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Abstract
Recent research suggests bi-directional interactions between the experience of pain and the process
of sleep; pain interferes with the ability to obtain sleep, and disrupted sleep contributes to enhanced
pain perception. Our group recently reported, in a controlled experimental study, that sleep
fragmentation among healthy adults resulted in subsequent decrements in endogenous pain
inhibition. The present report follows up that observation by extending this line of research to a
sample of patients experiencing persistent pain. Patients with chronic temporomandibular joint
disorder (TMD) pain were studied using polysomnography and psychophysical evaluation of pain
responses. We assessed whether individual differences in sleep continuity and/or architecture were
related to diffuse noxious inhibitory controls (DNIC), a measure of central nervous system pain
inhibition. Among 53 TMD patients, higher sleep efficiency and longer total sleep time were
positively associated with better functioning of DNIC (r=.42 − .44, p< .01; p’s< .05 for the
multivariate analyses). These results suggest the possibility that disrupted sleep may serve as a risk
factor for inadequate pain-inhibitory processing and hint that aggressive efforts to treat sleep
disturbance early in the course of a pain condition might be beneficial in reducing the severity or
impact of clinical pain.
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Introduction
Recent reviews have highlighted bi-directional interactions between sleep and pain
(Lautenbacher et al., 2006;Smith and Haythornthwaite, 2004;Argoff, 2007). Many studies have
suggested that experimental sleep disruption results in enhanced pain perception (Kundermann
et al., 2004;Haack and Mullington, 2005), that poor sleep is correlated with elevated pain
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severity in chronic pain patients (Smith and Haythornthwaite, 2004), and that in the general
population, individual differences in sleep impact on subsequent pain (Gupta et al.,
2006;Edwards et al., 2008). An emerging consensus suggests that multiple mechanisms
underlie this reciprocal association, with hypotheses ranging from shared neurobiological
substrates (Smith et al., 2005) to inflammatory processes (Haack et al., 2007).

We and others have hypothesized (Lautenbacher et al., 2006) that sleep disruption produces
maladaptive effects on central pain-modulatory systems, and we recently reported that
fragmenting sleep among healthy adults results in next-day decrements in pain inhibition
(Smith et al., 2007). Specifically, a loss of diffuse noxious inhibitory controls (DNIC), a
measure of central nervous system (CNS) pain inhibition, was observed. DNIC, or counter-
irritation, refers to one noxious stimulus inhibiting the pain produced by a second noxious
stimulus; DNIC depends on opioid-mediated supraspinal mechanisms (Willer et al.,
1990;Wilder-Smith et al., 2004), and is a sensitive measure of deficits in pain modulation in
fibromyalgia (Edwards, 2005;Diatchenko et al., 2006). We previously reported that DNIC is
inversely correlated with daily pain in non-clinical samples (Edwards et al., 2003b), and our
recent study suggested that increases in clinical pain accompanied reductions in DNIC after
sleep fragmentation (Smith et al., 2007). Moreover, others have confirmed that changes in
DNIC parallel changes in clinical pain (Kosek and Ordeberg, 2000), and that DNIC
prospectively predicts long-term post-surgical pain (Yarnitsky et al., 2008).

Collectively, this literature suggests that DNIC is a sensitive and clinically relevant measure
of endogenous pain inhibition, and that processes which interfere with DNIC are likely to
amplify clinical pain. Our previous study suggests that disturbed sleep may play such a role
(Smith et al., 2007), but those findings in healthy subjects are potentially limited in their
generalizability. It is not presently known whether naturally-occurring impairments in sleep in
pain patients are also associated with decrements in DNIC. In this report, we analyze data from
patients with chronic temporomandibular joint disorder (TMD) pain in order to evaluate
whether poor sleep is related to less-functional pain inhibition, operationalized as DNIC. In
particular, we assessed whether variables reflecting sleep continuity, such as sleep efficiency,
were related to DNIC in multivariate analysis. TMD was selected as a diagnostic group of
interest for three reasons: first, it is one of a cluster of “idiopathic” (Diatchenko et al., 2006)
or “central sensitivity syndromes” (Yunus, 2008) in which deficits in pain-inhibitory processes
such as DNIC are especially clinically relevant. Second, sleep in TMD is a relatively under-
studied area, warranting increased research attention. Third, TMD patients show broad
individual differences in many pain- and sleep-related parameters, making them a good group
in which to study these associations (Auvenshine, 2007).

Methods
Participants

We recruited 53 temporomandibular joint disorder (TMD) patients from a university- based
tertiary care facial pain clinic and from local media advertisements. Major eligibility criteria
included: meeting research diagnostic criteria for primary myofascial TMD, reporting typical
pain severity ≥ 2 out of 10, and having symptom duration ≥ 6 months. We excluded patients
reporting primary pain conditions or serious medical disorders other than TMD, patients with
active alcohol or drug abuse problems, or patients using narcotic/opioid analgesic medications,
antidepressants, anticonvulsants, or muscle relaxants.

Procedures
Subjects underwent informed consent and completed panoramic X-Rays. An experienced
dentist (EG) performed a dental exam according to research diagnostic procedures for TMD
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(Dworkin and LeResche, 1992) to establish diagnosis. Those who were eligible and enrolled
in the study underwent 2 nights of polysomnography, and 4 sessions of laboratory pain testing.

Questionnaires
Subjects completed formal psychodiagnostic interviews (DSM-IV Structured Clinical
Interview; e.g., (Kivioja et al., 2004)) conducted by a licensed clinical psychologist (MTS),
and completed a battery of widely-used questionnaires, including the Beck Depression
Inventory (Beck et al., 1961), the Spielberger State –Trait Anxiety Inventory (Spielberger et
al., 1983), and the Brief Pain Inventory (Tan et al., 2004). Subjects then completed two weeks
of electronic diary monitoring of sleep and pain. Standard sleep continuity items were
completed each morning (Haythornthwaite et al., 1991).

Polysomnography (PSG)
After screening, subjects completed two consecutive overnight sleep studies in a sound-
attenuated private room on an inpatient clinical research unit at Johns Hopkins. Signals were
recorded using EMBLA N7000 polysomnographs and Somnolgica software at a sampling rate
of 500 HZ. We provided subjects with an 8-hour sleep period during their preferred sleep phase.
The Night 1 montage included placements for electroencephalography (EEG),
electrooculography (EOG), and electromyography (EMG) according to Rechtschaffen & Kales
(R&K))(Rechtschaffen and Kales, 1968), with the addition of bilateral masseter EMGs and
auditory recordings as described by Lavigne (Lavigne et al., 1996). These consisted of digital
audio recordings to detect tooth-grinding sounds, part of the research diagnostic criteria for
bruxism. We acquired the following electrophysiologic signals: 4EEGs (C4-A1, C3-A2, O1-
A2, O2-A1); right and left EOGs linked to a single mastoid; bilateral masseter EMGs for
scoring sleep bruxism, submental EMGs, bilateral anterior tibialis EMGs; and an
electrocardiogram (ECG) using a single modified ECG lead II, with torso placement.
Respiratory function was measured using an oronasal thermister, a nasal air pressure
transducer, pulse oximetry, and abdominal and thoracic strain gages. These assessments
permitted a full, standardized assessment of sleep continuity, sleep architecture (e.g., the
percentage of time spent in each stage of sleep), respiratory function during sleep, and sleep
bruxism. On the second recording night, we used an abbreviated montage, removing all
respiratory sensors and tibialis EMGs. Sleep continuity and architecture was scored according
to R&K criteria (Rechtschaffen and Kales, 1968) by a registered polysomnographic technician,
then reviewed and confirmed by a board-certified sleep specialist. The scoring technician was
blind to subject characteristics, including diagnosis. Clinical sleep indices were scored as
defined in the International Classification of Sleep disorders-II Manual (American Academy
of Sleep Medicine, 2005).

Laboratory Pain Testing Procedures
Subjects completed a standardized quantitative sensory testing protocol that we have used in
prior studies (Smith et al., 2007). Testing was conducted each afternoon between 15:00 and
17:00, and each morning following the sleep study, approximately 30 minutes after waking.
We focus this report on our assessment of DNIC, which we showed to be sensitive to sleep
deprivation in a prior study among healthy adults (Smith et al., 2007). All subjects refrained
from using any analgesics or centrally acting agents within 24 hours prior to pain testing. Urine
toxicology tests confirmed that individuals were not using sedatives, opioids, or common
recreational drugs.

Diffuse Noxious Inhibitory Controls (DNIC)—DNIC is a non-invasive test of
endogenous pain-inhibitory systems using a heterotopic noxious conditioning stimulation
paradigm. Briefly, we assessed baseline pressure pain threshold (PPTh) according to standard
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procedures using a Somedic pressure algometer (Smith et al., 2007). PPTh ratings were
obtained on the right brachioradialis and right trapezius in a random order. Immediately
following this baseline assessment, participants underwent a series of 4 cold pressor tasks,
similar to previous DNIC studies (Edwards et al., 2003a;Talbot et al., 1989). During each cold
pressor task, participants immersed their contralateral hand (left) up to the wrist, in a circulating
cold water bath maintained at 4°C. Twenty seconds after commencing hand immersion, PPTh
was re-assessed on either the right brachioradialis or right trapezius (i.e., the same site as
baseline assessment). After the PPTh assessment, participants removed their hands from the
water. During each morning or afternoon testing session, a total of 4 DNIC tasks were
performed, with two trials at each anatomical site. Two-min intervals were maintained between
each cold pressor task. DNIC was measured as the percent change in PPTh during cold pressor,
relative to baseline PPTh [i.e., (mean PPTh during cold pressor/mean PPTh prior to cold
pressor)*100]. Generally, an increase in PPTh during cold pressor (i.e., percentage scores
above 100) reflects normal functioning of pain-inhibitory processes. For example, an index of
130, a typical score for healthy subjects, reflects a 30% increase in PPTh during the cold pressor
task. Inspection of the data revealed that all subjects reported the cold pressor task as painful
at the time of DNIC testing.

Ideally, we would have also used an additional condition, with non-painful water, to control
for non-specific effects. This would have substantially lengthened the testing session, though,
and there is general agreement that DNIC effects are due to the activation of endogenous pain-
inhibitory pathways, and not to factors such as altered attention (Lautenbacher et al., 2007).
However, the present methodology does not allow us to state definitively the mechanism by
which the DNIC effect (i.e., the elevation of PPTh by concurrent cold pressor stimulation)
occurred in this study.

Data Analysis
For the initial analysis, data were averaged across assessment points in order to maximize
reliability and stability. DNIC scores were averaged across the four pain testing sessions, and
PSG variables were averaged across the 2 nights. PSG variables assessed in this study reflected
standard measures of sleep continuity and architecture: sleep latency, total sleep time, wake
after sleep onset (WASO) time, sleep efficiency, and the percentage of time spent in each sleep
stage. In addition, measures of sleep-disordered breathing (i.e., the apnea-hypopnea index;
AHI), periodic limb movements (PLM index), and sleep bruxism were included. Pearson
correlations were computed to assess simple bivariate relationships between sleep and DNIC.
Those sleep variables and demographic factors that were significantly or near-significantly
correlated (p< .10) with DNIC were included as predictive factors in a mixed model analysis.
This two-step approach (i.e., first evaluating simple bivariate associations, and then performing
multivariate analysis) has some redundancy, but is commonly employed in studies of pain, and
has the advantage of allowing examination of both simple univariate findings as well as
“unique” (i.e. a particular predictor variable may be correlated with the dependent variable of
interest even after statistically adjusting for other potential predictors, thus reducing potential
confounders) multivariate relationships. Analyses were performed using SAS 9.1.

Results
Consistent with the demographics of TMD, the sample was 78% female, with a mean age of
34 years old. On average, participants had been living with TMD symptoms for quite some
time, as the mean TMD duration was 9.0 years ± 8.1. In general, patients in the current sample
reported mild levels of pain and distress. Pain severity scores on the Brief Pain Inventory
averaged 3.2 ± 1.5 (on a 0–10 scale). A total of 15 of the 53 patients (28.3%) reported a current
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mood or anxiety disorder during the structured interview. In addition, the mean BDI score for
the sample was 7.5 ± 7.0, and the mean STAI Trait Anxiety score was 36.3 ± 10.5.

As described in the Methods section above, data were analyzed in two ways. First, simple
bivariate correlations between DNIC and sleep variables were observed for total sleep time
(r= .44, p= .001) and sleep efficiency (r= .42, p= .002); WASO tended to be inversely correlated
with DNIC, but the association did not reach significance (r= −.29, p<.10). These findings
suggest that better sleep continuity is associated with improved pain inhibition (i.e., a higher
DNIC score). These data are presented graphically (using categories of sleep efficiency) in Fig
1. In terms of sleep architecture, a trend was observed for a positive association between DNIC
and the percent of time spent in Stage 2 sleep (r= .25, p= .08). DNIC was not correlated with
either the percentage of time spent in Stage 3/4 sleep (r= .06) or the percentage of time spent
in REM sleep (r= .01). Several other sleep variables showed near-significant relationships:
e.g., correlations for the PLM index (r= −.25, p= .09) and the Sleep Bruxism Index [events/
hour sleep (r= .25, p= .08)] approached significance. We also evaluated other demographic
and pain-related correlates of DNIC; no significant associations were observed for sex, duration
of TMD, clinical pain severity, BDI, or STAI scores (all p’s > .10). DNIC tended to be inversely
related to an individual’s body mass index (BMI) (r= −.26, p= .07). DNIC was also inversely
associated with age (r= −.36, p= .01), as has been reported previously (Lariviere et al., 2007).

Next, multivariate linear mixed-effects model were used to examine the relationship of
predictors and DNIC assessed over repeated measurements. Multiple sleep variables (i.e., those
that showed significant or near-significant univariate correlations with DNIC) were included
as predictors in the model, including the PLM and sleep bruxism indices, stage 2 %, and sleep
efficiency. Due to multicollinearity considerations, sleep efficiency and TST could not be
included together in a model (i.e., r= .99 for these 2 variables), so 2 separate models were
computed. Day and time were included as potential predictors of DNIC in order to evaluate
whether DNIC changed over time or differed as a function of the time of day at which it was
assessed. These effects were non-significant (see Table 2), suggesting relative stability of the
DNIC response across study days. Although age was a significant correlate of DNIC in
univariate analyses, it was non-significant in the multivariate analysis, perhaps reflecting the
confounding effects of sleep continuity (e.g., older age is associated with reduced sleep
efficiency, which accounts for the relationship between age and DNIC). Collectively, only
sleep efficiency (and total sleep time) was predictive of DNIC scores, with better sleep
efficiency being associated with improved DNIC (i.e., positive scores, reflecting greater pain
inhibition). See Table 2.

Discussion
Recently, increased attention has been focused on the inter-relationships between pain and
sleep. Reviews have suggested that sleep may play an etiologic role in certain pain conditions
such as fibromyalgia (Staud and Spaeth, 2008), that sleep disruption and pain are bi-
directionally connected (Smith and Haythornthwaite, 2004), and that manipulations of sleep
alter sensitivity to noxious stimuli (Lautenbacher et al., 2006). Classic studies from the 1970’s
demonstrated that patients with chronic, widespread, musculoskeletal pain showed
characteristic abnormalities of non-REM sleep, and that selective disruption of slow wave sleep
could re-produce similar abnormalities as well as the associated pain symptoms (Moldofsky
et al., 1975;Moldofsky and Scarisbrick, 1976). In addition, recent work in several laboratories
has demonstrated that application of calibrated noxious stimuli during sleep produces arousals
and disruptions of sleep continuity (Drewes et al., 1997;Lavigne et al., 2000), highlighting the
bi-directional nature of the associations between sleep and pain.
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Several recent findings have tied naturally-occurring disturbances of sleep to augmented pain
perception and pain report in the general population (Gupta et al., 2006;Edwards et al.,
2008), and in a longitudinal study of fibromyalgia patients (Bigatti et al., 2008) which reported
that over the course of one year, those fibromyalgia patients whose sleep was most disrupted
(based on self-report) showed the greatest increases in pain. Similar micro-longitudinal
findings had been reported earlier, in which sleep quality on a given night was a predictor of
pain report the following day (Affleck et al., 1996). Of note, an earlier study had also
highlighted links between disturbed sleep and low pressure pain thresholds in fibromyalgia
patients (Agargun et al., 1999).

To date, though, little research has examined the role of sleep in shaping TMD pain. Moreover,
no research in clinical samples had evaluated associations between objective PSG-derived
indices of sleep and measures of pain processing derived from laboratory-based quantitative
sensory testing methods. In the present study, we find that measures of sleep efficiency and
total sleep time are positively associated with better functioning of DNIC, a measure of
endogenous pain-inhibition. Recent studies have suggested links between dysfunction in DNIC
systems and dysfunction in endogenous opioid systems (Ram et al., 2008), and less-effective
DNIC may serve as a risk factor for the development or maintenance of persistent pain
complaints (Yarnitsky et al., 2008;Pielsticker et al., 2005). Our previous study suggested that
fragmentation of sleep over the course of several nights could reduce or abolish DNIC in
healthy volunteers, and also resulted in elevations in clinical pain (Smith et al., 2007). To our
knowledge, the present study is the first to demonstrate, in a sample of patients with chronic
pain, that better sleep continuity is related to better-functioning DNIC.

The present report is limited by its relatively small sample size, its focus on a single chronic
pain condition (e.g., the present findings in patients with TMD, a quintessential “idiopathic”
pain disorder, may or may not hold for other conditions such as neuropathic pain, inflammatory
pain, etc), and its essentially cross-sectional design. Moreover, we were not able to measure
and analyze numerous additional variables that might influence pain- and sleep-related
processes, such as menstrual cycle phase (for women), personality factors, etc. Collectively,
however, despite its limitations, the results are consistent with numerous other recent studies
documenting associations between individual differences in sleep and the experience of pain.
If replicated and extended to other samples, these findings would appear to support aggressive
efforts to treat insomnia (particularly in patients demonstrating reduced sleep efficiency or total
sleep time) early in the course of a painful condition. At present, caution is warranted in drawing
such conclusions, since it has not yet been shown that improvements in disturbed sleep are
accompanied by beneficial alterations in DNIC or other pain-modulatory systems. Additional
studies, especially controlled trials with long-term follow-up, are needed to determine whether
sleep-improving interventions are of prophylactic benefit in the context of chronic pain.
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Figure 1.
Diffuse Noxious Inhibitory Controls (DNIC) as a function of PSG Sleep Efficiency. Data are
presented as Mean ± SD.
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Table 1

PSG-assessed sleep variables.
Variable Sample Mean SD
Sleep Latency (min) 10.4 8.7
Wake after Sleep Onset (min) 34.3 28.2
Sleep Efficiency .89 .09
Total Sleep Time (min) 428.2 42.9
Stage 1 Percentage 8.3% 6.9
Stage 2 Percentage 54.7% 8.2
Stage 3/4 Percentage 15.9% 12.0
REM Percentage 22.2% 9.8
Periodic Leg Movements/Hour 1.8 7.3
Apnea/Hypopnea Rate/Hour 5.1 8.4
Sleep Bruxism Episodes/Hour 2.5 2.3
PSG= Polysomnography; REM= Rapid Eye Movement
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