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Sleep disturbance is prevalent in aging and painful 
rheumatologic populations, but it has largely been 
a neglected dimension of the routine clinical care of 
arthritis patients. Pain associated with osteoarthri-
tis (OA) is a leading cause of disability worldwide, 
and factors that contribute to pain in OA are poorly 
understood. Sleep disturbance is not only a conse-
quence of pain, it is also likely to play an integral role 
in pain expression. Emerging research suggests that 
many patients with OA demonstrate signs of general-
ized hyperalgesia and faulty central pain modulatory 
processing similar to other idiopathic pain disorders, 
such as fi bromyalgia. Sleep disruption is increasingly 
recognized as a direct contributor to both hyperal-
gesia and impaired endogenous pain modulation. 
This article reviews the extant literature on sleep 
disturbance and hyperalgesia in patients with OA. 
We propose a conceptual working model describ-
ing pathways by which sleep disturbance interacts 
directly with central pain processing mechanisms 
and infl ammatory processes, and indirectly with 
mood and physical functioning to augment clinical 
OA pain. The clinical and research implications of 
the model are discussed.

Introduction
Osteoarthritis (OA) is extremely prevalent and a leading 
cause of pain and disability worldwide [1]. In the United 
States, more than 21 million adults suffer from painful 

degenerative joint diseases, and this number is expected 
to increase sharply as the population ages. OA is charac-
terized by loss of articular cartilage, synovitis, and joint 
capsule thickening, with the most prevalent symptoms 
being pain in weight-bearing joints, reduced range of 
motion, and insomnia [2]. In addition, OA is associated 
with decrements in physical function and quality of life 
[2], which are linked to substantial health care costs [3]. 
Age, obesity, and joint misalignment are major risk factors 
for OA. The knees and hips are the most common and dis-
abling joints to be impacted by OA. Although sometimes 
referred to as noninfl ammatory arthritis, particularly in 
comparison to rheumatoid arthritis, research is increas-
ingly focusing on the role of both local and systemic 
proinfl ammatory cytokines, such as tumor necrosis factor 
(TNF)-α, interleukin (IL)-1β, and IL-6, as mediators of 
the onset, maintenance, and progression of OA [4••].

Pain is the primary reason that OA patients seek treat-
ment, and severe pain is a major risk factor for disability, 
disease progression [5], and joint replacement surgery 
[2,5]. In general, knee pain has been found to be a more 
robust predictor of disability than radiographic signs of 
joint disease [6]. The mechanisms of pain in knee OA, 
however, are complex and poorly understood. Moreover, 
numerous studies have documented that radiographic 
markers of disease severity are relatively weak correlates 
of pain severity and disability [7]. Because clinical pain 
severity is the primary driver of disability, impaired qual-
ity of life, and health care burden in OA, investigations 
aimed at identifying and treating the causes of clinical 
pain are needed. Although recent reviews have focused 
on psychosocial factors and neuroplastic changes as 
contributors to OA pain, insomnia and sleep distur-
bance have been largely neglected in the OA literature. 
Insomnia, however, is increasingly recognized as a risk 
factor for medical and psychiatric morbidity. Importantly, 
emerging research indicates that dysregulated sleep may 
causally induce hyperalgesia and predict the development 
of chronic pain following acute injury, independent from 
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other recognized psychosocial risk factors such as depres-
sion and anxiety [8]. This review aims to highlight sleep 
as a potentially signifi cant risk factor for the development 
and maintenance of pain associated with OA, with par-
ticular focus on linkages between sleep and alterations 
of central pain processing and infl ammation that have 
mechanistic implications for developing novel prevention 
and treatment approaches.

Sleep Disturbance in Chronic Pain
Sleep is a signifi cant problem for the majority of patients 
with chronic pain, with self-report estimates of sleep 
disturbance ranging from 50% to 88% among heterog-
enous pain conditions [9,10]. Although limited by small 
samples, polysomnographic (PSG) studies in mixed pain 
samples have corroborated self-report studies demon-
strating longer sleep latencies, reduced total sleep time, 
increased awakenings, and reduced sleep effi ciency in 
individuals with chronic pain as compared to controls 
without chronic pain [11,12]. In addition to sleep continu-
ity disturbance, signifi cant microstructural abnormalities 
are evident in individuals with chronic pain, most notably 
reduced delta activity (slow wave activity) and/or increased 
alpha activity [12]. Early work by Moldofsky and Sca-
risbrick [13] identifi ed an “alpha–delta” non–rapid eye 
movement (NREM) sleep electroencephalogram (EEG) 
pattern in which higher frequency alpha waves associated 
with arousal (8–12 Hz) are superimposed onto slower 
frequency (0.5–3.5 Hz) delta activity, a pattern that cor-
relates with more daytime muscle pain and fatigue [13], 
EEG patterns that have also been observed in a variety 
of rheumatologic populations, including individuals with 
fi bromyalgia and back pain, respectively. Interestingly, 
these patterns have been observed in samples composed 
of depressed individuals and as well as asymptomatic 
controls. The signifi cance of these EEG fi ndings remains 
unclear and continues to be elucidated.

These cross-sectional studies, which have included 
OA patients, have consistently found that sleep distur-
bance positively correlates with clinical pain severity 
[14,15]. In addition, poor sleep is also associated with 
mood disturbance, inactivity, and presleep cognitive 
rumination [16], phenomena similarly experienced by 
individuals with primary insomnia. In addition to pain, 
cognitive–behavioral factors such as poor sleep hygiene, 
behaviorally conditioned hyperarousal to the bedroom 
environment, and maladaptive attitudes and beliefs about 
sleep may contribute to the maintenance of insomnia in 
chronic pain. For example, recent work by our group in 
patients with temporomandibular joint disorder (TMD) 
found that 40% of patients satisfi ed research diagnostic 
criteria for primary insomnia [17]. These fi ndings taken 
together suggest that insomnia occurring in the context of 
chronic pain may share similarities with primary insom-
nia. Psychosocial factors, however, do not entirely explain 
the sleep–pain relationship, as several investigations have 

found that sleep disturbance is associated with pain sever-
ity independent from these factors [14–16].

Sleep Disturbance in Osteoarthritis
Consistent with the general chronic pain literature, epi-
demiologic surveys report that at least 50% of patients 
with OA suffer from signifi cant disturbances initiating or 
maintaining sleep [18–20]. Results from the Osteoarthri-
tis Southern Italy Study (OASIS), a large epidemiologic 
study, indicated that 58% of knee OA patients sampled 
complained of problems maintaining sleep at least 3 nights 
per week [18]. A separate, more recent epidemiologic 
study found that 25% of individuals with arthritis (pri-
marily OA) reported sleep continuity disturbance “most 
of the time,” and that pain was the most robust corre-
late of insomnia, explaining the majority (59%) of the 
variance in the relationship between arthritis and sleep 
problems. A study of 48 hip arthroplasty candidates 
found signifi cant presurgical sleep maintenance distur-
bance with diary and actigraphy average sleep effi ciency 
estimates of approximately 78%, well below the widely 
accepted “normal” minimum of 85% [21]. Many other 
studies have corroborated that prolonged middle-of-the-
night awakening is the most common form of insomnia 
reported by patients with chronic pain. All of the studies 
describing sleep disturbance in individuals with knee OA 
report a robust relationship between pain severity and 
sleep disturbance (eg, [18]).

A major gap in the literature is the scarcity of 
objective sleep measurement among individuals with 
OA. One small PSG study, however, found that 14 
OA patients demonstrated an increase in NREM stage 
I, a decrease in NREM stage II, and more wake after 
sleep onset time compared with controls [22]. A report 
comparing 10 patients with fi bromyalgia to 10 patients 
with OA found both groups demonstrated similar sleep 
disturbance profi les, including prolonged sleep latency, 
prolonged middle awakenings, and frequent alpha intru-
sion (microarousal) during NREM stage II [23]. These 
small studies suggest that the sleep of patients with OA 
may be “lighter” than normal. Due to the lack of PSG 
studies in patients with OA, rates of sleep disorders 
requiring PSG for diagnosis remain largely unknown. 
The relative absence of such investigations is particu-
larly alarming given that obesity and older age are risk 
factors for both OA and sleep-disordered breathing, a 
serious medical condition. In addition to fragmenting 
sleep and altering sleep microstructure, sleep apnea 
exposes patients to chronic intermittent hypoxia and 
dramatically increases risk for cardiovascular disease 
and mortality. We are aware of only one study that 
addressed the issue of sleep apnea in 254 hip and knee 
OA patients awaiting arthroplasty [24]. This investiga-
tion reported PSG-documented rates of sleep apnea to 
be approximately 7%, well above the population norms 
typically reported between 2% and 4% [25].
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Reciprocal Interactions 
Between Sleep Disturbance and Pain
Investigators of several longitudinal studies in a variety 
of pain disorders have reported that baseline sleep disrup-
tion predicts subsequent increases in pain severity, and 
that increased pain also predicts subsequent sleep distur-
bance [26,27]. Reports of acute insomnia symptoms have 
also been shown to predict development of chronic pain 
among individuals who have suffered serious burn injury 
and to predict the development of widespread pain in a 
general population sample. Few longitudinal studies, how-
ever, have been conducted exclusively in OA populations. 
Recent data from 110 knee OA patients undergoing total 
knee arthroplasty is an exception. The former reported 
that sleep disturbance 1 month after surgery partially 
mediated the relationship between pain and functional 
limitations at 3 months. In the only longitudinal PSG 
study, increased wake after sleep onset time and reduced 
slow wave sleep (SWS) independently predicted 6-month 
pain reports in individuals with rheumatoid arthritis. 
Several diary studies, using multilevel data models, have 
reported bidirectional, day-to-day relationships between 
sleep and pain in fi bromyalgia, rheumatoid arthritis, and 
healthy subjects [28]. These studies suggest that the sleep 
and pain relationship may be described as a reciprocal, 
vicious cycle; however, these investigations are limited by 
the lack of objective sleep measurement.

Sleep Disturbance–induced Hyperalgesia
More direct evidence for a reciprocal relationship between 
pain and sleep is based on several experimental studies 
demonstrating that total sleep deprivation [29] or selective 
sleep-stage perturbations [30] decrease pain threshold or 
tolerance, although only a few studies have used control 
groups [29,30]. One recent study reported that total sleep 
deprivation decreased thermal pain threshold, but did not 
alter detection of innocuous thermal stimuli, suggesting 
the specifi city of sleep deprivation to pain processes rather 
than general somatosensory function [29]. Several other 
studies have proposed that SWS disruption might have a 
specifi c effect on sensitivity to mechanical stimuli [13]. In 
support of Moldofsky’s classic early work, these fi ndings 
suggest the possibility that sleep disturbance may contrib-
ute to the development and maintenance of OA pain by 
contributing to generalized hyperalgesia.

Local and Generalized 
Hyperalgesia in Osteoarthritis
Hyperalgesia, or enhanced responsiveness to painful 
stimuli, is a feature of many rheumatologic diseases, 
most notably fi bromyalgia, but also rheumatoid arthri-
tis. Although less widely studied via psychophysical 
pain testing methods, patients with OA have been found 
to demonstrate local, and in some cases, generalized 
hyperalgesia relative to control groups [31]. For example, 

recent work has indicated that knee OA patients rate 
suprathreshold mechanical stimuli on the upper body as 
more intensely painful than controls [31]. Enhanced pain 
responses at unaffected sites support suggestions that OA 
pain involves the central nervous system (CNS) [31,32•], 
in addition to peripheral mechanisms. Most of the data 
in knee OA, however, are based on fi ndings of reduced 
pain threshold or tolerance, measures that do not provide 
information about specifi c aberrant CNS pain modula-
tory processes. Furthermore, pain thresholds are often 
only modestly associated with pain severity in OA and 
other painful conditions [33]. Other noninvasive psycho-
physical pain tests should be used to more directly assess 
central pain modulation, as such measures may be more 
robustly associated with clinical pain. These measures are 
only beginning to be applied to study OA pain.

Central Pain Modulatory 
Defi cits in Chronic Pain and Osteoarthritis
Chronic pain is increasingly conceptualized as a disease 
of the nervous system that includes reorganization of 
spinal cord circuitry and supraspinal neural pathways 
that respond to persistent peripheral input. Dysregulated 
central pain inhibitory and facilitatory mechanisms have 
been implicated in pathophysiologic models of chronic 
pain. Several noninvasive methodologies for studying pain 
modulation in humans have been developed and applied 
to study the pathophysiology of chronic pain. Two of the 
most widely used paradigms are diffuse noxious inhibi-
tory controls and temporal summation.

Diffuse noxious inhibitory controls
One well-studied pain inhibitory process with demon-
strated clinical relevance is diffuse noxious inhibitory 
controls (DNIC). DNIC refers to the phenomenon 
whereby one noxious stimulus inhibits the pain produced 
by a second noxious stimulus (ie, counter-conditioning)
[34]. In animal models, DNIC circuitry involves a spino-
bulbo-spinal negative feedback loop mediated by a 
supraspinal link in the medullary subnucleus reticularis 
dorsalis [35]. DNIC effects are demonstrated by assessing 
responses to a phasic noxious stimulus before and then 
during heterotopic application of a tonic noxious stimu-
lus. Generally, responses to the phasic noxious stimulus 
are reduced during concurrent administration of the tonic 
stimulus to a distant body site, with the magnitude of the 
reduction (decreased sensitivity) serving as a measure of 
the effi cacy of central inhibitory, analgesic systems [36]. 
Human studies of DNIC have demonstrated that increases 
in pain threshold during the tonic application of the pain-
ful stimulus are not simply mediated by a diversion of 
attention. Animal and human research using morphine, 
naloxone [37], and neuroimaging [38] have shown that 
DNIC relies upon opioid-mediated supraspinal mecha-
nisms. Serotonin and norepinephrine are also important 
neurotransmitter systems known to drive descending pain 
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inhibition. Impaired DNIC has been demonstrated in mul-
tiple chronic pain conditions, including fi bromyalgia [39], 
low back pain [40], TMD [41], tension headache [42], and 
irritable bowel syndrome, suggesting the possibility of 
pathophysiologic role of DNIC mechanisms in the onset 
or maintenance of persistent pain. Pain inhibitory capac-
ity has also been shown to be negatively associated with 
age, suggesting that impaired DNIC may play a role in 
age-related pain disorders such as OA.

Notably, we are aware of one longitudinal study of 
DNIC in OA, which evidenced that knee OA patients 
awaiting surgery lacked measurable DNIC, but, when 
tested 9 months later, the pain-free knee OA patients dem-
onstrated normal DNIC values (comparable to controls). 
Other studies have also found DNIC to be negatively 
associated with clinical pain severity [36].

Diffuse noxious inhibitory controls and sleep disruption
Some animal work suggests that sleep deprivation blocks 
DNIC-like effects in animals, and sleep deprivation 
decreases opioid receptor binding in the limbic system, 
which would presumably disrupt endogenous opioid 
analgesia [43]. We recently reported results of a clinical 
experiment to study the effects of partial sleep depriva-
tion and DNIC in healthy, pain-free women. We found 
that sleep disruption induced by forced awakenings 
signifi cantly impaired DNIC and was associated with 
development of spontaneous pain [44•]. We have subse-
quently found that PSG-recorded sleep effi ciency and total 
sleep time is positively associated with DNIC in a clinical 
sample of patients diagnosed with painful TMD. TMD 
patients with a greater percentage of wake time during the 
sleep period and reduced total sleep time demonstrated 
impaired pain inhibitory capacity during the day, even 
after controlling for multiple potential confounds [45•].

Temporal summation
Temporal summation, or “windup,” is another common 
psychophysical phenomena thought to index central pain 
facilitation. Temporal summation refers to the enhance-
ment of pain caused by repeated noxious stimulation; 
animal studies have shown that it involves sensitization of 
second-order dorsal horn neurons in the spinal cord [46]. 
In humans, temporal summation is thought to refl ect 
endogenous pain modulatory processes arising from 
supraspinal structures. Like DNIC, temporal summation 
has also been implicated in pathophysiologic models of 
chronic pain. Temporal summation depends on N-methyl-
d-aspartate (NMDA) receptor activation [46], with some 
work suggesting that the medullary dorsal reticular 
nucleus may play a role in this spinal sensitization [47]. 
Infl ammatory mediators, such as proinfl ammatory cyto-
kines and substance P, may play an important role in the 
temporal summation effect. Measures of temporal summa-
tion, involving either mechanical or thermal stimulation, 
are sensitive to between-group differences in pain, with 
temporal summation demonstrated in women relative to 

men [48], fi bromyalgia patients [49], and TMD patients 
relative to controls. Increased temporal summation has 
been found to be associated with increased subclini-
cal pain complaints in healthy subjects (headache and 
back ache frequency) [50]. To our knowledge, however, 
no studies have evaluated whether temporal summation 
is enhanced in knee OA, or whether sleep disturbance 
enhances temporal summation—both important topics in 
need of research investigation.

The Potential Role of Systemic Infl ammation 
in Central Sensitization in Osteoarthritis
Systemic infl ammation has long been recognized to play 
a pathophysiologic role in rheumatoid arthritis, but 
research increasingly demonstrates that proinfl amma-
tory cytokines, such as TNF-α, IL-1β, and IL-6 may also 
mediate the onset, maintenance, and progression of OA 
[4••]. These cytokines have been linked to dysfunction 
in synovium, cartilage, and subchondral bone. IL-6, as 
well as C-reactive protein (CRP), an acute-phase pro-
tein marker of systemic infl ammation, have been linked 
prospectively to OA progression in at least two studies 
[4••,51]. Considerable animal studies demonstrate that 
TNF-α, IL-1β, and IL-6 have direct and indirect recep-
tor-mediated sensitizing effects on afferent nociceptive 
pathways in spinal dorsal horn and dorsal root ganglia 
[52], and these cytokines mediate muscle and joint hyper-
algesia [53]. When tissue damage occurs, a cascade of 
infl ammatory signals is released from cells at peripheral 
nerve terminals, leading to nociceptor sensitization. When 
noxious inputs persist, central sensitization contributes 
to protracted changes in sensory ganglia and dorsal 
horn neurons, which mobilize the release of TNF-α, IL-
1β, and IL-6 via CNS [53,54] and “satellite” glia [55]. 
Glial release of these cytokines increases conductivity of 
NMDA receptors and the quantity of these receptors on 
sensory neuron surfaces [53]. Thus, TNF-α, IL-1β, and 
IL-6 are hypothesized to mediate molecular alterations 
promoting hyperalgesia and temporal summation among 
individuals with OA. It should be noted, however, that 
associations between circulating infl ammatory markers 
and enhanced temporal summation have yet to be demon-
strated in human studies.

Sleep Loss, Insomnia, 
Infl ammation, and Spontaneous Pain
Experiments in healthy adults demonstrate that even mild, 
short-term sleep loss activates gene transcription factors 
that initiate infl ammatory signaling [56] and elevations 
in IL-6, TNF-α, and CRP [57••]. In a recent study of 
middle-aged adults, a short habitual sleep time (< 5 hours 
per night) was associated with increased circulating CRP 
and IL-6 [58]. A small PSG study of healthy adults found 
that age was associated with increased wake after sleep 
onset time, reduced SWS, and increased circulating IL-



Mechanisms By Which Sleep Disturbance Contributes to Osteoarthritis Pain: A Conceptual Model  I  Smith et al.  I  451

6 over a 24-hour period [59]. An important experiment 
by Haack and colleagues [60] in healthy, pain-free adults 
demonstrated that sleep restriction to 4 hours per night 
over 10 days increased circulating IL-6, and IL-6 was 
correlated (r = 0.67) with spontaneous pain ratings, inde-
pendent of fatigue. These investigators also reported that 
total sleep deprivation increases circulating prostaglandin 
(PG) activity, specifi cally PGE2, in subsequent studies. 
Consistent with the literature regarding the pain and 
infl ammatory mediating effects of PGs, changes in PG lev-
els were positively correlated with changes in spontaneous 
pain complaints (r = 0.52) in the aforementioned study 
[60]. Animal work indicates that PGs stimulate glutamate 
release in the spinal cord, which acts on NMDA receptors 
to facilitate nociceptive neurotransmission (central sensi-
tization) [61]. Vgontzas et al. [62] reported that compared 
with controls, individuals with chronic primary insomnia 
displayed an association with a shift in circadian IL-6 and 
TNF-α secretion from nighttime to daytime, postulating 
that daytime elevations in these cytokines may explain 
increased fatigue and mood-related symptoms associated 
with insomnia.

Infl ammation, Mood Disturbance, 
Decreased Physical Function, and Sleep
The observation that proinfl ammatory states impact 
mood and fatigue highlights several indirect pathways by 
which sleep disturbance–induced infl ammation might also 
contribute to clinical pain augmentation in OA other than 
by directly augmenting heightened central pain process-
ing mechanisms. As indicated previously, cross-sectional 
studies in heterogeneous samples of patients with chronic 
pain have found that inactivity and depressed mood are 
also associated with enhanced pain severity. Sleep distur-
bance is a widely recognized risk factor for depression, 
for example, and inactivity, including daytime napping, 
is an important sleep hygiene factor that weakens the 
homeostatic drive for sleep, which may contribute to 
perpetuation of insomnia symptoms. Two recent cross-
sectional studies have also demonstrated that objective 
actigraphy measures of wake after sleep onset time are 
inversely associated with walking speed and time to com-
plete chair stands in older adults independent of a number 
of potential confounds [63,64]. Longitudinal studies dem-
onstrating that poor sleep increases risk for diminished 
physical activity or that decreased physical activity pre-
dicts development of poor sleep have yet to be rigorously 
investigated. Data suggest, however, that both negative 
mood and decline in physical functioning are linked with 
systemic infl ammation.

Infl ammation and negative mood
Infl ammation is increasingly recognized as a central 
mediator of emotional experience [65,66]. Most nota-
bly, markers of innate immunity (eg, TNF-α, IL-1β, 
and IL-6) and CRP have been shown to co-vary with 

depressive symptoms across the severity spectrum [67]. 
Treatment of medical conditions such as hepatitis C and 
cancer with cytokine therapy often fosters signifi cant 
mood disturbance [67–69]. Administration of vaccines 
promoting infl ammation in healthy young adults causes 
behavioral and mood profi les that substantially overlap 
with depressed mood [70]. A recent study highlighted the 
intriguing possibility that infl ammation and exogenous 
psychosocial stress synergistically foster mood disturbance 
[70]. Specifi cally, healthy volunteers exposed to both a 
Salmonella typhi vaccination and a psychosocial stressor 
reported greater mood disturbance compared with those 
exposed to either the stressor or the vaccine alone. For OA 
patients, arguably, the most common stressor experienced 
is pain. Days (or weeks) with elevations in self-reported 
pain are associated with mood disturbance in rheumatic 
disease, including OA [71,72]. Indeed, clinically signifi -
cant mood disturbance is commonly experienced by those 
with OA [73], possibly via infl ammation [74].

Infl ammation and physical function
In addition to negative mood, circulating levels of infl am-
matory markers have also been inversely associated with 
physical function in older adults [75]. Moreover, infl am-
mation predicts declines in performance-based measures 
of physical function and disability onset [76]. Chronic, 
even low-level, systemic infl ammation might diminish 
physical function via a number of pathways, including 
increased muscle catabolism, anhedonia, and fatigue. 
Importantly, several studies of older adults demonstrate 
independent effects of infl ammation on physical activity 
even after controlling for multiple age-related confounds 
(eg, medical conditions, adiposity) [75]. None of these 
studies, however, evaluated the potential role of sleep dis-
turbances among these associations, and surprisingly little 
work has examined interrelationships between infl am-
mation and physical function in older adults with OA. A 
single cross-sectional study of knee OA reported inverse 
associations between IL-6 and TNF-α with walking speed 
and self-reported function, respectively [77]. In a clinical 
trial, weight loss–related changes in soluble TNF receptor 
2 have been noted to correlate with 6-minute walk test 
performance improvements at 6-month follow-up, sug-
gesting that infl ammation may mediate physical function 
in older adults [78].

Conclusions
Based on the above review, Figure 1 provides a simpli-
fi ed, working conceptual model describing both direct 
and indirect pathways by which sleep disturbance is 
likely to contribute to the expression of clinical pain in 
OA. The data suggest that many of the relationships are 
bidirectional, which heighten the potential benefi t of 
intervention efforts aimed at disrupting vicious cycles that 
accelerate disease processes via synergistic interactions. 
Infl ammation plays a central role in the model as: 1) it 
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is the most well-studied candidate mechanism to date; 
2) emerging data identify heightened, albeit low-grade 
(relative to rheumatoid arthritis), infl ammation broadly 
in OA and sleep-disrupted samples; and 3) basic science 
work has confi rmed the role of infl ammatory mediators in 
both peripheral and central sensitization. While the rela-
tionships between factors in the proposed model require 
more research to clarify and elaborate specifi c mechanis-
tic pathways, research is also needed on large samples to 
confi rm the overall model, establishing the multiple causal 
pathways and the relative weight and timeframe by which 
they may contribute to pain expression and possibly even 
disease progression in OA. Additional mechanisms in the 
model, besides aberrant infl ammation known to impact 
central pain processing, are very much in need of study in 
OA. As shown in the diagram, an impaired pain inhibitory 
system is a particularly promising pathway that has been 
linked to sleep disruption and clinical pain via animal 
and human experiments. At least one study has identifi ed 
failed pain inhibitory capacity in presurgical knee OA 
patients. Pain inhibitory systems are driven by descending 
opioidergic, serotonergic, and noradrenergic pathways, 
linking brainstem inhibitory centers, for example, ros-
troventral medulla, and periaqueductal gray to dorsal 
horn afferents. It is unclear how aberrant infl ammatory 
processes may interact with these inhibitory circuits in 
human models of OA, but endogenous opioids are well 
known to regulate neuroendocrine function, particularly 
the hypothalamic-pituitary-adrenal axis. The preceding 
suggests that aberrant infl ammatory processes may not 
only contribute to pain augmentation via glutamatergic 
spinal sensitization, but also via effects on descending 
pain inhibition. This potential interaction, however, has 
yet to be directly investigated.

Although research on the mechanisms by which sleep 
disturbance augments pain in general and OA in particu-
lar is in its infancy, the clinical implication of the extant 
research is clear: aggressive management of sleep disor-

ders should be a critical component of the comprehensive 
treatment of rheumatologic patients and older adults. 
With rates of sleep disorders in older adults approaching 
50% [79], identifi cation and treatment of sleep distur-
bance is a largely unrecognized opportunity for disease 
prevention that may improve endogenous central pain 
modulatory systems, mood, physical function, and ulti-
mately the degree and persistence of pain in OA.
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