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Introduction: Chronic pain is highly prevalent in US military Veterans. Non-opioid and non-pharmacologic treatments are 
recommended when clinically appropriate, but research on the mechanisms underlying benefits of these treatments is lacking. Here, 
we examined the role of sleep in the effects of three non-pharmacologic pain treatments in Veterans. Specifically, we investigated 
whether treatment effects on sleep predicted treatment effects on pain occurring later, or vice versa.
Methods: Veterans enrolled in a randomized controlled trial were invited to participate in this supplementary sleep study. A total of 174 
Veterans were randomized to one of three 8-session, in-person, group-based pain treatments: hypnosis, mindfulness meditation, or 
education control. Measurements included self-reported sleep disturbance, pain intensity, and pain catastrophizing; sleep duration was 
assessed with actigraphy. Sleep and pain measurements were obtained at baseline, posttreatment, and 3-month posttreatment follow-up.
Results: At baseline, average pain intensity was moderate (mean ± SD: 5.7 ± 1.7 on the 0–10 Numeric Rating Scale), pain 
catastrophizing was just below the clinically relevant threshold (mean ± SD: 28.6 ± 12.2 on the Pain Catastrophizing Scale), and 
subjective sleep disturbance exceeded the US population average (mean ± SD: 58.5 ± 8.1 on the Patient Reported Outcomes 
Measurement Information System Sleep Disturbance – Short Form). By contrast, objective sleep duration was consistent with the 
recommended daily sleep amount of 7–8 h for adults (mean ± SD: 8.3 ± 1.4 h). Across treatment conditions, pain intensity, pain 
catastrophizing, and subjective sleep disturbance were significantly less at posttreatment and 3-month follow-up than at baseline (p < 
0.001). Actigraphic sleep duration did not differ significantly as a function of time. There was a high degree of covariation among the 
measures of pain intensity, pain catastrophizing, and sleep disturbance (p < 0.05). However, self-reported sleep disturbance was not 
significantly correlated with actigraphic sleep duration (|r| <= 0.13, p > 0.05). Sleep and pain variables observed at prior assessments 
predicted these same variables at subsequent assessments. There was no significant evidence that changes in pain preceded changes in 
sleep or that changes in sleep preceded changes in pain (all p > 0.05).
Discussion: For this study’s Veterans, treatment-related changes in sleep and pain appeared to occur in parallel. The concomitant 
changes in sleep and pain suggest that therapies improving pain in Veterans may yield attendant benefits for the treatment of sleep, and 
possibly vice versa.
Keywords: chronic pain, complementary and integrative treatments, sleep, Veterans

Introduction
Chronic pain is highly prevalent in US military Veterans, at rates more than triple that of the general US adult population.1,2 

Severe pain that limits life and work activities affects 9% of Veterans.1 Guidelines for evidence-based medication prescribing 
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and safe opioid use from the US Veterans Health Administration call for the integration of non-pharmacological modalities for 
pain treatment.3 Use of non-opioid and non-pharmacologic treatments should be maximized as first-line options for chronic 
pain when clinically appropriate.4 Yet, research is lacking regarding which complementary and integrative treatments may be 
indicated for specific pain syndromes and what mechanisms support beneficial effects.

Complicating pain treatment, particularly among Veterans, are common comorbidities such as sleep dysregulation, mood 
disorders, substance use disorders, and Post Traumatic Stress Disorder (PTSD),5 all of which can potentially amplify pain 
symptoms and vice versa. PTSD occurs in half of all US Veterans with chronic pain6 and is disruptive to sleep, with frequent 
co-morbid problems of insomnia, nightmares, sleep-related breathing disorders, and parasomnia.7 The co-occurrence of pain 
with PTSD can also contribute to greater opioid use.8 Determining how non-pharmacological therapies affect this cluster of 
symptoms, particularly sleep, within a Veteran population may offer new insights for treatment.

It is commonly believed that there is a bidirectional relationship between pain and sleep,9,10 although understanding 
of the biological underpinnings of this relationship remains limited. Historically, it has been assumed that sleep 
disturbances are a direct result of chronic pain, and, therefore, treatment of chronic pain should resolve or improve 
sleep symptoms.11 However, studies have also found direct effects on pain when sleep is altered or fragmented.12,13 For 
example, experimentally induced sleep deprivation has been found to increase next-day pain.13,14 Moreover, one long-
itudinal study found that early changes in sleep were a stronger predictor of changes in pain than vice versa and that early 
self-reported sleep improvements predicted pain improvements over the course of a year.15

Theories explaining pain/sleep mechanisms include mediation by neurotransmitters (eg, dopamine, serotonin) or 
endogenous opioids, or by negative affect11 or reward16 pathways. Sleep deprivation has also been found to reduce pain 
thresholds17,18 and alter levels of interleukin-6,19,20 reflecting a potential inflammatory response to sleep loss.21,22 Given 
the consistent findings that individuals with both chronic pain and sleep disturbance generally experience more distress 
including greater pain severity, longer pain duration, and more pain-related disability,11 greater understanding of how 
pain affects sleep and vice versa remains an important goal.

It has been suggested that offering pharmacological and non-pharmacological approaches that can treat concurrent chronic 
pain and sleep disturbance is a logical next step.23 The demand for non-pharmacological treatments is heightened due to risks 
of commonly prescribed medications for pain and sleep (eg, opioids and benzodiazepines) that are compounded when taken 
together.13 Identifying effective non-pharmacological treatments for the frequently co-mingling symptoms of pain and sleep 
disturbance – and investigating whether treatment-related reductions in pain are a result of treatment-related improvements in 
sleep, or rather sleep improves as a result of reduced pain, or both – could lead to progress in both pain and sleep outcomes.

The current study is a supplementary study paired with a randomized clinical trial (RCT; Clinical Trials 
NCT02653664) investigating the efficacy of psychologically based non-pharmacological treatments for chronic pain in 
US Veterans with diverse chronic pain conditions.24 Each of the three study treatment conditions in the RCT included 8 
in-person group sessions, delivered by allied health professionals on staff at a large Veterans Health Administration (VA) 
medical system in the Northwest. The RCT investigated whether training in self-hypnosis and mindfulness meditation 
resulted in significantly greater pre- to post-treatment decreases in average pain intensity when compared to receiving 8 
sessions of an education control intervention. Protocol details have been previously published along with justifications 
for testing the chosen psychological treatments for effects on pain.25

For the present supplementary study, we sought to investigate the potential role of sleep in treatment-related 
improvements in pain. Given the potentially bidirectional relationship between pain and sleep,9,10 our research hypothesis 
was that changes in pain across the study would be accompanied by changes in sleep. We did not posit a priori any 
specific direction of the temporal relationship between changes in pain and changes in sleep. We pursued our investiga-
tion using a cross-lagged design, where the temporal relationship between observed effects (ie, changes in sleep 
preceding changes in pain, or vice versa) could shed light on the direction of the effect.

We recruited participants at the time of enrollment into the parent RCT. Supplementary study participants were asked 
to wear a wrist actigraph during the study and to complete additional self-report measures related to sleep. The specific 
aims of the supplementary study were to explore the reciprocal relationships between sleep and pain measures over time, 
focusing on changes from pretreatment baseline to posttreatment (at the end of the 8-week treatment period) to follow-up 
(3 months after the end of the treatment period). We aimed to (1) analyze and compare the effects of the three treatment 
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conditions on sleep and (2) determine whether sleep measures obtained through wrist actigraphy and by self-report 
predicted changes in pain occurring later, or vice versa, or whether changes in sleep and pain occurred in parallel.

Material and Methods
Participants
Study participants were US Armed Forces Veterans receiving health care services through a large VA medical system 
comprising two VA medical centers in the Northwest US. Participants were recruited into the parent RCT via clinical 
provider referrals, mailed invitations based on medical record screenings, and self-referral. The supplementary study was 
approved for funding in the third year of the parent RCT. Study staff approached all who subsequently enrolled in the 
parent RCT to participate in the supplementary study. Those who were interested in joining the supplementary study were 
asked to complete an additional informed consent. Of the 213 individuals approached, 184 (86%) enrolled in the 
supplementary study, and of these, 174 (95%) were randomized to treatment. The present investigation is based on the 
N = 174 Veterans who were randomized to treatment.

Participants were eligible if they had enrolled in the parent RCT after meeting the following criteria: Veteran status (defined 
as prior service in the US Armed Forces and eligible to receive health care services through the Veterans Health 
Administration); 18 years of age or older; self-reported presence of chronic physical pain; average pain intensity rating of 
greater than or equal to 3 on a 0–10 Numeric Rating Scale (NRS) of pain intensity in the last week;26 worst pain intensity rating 
of greater than or equal to 5 on the 0–10 NRS of pain intensity in the last week; duration of chronic pain 3 months or more; 
experiencing pain at least 75% of the time in the past three months; and able to read, speak, and understand English.

Participants were ineligible for the parent RCT and, therefore, this supplementary study if they met any of the 
following criteria: severe cognitive impairment defined as two or more errors on the Six-Item Cognitive Screener;27 

current or history of diagnosis of primary psychotic or major thought disorder as listed in participant’s medical record or 
self-reported within the past five years; hospitalization for psychiatric reasons other than suicidal ideation, homicidal 
ideation, and/or PTSD self-reported or noted in chart, within the past 5 years; psychiatric or behavioral conditions in 
which symptoms were unstable or severe as listed in participant’s medical record or self-reported within the past 6 
months; any behavioral issues noted in the medical record that would indicate the participant may be inappropriate in 
a group setting; presenting symptoms at time of screening that would interfere with participation, specifically active 
suicidal ideation with intent to harm self or active delusional or psychotic thinking; difficulties or limitations commu-
nicating over the telephone; any planned life events that would interfere with participating in the key elements of the 
study; and reported average daily use of greater than 120 mg morphine equivalent dose. No additional eligibility criteria 
were required for the supplementary study.

Participants were financially compensated for their time, earning up to $450 for assessments that were part of the 
primary study and an additional $150 if actigraphy devices were returned at all three data collection time points ($50 per 
time point). The supplementary study was approved by the Institutional Review Boards of the University of Washington, 
the VA Puget Sound Health Care System, and Washington State University. The investigation was carried out in 
accordance with the latest version of the Declaration of Helsinki.

Study Design
Veterans recruited into the supplementary study had been randomly assigned one of three treatments, each comprised of eight 
90-minute sessions delivered in person in a group format over an 8–12-week period: training in self-hypnosis (n = 61), training 
in mindfulness meditation (n = 56), or education control (n = 57). These treatments were based on those used in other trials by 
the investigators,28 and details are provided in the published protocol.25 Participants were asked to continue their usual pain 
and other medical treatments during the trial. Interventions were delivered by a variety of health professionals on staff at the 
VA medical center (ie, psychologists, nurses, occupational therapists) who received two days of training and delivered all three 
treatment conditions to groups of 3–12 participants. Treatment fidelity was maintained with twice monthly supervision by 
research investigators and monitored using adherence rating forms tailored for each condition. Average fidelity adherence 
ratings were 97% across the clinicians and conditions.
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The hypnosis condition involved training in self-hypnosis to mitigate pain under the premise that people can be trained 
to enter a state of focused attention that makes them more open to suggestions for making changes in perceptions, 
sensations, thoughts, and behaviors.29 Each hypnosis session included a scripted hypnosis activity comprising an induction, 
clinical suggestions, posthypnotic suggestions, and a posthypnosis alerting process, followed by discussion focused on 
encouraging home practice. In-session hypnotic inductions were 15–30 minutes in duration. All of the clinical suggestions 
included in the hypnotic sessions targeted some combination of increased comfort, increases in adaptive thoughts about or 
the meaning of pain, or improvements in comorbid symptoms thought to impact pain (eg, improved mood and optimism, 
relaxation, and sleep quality). Eight pre-recorded audio recordings were provided to the hypnosis condition participants, 
based on the hypnosis scripts that were used by the study clinicians during each of the eight-group sessions.

The mindfulness meditation condition sought to teach the regulation of attention decoupled from emotion, hypothesized to 
be a central mechanism across forms of mindfulness meditation,30 in conjunction with pain acceptance, under the premise that 
this underlies reductions in pain. The mindfulness meditation treatment used was based on manuals and techniques developed 
by members of the primary study investigative team.31,32 Participants in this condition were instructed on a combination of 
Shamatha meditation, which involves quieting the mind and maintaining focus on a specific object, as well as Vipassana, an 
open monitoring form of mindfulness meditation that acknowledges the mind’s sensory, emotional, or cognitive events while 
avoiding judgment.33 Each of the mindfulness meditation sessions included an in-session scripted practice, which lasted from 
3 to 45 minutes, as well as a guided inquiry that explored participants’ experiences with the practice and encouraged patient, 
gentle persistence in daily practice. The pre-recorded audio recordings provided for home practice included all of the 
meditation activities that were facilitated in the group sessions.

The education control condition served as an active control treatment, matched to the hypnosis and mindfulness 
meditation treatments on time, attention, and modality. The education control condition involved a combination of 
facilitated discussion and didactics to increase participants’ knowledge about chronic pain and efficacy in pain self- 
management. Sessions included didactic instruction and facilitated discussion about topics such as the biopsychosocial 
model, sleep hygiene, and mood. Audio recordings provided for home practice were 15–25 minutes in duration and 
included a review of information provided in the group sessions plus affirming messages for participating.

Procedure
Procedures for the supplementary study were integrated and synchronized with the procedures in the parent RCT. In 
addition to the study procedures for the parent RCT, participants in the supplementary study wore a wrist actigraph, 
completed a sleep diary for 7 days, and completed several additional self-report measures during each of three study 
assessment periods: pretreatment baseline, posttreatment after the 8 sessions, and 3-month follow-up. All assessments 
were conducted via structured phone interviews by trained staff members who were unaware of treatment allocation.25

Participants were blind to the study hypotheses and were told that each of the three conditions is a type of “pain self- 
management” intervention that previous individuals with pain found to be helpful. All research staff conducting 
recruitment and assessments were blind to the randomization assignment database, maintaining concealment of treatment 
allocation. All research staff conducting the outcome assessments were blind to treatment condition throughout the 
follow-up period. Study investigators were not blind to allocation but had minimal direct interaction with subjects. The 
biostatistician and data managers involved in data analysis for the parent RCT and supplementary study were blind to the 
intervention codes.

The sleep and pain data obtained at the three assessments for each of the three treatment conditions are the focus of 
the present paper.

Measures
Demographic Data
Prior to random assignment to the treatment conditions, all participants were asked to provide information regarding their 
age, self-identified gender, self-identified racialized group, self-identified ethnicity, marital status, income, education 
level, employment status, and deployment history (number and months of deployments). Descriptive information of the 
study sample was provided previously in a paper focusing on baseline variables and variables mediating the baseline 
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sleep–pain relationship.34 For the purpose of the present investigation, we report age, self-identified gender, self- 
identified racialized group, self-identified ethnicity, and pain type. Pain type was assessed and categorized as neuropathic, 
non-neuropathic, mixed/undetermined via the PainDETECT measure35 and Self-Report Leeds Assessment of 
Neuropathic Symptoms and Signs (S-LANSS).36

Sleep-Related Measures
Subjective Sleep Disturbance 
At each of the three time points, the 8-item Patient Reported Outcomes Measurement Information System Sleep 
Disturbance – Short Form (PROMIS-SD) was used to measure sleep disturbance.37 The PROMIS-SD assesses different 
aspects of sleep quality and daily impact of sleep over the past 7 days. As with most PROMIS measures, the raw scores 
are transformed into standardized T scores. The PROMIS-SD has been shown to be reliable and valid in adult 
populations with chronic health conditions.37 Higher T scores indicate more sleep disturbance.

Actigraphic sleep duration. At each of the three time points, participants were asked to wear an actigraph 
(Respironics Actiwatch 2, Philips Respironics, Bend, OR) on the wrist of their non-dominant arm continuously for 7 
consecutive days, 24 hours a day. The device measured rest/activity patterns across 1-minute intervals, which can be used 
to compute the durations of sleep periods (Actiware 6.0.4 software, Philips Respironics, Bend, OR). During this one- 
week period, they were also asked to complete a brief questionnaire each morning and evening and fill out a sleep log to 
provide estimates of time to bed, time to sleep, time awake and time out of bed. Guided by the participants’ sleep log 
data, sleep durations were quantified based on the software’s default algorithm, which has been validated against 
polysomnography.38 The actigraphically derived average daily sleep duration, calculated as the aggregated sleep duration 
divided by the total actigraphic recording time for each assessment, was used as an objective measure of sleep.

Pain-Related Measures
Pain Intensity 
At each of the three time points (baseline, posttreatment, and follow-up), the 0–10 Numeric Rating Scale (NRS) of pain 
intensity was used to assess average pain intensity as is recommended in clinical trials of pain treatments.26 Participants were 
asked to rate their average pain intensity during the past 24 hours on a 0–10 Likert scale (0 = “No pain” and 10 = “Pain as 
severe as it could be”). 0–10 NRS data were collected up to 4 times within one week at each time point in telephone calls 
separated by at least 24 hours and then an average was calculated.

Pain Catastrophizing 
At each of the three time points, the 13-item Pain Catastrophizing Scale (PCS) was used to measure catastrophic thinking 
related to pain.39 The PCS is a commonly used measure of pain catastrophizing with considerable support for its validity 
and reliability.39 Respondents indicate the frequency with which they have each of 13 catastrophizing thoughts listed in 
the measure on a 5-point Likert scale (0 = “Not at all”, 4 = “All the time”). Higher scores indicate a greater frequency of 
pain-related catastrophic thoughts. At baseline, Cronbach’s α for our sample was 0.93, indicating excellent reliability.

Statistical Analysis
Statistical analyses were performed using SAS 9.4 software. To describe the sample, descriptive statistics of demo-
graphics and baseline measurements were computed. Baseline differences between the three treatment conditions were 
evaluated with Fisher’s exact test for categorical variables and one-way analysis of variance (ANOVA) for continuous 
variables. Attrition at the posttreatment and 3-month follow-up assessments was also evaluated using Fisher’s exact test 
and one-way ANOVA.

To investigate the effects of treatment condition on each of the sleep and pain outcome measures, mixed-effects 
ANOVA was used, with fixed effects for treatment condition and time point and their interaction, and a random effect on 
the intercept. Planned contrasts were included for pairwise comparisons among time points, and to compare each of the 
active treatment conditions (ie, hypnosis and mindfulness meditation) to the education control condition at the posttreat-
ment and 3-month follow-up assessments. A power calculation performed in advance of the supplementary study 
indicated that a sample size of at least 117 Veterans would be expected to yield adequate statistical power (80% or 
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more at an overall type I error rate of 0.05) to detect differences in change from baseline to posttreatment between the 
active treatment conditions and the education control condition.

In order to examine whether subjective and objective sleep measures predicted later changes in pain variables, or vice 
versa, from baseline to posttreatment to 3-month follow-up, cross-lagged regression analyses of paired sleep and pain 
measurements were conducted,40 controlling for treatment condition at the posttreatment and 3-month follow-up 
assessments. Here, lagged reciprocal effects between paired sleep and pain measurements were of primary interest, 
and tested for significance with planned contrasts. Differences in self-report measurements tend to be stable and cluster 
among measures;41,42 therefore, the cross-lagged regression analyses were implemented to also account for autoregres-
sive carry-over effects and for concurrent reciprocal effects at the posttreatment and 3-month follow-up assessments. 
Goodness-of-fit was assessed relative to equivalent models without reciprocal terms and tested for significance using 
likelihood ratio tests. The cross-lagged regression analyses were repeated for each treatment condition separately.

Results
Demographic Characteristics of the Study Sample
The descriptive information of the N = 174 study participants is presented in Table 1 and was representative of the parent 
study sample. Participants’ ages were 53.0 ± 13.7 years (mean ± SD). Seventy-one percent were men, and the majority 
(62%) self-identified as being White (62%) and non-Hispanic (89%). Participants experienced a mix of pain types, most 
commonly probable neuropathic (42%). There was no significant difference in age between the treatment conditions 
(F2,171 = 2.40, p = 0.094); participants assigned to the hypnosis condition were slightly younger (50.1 ± 13.1 y) compared 
to the mindfulness meditation condition (55.5 ± 13.8 y) and the education control condition (53.7 ± 13.8 y). Fisher’s 
exact test revealed no significant differences between the three conditions in terms of self-identified gender (p = 0.49), 
pain types (p = 0.53), or self-identified race (p = 0.36), but there was a significant difference for ethnicity (5 self- 
identified as Hispanic in the hypnosis condition, 10 in the mindfulness condition, and 2 in the education control 
condition, p = 0.043). The median number of treatment sessions attended was 7 (out of 8).

Table 1 Demographics of the Baseline Sample of This Investigation (N = 174)

Mean ± SD or n (%)

Age (y) 53.0 ± 13.7

Self-Identified Gender
Female 48 (27.6%)
Male 124 (71.3%)

Transgender 2 (1.1%)

Self-Identified Race
American Indian/Alaskan Native 5 (2.9%)

Asian 6 (3.4%)

Black or African American 28 (16.1%)
Native Hawaiian or Other Pacific Islander 1 (0.6%)

White 107 (61.5%)

Other 7 (4.0%)
More than one race 19 (10.9%)

Undisclosed 1 (0.6%)

Self-Identified Ethnicity
Hispanic 17 (9.8%)

Non-Hispanic 154 (88.5%)

Undisclosed 3 (1.7%)
Pain Type

Probable nociceptive 33 (19.0%)

Mixed/undetermined 67 (38.5%)
Probable neuropathic 74 (42.5%)
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Baseline Sleep and Pain
Baseline scores on the PROMIS-SD were 58.5 ± 8.1 (mean ± SD), indicating greater subjective sleep disturbance than 
the US general population average by 0.85 standard deviation units. There was no statistically significant difference in 
baseline subjective sleep disturbance between treatment conditions (F2,171 = 0.05, p = 0.95). Baseline actigraphy data to 
quantify objective sleep duration were available for 139 participants, 80% of those who enrolled in the supplementary 
study. Participants wore their actigraphs for nearly a full week (6.9 ± 0.8 days). Baseline actigraphic sleep duration was 
8.3 ± 1.4 h (mean ± SD), in line with the recommended 7–8 hours of daily sleep for adults.43 There was a trend for 
a difference in baseline objective sleep duration between treatment conditions (F2,136 = 2.85, p = 0.061), with the 
education control condition obtaining on average 0.6 h more sleep per day than the other two conditions (p < 0.05 in 
planned contrasts for pairwise comparisons).

Baseline average pain intensity scores on the 0–10 NRS were 5.7 ± 1.7 (mean ± SD), indicating moderate pain 
severity. There was no statistically significant difference in baseline pain intensity between treatment conditions (F2,171 = 
1.63, p = 0.20). Baseline pain catastrophizing scores on the PCS were 28.6 ± 12.2 (mean ± SD), which at the mean is just 
below the clinically relevant threshold of 30.44 There was no statistically significant difference in baseline pain 
catastrophizing between treatment conditions (F2,171 = 0.51, p = 0.60).

Posttreatment and 3-Month Follow-Up Samples
The time interval between the baseline and posttreatment assessments was 78.3 ± 11.7 days (mean ± SD based on the 
actigraphy records). The time interval between the posttreatment and 3-month follow-up assessments was 93.0 ± 11.8 
days, and the time interval from baseline to 3-month follow-up was 170.8 ± 16.5 days (ie, 24.4 weeks on average).

A portion of the overall sample was lost to attrition at the posttreatment and 3-month follow-up assessments. At 
posttreatment, complete survey data were available for 158 (91%) of the enrolled 174 individuals, with actigraphy data 
available for 109 (63%). At the 3-month follow-up, complete survey data were available for 138 (79%) of enrolled 174 
individuals, with actigraphy data available for 88 (51%). Participants wore their actigraphs for nearly a full week both 
posttreatment (6.8 ± 1.0 days) and at 3-month follow-up (6.8 ± 0.7 days).

Attrition was higher among individuals self-identifying as Hispanic (29%) compared to those self-identifying as non- 
Hispanic (7%) at the posttreatment assessment (Fisher’s exact test, p = 0.012); and non-significantly among individuals 
identifying as Hispanic (35%) compared to those identifying as non-Hispanic (19%) at the 3-month follow-up (Fisher’s 
exact test, p = 0.12). Attrition was not significantly related to treatment condition at either time point (Fisher’s exact test, 
posttreatment p = 0.12, follow-up p = 0.50).

Of those withdrawing from the supplemental sleep study, 33% (19) withdrew from the parent RCT. The notably 
higher rates of attrition for actigraphy, as compared to survey data, were due to the additional burden of the 1-week 
periods of continuous actigraph wearing, poor participant adherence in returning the actigraphs after each data collection 
period, loss of communication with participants, and technical issues with a few of the actigraphy devices.

Differences in sleep and pain measures at baseline for participants who were lost to attrition at the posttreatment 
assessment were not statistically significant for subjective sleep disturbance (F1,172 = 1.48, p = 0.23), objective sleep 
duration (F1,140 = 0.92, p = 0.34), pain intensity (F1,172 = 0.05, p = 0.83), and pain catastrophizing (F1,172 = 0.59, p = 
0.44). Likewise, differences in baseline sleep and pain measures for participants who were lost to attrition at the 3-month 
follow-up assessment were not statistically significant for subjective sleep disturbance (F1,172 = 2.47, p = 0.12), objective 
sleep duration (F1,137 = 0.07, p = 0.79), pain intensity (F1,172 = 0.18, p = 0.67), and pain catastrophizing (F1,172 = 0.36, 
p = 0.55). As such, missing data at the posttreatment and 3-month follow-up assessments could be reasonably assumed to 
be missing at random (ie, not systematically related to the measurements) and all available data were therefore used for 
analyses, with data loss unlikely to bias the results.

Effects of Treatment Conditions Over Time
Figure 1 shows the sleep and pain data at each time point, both collapsed across treatment conditions (left panels) and 
stratified by treatment condition (right panels). Means and standard deviations for the data below are provided in Table 2. 
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Figure 1 Means (and SE) of sleep and pain measures across the three time points. Left: aggregated over treatment conditions. Right: stratified by the three treatments. 
Brackets indicate significant planned contrasts for pairwise comparisons between time points (left panels) and for pairwise comparisons between treatments at a given time 
point (right panels). *p < 0.05. 
Abbreviations: T1, pretreatment baseline assessment; T2, posttreatment assessment; T3, 3-month follow-up assessment; HYP, hypnosis condition; MM, mindfulness 
meditation condition; EC, education control condition.
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Although self-reported sleep disturbance and pain intensity effects were reported in the primary RCT as treatment 
outcomes,24 we repeated the analyses here to confirm the results in this supplementary study sample. Additional analyses 
on objective sleep and self-reported pain catastrophizing were not previously reported.

For subjective sleep disturbance, there was again a significant effect of time (F2,285 = 22.39, p < 0.001), but no 
significant effect of treatment condition (F2,285 = 0.01, p = 0.98) or treatment condition by time interaction (F4,285 = 0.43, 
p = 0.79). Subjective sleep disturbance decreased from baseline to posttreatment (F1,285 = 39.97, p < 0.001) and remained 
below baseline at 3-month follow-up (F1,285 = 1.37, p = 0.24). Planned contrasts showed no significant differences 
between the active treatment conditions (hypnosis and mindful meditation) and the education control condition post-
treatment or at 3-month follow-up.

For objective sleep duration measured with actigraphy, there was no significant effect of time (F2,185 = 1.24, p = 0.29) 
and no significant treatment condition by time interaction (F4,185 = 0.40, p = 0.81), but there was a significant effect of 
treatment condition (F2,185 = 3.24, p = 0.041). Objective sleep duration was greater in the educational control condition 
than in the other two conditions throughout the study. However, no pairwise comparisons with the control condition at 
the posttreatment and 3-month follow-up assessments were significant.

Consistent with the findings from the primary study in the entire sample,24 for average pain intensity, there was a significant 
effect of time (F2,290 = 20.26, p < 0.001), but no significant effect for treatment condition (F2,290 = 2.22, p = 0.11) or a treatment 
condition by time interaction (F4,290 = 1.44, p = 0.22). Average pain intensity decreased from baseline to posttreatment (F1,290 = 
29.49, p < 0.001) and remained below baseline at 3-month follow-up (F1,290 = 0.10, p = 0.75). Consistent with the results of the full 
sample in the primary study, the results for this supplementary study indicate a statistically significant difference in average pain 
intensity between the hypnosis condition and the education control condition at the 3-month follow-up assessment (F1,290 = 4.24, 
p = 0.040), with the hypnosis condition showing lower pain intensity. No other pairwise comparisons with the control condition at 
the posttreatment and 3-month follow-up assessments were statistically significant in the supplementary study sample.

Table 2 Means and Standard Deviations for the Sleep and Pain Data

Treatment Conditions

Overall Hypnosis Mindfulness Education

N Mean (SD) N Mean (SD) N Mean (SD) N Mean (SD)

Sleep Outcomes

PROMIS Sleep Disturbance
Baseline 174 58.48 (8.12) 61 58.76 (7.37) 56 58.30 (8.88) 57 58.36 (8.24)

Posttreatment 154 54.57 (9.16) 59 54.28 (9.10) 47 54.37 (10.19) 48 55.13 (8.31)

3-month follow-up 137 55.14 (8.45) 51 55.60 (8.37) 41 54.49 (9.83) 45 55.21 (7.24)

Actigraphic Sleep Duration (h)
Baseline 139 8.26 (1.43) 54 8.06 (1.30) 43 8.09 (1.28) 42 8.69 (1.65)
Posttreatment 109 8.42 (1.44) 42 8.19 (1.74) 36 8.35 (1.35) 31 8.80 (0.97)

3-month follow-up 88 8.36 (1.26) 30 8.10 (1.29) 30 8.53 (1.22) 28 8.44 (1.26)

Pain Outcomes

Average Pain Intensity
Baseline 174 5.67 (1.71) 61 5.35 (1.83) 56 5.87 (1.50) 57 5.81 (1.74)

Posttreatment 158 5.12 (1.90) 59 4.86 (1.92) 49 5.27 (1.81) 50 5.28 (1.96)

3-month follow-up 138 5.06 (1.93) 51 4.48 (2.01) 42 5.56 (1.84) 45 5.25 (1.78)

Pain Catastrophizing
Baseline 174 28.65 (12.20) 61 28.82 (11.36) 56 27.39 (13.01) 57 29.70 (12.34)
Posttreatment 154 22.50 (12.80) 59 22.03 (12.79) 47 21.60 (13.27) 48 23.95 (12.47)

3-month follow-up 137 22.81 (12.87) 51 20.88 (11.49) 41 21.75 (13.52) 45 25.95 (13.43)
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Likewise, for pain catastrophizing, there was a significant effect of time (F2,285 = 43.43, p < 0.001), but no significant effect 
of treatment condition (F2,285 = 0.89, p = 0.41) or treatment condition by time interaction (F4,285 = 0.77, p = 0.55). Pain 
catastrophizing decreased from baseline to posttreatment (F1,285 = 70.15, p < 0.001) and remained at a decreased level from 
posttreatment to 3-month follow-up (F1,285 = 0.24, p = 0.62). Planned contrasts showed no significant differences between the 
tested treatment conditions (hypnosis and mindful meditation) and the education control condition posttreatment or at 3-month 
follow-up, consistent with similar analyses conducted for the primary study sample.24

As shown in Table 3, there were statistically significant correlations among the sleep and pain measures in this study. 
In particular, the three self-report measures (assessing pain intensity, pain catastrophizing, and sleep disturbance) showed 
substantial covariation between and within time points, with greater sleep disturbance corresponding to greater pain 
intensity and greater pain catastrophizing, and vice versa. However, correlations between these self-report measures and 
actigraphic sleep duration were consistently weak and, with one exception, non-significant.

Cross-Lagged Regression Analyses
Figure 2 (top) presents the results of the cross-lagged regression analysis for pain intensity (0–10 NRS) and subjective 
sleep disturbance (PROMIS-SD) across the three time points. Goodness-of-fit of the cross-lagged regression model was 
statistically significant (χ2

8 = 37.6, p < 0.001). Pain intensity at prior assessments was significantly predictive of pain 
intensity at subsequent assessments; likewise, subjective sleep disturbance at prior assessments was significantly 
predictive of subjective sleep disturbance at subsequent assessments (horizontal arrows). The concurrent reciprocal 
relationships between pain intensity and subjective sleep disturbance at the posttreatment and 3-month follow-up 
assessments (vertical arrows) were statistically significant (p < 0.05) or showed a trend (0.05 ≤ p < 0.10). However, 
the cross-lagged reciprocal relationships (diagonal arrows) were not statistically significant. When the analysis was 
repeated for each treatment condition separately, the cross-lagged reciprocal relationships were again not statistically 
significant. Thus, rather than a causal, temporal relationship whereby subjective sleep disturbance predicted later changes 
in pain intensity or vice versa, our results suggest that changes in these measures occurred in parallel in the study sample.

Figure 2 (bottom) presents the results of the cross-lagged regression analysis for pain catastrophizing (PCS) and 
subjective sleep disturbance across the three time points. Goodness-of-fit of the cross-lagged regression model was 
statistically significant (χ2

8 = 73.3, p < 0.001). Like subjective sleep disturbance, pain catastrophizing at prior assess-
ments was significantly predictive of pain catastrophizing at subsequent assessments (horizontal arrows). The concurrent 
reciprocal relationships between pain catastrophizing and subjective sleep disturbance at the posttreatment and 3-month 

Table 3 Pearson Correlation Coefficients for the Pain and Sleep Measures at Baseline, Posttreatment, and 3-Month 
Follow-Up

N 1. 2. 3. 4. 5. 6. 7. 8. 9. 10. 11.

1. PI T1 174

2. PI T2 158 0.74
3. PI T3 138 0.74 0.81
4. PC T1 174 0.43 0.47 0.42
5. PC T2 154 0.33 0.47 0.39 0.75
6. PC T3 137 0.45 0.51 0.54 0.76 0.82
7. SSD T1 174 0.24 0.28 0.24 0.41 0.34 0.35
8. SSD T2 154 0.16 0.27 0.20 0.28 0.41 0.36 0.63
9. SSD T3 137 0.21 0.32 0.31 0.30 0.38 0.44 0.58 0.71
10. ASD T1 139 −0.02 −0.04 −0.01 −0.11 −0.14 −0.07 0.09 0.06 0.13
11. ASD T2 109 −0.20 −0.12 −0.09 −0.16 −0.16 −0.12 0.04 −0.03 −0.06 0.55
12. ASD T3 88 −0.10 −0.06 −0.04 0.06 −0.01 −0.13 −0.07 −0.02 −0.04 0.28 0.62

Note: Bold font represents statistical significance (p < 0.05). 
Abbreviations: PI, average pain intensity (from 0–10 NRS); PC, pain catastrophizing (from PCS); SSD, subjective sleep disturbance (from PROMIS-SD); 
ASD, actigraphic sleep duration; T1, pretreatment baseline assessment; T2, posttreatment assessment; T3, 3-month follow-up assessment; n, number of 
measurements.
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follow-up assessments were all statistically significant. Importantly, the cross-lagged reciprocal relationships at the 
posttreatment assessment (but not the 3-month follow-up assessment) were statistically significant as well.

When the cross-lagged regression analysis was repeated for the mindfulness meditation and education control 
conditions separately, none of the cross-lagged reciprocal relationships were statistically significant. However, for the 
hypnosis condition, all of the cross-lagged reciprocal relationships were significant. As shown in Figure 3, the 
corresponding regression coefficients were negative. As Table 3 revealed that there were no negative correlations 
between cross-lagged measurements pairs for pain catastrophizing and subjective sleep disturbance, these inverse cross- 
lagged reciprocal relationships (diagonal arrows) may be interpreted as tempering the overwhelmingly strong positive 
concurrent reciprocal relationships (vertical arrows) and autoregressive carry-over effects (horizontal arrows) – possibly 
a manifestation of regression to the mean. As with pain intensity, therefore, our results for pain catastrophizing and 
subjective sleep disturbance suggest that changes in these measures occurred mostly in parallel.

Figure 4 (top) presents the results of the cross-lagged regression analysis for pain intensity (0–10 NRS) and 
actigraphic sleep duration across the three time points. Goodness-of-fit of the cross-lagged regression model was 
statistically significant (χ2

8 = 186.1, p < 0.001). Like pain intensity, actigraphic sleep duration at prior assessments 
was significantly predictive of actigraphic sleep duration at subsequent assessments, albeit to a lesser degree. The 
concurrent reciprocal relationships between pain intensity and actigraphic sleep duration were not statistically significant, 
and the same applied for the cross-lagged reciprocal relationships. Our results suggest that changes in pain intensity and 
objectively measured sleep duration occurred in parallel.
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Figure 2 Cross-lagged regression analysis for measures of pain and subjective sleep disturbance. Top: pain intensity (PI. from 0–10 NRS) and subjective sleep disturbance 
(SSD, from PROMIS-SD). Bottom: pain catastrophizing (PC, from PCS) and SSD. Numbers shown are regression coefficients (with standard errors). Bold font represents 
statistical significance (p < 0.05), italicized represents a trend (0.05 ≤ p < 0.10). 
Abbreviations: T1, pretreatment baseline assessment; T2, posttreatment assessment; T3, 3-month follow-up assessment.
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coefficients (with standard errors). Bold font represents statistical significance (p < 0.05). 
Abbreviations: PC, pain catastrophizing (from PCS); SSD, subjective sleep disturbance (from PROMIS-SD); T1, pretreatment baseline assessment; T2, posttreatment 
assessment; T3, 3-month follow-up assessment.
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Figure 4 Cross-lagged regression analysis for measures of pain and actigraphic sleep duration. Top: pain intensity (PI, from 0–10 NRS) and actigraphic sleep duration (ASD). 
Bottom: pain catastrophizing (PC, from PCS) and ASD. Numbers shown are regression coefficients (with standard errors). Bold font represents statistical significance (p < 0.05). 
Abbreviations: T1, pretreatment baseline assessment; T2, posttreatment assessment; T3, 3-month follow-up assessment.
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Finally, Figure 4 (bottom) presents the results of the cross-lagged regression analysis for pain catastrophizing (PCS) 
and actigraphic sleep duration across the three time points. Goodness-of-fit of the cross-lagged regression model was 
statistically significant (χ2

8 = 362.7; p < 0.001). The concurrent reciprocal relationships between pain catastrophizing and 
actigraphic sleep duration were not statistically significant, and neither were the cross-lagged reciprocal relationships. 
Again, these results suggest that changes in pain catastrophizing and objectively measured sleep duration occurred in 
parallel.

Discussion
This supplementary study was part of a larger study of US Armed Forces Veterans with chronic pain who were 
randomized to one of three pain treatments: training in self-hypnosis, training in mindfulness meditation, or education 
control intervention. In the supplementary study, additional data were collected using self-report instruments measuring 
subjective sleep disturbance, pain intensity, and pain catastrophizing, as well as actigraphic assessments of objective 
sleep duration. These sleep and pain measurements were obtained at baseline, after the 8–12-week treatment period, and 
during 3-month follow-up. At baseline, average pain intensity scores indicated moderate pain severity;26 pain catastro-
phizing scores were just below the clinically relevant threshold;44 and sleep disturbance was greater than the US 
population average.45 However, actigraphic sleep duration was consistent with the recommended 7–8 hours of daily 
sleep for adults.43 In all three treatment conditions, pain intensity, pain catastrophizing, and subjective sleep disturbance 
decreased from baseline to posttreatment, and remained at a decreased (ie, improved) level at 3-month follow-up. 
However, objective sleep duration did not change significantly over time. Furthermore, subjective sleep and pain 
measures, but not objective sleep duration, were strongly associated at and between the three time points. 
Observations at prior assessments predicted observations for the same outcome variables at subsequent assessments. 
Results from cross-lagged regression analyses indicated that changes in sleep and pain occurred in parallel.

Despite the smaller sample of the supplementary study, findings with regard to pain intensity and subjective sleep 
disturbance were similar to those reported in the primary RCT.24 Here, we added the variables of pain catastrophizing and 
objective sleep duration. As in the primary RCT, the improvements over time from pre- to posttreatment were not significantly 
different between the two active treatment conditions (hypnosis and mindfulness meditation) compared to the education 
control condition. The observed improvements were sustained at the 3-month assessment, and at this time point, significant 
differences between treatment conditions emerged; hypnosis yielded a greater reduction in pain intensity than the education 
control condition. These findings align with previously reported benefits of hypnosis on pain intensity,46,47 pain interference,47 

and pain catastrophizing.48 However, the findings of this sleep study differed from the primary RCT in that for the latter, 
significant improvements were noted in the mindfulness meditation condition relative to the education control condition at 
3-month follow-up. The smaller sample of the supplementary study could explain this difference.

Unexpectedly, objective sleep duration was greater in the educational control condition than in the other two 
conditions. However, this condition difference was already present at baseline, and thus likely reflects idiosyncratic 
variability among individuals assigned to the different conditions. Objective sleep duration was relatively unchanged 
over time despite improvements over time in subjective sleep disturbance. This likely reflects a ceiling effect on objective 
sleep duration – in the absence of significant sleep insufficiency, increases in sleep duration are limited by the circadian 
drive for wakefulness from the endogenous biological clock.49

The divergence between objective and subjective measures of sleep in this study suggests that in our sample of 
Veterans, reduced sleep quality rather than reduced sleep quantity was the predominant effect of pain on sleep. Prior 
research suggests that sleep disturbances may present a barrier to treatment engagement and therefore contribute to 
attrition rates in Veteran studies of web-based cognitive-behavioral therapy.50 Further research could examine whether 
subjective poor sleep quality contributed to the inability of this sample of Veterans to maximize the potential benefits of 
the treatments provided.

Also of note, while this study restricted eligibility to Veterans who had not been hospitalized for PTSD within five 
years, our previous investigation found more than half of the participants scored above the clinically relevant threshold 
for PTSD as measured by the PTSD Checklist 5 (PCL-5).34,51 PTSD was also significantly correlated with subjective 
sleep disturbance.34 The interplay between sleep, pain, and PTSD among Veterans is an area worthy of further attention. 
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Similarly, other mental health conditions that we did not investigate in this study are known to impact sleep and pain and 
may have influenced study outcomes. Baseline levels of depression and anxiety have been previously reported as higher 
on average than those of healthy normal US populations for participants in this supplementary sleep study sample.34

The study design provided an opportunity to examine whether changes in sleep preceded changes in pain measures, or 
vice versa, or whether sleep and pain changed in parallel, among Veterans with chronic pain. The correlations in Table 3 
imply that the observations for the self-report measures were highly stable within individuals across the three time points. 
This was seen for actigraphic sleep duration as well, but to a lesser extent. In the cross-lagged regression analyses, a high 
level of consistency in measurements over time within individuals was also observed. Although pain intensity and 
subjective sleep disturbance at prior assessments were significantly predictive of pain intensity and subjective sleep 
disturbance at subsequent assessments, the cross-lagged reciprocal relationships were not statistically significant for any 
of the treatment conditions. It appears that in the participants of this supplementary study, changes in sleep and pain over 
time were distinct phenomena occurring in parallel.

It is possible these findings reflect limitations of the time intervals between measurements and examining group data versus 
individual outcomes; high between-subjects variability could hamper the ability to detect causal patterns. However, it is also 
possible that the findings reflect true bidirectionality of the relationship between pain and sleep, as previously suggested by 
others.9,10,52 Studies have shown that sleep disturbance increases next-day pain,12–14 and thus it stands to reason that improve-
ments in sleep could result in improvements in pain. Similarly, it is well known that pain interferes with sleep,10–12,53 and thus 
improvements in pain could result in improvements in sleep. Further, the two pain treatments in this study may have 
independently improved sleep as well. Training in self-hypnosis and mindfulness meditation have each been used effectively 
to improve sleep,54–57 albeit those therapies focused on sleep disturbances specifically; it is not clear whether the interventions 
have a more generic influence on next-night sleep regardless of the treatment content. Nonetheless, the hypnosis and mindfulness 
treatments for chronic pain employed in this study could have produced changes in sleep and pain that were truly simultaneous, 
either through parallel mechanisms or through a single mechanism with multiple concurrent effects.

Limitations of the study include the loss of actigraphy data exceeding the overall attrition rates of the supplementary 
study. This data loss reduced the sample size for the actigraphy measurements to below the pre-assessed threshold for 
adequate statistical power and may have limited our ability to detect associations between sleep and pain in the cross- 
lagged regression analyses. Additionally, our ability to investigate temporal relationships between sleep and pain was 
constrained by the time intervals between the baseline, posttreatment, and 3-month follow-up assessments. Specifically, it 
is possible that changes in sleep precede changes in pain, or vice versa, at shorter time scales, and this would have gone 
unnoticed in our study design.

The ability to detect whether improvements in sleep predict improvements in pain may also have been limited by the 
fact that the baseline pain intensity was moderate, pain catastrophizing was just below the clinically relevant threshold, 
sleep disturbance was less than one standard deviation higher than the mean of the general population, and sleep duration 
was in line with the recommended level for healthy adults. While the observed levels of pain and sleep disturbance are 
not insignificant, outcomes may have been different if individuals with more clinically significant chronic pain or sleep 
disturbance had been enrolled. Results may not generalize to populations with more severe degrees of pain or greater 
levels of pain catastrophizing.

Conclusions
Assessing the role of sleep within the context of novel non-pharmacological pain treatments is necessary to understand 
therapeutic mechanisms and, potentially, to reveal underlying causal relationships. It remains unclear whether treatment- 
related reductions in pain are a result of improvements in sleep disturbance, whether sleep disturbance improves as 
a result of reduced pain, or both. Our findings corroborated previously reported benefits of training in self-hypnosis and 
mindfulness meditation on both pain and pain-related sleep problems, but did not show that changes in sleep preceded 
changes in pain or vice versa in the study sample. That is, for the Veterans participating in this study, changes in sleep 
disturbance and pain appeared to occur in parallel. These parallel changes in sleep disturbance and pain suggest that, just 
like treatments improving pain may yield benefits for sleep, treatments improving sleep may yield benefits for pain in 
populations experiencing chronic pain.
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