fig. 1). Saline solution was injected
into a different site in four separate experiments conducted
on different days, that were completed in a pseudorandom
order. On each day, thresholds movement, which had a
displacement and velocity such that the subject could
correctly nominate the direction of movement on ~60% of
presentations, was determined. Any decrease in proprio-
ceptiveacuity would be expected to decrease the percentage
of correct detections of movement direction, whereas
an improvement in proprioceptive acuity would increase
correct detections (Refshauge et al. 2003; Weerakkody et al.
2007).

Subjects

A total of 12 healthy adult subjects participated
(9 male, 3 female; aged 22-50 years), with most involved
in more than one study. Nine subjects participated in
all four experiments, while of the remaining three sub-
jects, one participated in three experiments, and two in
two experiments. The total number of subjects in each
experiment was: 11 (FPL), 12 (subcutaneous FPL), 10
(FCR) and 10 (subcutaneous thumb). All experiments
conformed to the Declaration of Helsinki. Written consent

FPL or skin over FPL

Figure 1. Experimental arrangement used
to impose thumb movements and location
of hypertonic saline injection sites

Pain was initiated at 4 locations (dots in figure):
the flexor pollicis longus muscle (FPL), a
subcutaneous site over FPL (same spot), flexor
carpi radialis muscle (FCR), and a subcutaneous
site on the dorso-medial aspect of the thumb
proximal phalanx. The forearm and hand were
supported on a padded splint, which was tilted
upward with the forearm at an angle of

~20 deg.
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to participate was obtained and the studies were approved
by the local Human Research Ethics Committee.

Experimental set-up

The right forearm and hand were supported on a padded
splint, which was tilted upward with the forearm at an
angle of ~20deg to the horizontal so that the thumb
remained in the horizontal plane (Fig. 1). The forearm
was positioned in pronation with the palm of the hand
resting on a fixed mould, shaped as a computer mouse. The
metacarpophalangeal joint of the thumb was positioned
in the middle of its physiological range (~45 deg flexion).
This posture provided a comfortable rest position for the
hand.

Flexion and extension movements were imposed about
the interphalangeal joint of the thumb (Fig. 1). The distal
phalanx of the thumb was coupled to a linear servo-
motor under positional feedback, driven by a variable
ramp generator. The distal phalanx of the thumb was
coupled by a small padded clamp (~1.5cm? in contact
area) over the sides of the digit, designed to minimize
the disturbance of the skin on the dorsal and palmar
surfaces of the thumb. For each subject the clamp was
placed 1.5 cm distal to the axis of rotation of the joint. The
proximal phalanx of the thumb was stabilized by a similar
clamp so that movement was confined to the thumb inter-
phalangeal joint. A barrier was positioned over the hand
so that subjects could not see the hand or the apparatus.

practice before pain
catheter inserted
Auditory signal

Impairment of proprioception by pain
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Measures of actual angular displacement and geometric
calculation were used to calibrate the equipment prior to
data collection. Subjects were reminded to relax their hand
and arm muscles throughout the study.

Experimental pain stimulus

Sterile hypertonic saline (5%) was infused to produce
pain felt in the deep tissue. To initiate pain in the FPL,
in the skin overlying the FPL, and in the FCR, a bolus
injection with 0.2 ml saline was delivered over ~5s. For
injections delivered over the proximal phalanx of the
thumb the initial volume was 0.1 ml. Once the subject
reported that the initial pain had reached a plateau, an
infusion was carried out by a computer-controlled syringe
pump (Graseby, 3100). A tube was connected from the
syringe to a catheter (24G, 19 mm) which was inserted
before control measurements and which remained for the
rest of the recordings (Fig. 2A). A steady infusion rate of
85-170 ]l min~" was given until the trials were completed.
The infusion rate was adjusted to maintain the pain at a
level of ~4—6 on a 10 point scale (with 0 being no pain and
10 being maximal pain). Subjects were asked to rate the
perceived pain on a visual analog scale by turning a dial
marked in steps from 0 to 10 over 300 deg of rotation. The
dial was the moving arm of a potentiometer and its output
was recorded by computer. The pain intensity reflected
the combined effects of the local pain and any referred

~5 min

during pain }—-—I after pain

!

hypertonic saline infusion

Passive movement

——

flexion
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Figure 2. Time course of the experimental protocol and the waveforms and timing of test movements,

auditory signals and decision indicators

A, after preliminary practice a set of test movements was performed before pain (control period), during pain and
after pain. The catheter was inserted after the practice period. B, a standard auditory signal was present during
the test passive movements (with or without vibration). The finger was then held at its full excursion for 3 s before
being returned to the neutral position. Subjects gave responses of either ‘flexion’, ‘extension’ or ‘not sure’.
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pain sensations. The peak and average pain rating over the
period were measured.

During the infusion, subjects were instructed to indicate
the distribution and region of the pain on small-scale body
maps of the lower arm and hand. The average area of the
pain distribution was later calculated by digitization and
pixel counting. During the pain, subjects were asked at
regular intervals between the test movements to indicate
the level of pain and to illustrate any changes in its
distribution. To check the quality of the experimental
pain, subjects completed an adapted short McGill pain
questionnaire immediately after the test.

Ten subjects were also asked to estimate the size of their
digits by selection of a simple two-dimensional outline
or ‘template’ of the digit which best matched its ‘size’
(Gandevia & Phegan, 1999). Templates of thumbs were
randomly arranged on sheets. The templates consisted
of single-line drawings of the body part, with a range
of magnification of the templates of 3.6-fold. Subjects
were asked to select the template which best matched the
perceived size of the thumb. Subjects were asked to respond
within ~15s. Fight estimates were made before, during
and after pain was introduced into the FPL and skin over-
lying the FPL. The perceived size of the index finger was
also measured using similar sets of templates.

Subjects were always asked whether they felt ‘pins
and needles’ (paraesthesiae) during the experiment. Such
sensations could be caused if the infusion was being
given close to cutaneous nerves or pressure was placed
inadvertently on superficial nerves because of the subject’s
posture. As paraesthesiae could hinder a proprioceptive
task, the two subjects who reported paraesthesiae during
the test session were re-tested at least a week later, and their
original results were discarded.

Standard protocol for movement detection

Flexion and extension movements of ~1-3deg were
imposed around the thumb interphalangeal joint from
an initial position of ~45 deg flexion. Each movement
was held at its full excursion for 3s (Fig.2B). Subjects
were allowed to nominate the direction of movement
during the movement itself or during the subsequent 3 s
hold period. However, a response was recorded as a ‘Not
sure’ if it was given after the thumb began to return to
the initial position. For each subject the velocity of the
imposed movements was selected as that at which the
subject detected the direction of ~60% of the control
movements. This threshold for detection of the direction of
applied movement was found through preliminary trials.
The ~60% detection level was chosen as it was a mid value,
so any increase or decrease in detection rates could be
observed (Refshauge et al. 2003). The threshold velocities
ranged from 0.3 to 1.0 degs™'. The velocity of the reset
movement back to the starting position remained constant
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(1.25degs™"). Subjects received the same instructions
before each session. Subjects detected a movement but
nominated the wrong direction (false positive) on average
only 3% of trials.

A set of test movements consisted of 10 extension and 10
flexion movements in random order. Subjects nominated
the direction of movement using a pad with three buttons
labelled ‘flexion’, ‘extension’ and ‘not sure’. They were
instructed to signal the direction as soon as they were
sure and to press ‘not sure’ if unsure of the direction of
movement.

After a preliminary practice period, the set of
test movements was performed 3 times: before pain
(control period), during pain and after pain (Fig.2A).
Measurements were made after the catheter was
positioned. Measurements during pain started once
subjects reached a plateau pain level that was higher than a
level of 2. The final measurements began 5 min after pain
decreased to a level of 0.

Data analysis

Initial analyses were performed to determine if the peak
pain intensity and distribution of pain varied across the
various sites at which hypertonic saline had been injected.
For each independent variable, we used one-way repeated
measures ANOVAs (four sites — FPL, FCR, subcutaneous
FPL and subcutaneous thumb). However, for the perceived
thumb size only two sites were tested (FPL and
subcutaneous FPL).

A two-way repeated measures ANOVA was used to assess
the effects and interactions of pain according to the site
(FPL, FCR, subcutaneous FPL and subcutaneous thumb)
and time (before, during and after pain). This was done for
the nine subjects that participated in all four experiments.
In addition, one-way repeated measures ANOVAs (three
conditions — before, during and after pain) were used for
each dependent variable at each injection site for the full set
of data (n = 10—12 subjects). The appropriate main effects
were decomposed a posteriori using a HSD Tukey test.
Regression analyses were done to assess the relationships
of peak pain intensity and pain area with the change in
the number of correct detections (before pain compared
to during pain). All statistical analyses were performed
using Statistica 6.1 (Statsoft, OK, USA) and statistical
significance was set at P < 0.05.

Results

Subjects were asked to nominate the direction of passive
movements applied at the thumb interphalangeal joint
when they could do so with certainty. Pain impaired
movement detection, and this effect depended on the site
at which pain was initiated, rather than whether it was
intramuscular or subcutaneous in origin.
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Experimentally induced pain

The characteristics of intramuscular and subcutaneous
pain were distinct in most subjects. Infusion of hypertonic
saline into the muscle induced a deep local pain. The most
common pain descriptor was ‘aching’. This occurred for
infusions into both the FPL (80% of subjects) and FCR
(90%). In contrast, subcutaneous pain was described as
mostly ‘sharp’ for the skin overlying the FPL (90% of sub-
jects), and as ‘sharp’ (30%) or ‘cramping’ (40%) when
initiated over the thumb.

Soon after the bolus injection of hypertonic saline,
pain increased rapidly and once the rating of pain began
to plateau the infusion was started. Pain then remained
relatively stable. For the groups of subjects, peak pain
ratings showed no significant difference in pain intensity
between the four sites (P = 0.11; Fig. 3B). The mean pain
rating experienced for the duration of measurements
was also not significantly different (P = 0.25). The pain
distribution drawing in Fig. 3A illustrates the general trend
for most subjects. Infusion of hypertonic saline into the
FPL and FCR produced pain around the injection site and
often the pain spread distally toward the wrist and even
the hand. Infusion into skin overlying the FPL produced a
similar area of pain but it radiated less distally. For infusion
into skin overlying the thumb, the pain was localized at the
thumb. These patterns were confirmed when the perceived
area of the distribution of the pain was calculated for
the group of subjects (Fig. 3C). The pain in the FCR was
significantly larger in area than in the skin overlying the
thumb (P < 0.007; Fig. 3C). However, regression analyses
showed no significant relationship between the change in
the number of correct detections and pain area (% = 0.04)
or peak pain intensity (r* = 0.012).

Effects of pain on detection of movement at the
interphalangeal joint of the thumb

The effects on detection thresholds were similar for
movements into flexion and extension under any painful
or non-painful condition. There was an overall significant
difference in the number of correct detections subjects
made at different times (before, during and after pain;
P < 0.001). However, the effect of pain was significantly
greater at some locations compared to others as there was
a significant interaction between time and pain location
(P =0.029). Therefore, the effect of pain was analysed
at locations separately. While several studies suggest that
females are more sensitive to painful stimuli than males
(e.g. Berkley, 1997; Dao & LeResche, 2000), there was no
significant difference in the peak pain perceived or the
number of correct detections at different times (before,
during and after pain) between male and female subjects
(P=0.2).
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Intramuscular pain. Detection of passively applied flexion
and extension movements at the interphalangeal proximal
joint of the thumb decreased when pain was induced in
FPL (Fig.4A). Detection was significantly lower during
pain when compared to the periods before and after
pain (P=0.005 and P =0.002, respectively). Before
administration of hypertonic saline into the FPL muscle,
on average subjects made 12.8 + 0.6 out of 20 correct
detections, while during pain subjects made 10.1 + 0.8
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Figure 3. Pain ratings and area of pain distribution in response
to hypertonic saline infusions

A, overlapped sample of five subjects, drawings of pain distribution
during infusion of hypertonic saline into the flexor pollicis longus
muscle (FPL), flexor carpi radialis muscle (FCR), skin over FPL, and the
dorso-medial skin over the thumb. B, peak pain ratings for each
location (mean = s.e.m.; n = 10): FPL, FCR, skin over FPL, and the
dorso-medial skin over the thumb. C, area of distribution for each
location where hypertonic saline was infused (mean =+ s.e.m.): FPL,
FCR, skin over the FPL, and the dorso-medial skin over the thumb.
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correct detections, a decrease of 2.7 £ 0.8 detections.
Detection did not differ when measured before and
after the infusion (P=0.3). In contrast, FCR pain
had no effect on movement detection at the thumb
interphalangeal joint (Fig.4B). There was no difference
in correct detections before, during or after the saline was
infused into the FCR (P = 0.34).

Subcutaneous pain. Paininducedintheskinoverlyingthe
FPL had no clear effect on movement detection (Fig. 5A).
There was no significant difference in correct detections
before, during or after the saline was infused into the skin
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Figure 4. Effect of muscle pain on detection of direction of
passive movements applied to the interphalangeal joint of the
thumb

Proprioceptive acuity measured as the number of correct movement
detections (mean =+ s.e.M.) before, during and after hypertonic saline
was infused into the flexor pollicis longus muscle (FPL; A) and flexor
carpi radialis muscle (FCR; B). The group average (dark lines) and
individual data (pale lines) are shown. There was a significant (*)
decrease in detection when pain was induced in FPL.

N. S. Weerakkody and others

J Physiol 586.13

overlying the FPL (P =0.3). In contrast, the detection
of movements at the thumb was significantly impaired
when pain was induced in the skin overlying the thumb
compared to before and after pain (Fig. 5B; P < 0.01 and
P =10.003, respectively). Before administration of hyper-
tonic saline into the skin overlying the thumb, on average
subjects got 13.0 &= 0.4 out of 20 correct detections, while
during pain subjects made 10 & 0.8 correct detections, a
decrease of 3.0 = 0.6 detections.
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Figure 5. Effect of subcutaneous pain on detection of direction
of passive movements applied to the interphalangeal joint of
the thumb

Proprioceptive acuity measured as the number of correct movement
detections (mean =+ s.e.M.) before, during and after hypertonic saline
was infused into the skin over the flexor pollicis longus muscle (FPL) (A)
and the dorso-medial skin over the thumb (B). The group average
(dark lines) and individual data (pale lines) are shown. There was a
significant (*) decrease in detection when pain was induced in the
dorso-medial skin over the thumb.
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Effects of pain on perceived thumb size

For studies involving pain induced by injections into FPL
and the skin overlying it, we examined another aspect of
proprioception, the perceived size of the thumb. During
pain in the FPL and skin overlying the FPL the perceived
size of the thumb increased 3.6 & 2.0% and 1.8% = 1.8%,
respectively. Despite these small increases, there was no
significant change in the perceived size of the thumb or of
the index finger (P = 0.17 and P = 0.32, respectively).

Discussion

The present study was done to determine whether muscle
and subcutaneous pain distort a component of proprio-
ception, namely the sensation of joint movement, which
is considered to be predominantly signalled by muscle
spindles (e.g. Matthews, 1988; Gandevia, 1996; Kandel
et al. 2000; Proske er al. 2000), although inputs from
cutaneous receptors are increasingly being recognized as
making a contribution based on their encoding of joint
position (e.g. Burke ef al. 1988; Edin & Abbs, 1991; Edin,
1992; Edin & Johansson, 1995; Collins & Prochazka, 1996;
Collins et al. 2005; Aimonetti et al. 2007). When pain was
initiated in the FPL muscle, but not an adjacent muscle
in the forearm (FCR), detection of passive movements at
the interphalangeal joint of the thumb was impaired. Sub-
cutaneous pain also impaired movement detection when
initiated in skin overlying the thumb, but not in skin over-
lying the FPL muscle in the forearm. Hence, the major
new finding is that while both muscle and skin pain can
disturb proprioception, the impairmentis site-specificand
involves regionsand tissues thatare likely to have a proprio-
ceptive role at the joint.

It is unlikely that disturbances in proprioception from
pain in the FPL and the skin overlying the thumb were
simply due to attention being diverted in response to pain,
as the intensity of the pain generated at all four sites of
infusion of hypertonic saline was similar. Though pain
in the FCR and skin overlying the FPL was strong, it did
not impair proprioceptive acuity. Also, regression analysis
showed no relationship between the change in movement
detection and peak pain or pain area. Therefore, it is likely
that the location at which the pain was induced was critical
for the proprioceptive impairment. This further suggests
that only pain induced in ‘proprioceptively relevant’ areas
acts on central processes involved in movement detection.
As the effects of hypertonic saline were specific to the
location of infusion, it was considered unnecessary to test
non-noxious isotonic saline.

Itis unlikely that proprioceptive afferents were activated
directly by the injection of hypertonic saline. This
procedure preferentially excites small-diameter fibres with
minimal effect on the discharge of muscle spindle afferents
or large-diameter cutaneous afferents (Paintal, 1960; Iggo,
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1961; Thunberg et al. 2002). It is likely that activity
in group III and IV muscle afferents is responsible for
muscle pain following hypertonic saline injection as
blockade of group IV muscle afferent fibres by lignocaine
reduced muscle pain evoked by hypertonic saline, while a
tourniquet block of large-diameter afferents had no effect
(Andersen et al. 2000).

One possibility for the reduction in proprioceptive
acuity from pain in the FPL is that pain modulates
indirectly the proprioceptive input from muscle spindles
via a reflex action on fusimotor neurons which then
alter the discharge of muscle spindle endings. Studies in
anaesthetized cats suggest activity in group III and IV
muscle afferents can affect the muscle spindle system (e.g.
Appelberg et al. 1983; Johansson ef al. 1993; Djupsjobacka
et al. 1995; Capra & Ro, 2000). However, for this
mechanism to operate in conscious human subjects who
are relaxed, it requires that there is a significant resting
fusimotor drive which can be inhibited. There is much
evidence that background fusimotor drive is low in the
relaxed state in humans such that strong cutaneomuscular
reflexes are difficult to evoke (e.g. Burke et al. 1979;
Gandevia et al. 1994). However, it has been suggested
that human fusimotor fibres respond to cognitive demand
(Ribot et al. 1986), which appears to alter muscle spindle
discharge in the absence of electromyographic activity
(Burke et al. 1980; Ribot et al. 1986; Ribot-Ciscar et al.
2000). If fusimotor drive exerted a different effect on
fusimotor neurons innervating FPL and its antagonist,
detection of movement into flexion or extension would be
affected differentially. However, no bias in detection was
observed in any of our studies. Furthermore, the cutaneous
pain over the thumb and over the FPL does not impair
similarly, yet the cutaneous afferents are from the same
dermatome. Thus, the available data do not favour a reflex
change in spindle behaviour from a decline in fusimotor
drive as the mechanism responsible for reduced movement
detection.

The present study does not reveal the site at which
proprioceptive processing is disturbed by the regionally
specific nociceptive inputs. However, a central mechanism,
with nociceptors interacting with central pathways
conveying proprioceptive inputs, is likely. Low-threshold
mechanoreceptors, cutaneous nociceptive afferents, group
II, III and IV muscle afferents and joint afferents
converge onto spinal interneurons (e.g. Schomburg, 1990).
Convergence between nociceptive and non-nociceptive
inputs also occurs at many levels including at the dorsal
horn (Hoheisel & Mense, 1990) and at spinothalamic
tract cells (Craig & Kniftki, 1985). Thus, while detection
of passive movement probably reflects convergence of
cutaneous and muscle inputs (e.g. Collins et al. 2000,
2005), nociceptor activity may impair processing of
this proprioceptive information either before or after
convergence of all relevant inputs. A reduction in tactile
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sensitivity, including to input from cutaneous slowly
adpting type II receptors which contribute to proprio-
ception, has been demonstrated with heat or cold pain
evoked in the same area or dermatome as the tactile
stimulus (e.g. Apkarian et al. 1994; Bolanowski et al. 2000).
Thus, the interaction of pain with cutaneous sensation
may occur separately from the effects of pain on proprio-
ception.

Nociceptive inputs could disturb proprioceptive
processing at the main relays for the proprioceptive
inputs from the upper limb. The dorsal column
nuclei (DCN) have access to both proprioceptive and
nociceptive inputs. There is little direct evidence for
convergence of muscle afferent input and nociceptive
inputs. However, convergence between cutaneous and
nociceptive signals has been documented (e.g. Cliffer
et al. 1992; Berkley & Hubscher, 1995) and activation of
nociceptors can in some conditions reduce DCN responses
to non-noxious cutaneous stimuli (Costa-Garcia & Nunez,
2004). Convergence between nociceptive and innocuous
inputs also occurs in the main sensory nucleus of the
thalamus as shown anatomically and physiologically in
non-human primates and through cell recordings in
humans (Kenshalo et al. 1980; Chung et al. 1986; Ralston
& Ralston, 1994; Lee et al. 1999). Again, studies on specific
proprioceptive inputs are limited, but in the cat, wide
dynamic range thalamic neurons with receptive fields
in the knee joint or hind limb muscle also responded
to intra-articular injection of potassium, bradykinin and
capsaicin (Hutchison et al. 1994). However, the degree of
interaction between noxious and innocuous inputs in the
thalamus remains debated (Apkarian ef al. 2000).

Studies which have examined cortical responses to
combined painful and non-painful stimuli suggest that the
cortex is a likely site of interaction. During tonic muscle
pain induced by intramuscular injection of ascorbic
acid, subjects reported poor proprioceptive ability, and
mid-latency peaks in sensory evoked potentials (SEPs)
to peripheral nerve stimulation were reduced whereas
early peaks were preserved (Rossi et al. 1998, 2003).
However, painful cutaneous stimulation reduced one of
the early components of sensory magnetic fields (SEFs)
evoked by subsequent non-noxious cutaneous stimuli,
which suggests gating at the primary somatosensory cortex
(SI) or thalamus (Tran et al. 2003).

There are multiple cortical areas at which interactions
between proprioception and pain could take place. There
are nociceptive inputs, as well as inputs from all other
sensory modalities, to the primary (SI) and to the
secondary (SII) somatosensory areas (e.g. Matsumoto
et al. 1987; Kenshalo et al. 1988; Stevens et al. 1993; Tran
et al. 2003). In humans, imaging studies suggest that the
network of areas activated by innocuous and noxious
stimuli overlap although additional areas are activated by
the painful stimuli (Niddam et al. 2002; Ferrettiet al. 2004).
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In addition, there are distinct as well as overlapping areas
activated by skin and muscle pain (Schreckenberger et al.
2005; Henderson et al. 2007). SII has been suggested as
an area in which noxious and non-noxious inputs may
be integrated although there is a separate area in SII
which responds only to painful stimuli (Frot et al. 2001;
Ferretti et al. 2004; Torquati et al. 2005). Finally, even the
primary motor cortex may be a site at which nociceptive
inputs interact with proprioception. While it has long been
known that it receives projections from muscle, skin and
jointafferents (e.g. Lemon & Porter, 1976; Strick & Preston,
1982; Weiller et al. 1996), recent evidence suggests that this
region contributes to sensations of limb movement (Naito
& Ehrsson, 2001) and that its excitability is reduced by
muscle nociceptive inputs (Le Pera et al. 2001; Martin et al.
2007).

To move the thumb accurately requires not only
knowledge of the relative muscle lengths and joint
angles, but also information about the dimensions of the
body segments. Pain could also disturb this perception.
Despite the impairment in movement detection, we
found that pain in FPL did not significantly increase
the perceived size of the thumb. However, an increase in
perceived size in the thumb occurred when small-diameter
afferents in the thumb were activated by painful cooling
(Gandevia & Phegan, 1999). The reasons for this difference
are unclear, but our results suggest that mechanisms
signalling perceived body size are less disturbed by a
muscle nociceptive input than those subserving movement
detection.

It is difficult to see a proprioceptive advantage conveyed
by the changes in detection of movement reported here.
It may be an unfortunate by-product of the central
projection pathways of nociceptive and non-nociceptive
afferents. The decrease in the ability to detect small
movements would represent a reduction in the resolution
of the proprioceptive system. However, it is unclear how
this would influence detection and production of larger
movements. Whatever the functional explanation, the
results provide a reminder that while specialized inputs
from skin, joint and muscle afferents generate useful
proprioceptive signals, small-diameter inputs from the
same tissue can interfere centrally with the signalling.

In conclusion, while both muscle and skin pain can
impair detection of joint movement, the site from
which the pain originates is a crucial determinant of
whether proprioception will be disturbed. Impairment is
site-specific to receptors that have a proprioceptive role at
the joint. The findings have clinical relevance for under-
standing proprioceptive impairment at a joint. This may
arise secondary to pathology in specific proximal muscles.
Our results highlight the complex relation between the
central actions of nociceptive inputs and their influence
on proprioception and presumably also on motor
control.
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