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ABSTRACT

Introduction: Insufficient sleep increases pain sensitivity in healthy individuals. Additionally, extending
sleep (eg, increasing nocturnal sleep time or adding a mid-day nap) has been shown to restore pain
sensitivity to baseline levels in sleep deprived/restricted individuals. Whether sleep extension can reduce
pain sensitivity beyond baseline levels in non-sleep restricted/deprived individuals remains unknown.
Methods: In a sample of 27 healthy, pain-free, normally-sleeping individuals (17 males, mean age
~24 yrs), we examined the impact of five nights of sleep extension on pain sensitivity. Pain threshold
(elapsed time until the participant reported pain) and pain tolerance (total time the participant kept the
hand submerged in the cold water) were measured using the Cold Pressor Task. Furthermore, we
assessed the extent to which self-reported sleep amount in relation to the minimal subjective sleep
requirement for adequate performance (sleep credit) was associated with pain sensitivity changes.
Results: On average individuals slept almost 2 extra hours per night. Our results indicate that sleep
extension increases pain tolerance beyond baseline levels. However, sleep extension did not impact pain
threshold. We also found that individuals with a smaller sleep credit (ie, those who habitually obtain less
sleep than they feel they need) experienced greater increases in pain tolerance after extending sleep.
Conclusions: The present findings suggest that sleep extension may increase pain tolerance but not pain
threshold in healthy individuals who normally sleep the recommended amount. Our findings also
support the idea that sleep credit may be a strong indicator of sleep debt in the context of pain
sensitivity.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

In pain-free, healthy individuals total sleep deprivation has
been shown to exacerbate self-reported pain measures |[7],

The existence of a ‘vicious circle’ relationship between insuffi-
cient sleep and pain sensitivity has been shown for a number of
disorders including rheumatoid arthritis [ 1], fibromyalgia [2,3]; and
symptoms such as lower back pain [4] (reviewed in Ref. [5]).
Likewise, it has been shown that sleep loss exacerbates pain
sensitivity independently of pathology. In a large-scale study of
more than 10,000 individuals in which the presence of pathology
was controlled, self-reported sleep disturbances (eg, taking a long
time to fall asleep, insomnia) were found to be a significant pre-
dictor of increased pain sensitivity [6].
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including (but not limited to) musculoskeletal tenderness [8,9], as
well as heat and cold sensitivity [10]. Likewise, chronic sleep re-
striction (ie, multiple days with less-than adequate sleep) has
been found to reduce pain thresholds [11,12] — effects that are
reversed by recovery sleep (ie, extended sleep following sleep
loss) [12—14]. However, to our knowledge, the effects of sleep
extension (ie, increased nightly sleep durations relative to
habitual, baseline sleep) on pain sensitivity have not been tested
in healthy individuals.

Accordingly, in the present study we assessed the association
between sleep extension and pain sensitivity (as measured on the
Cold Pressor Task) within a healthy, pain-free non-sleep restricted
sample of individuals with normal sleep habits. We hypothesized
that sleep extension would improve pain sensitivity in non-sleep
deprived individuals.
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2. Methods
2.1. Participants

Twenty-eight healthy, pain-free volunteers participated in our
study. Participants were recruited via flyers posted at local colleges,
universities and military installations. The Institutional Review
Board at the Walter Reed Army Institute of Research approved the
study. Participants provided written informed consent and were
compensated monetarily for their participation. Study participants
first completed questionnaires to determine eligibility based on
physical and psychological health; as well as sleep habits and
chronotype (described in more detail below). If eligible for our
study, participants underwent a physical examination including a
12-lead electrocardiogram and evaluation of blood and urine
samples to determine general health (including pregnancy and
drug use). In order to reduce inter-subject variability in nighttime
sleep, participants who self-reported habitual nightly sleep
amounts outside the target range of 6—9 h nighttime lights-out
times earlier than 2100 h on average during weeknights, morning
wake-up times later than 0900 on average during weekdays, and
habitual napping more than three times a week were excluded.
Participants who reported consuming more than 400 mg of caffeine
daily, on average, were also excluded. Participants were scheduled
to complete a one-night in-laboratory overnight sleep screening,
where sleep and breathing were monitored using a portable
wearable device (Embletta MPR PG, Natus, Pleasanton, CA) to rule
out sleep disorders. During the physical examination, participants
who had a history of dermatological conditions that may increase
risk and/or discomfort under cold temperatures (eg, open skin
wounds, chilblains, skin and peripheral vascular diseases, etc.) were
excluded. Participants with a history of neurological disorders,
chronic pain, heavy alcohol use defined as fourteen drinks or more
per week, tobacco use and psychiatric disorders were also
excluded. Additionally, a score >41 on either side of the State Trait
Anxiety Inventory a score >13 on the Beck Depression Inventory,
and scores <31 or >69 on the Horne Ostberg Morningness-
Eveningness Questionnaire (MEQ-indicative of extreme morning
or evening preference) rendered the participants ineligible to
participate in the study [15]. In total, 105 individuals were screened
for this study, and 28 completed the protocol.

2.2. Experimental design

Participants wore a wrist actigraph device during the entire
duration of this 24 days long study. Fig. 1 depicts the flow of events
for this study. During the first 14 nights, participants slept at their
home. During the subsequent two nights participants were
requested to sleep in our sleep laboratory with a fix time in bed

Schedule of Events
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Fig. 1. Study design. Avg: average; NS Indicates p-value greater than 0.05; ** indicates
p-value < 0.01; CPT = Cold Pressor Task; KSS = Karolinska Sleepiness Scale.

from 11PM to 7AM [Time in bed (TIB): 8 h]. During the subsequent
five sleep extension nights, bedtime was 9PM to 7AM (TIB: 10 h).

The Cold Pressor Task was administered at 10:00 AM following
both (a) the first night that they slept in the laboratory and (b) the
fifth night of extended sleep. Caffeine use was allowed for the first
12 days of the study but prohibited for the remainder of the study
(ie, beginning 48 h prior to initiation of the full-time in-laboratory
phase and continuing through the last day of sleep extension
[confirmed with daily logs and urinalyses each time participants
came to the lab]).

2.3. Measures

2.3.1. Actigraphy

For the entire duration of the study, participants wore an Acti-
watch 2 (Philips Respironics, Murrysville, PA) wrist actigraph, on
their non-dominant wrist. Activity data was collected in 30-s
epochs. Sleep-wake status for each 30-s epoch was computed us-
ing the Actiware 6.0.9 scoring algorithm [16,17]. Average sleep
duration was calculated for the 10-day period prior to the baseline
sleep, five days of baseline sleep and five days of the extended sleep
period.

2.3.2. Sleep credit

Participants reported their typical sleep duration during (a)
weeknights and (b) weekend nights by responding to the following
questions: (a) “How much do you typically sleep on weeknights?”
and (b) “How much do you typically sleep on weekend nights?”.
Furthermore, participants were asked to complete the following
statements on subjective sleep need “If I get less than __ hours of
sleep, I notice an impairment in my ability to function at work”.
Self-reported average sleep duration for weeknights and weekend
nights was then used to calculate the weighted average habitual
sleep (in hours). “Sleep credit” was conceptualized as the difference
between the weighted average habitual sleep and the subjective
sleep needed [18]. Thus, sleep credit was calculated as the differ-
ence between how much sleep a person says they need to function
normally versus how much they say they have been getting.

2.3.3. Karolinska Sleepiness Scale

The Karolinska Sleepiness Scale (KSS) is a validated 9-point
Likert scale used for the assessment of sleepiness. The KSS was
administered between 8 and 9AM (prior to the Cold Pressor Task)
and in the evening 7—8PM on both the last day of the baseline
phase and the last day of the extension phase. The two daily time
points were averaged to determine sleepiness levels for that
experimental day.

2.3.4. Cold Pressor Task

The cold pressor task (CPT) is a pain stressor task that induces
pain by the submersion of the hand in a bath of cold water (5 °C)
[19]. For this assessment we used the Thermo Scientific™ A28
refrigerated bath circulator (Thermo Scientific Waltham, MA).
Participants verbally reported when they first perceive the cold-
water stimulus as causing discomfort (pain threshold) by saying
“Now,” and then removed their hand when the pain became un-
bearable (pain tolerance). Unknown to the participants, the
maximum permitted immersion time was 300 s. Pain threshold
(elapsed time until the participant reported pain) and pain toler-
ance (total time the participant kept the hand submerged in the
cold water) were expressed in seconds, and using the raw values for
each time point, we calculated the difference between baseline and
extension (extension values minus baseline values), or delta (A), for
each variable.
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2.4. Statistical analyses

SPSS 23 (Armonk, NY) was used for statistical analyses. One
participant was excluded from analyses because of a large circadian
shift during the two-week period prior to participation (detected
via actigraphy). Ten participants were at ceiling for pain tolerance
at baseline. For the main statistical analyses, repeated measures
ANOVA tests were used to assess whether sleep extension influ-
enced within-subject change in pain sensitivity (including both
pain threshold and tolerance). In our main model, the within-
subject factors were sleep condition (baseline, extension) and
pain sensitivity (tolerance, threshold). Two sets of tests were con-
ducted — one including the whole sample and one excluding in-
dividuals at ceiling for tolerance during baseline.

Correlations were determined for several factors: sleep credit (a
lower number indicates a lower sleep reserve prior to experimen-
tation), change in sleepiness levels between baseline and extension
(sleepiness A; a lower number indicates sleepiness decreased),
change in pain tolerance (To A; a lower number indicates pain
tolerance decreased), and change in pain threshold (Th A; a lower
number indicates pain threshold decreased).

3. Results

Of the 27 individuals who participated, 17 were males. Average
age was 24.41 years old (SD = 5.29, 19—39 years). Table 1 shows the
general demographics of the sample. Sleep duration was signifi-
cantly higher during the sleep extension phase (average
562.4 + 32.9 min) than during five-day baseline (441.9 + 60.8 min)
and during the 10 days prior to the baseline period
(455.1 + 52.2 min). There were no differences in terms of sleep
duration between the five-day baseline period and the 10 days
prior. There was a small improvement in subjective sleepiness
ratings following sleep extension, although not statistically signif-
icant [baseline average 3.86 + 1.28; extension average 3.48 + 1.72; t
(25) = 1.38; p = 0.18].

Ten participants were at ceiling for pain tolerance at baseline
(300 s). These participants did not differ from the others in terms of
their sleep durations during the first night in lab [t (25) = 0.16,
p = 0.88], or during the 14 days prior to testing [t (25) = —0.85,
p =041].

A repeated measures ANOVA was applied to determine whether
sleep extension affected pain tolerance and threshold. A main effect
of condition [F (1,26) = 6.21, p = 0.019; partial eta squared = 0.19]
revealed that sleep extension increased both pain tolerance and
pain threshold. There was no significant condition by pain measure
interaction [F (1,26) = 1.89, p = 0.18]. When participants who were
at ceiling for pain tolerance at baseline were removed from the
analyses, the main effect of condition remained significant [F

Table 1
Participant demographics.

Metric Mean or N Std. Dev. or %

Age (Mean, SD) 2441 5.29

Women (n, %) 10 37.04%

Body Mass Index (Mean, SD) 24.59 3.12

Weekly Self reported 53.93 6.96
sleep duration [hours] (Mean, SD)

10 days prior mean 455.1 52.2
sleep duration [minutes]® (Mean, SD)

5 nights baseline mean 4419 60.85
sleep duration [minutes]® (Mean, SD)

5 nights sleep extension mean 562.4 32.87

sleep duration [minutes]® (Mean, SD)

¢ Actigraphy measures.

Table 2
Correlations between sleep credit, sleepiness and pain outcomes.

Sleep Credit KSS Sleepiness A Pain Threshold A
KSS sleepiness 0.23
Pain threshold A -0.12 043
Pain tolerance A —0.5* -0.19 -041

Bold indicates trend level significance (p-value between 0.05 and 0.1). Bold and *
indicates p-value < 0.05. KSS Sleepiness morning and evening values are averaged.

(1,16) = 7.58, p = 0.014; partial eta squared = 0.32], and a significant
condition by pain measure interaction was found [F (1,16) = 4.55,
p = 0.049; partial eta squared = 0.22]. Post-hoc paired-sample t-
tests revealed that pain tolerance increased significantly following
sleep extension, although there was no significant effect on pain
threshold. The average pain tolerance at baseline was
63.70 + 12.45 s compared to an average of 96.64 + 21.22 s following
sleep extension [t (16) = —2.45, p = 0.026]. The average pain
threshold at baseline was 18.29 + 3.40 s compared to an average of
21.23 + 3.65 s following sleep extension [t (16) = —1.88, p = 0.08].
Finally, there was a significant negative correlation between
sleep credit and pain tolerance with lower sleep credit associated
with greater sleep extension-induced increases in pain tolerance. In
other words, individuals who reported habitually not satisfying
their subjective sleep need at baseline (low sleep credit) experi-
enced a larger pain tolerance increase following sleep extension (ie,
experienced a greater benefit from sleep extension) (see Table 2).

4. Discussion

The present findings indicate that sleep extension may result
in increased pain tolerance in healthy individuals with normal
sleep habits. Pain threshold, however, was not significantly
affected by sleep extension. Additionally, individuals with a
smaller sleep credit (ie, those who habitually obtain less sleep
than they feel they need) realized greater increases in pain
tolerance from sleep extension. Those with the greatest subjective
habitual sleep debt might therefore obtain greatest benefit from
extending sleep.

The current study replicates and extends results from prior work
in which sleep duration and pain sensitivity were studied. To our
knowledge, there have been only two previous studies on sleep
extension and pain sensitivity [14,20]. In the first, which was con-
ducted in a laboratory setting, mildly sleepy (based on a Multiple
Sleep Latency Test (MSLT) score < 8 min) individuals were
randomly assigned to one of two groups: the control group main-
tained their normal nighttime sleep routine, and the experimental
group extended their nighttime sleep (by a mean of 105 min) [14].
This study revealed that four nights of sleep extension reduced pain
sensitivity, using a radiant heat method. However, an important
difference between that study and the present study is that the
aforementioned study sample consisted of mildly sleepy in-
dividuals, whereas all subjects in the present study had self-
reported nighttime sleep durations and subjective daytime sleep-
iness levels that were within normal limits. Our results replicate
their findings using different but conceptually related methods.
First, we utilized a different quantitative pain testing modality, but
also observed decreased sensitivity to pain attributable to extended
sleep. Second, although our sample consisted of normal sleepers,
our finding that sleep credit covaries with pain tolerance following
sleep extension dovetails nicely with their results, and suggest that
sleep extension might be most fruitful for those who objective or
subjectively carry some sleep debt.

A second extant study was performed in a clinical setting on
patients undergoing knee replacement surgery [20]. Prior to



G. Simonelli et al. / Sleep Medicine 54 (2019) 172—176 175

surgery, patients were randomized into two groups: the first group
was instructed to maintain their habitual nighttime sleep schedule,
and the second group to extend their sleep. The sleep extension
group, extended their sleep by an average of one hour and reported
lower pain ratings (on a visual analog scale), and less pain man-
agement medication use relative to the group who maintained
their typical nighttime sleep schedule. However, in this study, there
was no objective sleep data prior to starting the intervention. It is
therefore not known whether these patients' habitual sleep was
within normal limits prior to intervention.

The present study is the first to report that sleep extension
seems to reduce pain sensitivity in non-sleepy, healthy young
adults — ie, in individuals free of pain-inducing pathology with
normal sleep/wake habits. Similarly, the present study is the first to
link sleep credit with an improvement in a behavioral task. This
finding is noteworthy, as it may indicate that in the context of
recommended hours of sleep, sleepiness may not be a suitable
subjective tool to assess individuals sleep reservoir.

4.1. Sleep, emotion and pain

Pain threshold and tolerance are functionally distinct: although
pain threshold seems to be determined predominantly by physio-
logical factors, it is thought that pain tolerance is influenced by both
physiological and cognitive/emotional factors [21]. Therefore, it is
possible that sleep's positive impact on pain tolerance is, at least
partially, mediated by the well-established effects of sleep on
emotion regulation [22].

Sleep modulates the brain response to aversive emotional
stimuli in humans [23]. Functional brain imaging studies have
shown that sleep loss results in reduced prefrontal cortical activity
[23,24], which in turns results in apparent disinhibition of activity
in the amygdala, and increased emotional lability [24—26]. Like-
wise, recent work has suggested that sleep extension increases
prefrontal-amaygdala connectivity [27]. Of course, it is also known
that prefrontal cortices mediate the cognitive and emotional
regulation of pain [28,29]. In fact, it has been suggested that this
brain region is the primary mediator of downstream analgesic ac-
tivity and/or emotional responsivity [21]. Thus, it is reasonable to
hypothesize that increased sleep leads to increased top-down
regulation of pain.

4.2. Strengths and weaknesses

The present study is the first in which both baseline sleep and
sleep extension were conducted in a highly controlled laboratory
environment with normal, healthy volunteers who had been
screened for sleep disorders and pain history, and whose habitual
sleep was within recommended limits. Another strength of this
study is the use of the CPT, an instrument with excellent two-week
test-retest stability for pain threshold and pain tolerance, at least in
a young population, similar to the one in this study [30,31].

There are some limitations that warrant discussion. First, there
was no control group to rule out the possibility that the observed
changes in pain tolerance were due to other unmeasured factors.
For instance, improvement pain tolerance could have been due to a
habituation effect rather than sleep extension. Without a control
group, we are unable to conclusively state that sleep extension
benefits pain tolerance. However, the high test-retest reliability of
the CPT is actually restrictive in terms of statistical power and we
observed an effect of the extension manipulation and the sleep
credit index. Moreover, a habituation-based interpretation of
enhanced pain tolerance does not fit with the observed and robust
covariance between sleep credit and post-sleep extension changes
in pain tolerance. Future research should aim to replicate these

findings with a matched control group and preferably with a
crossover design. Second, our study was restricted to healthy
young adults, therefore potentially limiting the generalizability of
our results to other populations (eg, chronic pain conditions, older
adults, etc.). Finally, we did not use the MSLT, the current gold
standard for the assessment of sleepiness. However, the KSS, a
validated tool used to assess situational sleepiness [32], indicated
that our participants were overall alert — their scores were within
normal limits at baseline, and improved only slightly following
sleep extension. This was expected because one of the study
eligibility requirements was self-reported habitual sleep duration
of at least 7 h per night — consistent with the nightly sleep dura-
tions recommended by the American Academy of Sleep Medicine
and the Sleep Research Society [33]. The habitual sleep duration of
7 h for our sample was also confirmed with actigraphy.

5. Conclusions

The present findings suggest that sleep extension may increase
pain tolerance but not pain threshold in normal, healthy, young
adults with normal sleep/wake schedules. Our findings also sup-
port the idea that sleeping in relation to the minimal subjective
sleep requirement for adequate performance may be a strong in-
dicator of sleep debt in the context of pain sensitivity. The impli-
cations of these preliminary findings are broad, and include, for
example, the possibility that interventions to enhance sleep might
prove useful as part of a prophylactic pain management strategy
that is initiated prior to surgery, physical therapy, physically
demanding tasks or intense athletic performance.
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