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INTRODUCTION

Chronic pain is a major health problem worldwide11. There is comparably little known 

about the dynamic relationships between the biological mechanism(s) that contribute to the 

development of chronic pain, nor how to reduce its burden on everyday life.10 However, it is 

well established that chronic pain conditions are often associated with insufficient sleep, 

which in turn is a predictor of persistent pain symptoms in both general populations and 

those with chronic pain.1,7,25,40

Experimental sleep restriction/disruption studies in healthy adults have found associations 

between shorter sleep durations and increased reports of new onset spontaneous pain.13,14,36 

A recent population-based study also showed that short total sleep times are associated with 

reports of moderate to severe pain.45 Further, experimental data have demonstrated that 

sleep restriction reduces pain thresholds, which supports the observed relationships between 

insufficient sleep and increased pain sensitivity in experimental and population-based 

studies.18,20,24,26,31,33,36,41 Improving sleep quantity and/or quality also reduces pain 

sensitivity in healthy participants32 and pain severity in chronic pain patients.37,44 These 

data suggest a bi-directional relationship between sleep and pain; however, the mechanistic 

linkage has yet to be elucidated.

Abnormalities in central pain-modulatory circuits may be one pathway through which sleep 

deficiency contributes to chronic pain vulnerability, as reduced pain inhibition and enhanced 

pain facilitation are associated with increased vulnerability to chronic pain (reviewed 

by38,48). Experimental sleep disruption has been shown to impair pain inhibitory function, as 

assessed with a cold pressor paradigm as the conditioning stimulus and pressure pain as the 

test stimulus.36 Insomnia disorder has been associated with lack of central pain inhibitory 
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modulation, as assessed with a hot water stimulus as the conditioning stimulus and a heat 

pulse sequence as the test stimlus15 and, in clinical pain populations, short sleep duration 

mediates reductions in conditioned pain modulation, as assessed with cold water paradigm 

as the conditioning and mechanical pain applied via an algometer as the test stimulus.19 

Habituation to non-threatening noxious stimuli, a process related to central inhibitory 

modulation,2,3 has also been observed to be reduced or absent in chronic pain disorders.8 

These data suggest that insufficient sleep may play an important role in physiological 

processes that control vulnerability to chronic pain.

Data on the influence of sleep on pain-facilitatory circuits, as measured by heightened 

temporal summation (an index of central sensitization) are limited.17,47 A single night of 

sleep loss did not affect temporal summation in humans, but did reduce pain thresholds.34 

However, in a clinical setting, temporal summation of pain increased in osteoarthritis 

patients in association with low sleep efficiency4. This suggests that insufficient/disrupted 

sleep may induce sensitization to pain, which is in part mediated by the central nociceptive 

system. More research is needed to better understand whether more chronic exposure to 

insufficient sleep reliably affects pain-facilitatory and/or pain-inhibitory circuits.

Given that sleep serves the function of maintaining bodily normal physiological processes 

and that dysregulation of sleep promotes pain,7 we propose that chronic exposure to 

insufficient sleep is one means by which central pain-modulatory circuits become less 

functional. We hypothesized that repeated exposure to experimentally restricted sleep with 

limited recovery sleep, as often occurs when sleep is reduced during the week and extended 

on weekends16,22,23,42,46, would be associated with compromised habituation to repeated 

painful stimuli and increases in pain facilitatory pathways.

METHODS

Experimental sleep model

To experimentally mimic commonly reported patterns of sleep restriction on work/weekday 

nights and sleep recovery on non-work or weekend nights 35, we utilized an experimental 

model of three consecutive weeks, each beginning with five nights of sleep restricted to 4h/

night (0300–0700h) followed by two nights of 8h recovery sleep (2300–0700h, Figure 1). 

The sleep control condition consisted of three consecutive weeks with a sleep opportunity of 

8h/night. In an intra-individual balanced, randomized design, each participant underwent 

two 25-day in-hospital stays (restricted sleep condition and sleep control condition) 

separated by longer than 2 months. Each 25-day stay started with an adaptation and a 

baseline day, followed by three weeks of either repeated exposure to sleep restriction/

recovery or control sleep, and ended with an additional night of full sleep (totaling 25 days).

Participants

The study was approved by the Institutional Review Board for the Protection of Human 

Subjects at the Beth Israel Deaconess Medical Center (BIDMC). Participants were recruited 

via internet postings and flyers in the Boston area. Seventeen healthy young women and men 

were studied (9 men, 8 women). The mean age of female participants was 25.1+/− 1.0 years 
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(range 20–32y) and the mean age of male participants was 24.7+/−1.2 years (range (19–

31y). Fourteen participants completed the entire study (two 25-day-in-hospital stays); three 

participants only completed one of the two in-hospital stays due to changes in work/family-

related reasons. Thus, the women/men ratio in the sleep control sleep condition was 8/8 and 

7/8 in the sleep restriction condition. Participants were screened to ensure good health, 

including documentation of habitual nightly sleep duration between 7–9 hours based on 10–

14 days of sleep diary recordings; absence of sleep disorders based on questionnaires and 

polysomnography (PSG); absence of any medical or psychiatric disorders determined by 

questionnaires, diagnostic interviews, physician’s medical history and physical examination, 

and blood and urine chemistry; and absence of regular medication use (except oral 

contraceptives).

Study Protocol

The two 25-day in-hospital stays (restricted sleep and control sleep conditions) were 

conducted in the Clinical Research Center of the BIDMC. Participants were randomized to 

the order of experimental conditions (i.e., the first stay being sleep restriction or control) on 

the first day of the first 25-day hospital stay. Intensive 24h recordings were obtained on 

seven out of the 25 days (baseline night, every 5th day of restricted/control sleep and every 

2nd night of recovery/control sleep in each of the three weeks). These intensive recording 

periods included PSG, blood and urine sampling, and pain testing. Ratings of spontaneous 

pain were assessed on computerized visual analog scales every four hours throughout 

waking periods. The research environment was tightly controlled, and protocols were 

designed to minimize potential differences between restricted sleep and control sleep in-

hospital stays (full documentation in Simpson et al.).35

Measurements

Spontaneous pain was assessed every 4 hours during the waking periods of the protocol 

using computerized visual analogue scales (AsWin, programmed by Martin Rivers & 

Associates). Participants had to rate the intensity of their generalized body pain and 

headaches, as well as back, abdominal and muscle pain. Participants used the arrow keys to 

slide the cross-hatch on the scale either to the right or the left, and the rating was stored on 

the computer in measurement units between 0 and 100.

Ratings (five per day) were aggregated across the daytime periods (0700–2300h) of each 

study day for statistical analysis. This method of assessment has previously been used 

successfully to capture spontaneous pain experiences following single episodes of sleep 

restriction.13,14 In addition, the Pain Level Scale (PLS) was administered prior to each pain 

testing protocol on paper, in order to control for spontaneous pain experienced directly 

before the testing session. The PLS is a standard 0–10 scale used to rate pain in medical 

settings, where 0 indicates ‘no pain’ and10 indicates ‘worst pain’.

Pain testing protocol—Pain testing started at 2pm on each of the intensive recording 

days (baseline, every 5th and 7th day of each of the 3 weeks), and lasted about 20 minutes. 

The mid-day 2pm time point was selected to avoid circadian influences on morning alertness 

or evening sleepiness and associated influences on pain processing. Participants remained in 
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a comfortable chair with room temperature at the individual comfort level. Potential 

spontaneous pretest pain was assessed prior to pain testing using the pain level scale (PLS). 

The following three pain testing protocols were administered:

1. Warmth detection threshold (WDTh) was assessed using the TSA-II 

NeuroSensory Analyzer (Medoc, Minneapolis, MS). A Peltier thermode, size 30 

x 30 mm2 was secured on the inner palm of the hand contra-lateral to the arm 

used for blood drawing. From a baseline temperature of 32°C, the thermode was 

heated at a rate of 0.5°C/sec. Participants were requested to press a button at the 

first instant they detected the sensation of warmth. The stimuli were presented 

four times with inter-stimulus interval of 10 seconds. The mean of the responses 

determined the participant’s warmth detection threshold (WDTh). WDTh has 

been used previously to demonstrate that insufficient sleep is associated with 

alterations in pain processing specifically, rather than reflecting a general change 

in somatosensory processing.18

2. Heat pain threshold (HPTh) was obtained using the same method described 

above for WDTh. The stimuli were presented four times at a rate of 0.5°C/sec 

and inter-stimulus interval of 10 seconds. Heat pain thresholds have been 

observed to decline in models of acute sleep loss as a reflection of increased pain 

sensitivity.18,20,24,26,31,33,36,41 Both WDTh and HPTh were performed on the 

thenar eminence of the hand contra-lateral to the arm used for blood drawing.

3. Cold pressor test (CPT) was used to determine cold pain tolerance and temporal 

summation of pain. The CPT was performed on the hand that was not used for 

blood sampling in the general protocol to prevent interference. Participants were 

asked to insert their hands in a temperature-controlled water bath (Techne® 

water baths, Bibby Scientific US, Burlington, NJ) maintained at temperature of 

2–3° C. Participants rested their hand on a plastic rack positioned in the middle 

of the water bath to keep the level of hand immersion constant and the forearm 

was insulated from coming in contact with the rim of the cold metal container. 

Participants were instructed to keep their hand immersed until the cold sensation 

became painfully unbearable, after which they were to immediately remove it 

from the bath. Cold pain tolerance was calculated as the time between hand 

immersion and removal from the water bath. The maximal immersion duration 

was 180 seconds. Increases in cold pain tolerance time are likely reflective of 

habituation to painful stimuli. However, it should be noted that habituation to 

pain has been largely tested using heat stimuli paradigms2,3, and validations for 

cold pain have not yet been conducted. To our knowledge, habituation in 

response to noxious stimuli following experimental sleep loss has not previously 

been studied. VAS scales presented on paper were used to rate pain intensity 

across the cold pressor test, with the instruction to draw a vertical line to indicate 

the intensity of the sensation on a scale of 0–100 where 0 indicated ‘no 

sensation’ and 100 indicated ‘very intense sensation’. VAS endpoints were 

anchored using ‘sensation’ endpoints rather than pain (e.g., “very intense pain”) 

to minimize participant expectations that a particular level of sensation will be 

experienced as painful (or not). Ratings were obtained prior to and for every 10 
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sec during the water immersion period. These ratings were used to assess 

progressive increases in pain perception over time as a measure of temporal 

summation of pain. While a single night of acute total sleep loss was not found to 

affect temporal summation34, to our knowledge, temporal summation of pain has 

not yet been characterized under conditions of chronic sleep restriction, nor has 

the impact of subsequent sleep recovery been assessed.

Statistics

The main analysis employed linear mixed modeling with condition (restricted sleep vs. 

control sleep) and study day (baseline, 5th [restricted/control sleep] and 7th [recovery/control 

sleep] day of each of the 3 weeks) as fixed factors, and participants and participants x day as 

random factors. The baseline day was used as a covariate in order to account for pre-study 

inter-individual differences. Accordingly, data in graphs depict estimated means from mixed 

model analysis. Since baseline day was used as covariate, significance of interaction as well 

as main condition effects were considered appropriate for follow-up post-hoc testing of 

single time points. In order to test whether an outcome variable showed a response decrease 

(habituation) or response increase (sensitization) across consecutive weeks of exposure to 

sleep restriction, only the 5th restriction day of each of the three weeks were used for mixed 

model analysis. All analyses were also conducted with a baseline general pain rating as an 

additional covariate, in order to control for potential interference of immediate pre-test 

spontaneous pain. For cold pressor-induced immersion time and temporal summation 

testing, time (times at which pain ratings were reported: 0, 10, 20, and 30 seconds) were 

entered as additional fixed factors in linear mixed modeling.

The following variables were entered as outcome variables, with the alpha value of rejection 

set to p≤0.05:

1. Subjective ratings of generalized body pain, headache pain, as well as back, 

abdominal, muscle and joint pains. Ratings at each site were aggregated to a 

single daytime mean (0700–2300) across each of the seven intensive recording 

days.

2. Warmth detection threshold (WDTh) and heat pain threshold (HPTh), averaged 

across the set of four assessments conducted during each of the seven intensive 

recording days.

3. Cold Pressor test (CPT):

a. Cold pain tolerance time (in seconds) of hand immersion in cold water 

bath;

b. Temporal summation of cold pain ratings of progressive increases in 

pain at 10s intervals while hand immersed in cold water. Both variables 

were assessed once during each of the seven intensive recording days. 

Analyses included ratings for the first 30 seconds of cold water 

exposure only; at this cut-point, the majority (65%) of participants were 

still engaged in the testing (longer time frames captured less than 50% 

of data points).
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Graphs and text present the estimated mean ± standard error of mean (SEM) based on mixed 

model analyses.

RESULTS

Spontaneous pain ratings

Average ratings of generalized body pain, headache, back, and abdominal pain were 

significantly higher in the sleep restricted compared to the control sleep condition (all 

p≤0.05 for condition effect, see Figure 2). Ratings of muscle and joint pain, while on 

average higher in the restricted sleep condition, did not differ significantly from those of the 

control group. Within the restricted sleep condition, ratings did not systematically increase 

(or decrease) across consecutive weeks of sleep restriction (all p>0.10 for comparisons for 

the 5th day of sleep restriction between week 1, 2, and 3).

Experimental pain testing

Warmth detection thresholds (WDTh) did not show a significant difference between the 

restricted and control sleep condition (condition or condition by day interaction effect 

p>0.08).

Heat pain thresholds (HPTh) showed a significant difference between the restricted and 

control sleep conditions (p≤0.05 for condition effect). As shown in Figure 3, HPTh 

decreased significantly in the first week of sleep restriction in comparison to the control 

sleep condition, and were still significantly lower following two nights of recovery sleep in 

week 1. However, during subsequent exposures to sleep restriction (week 2 and 3), heat pain 

thresholds gradually returned to baseline values and no longer differed significantly from the 

control sleep condition.

Cold pressor test (CPT)—Cold pain tolerance showed a significant difference between 

restricted and control sleep conditions (p≤0.05 for condition effect). As shown in Figure 4, 

cold pain tolerance time increased in the control sleep condition by 24.0±11.4 sec from 

baseline to week 3, demonstrating the predicted habituation effect. In sleep restricted 

participants, however, cold pain tolerance increased by only 9.5±7.8 sec over the same 

period, indicating that comparably less habituation occurred (see Figure 4).

Figure 5 presents results from the temporal summation of cold pain. These analyses included 

ratings for the first 30 sec of cold water exposure only; at this cut-point, the majority (65%) 

of participants were still engaged in the testing (longer time frames captured less than 50% 

of data points). As can be seen in Figure 5, pain accumulated (summates) faster in the sleep 

restricted condition and the overall mixed model analysis indicated a significant condition 

and condition by time interaction effect (both p≤0.05). When analyzing testing days 

separately, this effect was significant during the sleep restriction testing days of week 2 and 

3 (p≤0.05 for condition effect), as well as during the recovery testing days of week 1 and 3 

(p≤0.05 for condition effect, indicating that summation of pain remained significantly higher 

across multiple weeks of sleep restriction and recovery sleep. While pain overall summated 

faster in the sleep restriction condition when compared to the control condition, there was no 
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indication of a progressive increase or decrease across the repeated exposure to sleep 

restriction (p>0.10 between sleep restriction exposure of week 1, 2 and 3).

DISCUSSION

This study is the first to examine the domains of pain experience, sensitivity, and modulation 

in an experimental model of chronic insufficient sleep with limited recovery opportunity. We 

observed that several markers of spontaneous pain increased significantly with sleep 

restriction, paralleling previously reported findings 13,14,36 and that this elevation continued 

across the repeated weeks of sleep restriction without further amplification. In contrast, heat 

pain thresholds (HPTh), while significantly decreased following the first week of sleep 

restriction, habituated to non-significant differences between sleep restriction and control 

groups across the second and third weeks of sleep restriction. The acute HPTh finding from 

the first week of sleep restriction is in line with many studies reporting decreased heat or 

pressure pain thresholds after a single exposure to sleep loss;20,24,26,31 heat pain thresholds 

have not been studied previously under chronic conditions.

As hypothesized, tolerance to cold pain showed less habituation in the sleep restriction 

condition compared to the control sleep condition. Further, though the between-group 

difference was small, temporal summation, occurred at a significantly faster pace in the 

sleep restriction condition; this difference was maintained across the study period. Together, 

these findings demonstrate that when sleep deficiency is prolonged, the ability to habituate 

to evoked cold pain appears to decline. This finding differs from the subjective reporting of 

spontaneous pain and pain thresholds, which were not increasingly affected by the repeated 

exposure to restricted sleep. The physiological processes by which habituation to painful 

stimuli diminish under conditions of experimental sleep deficiency has not previously been 

studied. However, reduced habituation to painful heat stimuli has been linked to 

deterioration of central pain inhibition circuits, which can profoundly inhibit the experience 

of incoming painful stimuli.2,27,29 Thus, if the capacity to inhibit pain is reduced, 

habituation to pain cannot occur. This proposed link between chronic sleep loss, decreased 

habituation to painful stimuli and alterations in pain-inhibitory systems is supported by 

findings that pain-inhibitory circuits (tested directly) deteriorate in a model of experimental 

sleep disruption, as well as in individuals suffering from insomnia disorder.15,36

It is important to note that changes in pain habituation as assessed with the cold pressor test 

did not occur with the first week of sleep restriction, but rather emerged with more chronic 

exposure in weeks two and three. This suggests that reductions in pain habituation in acute 

models of experimental sleep loss are less likely to be observed, a hypothesis that is 

supported by previous research examining the (null) impact of one to three nights of sleep 

restriction on pain inhibition, a process related to pain habituation.21,36 Further, our findings 

suggest that changes in the habituation process with chronic sleep loss do not normalize 

quickly, as demonstrated by a lack of restoration to baseline with two nights of recovery 

sleep following the sleep restriction periods in weeks two and three. Thus, it appears that 

some chronicity of exposure to sleep loss is required to observe changes in ability to 

habituate to painful stimuli, but, once present, may require an extended recovery period to 

normalize.
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Another potential mechanistic pathway that may underlie the observed failure to habituate is 

alterations in pain-facilitatory processes, i.e., temporal summation of pain. The centrally 

mediated process of temporal summation is frequently used as an indicator of central 

sensitization,47 or increased responsiveness of central pain transmission neurons located in 

the dorsal horn to incoming pain signals. In this study, ratings of pain intensity during 

immersion of the hand in cold water was used as an indicator of the summation of pain. 

Typically, heat or pressure pain paradigms have been used for the assessment of temporal 

summation; knowledge on the usefulness of cold pain paradigms is very limited. In the 

current study, cold pain intensity ratings increased faster in the sleep restriction-recovery 

condition, suggesting the presence of increased temporal summation. Using heat or pressure 

pain stimuli, temporal summation of pain has been shown enhanced in many chronic pain 

conditions, including temporomandibular joint disorder28, low back pain9, fibromyalgia39, 

and osteoarthritis.4 Similar to our pain habituation results, temporal summation of pain did 

not differ during acute sleep restriction in week 1, but differed with exposure to sleep 

restriction-recovery patterns in weeks 2 and 3. Of note, the presence of increased temporal 

summation of pain also persisted after the intermittent recovery sleep periods, similarly 

suggesting that more extensive recovery sleep is required to normalize alterations in this 

process.

In contrast to our findings that processes of habituation and sensitization to evoked cold pain 

were affected only with chronic exposure to insufficient sleep, the pain thresholds were 

observed to be altered only under conditions of acute sleep loss (week 1). Heat pain 

thresholds dropped by approximately 2°C in week 1 and remained lower after two nights of 

recovery sleep when compared to the control sleep condition, where thresholds remained 

stable across the protocol (Figure 3). Decreases in pain thresholds have been reported in 

numerous laboratory sleep loss studies of one to three nights.18,20,24,26,31,33,36,41 These 

results indicate that acute total sleep deprivation or restriction is associated with increased 

pain sensitivity. However, our findings suggest that this acute effect does not persist with 

more chronic exposure to insufficient sleep, as demonstrated by a gradual normalization of 

pain thresholds in weeks 2 and 3. Together, these findings suggest that decreases in heat pain 

thresholds are transient and normalize with longer exposures to restricted sleep with limited 

recovery periods.

Similarly, while spontaneous pain intensity ratings were mildly but significantly elevated 

during sleep restriction, they returned to baseline during subsequent recovery periods and 

overall did not show a pattern of a continued change upon repeated exposure to sleep 

restriction. This is similar to previous findings that elevations of spontaneous pain following 

experimental sleep loss normalize rapidly following a single night of recovery sleep.13,14,36 

This suggests that the experience of spontaneous pain is not directly related to the observed 

deterioration of habituation and sensitization to cold pain under conditions of repeated 

exposure to sleep restriction and recovery, a conclusion that has also been supported by 

previous research5 and are similar to sustained elevations in physiological stress markers 

(e.g., cortisol, IL-6 positive monocytes) presented in an earlier paper published from this 

study protocol35. These findings suggest that the processes mediating spontaneous pain, pain 

thresholds, pain habituation, and pain summation involve different synaptic or endocrine/

inflammatory mechanisms.
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While this is one of the first investigations to explore mechanisms that may underlie the 

relationship between sleep deficiency and chronic pain, use of the cold pressor test comes 

with methodological limitations and may not be the optimal methodological approach to 

assess temporal summation of, or habituation to, pain. The cold stimulus paradigm has not 

been studied rigorously for sensitization of the nervous system and, therefore, validation for 

cold pressor test is limited at present. Interpretations of the current study findings are limited 

by the fact that the test likely involves not only cold nociception as the noxious trigger, but 

also changes in the local vasculature. This dual noxious trigger may have contributed to 

large observed variability of cold pain tolerance in our study, which limited the number of 

valid trials. Follow-up studies will need to utilize well established assessment methodologies 

for temporal summation, using heat and pressure stimuli.6,12,15,30 Furthermore, while we use 

the term ‘habituation’ to describe the phenomenon of an increase in pain tolerance across 

study days, the effect may be better described as sensory adaptation or fatigue. By using the 

term habituation, we aimed to follow terminology used in recent studies that also 

investigated stimuli response changes across days (rather than minutes)2,3. However, given 

that the noxious triggers associated with the cold pressor test are less clear, our findings need 

to be interpreted with caution, and follow-up studies utilizing traditional assessment 

approaches are warranted.

In conclusion, while pain threshold or pain sensitivity changes may be a robust marker of 

acute experimental sleep deficiency, we observed that abnormalities in processes related to 

habituation and sensitization of cold pain emerge with more chronic rather than acute forms 

of sleep deficiency. Given that alterations in these processes may contribute to the risk of 

developing chronic pain disorders,38,48 findings from this study may identify one pathway 

through which chronic sleep deficiency is linked to chronic pain. While exciting, 

generalizations that can be drawn from the current study are limited by the small sample 

size. There may be individual differences in vulnerability to chronic pain via altered pain 

processing mechanisms, or sensitivity to the effects of sleep loss,43 that are not illuminated 

by our study findings. Our preliminary analyses suggest that gender did not play a 

significant role in pain processing outcomes; however, the study was not powered to detect 

these differences. Nonetheless, we believe that findings from the current study contribute to 

our understanding of the bi-directional relationship between sleep and pain, specifically that 

exposure to chronic insufficient sleep may result in alterations of pain modulatory processes 

that in turn may increase vulnerability to chronic pain conditions. Further, our findings also 

suggest a potential clinical pathway through which this vulnerability may be reduced: 

through behavioral, or potentially pharmacological, interventions to improve sleep quality 

and quantity.
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Fig. 1. 
Study protocol: Repeated exposure to sleep restriction-recovery patterns
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Fig. 2. 
Ratings of pain complaints during repeated exposure to sleep restriction-recovery patterns. 

Data were averaged across daytime hours (0700–2300), and present estimated means from 

mixed model analysis. *p<0.05 between conditions.
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Fig. 3. 
Changes in heat pain thresholds (HPTh) habituate across repeated exposure of sleep 

restriction and recovery.

Simpson et al. Page 15

Pain. Author manuscript; available in PMC 2019 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 4. 
Cold pain tolerance (CPT) increases in the control sleep group, but shows less habituation 

across repeated exposure to sleep restriction. *p<0.05 between conditions.
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Fig. 5. 
Temporal summation of pain during the first 30 sec of the cold pressor test. Time 0 indicates 

ratings directly before immersion of hand into cold water bath. P<0.05 for condition and 

condition by time effect in mixed model analysis. P values in graph indicate condition effect 

for days separately.
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