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Abstract

Background and Aims—A substantial portion of the population suffers from chronic pain
leading to significant health care costs and lost productivity. Loss of sleep duration and quality are
widely reported in patients suffering from a variety of acute or chronic pain conditions.
Conversely, sleep loss has been known to elevate pain perception; thus a potential bi-directional
relationship exists between sleep deprivation and pain. To date, the majority of studies examining
the relationship between experimentally induced pain and sleep loss have focused on the
measurement of pain threshold. Additionally, despite evidence of sex differences in ratings of
perceived pain, previous studies examining pain following sleep loss have not probed for sex
differences. We examined the effects of 24-hour total sleep deprivation (TSD) on perceived pain
during a 2-minute cold pressor test (CPT). We hypothesized that TSD would augment perceived
pain and that women would demonstrate an elevated pain response compared to men.

Methods—Testing was carried out in 14 men and 13 women. All subjects reported to be
nonsmokers with no history of cardiovascular disease, autonomic dysfunction, asthma, or diabetes.
All female subjects were free of oral contraceptive use, and were tested during the early follicular
phase of the menstrual cycle. Trial order was randomized and testing sessions (Normal sleep (NS)
and TSD) were separated by approximately one month. Subjects immersed their left hand, up to
the wrist, in an ice water bath (~1°C), and perceived pain was recorded every 15 seconds from a
modified Borg scale (6-20 arbitrary units a.u.).

Results—Perceived pain responses during CPT were augmented following TSD (Al1.2 a.u.; time
x condition, p<0.05). The augmented pain response following TSD was noted when perceived
pain was expressed as mean (NS A7.0+0.5 vs. TSD A8.2+0.5 a.u.; p<0.05) or peak (NS A8.9+0.6
vs. TSD A10.2+0.5 a.u.; p<0.05) perceived pain. The effects of TSD on perceived pain were
similar in both men and women (condition x time x sex, p>0.05).
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Conclusions and Implications—We conclude that TSD significantly augments perceived pain
during CPT, but this response was not sex dependent. These findings support emerging evidence
that adequate sleep represents a relevant, and cost effective, preventative/therapeutic strategy to
reduce self-perceived pain in both men and women.
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1. INTRODUCTION

Approximately 19% of adult Americans suffer from some form of persistant pain[1]. The
economic cost of chronic pain in terms of health care and lost productivity in the United
States is estimated somewhere between $560 and $635 billion per year [2]. Understanding
the processes involved in pain sensation, and developing cost-effective strategies for the
management of pain are of clinical and economic importance.

Most humans spend nearly one-third of their lives sleeping, and proper sleep hygiene is
critical to overall health and wellness. Unfortunately, there has been a steady decline in both
sleep duration and quality in humans of all ages over the past 30 years. Epidemiological
studies report an association between chronic pain and sleep loss [3-8], and it is widely
accepted that the relationship between pain and sleep loss is bidirectional. As such,
treatment strategies remain complex and dependent upon which condition (pain vs. sleep
deprivation) is believed to be the primary modulator. Nevertheless, sleep represents a cost-
effective, nonpharmaceutical strategy for pain management.

Cooperman et al. [9] was the first to report a decrease in cutaneous pain threshold as
measured with von Frey hairs in six male subjects during a 60 hour sleep deprivation
protocol. In more recent years, the observations made by Cooperman et al. [9] have been
supported using a variety sleep loss paradigms and methods of stimuli in humans [10-13].
However, these studies have primarily focused on assessment of pain threshold. In contrast
to pain threshold analyses, sustained cold noxious stimuli have been shown to produce
greater pain ratings that more closely mimic clinical pain conditions than pain threshold
analysis [14]. To our knowledge, no studies have examined the influence of experimentally-
induced 24-hour total sleep deprivation (TSD) on sustained pain elicited by a classic cold
pressor test.

Finally, while several studies have examined the influence of sleep deprivation on pain
threshold [9-11, 15], these studies have not probed into potential sex differences. This is
surprising because there is considerable evidence indicating sex differences in pain ratings
with women generally reporting elevated sensitivity to experimentally induced pain than
men [16-18]. Furthermore, studies suggest that reports of clinical or chronic pain are more
prevalent in women compared to men [19, 20]. Despite evidence of sex differences in both
experimental and clinical pain, the relations between sleep deprivation, pain, and sex remain
equivocal.

Scand J Pain. Author manuscript; available in PMC 2017 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Larson and Carter

Page 3

The purpose of the present study was to 1) examine the influence of sleep deprivation on
pain perception to cold noxious stimuli in humans, and 2) determine if the effects of TSD on
perceived pain produce a differential response between men and women. We hypothesized
that TSD would augment pain perception elicited via the classic cold pressor test, and that
this augmentation would be more dramatic in women compared to men.

2. MATERIAL AND METHODS

2.1 Subjects

Thirty healthy subjects (15 men and 15 women) enrolled in the study. Autonomic and
cardiovascular responses at rest [21] and during acute stress [22] have been previously
reported. All subjects reported to be nonsmokers with no history of cardiovascular disease,
autonomic dysfunction, asthma, or diabetes. All female subjects were free of oral
contraceptive use, reported regular menstrual cycles (range 26-30 days), and were tested
during the early follicular phase (2-5 days after the onset of menstruation) of the menstrual
cycle. One female subject was excluded from the study when estradiol and progesterone
levels indicated she was not in the early follicular phase for one testing session. All subjects
were screened for obstructive sleep apnea by a board certified sleep physician using the at
home ApneaLink (Resmed, San Diego, CA). Exclusion from the study occurred when the
apnea-hypopnea index was =10 arbitrary units, and one male subject was excluded on this
basis. Additionally, one female subject was excluded due to failure to complete the CPT
session resulting in a total sample size of 27 (14 men: 22 + 1 years, 176 + 2cm, 79 + 4 kg;
13 women: 22 + 1 years, 165 + 2cm, 63 £ 3 kg). All subjects participated in an orientation
session before providing written informed consent. This study was approved by the
Michigan Technological University Institutional Review Board.

2.2 Experimental Design

Two experimental testing sessions were performed: one following a normal night of sleep
(NS), and one following 24-hour TSD. Subjects were tested approximately one month apart
to ensure females were tested during the early follicular (EF) phase of the menstrual cycle.
Trial order (NS vs. TSD) was randomized using a crossover design. Specifically, 7 women
and 5 men were assigned to the NS trial first, while the remaining subjects (7 women and 9
men) were assigned the TSD trial first. Sleep time for 3 days preceding the study was
monitored with wrist actigraphy (Actiwatch 64 Respironics Inc, Bend OR) to ensure
subjects were getting adequate sleep.

The day prior to the TSD trial, subjects were contacted at 7:30 a.m. and instructed to refrain
from napping during the day. They reported to the laboratory at 11:00 p.m. where two
assistants ensured they did not sleep or close their eyes during the night. Subjects
participated in light activities including reading, studying, and games with the assistants
during the TSD protocol. Subjects refrained from caffeine, alcohol and exercise for 12
hours, and fasted for 8 hours prior to testing.
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On each day of testing (i.e., NS and TSD), 3 consecutive recordings of resting blood
pressure (~1 minute apart) were taken with an automated sphygmomanometer (Omron
HEM-907XL, Omron Health Care) following 5 minutes of seated rest. Following a standard
breakfast, subjects assumed a supine position on the testing table for instrumentation. Beat-
to-beat blood pressure, heart rate, and muscle sympathetic nerve activity (MSNA) were
continuously recorded during a 10 min baseline, 5 min mental stress trial, and 2 min cold
pressor trial; the autonomic and cardiovascular responses in these various sessions have been
previously reported [21, 22]. The present study specifically focuses on the self-reported pain
ratings obtained during the cold pressor test. Briefly, the cold pressor test (CPT) trial
consisted of a 3-minute resting supine baseline, 2 minute CPT, and 3 minute recovery.
During CPT, subject's immersed their left hand up to the wrist in a mixture of ice and water
(~1°C). Ratings of perceived pain were recorded every 15 seconds when one research
assistant would instruct the subject to verbally identify a pain rating from a modified Borg
scale for pain (6-20 arbitrary units) situated in the subject's field of view. As depicted in
Table 1, a rating of 6 corresponds to no pain whereas a rating of 20 indicates unbearable
pain.

2.4 Statistical Analysis

All statistical analyses were performed using commercial software (SPSS 20.0, SPSS,
Chicago, IL). We used repeated-measures ANOVA with condition (NS vs. TSD) and time
(i.e., 15 sec epochs during CPT) as the within-subjects factors, and sex (men vs. women) as
a between-subjects factor. Post-hoc analyses (least significance difference) were performed
when significant condition by sex interactions (i.e., baseline data) or significant condition x
time x sex interactions (i.e., CPT trial) were detected. Results are expressed as mean * SE;
significant differences were noted at p<0.05.

3. RESULTS

3.1 Baseline

Baseline hemodynamic data has been reported and discussed [21]. Sleep time for the three
nights preceding the study was not different between NS (7.3 £ 0.2hinmenand 7.6 £ 0.2 h
in women) and TSD (7.6 + 0.3 h in men and 7.5 £0.3 h in women) conditions.

3.2 Perceived Pain Responses to CPT

Figure 1 illustrates that perceived pain increased during CPT following both NS and TSD
conditions (time, p<0.05), and that perceived pain was augmented following TSD when
compared to NS (time x condition, p<0.05). The augmented pain response to CPT following
TSD was also present when perceived pain was expressed as mean (NS A6.9+0.5 vs. TSD
A8.2+0.5 arbitrary units, condition, p<0.01) or peak perceived pain (NS A8.9+0.6 vs. TSD
A10.2+0.5 arbitrary units, condition, p<0.01) as displayed in Figure 2. Figure 3 demonstrates
that TSD resulted in an enhance pain response in men and women, however there were no
statistical sex differences in perceived pain during CPT after either sleep condition (Table 2;
condition x time x sex, p>0.05).

Scand J Pain. Author manuscript; available in PMC 2017 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Larson and Carter

Page 5

4. DISCUSSION

The current study examined the influence of 24-hour TSD on perceived pain during CPT,
and we report two novel findings. First, TSD augmented perceived pain during CPT, a
finding that was consistent with our primary hypothesis. Second, contrary to our secondary
hypothesis, there were no sex differences in perceived pain response to CPT following TSD.
To date, studies examining the interaction between TSD and pain perception have focused
on experimentally-induced pain threshold or self-reported pain symptoms. The use of a
sustained CPT to elicit pain has been suggested to provide a closer approximation to clinical
pain than other measures such as threshold analysis [14], thus the methodology of the
present study provides important and new insights in the field of sleep deprivation and pain.

Previous studies suggest that sleep deprivation, or sleep loss, results in an augmented pain
response in healthy subjects [9-12, 23, 24]. Hyperalgesia has also been demonstrated
following sleep loss in patients suffering from fibromyalgia [24, 25]. The testing paradigms
demonstrating hyperalgesia following sleep loss indicate an increased sensitivity to
mechanical and heat stimuli, however, only one study included noxious cold stimuli
following sleep loss and reported a trend towards an augmented pain response when
examining pain threshold [11]. The current study demonstrates that 24-hour TSD augments
the perceived pain response to a sustained CPT.

Evidence suggests that pain and sleep share a bidirectional relationship, and that sleep
disturbances and sleep loss are common in patients with many forms of chronic pain [26,
27], back pain [28-30], and rheumatoid arthritis [31, 32]. Studies have demonstrated that
experimentally induced pain during sleep in healthy subjects results in micro-arousals [33,
34] and elevations in heart rate [35]. These studies demonstrate that pain can have a
significant impact on sleep structure, and that arousals due to pain may contribute to the
reports of disrupted or non-restorative sleep in patients with chronic pain. Conversely, one
recent study has demonstrated that extending subjects’ bedtime, and therefore sleep time,
resulted in a reduction in pain sensitivity [36]. Given the findings of augmented pain
perception during CPT in the present study, future work might focus on these patient
populations with higher incidence of pain.

Kunderman et al. [11] examined thermal sensitivity to determine if a change in overall
somatosensory sensitivity was responsible for hyperalgesia following TSD. Their results
indicate that thermal sensitivity was not altered by TSD, and therefore the changes in pain
threshold were due to mechanisms other than a change in general somatosensory sensitivity.
The question then arises as to what is responsible for the change in pain perception after
sleep loss. Studies in animals suggest a possible impairment in the endogenous opioid
system contributing to an augmented pain response [37, 38]. Furthermore, Smith et a/. [13]
employed a diffuse noxious inhibitory control (DNIC) protocol following partial sleep
deprivation and demonstrated a reduction in pain inhibitory capacity. These results suggest
an alteration in pain inhibition following sleep deprivation that is often attributed to
endogenous opioids. The mechanism responsible for the augmented pain response following
sleep loss requires more attention with a greater emphasis on data from human subjects.
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In the present study, we examined both men and women to determine if TSD produced a
differential perceived pain response to CPT. Women tend to report a higher prevalence of
chronic pain compared to men [20], and evidence suggests that the pain response to
experimentally-induced noxious stimuli can vary between the sexes, with women generally
report more pain than men [17-20]. Contrary to our hypothesis, the current study
demonstrated no sex differences in pain intensity during CPT. Sex differences in
experimentally induced pain appear to be somewhat dependent on the experimental
paradigm and stimulus modality, and could be further influenced by menstrual phase in
female subjects [19, 40]. In the current study, all female subjects were free of oral
contraceptive use, and tested during the EF phase of the menstrual cycle to minimize
variability due to hormone levels. In addition we utilized CPT to provide a widespread and
sustained stimulus, thereby resulting in activation of a large subset of nociceptors. While
many studies report sex differences to noxious cold stimuli [17, 41-45], the data are variable
and studies also report no sex differences [46-49]. However, sex differences are most
consistent for cold stimuli when examined with measures beyond threshold such as tolerance
and perceived pain ratings [19]. We did not observe sex differences in perceived pain
responses to CPT during either trial. The lack of sex differences could be attributed, in part,
to the fact that we tested females only during the EF phase of the menstrual cycle
considering that evidence suggests pain sensitivity may be elevated during the high hormone
phases of the menstrual cycle in females [50, 51]. Sleep loss was the primary variable of
interest in the present study, and therefore, ensuring subject hormone levels were similar,
was critical for the experimental design. The current study suggests that the factors
mediating a differential pain response between the sexes are not significantly influence by
TSD.

We acknowledge a number of study limitations. First, we did not utilize
electroencephalogram (EEG) during the 24-hour sleep deprivation, thus we cannot be certain
the subjects did not have some brief “microsleep” during this time. However, our subjects
were continuously monitored and engaged in activities throughout the TSD night, thus we
are confident there was extremely limited to no “microsleep” episodes in our subjects.
Second, we acknowledge that our modified Borg scale for perceived pain is unique, and that
future studies might utilize a standard 0-10 scale. Importantly, we do not believe the range of
our subjective pain scale negatively influences the primary findings.

5. CONCLUSIONS

In summary, 24-hour TSD increased pain intensity responses during CPT. The augmented
pain response to sustained noxious cold stimuli following TSD extends the findings
provided by pain threshold analysis in that extended exposure to painful stimuli provides a
closer association to clinical pain [14]. Sleep deprivation and sleep loss can augment
perceived pain and adequate sleep represents a relevant and nonpharmacological method to
diminish self-reported perceived pain.
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Highlights
. 24-hour sleep deprivation augments perceived pain to cold pressor test
. Our findings are consistent for both mean and peak pain responses
. Gender does not appear to significantly impact our findings
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Figure 1.

Changes in perceived pain intensity during 2-minute cold pressor test following normal
sleep (NS) and 24-hour total sleep deprivation (TSD) in 27 healthy subjects (14 men, 13
women). TSD augmented the perceived pain response to CPT. *p<0.05; NS vs TSD.

Scand J Pain. Author manuscript; available in PMC 2017 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Larson and Carter Page 12

AMean Pain Intensity (a.u.)

12 - 12 -
CZ2a NS
—_ ZZ3 NS
S TSD : TSD
10 - 210 -
5 T
< 4
(]
8 1 £ 8- .
T 5 /
74
/, S
6 / 5 6
o
% ) /
4 4 4 Z
NS TSD NS TSD

Figure 2.
Changes in mean and peak pain intensity during 2-minute cold pressor test (CPT) following

normal sleep (NS) and 24-hour total sleep deprivation (TSD) in 27 healthy subjects(14 men,
13 women). TSD elevated the mean and peak perceived pain response to CPT. *p<0.05, NS
vs TSD.
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Condition x time x sex p = 0.372

Men
(n=14)

Figure 3.

Women
(n=13)

Mean changes in pain intensity during 2-minute cold pressor test (CPT) in men and women.
CPT significantly augmented perceived pain following 24-hour total sleep deprivation (TSD)
compared to normal sleep (NS) in both men and women, however, there were no sex

differences. *p<0.05, NS vs. TSD.
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Table 1

Modified Borg scale used to assess perceived pain.
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Table 2

Perceived pain responses to cold pressor test in men and women.

Men Women P-values
Variable NS TSD NS TSD Condition ~ Sex  Condition x Sex
APain Average  7.2+0.6  8.7x0.5 6.7x0.9 7.6x0.8 0.001 0.205 0.186
APain Peak 9.1+0.6 11.0+0.4 8.7+£1.0 9.4+0.9 0.002 0.159 0.069
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