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ABSTRACT

We explored causal mediation of sleep quality and perceived stress in development of painful temporomandibular
disorder (TMD). Sleep quality and perceived stress were assessed at baseline and quarterly intervals thereafter in 2,737
initially-TMD-free adults in the OPPERA prospective cohort study. During follow-up, incident TMD cases were classified
using Research Diagnostic Criteria. Mediation analysis was conducted using a weighted Cox proportional hazards
regression model that estimated hazard ratios and 95% confidence limits (HR, 95% CL) of first-onset TMD. Models
determined whether: (1) poor sleep quality during follow-up mediated the effect of baseline perceived stress on first-
onset TMD; and (2) perceived stress during follow-up mediated the effect of baseline poor sleep quality on first-onset
TMD. In both analyses, the total effect was decomposed into natural direct and indirect effects. Poor baseline sleep
quality led to heightened perceived stress that then contributed to TMD development. When the total effect of poor
sleep quality (HR=2.10, CL: 1.76, 2.50) was decomposed, 34% of its effect was mediated by perceived stress (indirect
effect HR=1.29, CL: 1.06, 1.58). The effect of perceived stress on first-onset TMD was not mediated by sleep quality.

Improving sleep may avert escalation of stress, limiting effects of both factors on TMD development.
Perspective

Causal mediation analysis highlights mechanisms by which poor sleep quality promotes development of TMD. First, poor
sleep quality exerts a direct effect on pain. Secondly, it triggers a heightened perception of stress which acts as an

intermediate factor in the causal pathway between poor sleep quality and first-onset TMD pain.



INTRODUCTION

Sleep is an active process, so critical to multiple physiologic systems that the sleep/wake cycle is closely regulated by
circadian and homeostatic drives. Studies in animal models ** and humans > have elucidated physiological and

behavioral consequences of sleep deprivation. Experimental laboratory studies and epidemiologic studies show that

436

sleep deprivation leads to dysregulation across multiple stress, metabolic, immune and inflammatory systems.” > Taken

together findings imply an important homeostatic function of sleep. Nonetheless evidence of consequences of sleep

41,51

deprivation does not translate well into knowledge of sleep function. Current views of sleep function include the

18,23 and

allocation of energy to optimize biological activities *®, consolidation of newly acquired information in memory,
the regulation of emotional processing ***® (see Siegel, 2005 ! and Krueger et al, 2016 *' for reviews). Until sleep
function is better understood, knowledge of how sleep disturbance transmits its effects to other disorders, such as pain,

also remains incomplete.

Sleep disturbance is highly prevalent in people with pain. Delayed sleep onset, frequent awakening after sleep onset,

low sleep efficiency, and poor quality sleep affect 67% to 88% of people with chronic pain. > **

Apart from problems
with sleep initiation and maintenance, sleep-disordered breathing, > restless legs syndrome, %’ and narcolepsy, *’ are also
more common among people with pain disorders than pain-free individuals, although there is little evidence that sleep
architecture differs in people with pain. ®*’ Longitudinal studies show that although disturbed sleep and pain have
bidirectional relationships, the effect of sleep disturbance on pain development is greater than the effect of pain on
sleep disturbance. ** Moreover, the extent of sleep disturbance predicts sensitivity to experimental pain >* and intensity

of clinical pain * in a dose-response manner.

Psychological distress commonly overlap with sleep disturbance and chronic pain, forming a triad of disorders with

shared pathophysiological features. ** > 3%

25, 26, 30

Longitudinal studies show psychological distress is often a precursor of
chronic pain and stress and poor sleep are related. According to cognitive appraisal theory, ** psychological
distress arises when an individual first appraises an event as threatening and secondarily appraises the threat to exceed
their coping resources. Exposure to psychological distress induces change in pain processing pathways that can result in
hyperalgesia. *>°

The next challenge is to explore how differences in these risk factors correspond to change in intermediary factors along
the causal pathway to pain development. The current study builds on findings from the OPPERA prospective cohort
study showing that perceived stress *° and poor sleep quality *® contribute to development of painful first-onset
temporomandibular disorder (TMD). The aim of this analysis was to examine causal mediation of sleep quality and

perceived stress in development of painful first-onset TMD.
METHODS

This study was approved by Institutional Review Boards of the University of Maryland-Baltimore, University at Buffalo,

University of North Carolina at Chapel Hill, University of Florida, and the data coordinating center Battelle Memorial



Institute. Written informed consent was obtained from all study participants and the research was conducted in

accordance with the Declaration of the World Medical Association.
Design, Setting, Study Participants, and Enroliment

The Orofacial Pain Prospective Evaluation and Risk Assessment study (OPPERA) is a prospective investigation of the
etiology and persistence of first-onset painful TMD. From May 2006 to November 2008, OPPERA recruited community-
based volunteers at four study sites located at Baltimore, Maryland; Buffalo, New York; Chapel Hill, North Carolina; and
Gainesville, Florida. Telephone screening identified eligible participants aged from 18 to 44 years, with no significant
history of TMD symptoms, no significant medical illnesses or recent history of facial injury or surgery, not pregnant or
nursing, <4 headaches per month within the preceding three months, not receiving orthodontic treatment, never
diagnosed with TMD, and no use of a night guard or occlusal splint. These volunteers attended a research clinic where
they were clinically examined using Research Diagnostic Criteria for TMD. * Those confirmed as TMD-free (n=3,263)

were enrolled, completed baseline questionnaires, and were followed for up to 5.2 years (median follow-up = 2.8 years).
Baseline Assessment of Subjective Sleep Quality and Perceived Stress

Among the self-administered questionnaires in OPPERA, two relevant to this analysis are the 19-item Pittsburgh Sleep
Quality Index (PSQI) ° and the 10-item Perceived Stress Scale. ™ The PSQI assesses habitual sleep quality and sleep
disturbance over the previous month. A global score is obtained from the sum of its seven component scores that
ranges from 0-21, with higher scores denoting worse sleep quality. A global score of >5 has diagnostic sensitivity of
89.6% and specificity of 86.5% in distinguishing poor from good sleep. ° The PSQI was found to be a unidimensional
construct in people with painful TMD, ** and so this analysis used the PSQI global score. The PSQI was administered at
baseline only. For brevity the Sleep Quality Numeric Rating Scale was administered at each quarterly follow-up (see

below).

The original 14-item Perceived Stress Scale (PSS) ** was developed to assess stress based on cognitive appraisal theory. **

We used the 10-item version of this instrument, for which the summary score has a potential range of 0—40. > The
Scale score is Perceived Stress Scale score to be a global measure of the degree to which situations in one's life are
appraised as stressful. Items were designed to evaluate to estimate the degree that respondents find their lives
unpredictable, uncontrollable and overloaded. Response categories measure the frequency of perceived stress and

higher scores denote greater psychological stress.
Follow-up Assessment of Subjective Sleep Quality and Psychological Stress

Every three months after enrollment, sleep quality and perceived stress were monitored in the Quarterly Health Update
guestionnaire that was self-completed by study participants. As a more parsimonious measure than the PSQl, the Sleep
Quality Numeric Rating Scale (SQ-NRS) asked participants to rate their sleep quality over the preceding three months. An
anchor value of 0 represented “worst sleep imaginable” while the anchor value of 10 represented “best sleep

11,35
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imaginable”. As well as its brevity, the Sleep Quality NRS is simple to administer and easy to complete. s

psychometric properties of reproducibility, convergent validity, and responsiveness to treatment are established. During



analysis, the Sleep Quality NRS values were reverse-coded for directional consistency with the PSQI in which higher
scores denote worse sleep quality. Psychological stress was evaluated with the same 10-item Perceived Stress Scale used
at baseline. The number of Quarterly Health Update questionnaires that participants completed varied with their time in

study. For each participant a mean score was obtained for stress and sleep quality.
Incident TMD case ascertainment

The classification of first-onset TMD was based on the Research Diagnostic Criteria for Temporomandibular Disorder.
Study participants who reported TMD pain symptoms in the Quarterly Health Update questionnaires were invited to
study clinics for a follow-up examination to verify first-onset TMD using the same clinical criteria used in the baseline
examination. The two essential criteria were: symptoms of orofacial pain reported for 25 days in the prior 30 days and 2)
examiner findings of TMD myalgia, arthralgia, or both. Myalgia was based on pain during jaw maneuver or digital
palpation in 23 of 8 muscle groups (temporalis, masseter, lateral pterygoid, and submandibular and postmandibular
areas), each assessed bilaterally. Arthralgia was based on pain in temporomandibular joint(s) during jaw maneuver or

digital palpation.

OPPERA’s sample size of 3,200 enrolled study participants was sufficient to yield 196 first-onset TMD cases during
follow-up, assuming 30% loss to follow-up. The Quarterly Health Update questionnaire o monitored development of
painful TMD by asking about orofacial pain symptoms noticed in the past three months. Participants who reported
experiencing these symptoms were asked to return to research clinics where the baseline examination was repeated to
determine the presence or absence of TMD. Follow-up continued until clinically determined TMD developed, the

participant was lost to follow-up, or the study ended in May 2011.
Potential Confounders

We considered the covariates of study site and demographic variables of age, sex, and race/ethnicity as the minimum
set of potential cofounders of associations and included them in all analytic models. Conditional on these covariates,
analysis makes assumptions that there was no confounding between: the predictor (e.g. perceived stress) and TMD; the
predictor and the mediator (e.g., sleep quality); the mediator and TMD; and no confounding of the predictor on the
relationship between the mediator and TMD. In analyses, sleep quality and perceived stress were separately modeled

as the predictor and the mediator to help clarify the causal sequence in painful TMD development.
Statistical Approach

The average annual incidence rate of first-onset TMD in the complete cohort was calculated for descriptive purposes
and Poisson regression was used to estimate covariate-adjusted incidence rates. Descriptive statistics showing patterns
of sleep quality and psychological stress during follow-up were generated by creating a nested case-control subgroup of
the complete cohort, specifically for this analysis. For each first-onset TMD case with follow-up data on sleep quality and
perceived stress (n=258), one non-case who had not developed TMD was selected. Cases were matched to a non-case
according to study site, length time in study and baseline Perceived Stress Scale score (+2). We compared these 258

pairs of cases and non-cases at multiple time points throughout follow-up to examine their respective trajectories in



perceived stress and sleep quality. This informed us about the reactivity of these known TMD risk factors prior to TMD

onset.

Next we explored whether baseline sleep quality predicted change in perceived stress. To do this, baseline sleep quality
was plotted against perceived stress at baseline, first quarter after enrollment, and last quarter before the second clinic
visit, at which time first-onset cases were identified. This comparison enabled us to see whether the cross-sectional

association at baseline persisted when perceived stress was measured at follow-up.

Hypothesis tests for the study's main aim were evaluated using Cox proportional hazards regression models. The
models estimate hazard ratios (HR) and their 95% confidence limits (CL) which approximate the incidence rate ratio for a

selected predictor characteristic.

Baseline measures of the predictors, i.e. sleep quality (PSQI global score) and perceived stress (PSS score), were modeled
as binary variables. The normally distributed PSQI scores were dichotomized at the established cut-point of <5 (good
sleep quality) versus >5 (poor sleep quality). The rationale for selecting the cut-point for the normally distributed PSS
scores was to produce a distributional balance with poor sleep quality. This put the cut-point at the 69th percentile,

corresponding to <17 (low perceived stress) versus >17 (high perceived stress).

Cox models accounted for the time-varying nature of sleep quality and perceived stress because values for these

variables can change with repeated measurement over the duration of follow-up.

Repeated measures of sleep quality (SQ-NRS) and perceived stress (PSS) obtained during follow-up were modeled as the
mediators. The continuous raw scores for these scales were standardized (i.e. z-scores were computed
(z=([value-mean]/SD)). This allowed direct comparison in interpreting the magnitude of the mediated (i.e. natural
indirect) effects. Differences were considered statistically significant if the null value of unity did not fall between the
95% CL of the HR.

Causal mediation analysis was conducted using Cox proportional hazards regression within a counterfactual framework
using the method described by Lange and Hansen for censored time-to-event data **. All models adjusted for the set of
confounders. The method allows the total effect of changing a predictor, e.g., from good to poor sleep quality, on first-
onset TMD to be measured as the number of incident first-onset TMD cases per unit of time. The method decomposed
this total direct effect into a part directly attributable to the predictor (natural direct effect) and a part mediated
through another factor (natural indirect effect). Two separate models were specified: one in which sleep quality was first
the predictor and perceived stress was the potential mediator; and the second in which perceived stress was the

predictor and sleep quality the potential mediator.

Natural direct and indirect effects within a counterfactual framework have been described in detail by Robins and
Greenland. ** In brief, understand the meaning of a natural effect is helped when controlled direct and indirect effects
are first understood. The controlled direct effect (e.g. of poor sleep quality relative to good sleep quality) is a measure of
the expected increase in the rate of first-onset TMD, when the mediator (e.g. perceived stress) is set at a fixed value for

all study participants. By contrast, the natural direct effect then is a measure of the expected increase in the rate of



TMD, when the mediator variable is allowed to vary between participants, which is a more realistic proposition. A
participant’s natural value of the mediator is taken to be the counterfactual value it would have taken if he/she were
not exposed (e.g. good sleep quality). The objective is to estimate two quantities. (1) The natural direct effect on the
hazard ratio scale defined as the effect on first-onset TMD of predictor value=a, versus value=a* (the counterfactual),
conditioned on the set of potential confounders if the mediator was set to its value when the predictor value=a*. (2) The
natural indirect effect on the hazard ratio scale is the effect on first-onset TMD when predictor value = a, and the
mediator is set to what it would have been when predictor valued = a, versus value =a* (the counterfactual). Controlled
effects cannot be decomposed into direct and indirect effects. A sensitivity analysis explored potential bias due to
unmeasured confounding. This was tested by adding cigarette smoking to the set of confounders and repeating
mediation analyses. The rationale for selecting cigarette smoking is that smoking is of the strongest predictors of TMD
development. The mediation proportion was calculated as the natural log of indirect effect divided the total effect and

expressed as a percentage.

Since the degree of bias introduced by missing data was shown to be minimal in OPPERA 3, multivariable analysis used

complete-case analysis without imputation. All analyses were conducted in SAS 9.4 (SAS Institute Inc., Cary, NC, USA).
RESULTS

In up to 5.2 years of follow-up (median=2.8 years), the incidence rate of first-onset TMD was 3.91 percent of subjects
per annum (Table 1). As reported previously,> the incidence rate was marginally higher among women than men,

though the difference was not statistically significant.

Compared to whites, African American developed TMD at a greater rate and Asians developed it at a lower rate. Highest
incidence rates were observed among the approximate one third of participants who had poor sleep quality and the one
third with highest scores for perceived stress. Groups with poorer sleep likewise tended to have higher levels of

perceived stress.

In the 258 pairs of subjects in the nested case-control group matched for baseline stress, sleep quality (SQ-NRS with
potential range: 0—10) began to diverge in the final 6 months prior to TMD onset or censoring. Divergence was
characterized as worsening of mean sleep quality ratings among cases, relative to non-cases, in the weeks preceding
TMD onset (Figure 1A). There was a similar temporal pattern in mean perceived stress (PSS, potential range: 0-40),
although divergence between to two groups occurred only in the final 3 months before censoring, just before TMD
onset (Figure 1B). Hence, deterioration in sleep quality in cases relative to controls preceded the cases’ escalation of

perceived stress.

We examined the time lagged effect setting baseline sleep quality as the predictor and inspecting its relationship with
perceived stress over time. Poorer sleep quality at baseline was positively associated with mean perceived psychological
stress at baseline (Figure 2A). It was likewise associated with psychological stress in the first quarter of follow-up (Fig 2B)

and the final quarter of follow-up (Figure 2C). As indicated by the degree overlap of the confidence intervals, the



relationship did not differ throughout follow-up. These associations between sleep and stress persisted when the data

were examined separately for cases and non-cases.

Decomposition of natural direct and indirect effects is depicted graphically in Figures 3A and 3B. Poor sleep quality led to
heightened perceived stress that in turn contributed to development of first-onset TMD (Figure 3A). When the total
effect of poor sleep quality (HR=2.10, CL: 1.76, 2.50) was decomposed, 34% of its effect was mediated by perceived
stress (indirect effect HR=1.29, CL: 1.06, 1.58). There was a significant total effect of perceived stress on first-onset TMD
(HR=1.70, 05% CL: 1.42, 2.04) (Figure 3B). Formally, the effect was not transmitted via poor sleep quality, as the null
value of unity fell within the confidence limits for the estimate of a natural indirect effect (HR=1.15, 95% CL: 0.96, 1.38).
It is possible that sleep quality may have a weak mediating effect, since the null value was only just enclosed with the
confidence limits. In sensitivity analysis, cigarette smoking status was added to the set of confounders and mediation
analysis was repeated. Since smoking did not change the estimates by more than 5% and did not alter the interpretation
of findings, the models without smoking (reported in this analysis) were robust to the effect of unmeasured confounding

by smoking.
DISCUSSION

Not only did poor sleep quality contribute directly to development of first-onset TMD in this study, it also exacerbated
the perception of psychological stress. Perceived stress played a critical role in transmitting the impact of poor sleep
quality to TMD onset. Among subjects destined to develop TMD, sleep deteriorated approximately three months before
increases in psychological stress, both of which preceded TMD onset. This pattern was confirmed quantitatively with
mediation analysis showing that approximately one third of the total effect of poor sleep quality on TMD development
was mediated by heightened perceived stress. Observed hazard ratios represent substantial effect sizes, exceeding
estimates for many other psychological risk factors measured in the study.? The effect was not reciprocal: sleep quality
did not significantly mediate the effect of perceived stress in first-onset TMD, although sleep and stress themselves were
strongly associated. While poor sleep and psychological stress were positively associated (Figure 2), consistent with a
recent review”’ and consistent with perceived stress exerting an adverse impact on sleep quality, the potential bivariate
causal relationships between stress and sleep appear to yield to further complexity where the relationship of stress-
>sleep->TMD was not a significant causal pathway to TMD development in this analysis. The use of mediation analysis in
this prospective cohort study avoids temporal ambiguity between sleep quality and perceived stress, both of which
predict first-onset TMD. The identification of a mediator decreases the probability that the relationship is spurious, while
improving the causal plausibility. Longitudinal study designs that assess variables only at baseline and end of study are
insufficient to draw inferences about mediation. A certain amount of time is required to have lapsed between baseline
predictor assessment and measurement of the mediator, before the outcome has developed. Although other
longitudinal analyses have confirmed these factors as predictive of TMD onset, this is the first study to demonstrate the
direction of effect and mediation. Although the indirect effect (i.e. mediated portion) was not statistically significant
(HR=1.15, 95% CL: 0.96, 1.38), it approached statistical significance. It is quite likely that other studies will report a

significant mediation effect.



This analysis extends findings of Buenaver et al. ® who showed that the effect of pain catastrophizing—the tendency to
magnify pain and ruminate upon it—among chronic myofascial TMD patients was mediated through poor sleep quality.
While the bootstrapping technique used in that analysis is intended to estimate indirect effects, the cross-sectional
study design precluded causal testing and lacked the rigor of a prospective design. ® Evidence of mediation in this
analysis adds to OPPERA’s time lagged analysis that revealed a progressive worsening of sleep quality prior during
follow-up prior to the emergence of pain symptoms. By contrast sleep quality remained stable among participants who
did not develop TMD. ** That analysis had investigated whether the putative effect of sleep quality was mediated by
increased sensitivity to experimental pain, but found no evidence of such mediation. ** Given the overlap and temporal
ambiguity between sleep disturbance, perceived stress and pain, it is not surprisingly that different causal configurations
have been proposed. For example, in a study of persistent pain nested within the prospective North Staffordshire
Osteoarthritis Project, investigators found that pain interference mediated both the effect of sleep disturbance on
probable depression, and the effect of probable depression on sleep disturbance. *° The is an upturn (worsening) in the
sleep and stress relationship during the last few follow-up periods, prior to TMD onset. It is reasonable to expect that
stress becomes substantially worse, due to life events for example, and aggravates sleep. However, stress would still be

observed to mediate sleep (and not the reverse).

It is also not unexpected that these clustered disorders share pathophysiological features and that they operate through
similar pain mechanisms . Perceived stress has been proposed as a unifying factor for this clustering. ** Several areas of
the central nervous system involved in pain processing—the thalamus, limbic system and prefrontal cortex—are also
engaged in sleep regulation and the stress response. Exposure to perceived stress also induces change in pain processing

pathways that can result in hyperalgesia. ***°

38,40

Stress disrupts mechanisms of neuroplasticity in brain structures that are
functionally abnormal in depression. The effect of stress on depression is amplified in carriers of the short allele of
the serotonin transporter gene promoter region (5-HTTLPR). Compared to individuals who are homozygous for the long
allele, those with one or two copies of the short allele of the 5-HT T promoter polymorphism have increased perceived

stress, depression, and greater norepinephrine secretion. 12

A heightened processing of noxious input common to psychological stress, sleep disturbance and pain. Atrophy of the
hippocampus and increased limbic area activation is also common to each. *>° Likewise, all show dysregulation of the
HPA axis and similar changes in levels of serotonin, brain-derived neurotrophic factor and proinflammatory cytokines
including tumor necrosis factor, inteleukin-1, and intelukin-6. ” An altered dopaminergic function in symptoms of these
disorders prompted Finan and Smith * to propose the mesolimbic dopamine system as a putative mechanism

underlying the comorbidity of these disorders.

Sleep disturbance is associated with activation of the hypothalamic-pituitary-adrenal (HPA) pathway ° and dysregulation
of cortisol activity. A recent study, in which baseline sleep disturbance (PSQl) predicted increased depressive symptoms
four months later, examined diurnal cortisol patterns in a mediation analysis. *® The idea was that disturbance of sleep
dysregulates HPA activity serving as a possible neurobiological mediator in its relationship with heightened depressive
symptoms. Findings showed that worse sleep quality in these participants was associated with less overall cortisol

output and a flatter diurnal cortisol slope, indicative of higher evening values. Both of these cortisol indices were related



to heightened depression symptoms and both had significant indirect effects®® The participants in this study were
prostate cancer survivors, so while the findings may not generalize to chronic pain, the relationship demonstrates
biological plausibility. Our own pilot case control study of chronic TMD found that TMD cases reported greater perceived

stress than controls, but had lower hair cortisol concentration than controls, suggestive of a dysregulated HPA pathway.
32

The major strengths of this analysis include OPPERA’s population-based prospective cohort design with repeated
assessments during a long follow-up and examiner-verification of TMD by experienced clinicians. OPPERA’s design
established the necessary temporal sequence and chain of relations to show the transmission of a predictor to an

outcome and observance of time-varying exposures.

The major limitation is that the validity of estimates of direct and indirect effect depends upon the assumption of no
unmeasured confounding of the associations between: sleep quality and first-onset TMD; sleep quality and perceived
stress; perceived stress and first-onset TMD; and that perceived stress and first-onset TMD were not confounded by
sleep quality. If there is an uncontrolled common cause of the mediator and outcome affected by exposure, estimates of
direct and indirect effects will be biased and cannot be interpreted causally. The length of follow-up was determined by
four key dates: the date of enroliment into OPPERA; the date that TMD developed; the date at which participants were
lost to follow-up; and the date that the study closed. This variability poses interpretive ambiguities if this study were to
estimate the relative risk of developing TMD. However, that potential pitfall was avoided by the use of Cox proportional
hazards regression. Because of its probability density function, these models take account of the cumulative probability
of developing TMD. This allows estimates to be accurate, irrespective of varying lengths of follow-up times between

participants.

In summary, this analysis demonstrates that the association between poor sleep quality and first-onset TMD is partially
mediated by perceived stress. Implicit in this finding is the possibility that interventions to improve sleep quality will
benefit patients in two ways: first, by reducing stress; and second, by reducing risk of developing painful TMD. Also
implicit is that stress processes exert unique effects on first-onset TMD and that stress itself requires clinical attention.
Further work is warranted to determine whether poor sleep quality contributes to the transition to persistent TMD and

to elucidate the biological mechanisms involved.
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Figure legends

Figure 1A and 1B: In the months prior to TMD onset, sleep quality (Figure 1A) and perceived stress (Figure 1B) worsened
for participants who became incident cases, relative to non-cases. Plotted values are mean (+ standard error) Sleep
Quality Numeric Rating score that has a potential range of 0—10 (Fig 1A) and mean (+ standard error) Perceived Stress
Scale score that has a potential range of 0—40 (Fig 1B). Data are from a nested case-control study of 258 future cases
and non-case pairs matched by study site, baseline Perceived Stress Scale score, and number of completed Quarterly
Health Update questionnaires. Statistically significant differences between future incident cases and non-cases in
perceived stress and sleep quality were evident in the two or three quarters before censoring as indicated by asterisk (*)

symbols.

Figure 2: The positive association between poor sleep quality (higher X-axis scores on the Pittsburgh Sleep Quality Index)
and perceived stress persisted throughout follow-up. Values on the Y axis are mean (95% confidence interval) Perceived
Stress Scale scores. The three plotted series are data from baseline, at first Quarterly Health Update, and final Quarterly

Health Update. The dotted vertical line at the value “5” on the X-axis indicates the threshold for poor sleep quality.

Figure 3A. The association of perceived stress and first-onset painful TMD mediated by poor sleep quality. The mediation
model is adjusted for study site, age, sex, and race/ethnicity. The predictor is perceived stress (PSS score reported by
each participant at baseline) dichotomized at the 69th percentile corresponding to <17=low stress versus >17=high
stress. The mediator is the continuous score on Sleep Quality Numeric Rating Scale (z-score transformed mean SQ-NRS
reported by each participant at quarterly follow-up visits). Values are covariate-adjusted hazard ratios (HR) and 95%
confidence limits (N=2,711).

Figure 3B. Mediational model of first-onset TMD. On the left side, the effect of stress on first-onset TMD is mediated by
poor sleep quality. On the right side, the effect of poor sleep quality and first-onset TMD is mediated by perceived
stress. Both mediation models are adjusted for study site, age, sex, and race/ethnicity. Poor sleep quality (Pittsburg
Sleep Quality Index (PSQI) global score at baseline) was dichotomized at <5=good sleep quality versus >5=poor sleep
quality. Stress is the continuous score on the Perceived Stress Scale (z-score transformed mean PSS score reported by
each participant at quarterly follow-up visits). Values are covariate-adjusted hazard ratios (HR) and 95% confidence
limits (N=2,650).
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Table legend

Table 1. Description of subjective sleep quality and perceived stress at baseline for all participants, OPPERA Prospective
Cohort Study, 2006-2011 (n=2,722).
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Table 1. Description of subjective sleep quality and perceived stress at baseline for all participants, OPPERA Prospective Cohort
Study, 2006-2011 (n=2,722).

Mean pss ©
(95% CL)

L. o (2) TMP incidence rate ., adjusted hazard Mean psql

Characteristics N (%) M()gi‘;r,;sw)‘m ratio (95% cL) (95% CL)
All participants 2,722 (100.0) 3.91(3.10, 4.94) 4.71 (4.60, 4.82)
Sex

Male 1,099 (40.4) 3.36 (2.53, 4.48) Referent 4.68 (4.51, 4.86)

Female 1,623 (59.6) 4.28(3.34,5.49)  1.28(0.99, 1.65) 4.73 (4.59, 4.87)
Age (y)

18-24 1,416 (52.0)  2.95(2.22,3.93) Referent 4.37 (4.22, 4.52)

25-34 732 (26.9) 4.45(3.32,5.97)  1.54(1.15,2.08) 4.74 (4.53, 4.95)

35-44 574 (21.1) 5.33(3.92,7.26)  1.86(1.34,2.59) 5.55 (5.31, 5.79)
Race/ethnicity

White 1,441 (52.9) 3.91 (3.04, 5.02) Referent 4.46 (4.31, 4.61)

African American 758 (27.9) 6.01 (4.35, 8.30) 1.54 (1.13, 2.08) 5.55 (5.34, 5.76)

Asian 256 (9.40) 1.50 (0.77, 2.95) 0.39(0.20, 0.76) 4.22 (3.87,4.57)

Hispanic 178 (6.54)  3.73(2.21,6.29)  0.95 (0.59, 1.55) 4.09 (3.67, 4.51)

Other 89(3.27) 3.36(1.54,7.30)  0.90(0.42, 1.94) 4.61 (4.00, 5.21)
psal

Good sleep (<5) 1,839 (68.9)  2.83(2.17,3.69) Referent

Poor sleep (>5) 829 (31.1) 6.36 (4.88, 8.27) 2.22 (1.73, 2.85)

Perceived stress
Low (£17)
High (>17)

1,869 (68.9)
987 (31.1)

3.21(2.48, 4.15)
5.46 (4.17, 7.17)

Referent
1.69 (1.32, 2.17)

4.05 (3.92, 4.17)
6.22 (6.03, 6.41)

14.4 (14.2, 14.7)

13.9 (13.5, 14.3)
14.8 (14.5, 15.1)

14.4 (14.1, 14.7)
14.3 (13.9, 14.8)
14.7 (14.2, 15.2)

13.7 (13.3, 14.0)
15.7 (15.3, 16.2)
15.9 (15.2, 16.7)
14.1(13.2, 15.0)
13.0 (11.7, 14.3)

12.9 (12.6, 13.1)
17.9 (17.5, 18.3)

(a) Subgroup numbers for some characteristics may sum to less than 2,722 due to missing data for that characteristic

(b)
(c)
(d)
(e)
(f)
(8)

Ratio of the hazard rates of first-onset TMD

Site adjusted, rate per 100 person-years

Pittsburgh Sleep Quality Index global score in which higher scores denote worse sleep quality
Perceived Stress Scale

Pittsburgh Sleep Quality Index | dichotomized at the threshold for poor sleep quality

Perceived Stress Scale score dichotomized at a cut-point to produce a distributional balance with poor sleep quality.

... hot applicable



Sleep Quality Rating Scale (mean = se)

Perceived Stress Scale (mean = se)
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Perceived Stress at enrollment
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[34) [38]
—— —
Indirect effect HR=1.15(0.96, 1.38) Indirect effect HR=1.29 (1.06, 1.58)
Psychological First-onset Poor sleep First-onset
distress Direct effect painful TMD quality Direct effect painful TMD
HR=1.49(1.25,1.80) HR=1.62(1.32,1.99)

Total effect HR=1.70 (1.42,2.04) Total effect HR=2.10 (1.76, 2.50)



HIGHLIGHTS

=  People with poor sleep quality report subsequent worsening of perceived stress

=  Poor sleep increases risk for TMD directly and indirectly via perceived stress

= Athird of the effect of poor sleep quality on TMD was mediated by perceived stress

= Improving sleep will reduce risk of both heightened stress and painful TMD



