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Abstract

Objectives — Disturbed sleep and chronic pain are public
health concerns. Sleep disturbances seem to influence
inflammation and may contribute to the increased pain
sensitivity after sleep restriction (SR), such as after night
work. The primary objective of this study was to determine
the effects of SR on pain sensitivity and on relevant mar-
kers of inflammation. A secondary objective was to deter-
mine if SR affected pain sensitivity and inflammatory
responses differently in men and women.

Methods - A paired crossover design with block rando-
mization was applied. Subjects were instructed to follow
their habitual sleep (HS) rhythm for two nights (HS condi-
tion) and to delay their bedtime to shorten their sleep with
50% for two nights (SR condition). Thirty-nine healthy
volunteers between 19 and 44 years old participated (21
women). Experimental pain sensitivity was tested with
heat-, electrical-, and pressure pain thresholds (PPTs); elec-
trical temporal summation threshold; pinprick pain; supra-
threshold heat pain tolerance; and rating of suprathreshold
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heat and cold pain. The following markers of inflamma-
tion were measured in plasma from a blood sample taken
between 10:00 and 12:00: C-reactive protein, fractalkine,
tumor necrosis factor, interleukin -8, and monocyte che-
moattractant protein-1.

Results — Most subjects did not comply with the SR instruc-
tions. Total sleep time during SR was on average 2.6 h shorter
than during HS. Therefore, the SR condition was re-defined to
be “at least 40% reduction in the time in bed (TIB) the last
night” The HS condition was re-defined to “at least 85% of
normally reported TIB.” SR produced higher suprathreshold
heat pain sensitivity and cold pressor pain, compared to HS,
but no significant change in electrical pain threshold, elec-
trical temporal summation threshold, PPT, or any of the mea-
sured immune parameters. Sex-stratified analyses indicated
that the effect on heat pain only occurred in women and that
the effect on cold pressor pain was significant only in men.
Conclusions — The present findings indicate that heat and
cold pressor pain were rated higher following SR, whereas
pain thresholds remained unchanged. We did not find an
effect of SR on biomarkers of inflammation. The findings
should be cautiously interpreted given the poor adherence
to the SR condition.

1 Introduction

Sleep disturbances and chronic pain are comorbid disor-
ders that constitute major public health concerns. Several
longitudinal studies indicate that disturbed sleep is asso-
ciated with a higher risk for musculoskeletal pain condi-
tions [1-5]. Micro-longitudinal studies of the day-to-day
associations between sleep and pain have found causal
interaction between short sleep duration and pain com-
plaints [6-8]. Finally, several experimental sleep restric-
tion (SR) studies have reported that disturbed sleep (total
or partial SR or sleep fragmentation) reduces pain thresh-
olds and elevate the subjective response to experimentally

8 Open Access. © 2025 the author(s), published by De Gruyter. This work is licensed under the Creative Commons Attribution 4.0 International License.

3


https://doi.org/10.1515/sjpain-2024-0081
mailto:dagfinn.matre@stami.no
mailto:fred.haugen@stami.no
mailto:Anne.Mari.Moe@stami.no
mailto:Tiril.Schjolberg@stami.no
mailto:stein.knardahl@stami.no
mailto:holmkathrine@hotmail.com
mailto:UXNIKQ@ous-hf.no

2 — Dagfinn Matre et al.

induced suprathreshold pain stimuli [9-14]. A recent sys-
tematic review and meta-analysis supported detrimental
effects of sleep disturbance on pain sensitivity in healthy
individuals [15]. Another recent systematic review sug-
gested that the hyperalgesic effect of sleep disturbance
was greater on females than on males [16].

Plasma cytokines and chemokines are biomarkers of
potential inflammatory mechanisms that may explain the
sleep—pain association [17]. SR may dysregulate immune
function by amplifying proinflammatory mediators at night
and in the early morning, when cortisol is at its lowest.
Acute total and short-term partial sleep deprivation have
been demonstrated to result in elevated levels of high-sen-
sitivity C-reactive protein (CRP) [18], a marker of the “acute-
phase response” in response to an inflammatory stimulus
[19]. Notably, the sleep hormone melatonin that peaks in the
evening, reduces interleukin (IL)-1, IL-6, IL-8, and tumor
necrosis factor (TNF) levels, though it has no significant
effect on CRP [20]. A systematic review found evidence of
an association between short sleep duration and higher
levels of CRP [21]. TNF seems to increase after experimental
sleep deprivation [22,23].

In addition to CRP and TNF, a range of chemokines
seem to be associated with sleep loss and may play a role
in the associations between sleep and pain [24]. There
seems to be an interplay between sleeplessness and CRP
on risk of chronic musculoskeletal pain [25]. Proinflamma-
tory cytokines such as IL-6 and TNF were associated with
enhanced heat pain sensitivity also in a forced awakening
randomized clinical trial [23]. Restricting sleep to 4h a
night for 10 days resulted in elevated levels of IL-6, and
this increase was strongly associated with an increase in
pain ratings [26]. IL-6 is also produced in muscle, which
may influence its levels [27]. Sleep disturbances further
exacerbate inflammatory signaling. Studies of obstructive
sleep apnea patients have found associations with elevated
serum fractalkine, IL-8, fractalkine (C-X3-C motif chemo-
kine ligand 1 [CX3CL1]), and monocyte chemoattractant
protein 1 (MCP-1; CCL2), compared to controls [28-30]. In
mild obstructive sleep apnea, cytokines such as IL-1p, IL-6,
and TNF-a also exhibit time-dependent fluctuations, with
significantly higher levels in the morning (post-sleep) com-
pared to the evening (pre-sleep) [31]. In chronic insomnia,
there seems to be an imbalance of pro-inflammatory cyto-
kines, including interferon gamma (IFN-y) [32].

Most of the studies on SR and inflammatory markers
are studies with strict control of sleep conditions in a sleep
laboratory. The present study aimed to apply SR interven-
tion on top of real-life sleep conditions. Hence a protocol
with self-administered SR at home, combined with experi-
mental testing of pain sensitivity in the laboratory, was
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designed. This is of relevance to shift workers, who experi-
ence partial sleep loss.

Several studies have reported that men and women
differ in responses to pain with women showing higher
pain sensitivity and lower pain tolerance [33,34]. Recently,
a systematic review found that sex moderates the effect of
sleep disturbance on heat pain [16]. Despite evidence of sex
differences in both experimental and clinical pain, relation-
ships between sex, sleep loss, and pain remains unclear. Hence,
the present study also determined if the associations between
SR and pain sensitivity differed between men and women.

The primary objectives of the present study were to
determine the effect of SR on (i) pain sensitivity and (ii)
pain-relevant markers of inflammation. A secondary objec-
tive was to determine if sex moderated these effects.

2 Methods

2.1 Subjects

Forty-one subjects (18-45 years) were recruited through
advertisements at nearby universities.

Participants were healthy according to self-report. We
sought to exclude subjects with conditions that are known
to affect pain responses or regular sleep. Exclusion criteria
were chronic somatic pain (pain intensity 23/10 lasting >3
months during the last 2 years); moderate or heavy headache
22 days per month on average; history of psychiatric, neurolo-
gical, heart, or lung disease; regular use of medication including
over-the-counter analgesics; pregnancy; breast feeding; diag-
nosed sleep disorder; shift work with regular night shifts;
Epworth sleepiness scale score =11 [35]; Pittsburg sleep quality
index (PSQI) score >7 [36], and consummation of any alcohol in
the last 24 h. In addition, we excluded subjects with a history of
allergic reaction to salt-rich creams that were used with
electroencephalography recordings (results not reported in
this manuscript).

Two subjects withdrew after the pretesting session.
One subject withdrew after the first experimental session
but was still included in the analysis. The remaining 39
participants (21 women, 18 men) were between 19 and 44
years old (mean + SD; 25 + 6 years).

2.2 Design

The study was a paired cross-over design with two experi-
mental sessions with different sleep conditions (Figure 1),
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Figure 1: Design and sleep measurements. P: pre-test session. E:
experimental session, testing pain sensitivity in the laboratory and blood
sampling. HS/SR: planned habitual sleep or sleep restriction the two
nights before testing in randomized order. Diary: smartphone-based
sleep diary. Actigraphy: continuous (24/7) actigraphy measurements over
3 weeks. Note: day numbers are unrelated to calendar days.

comparing a session after two consecutive nights with
habitual sleep (HS) with a session after two consecutive
nights with 50% SR (block randomized order). Individual
50% sleep length was calculated based on HS patterns
assessed by PSQI. Based on an instructed wake-up time
at 07:00 for all subjects, individual bedtimes were calcu-
lated for the SR condition. Figure 1 shows an overview of
the design and sleep measurements.

2.3 Instructions on sleeping

Subjects were given written sleep instructions: “The last
two nights before the lab experiment, you should (if HS
condition) sleep your usual sleep duration, e.g., 8h and
therefore go to bed at, e.g.,, 23:00 both tomorrow night
and the day after tomorrow, or (if SR condition) sleep
half your normal sleep length, i.e., 4h and therefore go
to bed at 03:00. Please get up at 07:00 both tomorrow
and on the day of the lab experiment.” Hence, sleep
instruction was based on time in bed (TIB).

2.4 Sleep measurements

Subjects slept at home and sleep was monitored by a
smartphone-based sleep diary [37], and by wrist actigraphy
on the non-dominant arm (AX3, Axivity Ltd, Newcastle, UK)
from 1 week before until 1 week after each experimental
session (omgui.sourceforge.net) [38].

2.5 Procedure

Subjects were familiarized to the experimental procedures
approximately 1 week before the first experimental ses-
sion. The experimental sessions were identical except for
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the sleep condition, lasted for 150 min, and took place
approximately 1 week apart (Figure 1). Each participant
was tested by the same female experimenter, who was
blinded with respect to the sleep condition. Experiments
started between 08:00 and 09:00. Subjective sleepiness was
rated on the Karolinska Sleepiness Scale (KSS) [39]. Objec-
tive alertness was measured as response speed (inverse
response time) of the 10 min psychomotor vigilance test
(PVT) [40] (custom-written C++ program, STAMI, Norway),
before the experimental pain stimuli. The inverse response
time has been shown to be sensitive to sleep loss [40]. At
the end of each experimental session blood and saliva
samples were collected.

2.6 Experimental pain stimuli

A series of standardized pain-sensitivity tests were deliv-
ered: contact heat pain, pinprick pain, electrical pain, cold
pressor pain, and pressure pain. Cutaneous heat stimuli
(3 x 3cm Pathway ATS Thermode, Medoc Ltd, Ramat Yishai,
Israel) of increasing intensity were delivered to the volar side
of the forearm until the heat-pain threshold (HPT) and heat-
pain tolerance threshold was reached (repeated 3x and
averaged). Suprathreshold heat pain (pain6) was determined
analogous to Granot et al. to the other forearm [41] until the
temperature that equaled a visual analogue scale (VAS) rating
of 6/10 cm (pain6; 4-9 cm was accepted).

Pinprick pain was delivered by a MCR pinprick stimu-
lator (MRC systems Heidelberg, Germany), which consist of
a flat contact area of 0.25mm diameter. A series of 20
stimuli (force 256 mN) was delivered at 10-15s inter-sti-
mulus-interval [10]. Each stimulus was rated on a 0-10
VAS (0 indicating “no pain” and 10 indicating “most intense
pain imaginable”).

Electrical pain was delivered by an electrode consisting
of two felt pads soaked in NaCl strapped to the skin overlying
the tibia bone with a Velcro strap. The pain detection
threshold in milliamperes (mA) was assessed three times by
delivering stimuli of ascending intensity from “no sensation”
until the first sensation of pain. The average of the three pain
thresholds was used. Temporal summation was determined
as the mA value corresponding to the fifth stimulus in a series
of five electrical pain stimuli (2 Hz) being painful (NRS > 0).

Cold pressor pain was assessed by immersing one
hand into a 7°C water bath for 2 min, with fingers spread
[14]. The pain was indicated on a 0-10 numerical rating
scale at 30 s intervals with the same end points as VAS.

Pressure was induced by a handheld pressure alg-
ometer with a probe size of 1 cm? (Force One FDIX,
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Wagner Instruments, Greenwich, CT, USA) to both trape-
zius muscles, at 1/3 the distance along an imaginary line
between the C7 spinous process and the acromion (rate
50 kPa/s), until the pressure pain threshold (PPT) was
reached. More details of the experimental pain stimuli
have been published [42].

2.7 Blood samples

Venous blood was collected using BD Vacutainer® Plasma
Preparation Tubes (BD PPT™, 9.0 mg K,EDTA, BD, Franklin
Lakes, USA) after completion of the experimental proce-
dures (between 10:00 and 12:00). Tubes were inverted
immediately on a tilt tray and centrifuged for 10 min at
1,500 x g. After centrifugation, plasma was immediately
transferred into cryo tubes, frozen, and stored until ana-
lysis at —80°C.

2.8 Luminex immunoassay analysis of
inflammatory markers

We chose to explore a standard panel with the most
common inflammatory markers for pain to elucidate
whether their potential as mediators between sleep and
pain [43-45]. Plasma samples were analyzed using mag-
netic beads pre-coupled with antibodies for the detection
of human CRP (eBioscience™ ProcartaPlex Human CRP
Simplex, Bender MedSystems GmbH, Vienna, Austria).
The following inflammatory markers were analyzed in
plasma: epithelial neutrophil-activating protein 78 (ENA-
78), IFN-y, interleukins (IL1-B, IL-4, IL-6, IL-8, IL-10),
MCP-1, TNF, and fractalkine (CX3CL1) (Bio-Plex Pro™
Human Chemokine Assay, Bio-Rad Laboratories, Hercules,
CA, USA). Prior to incubation with beads, plasma samples
were diluted 1:500 for the CRP assay, and 1:4 for the
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remaining. Assays were analyzed on a MAGPIX™ Multiplex
Reader (Luminex Corporation, Austin, TX, USA) using Bio-
Plex Manager MP Software, and inflammation marker
concentrations were obtained from analysis of raw data
using Bio-Plex Data Pro software (Bio-rad Laboratories,
Inc., USA).

2.9 Statistical analysis

Sleep condition was the independent variable (HS vs SR).
Sleep measures (hour in bed, total sleep time (TST), sleepi-
ness, and alertness) were compared between sleep condi-
tions with Wilcoxon non-parametric paired t-test.
Dependent variables were concentrations of inflammatory
markers, HPT, heat pain tolerance threshold, PPT, and
pain6 and were analyzed in mixed model analyses with
random intercept and unstructured covariance structure.
In exploratory analyses, sex-stratified analyses were per-
formed. The criterion for statistical significance was p <
0.05, two-tailed. Statistical analyses were done in Stata 18
(StataCorp, College Station, Texas, USA).

3 Results

3.1 Sleep measurements

Most of the participants did not comply with the 50% SR
during the last two nights preceding the experiment (Table 1).
Hence, we re-defined the inclusion criteria slightly. First,
from the original “last two nights before the experiment”
to “the last night before the experiment.” Second, instead
of the PSQI-reported hours of sleep per night being the
reference, the median measured TIB over the 3-week
recording period (Figure 1) was calculated as a reference
for the individual’s HS length. The revised SR condition

Table 1: Number of subjects with original (two last nights before experiment) and revised (last night before experiment) SR criteria, e.g., eight
subjects would have been included in the SR condition, if the original criterion of SR had been kept. With the revised criteria, 28 subjects were

included in the SR condition

HS SR
>85% of median TIB for normal sleep >50% reduction of TIB 240% reduction of TIB
Two last nights before experiment 23? 8? 18
Last night before experiment 26° 15 28°

HS: habitual sleep; SR: sleep restriction; TIB: time in bed. Criteria of the original experimental design/protocol. "Revised criteria used in the analyses.
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was then defined as 240% reduction of TIB the last night
before the experimental testing, whereas the revised HS con-
dition as >85% of TIB the last night before the experimental
testing, both referenced to the measured median TIB.

Table 2 shows the sleep characteristics of the partici-
pants included in the study; 26 participants met the criteria
the night before the HS experimental session and 28 parti-
cipants met the criteria the last night before the SR experi-
mental session. Twenty-one participants met the criteria
before both experimental sessions. The 33 participants
that met the criteria for at least one of the sleep conditions
were included in the analysis. Of the 33 included partici-
pants, 19 were women and 14 men. Only data from sessions
in agreement with the criteria described above were used.
Compared to the HS condition, average TIB and TST were
significantly shorter in the SR condition. TST during SR was
on average 2.6 h shorter than during HS. Subjective and
objective sleepiness, measured by KSS and PVT response
speed, respectively, showed that subjects were significantly
sleepier after SR, compared to after HS.

3.2 Pain sensitivity and inflammatory
markers

Participants were more sensitive to suprathreshold heat
pain stimuli and cold pressor pain after SR. Both the heat
pain tolerance threshold and the threshold for pain6é was
lower after SR, compared to after HS (Table 3). However,
pinprick pain, electrical pain threshold, electrical temporal
summation threshold, PPT, or HPT did not differ between
sleep conditions. We also analyzed data using an intention
to treat approach (including subjects that did not adhere to
the SR protocol according to the defined criteria), i.e.,
including all the original 39 participants. The differences
between sleep conditions for heat pain tolerance threshold
and pain6 were still significant using this approach (data
not shown).
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Of the biomarkers, only CRP, fractalkine, TNF, IL-8,
and MCP-1 were analyzed statistically, as the remaining
biomarkers were below the detection threshold. There
were no statistically significant differences between sleep
conditions for any of the analyzed inflammation markers
in plasma (Table 3).

3.3 Sex-stratified analyses

Exploratory analyses addressed whether the effect of SR on
pain sensitivity differed between men and women. For
women there was a statistically significant reduction in
pain6 and heat pain tolerance threshold after SR (p =
0.004 and p = 0.033, respectively), indicating increased
pain sensitivity (Table S1, Supplementary material),
whereas cold pressor pain was rated higher after SR in
men (Table S2, Supplementary material).

The relationship between SR and inflammation mar-
kers was also examined with sex-stratified analyses. The
results did not show any differences in inflammation mar-
kers after SR for either women or men (Tables S1 and S2,
Supplementary material).

4 Discussion

The results indicated that partial SR increased heat pain
and cold pressor pain ratings, whereas pinprick pain and
pain thresholds for pressure, electrical, or heat pain, did
not change compared with HS, for 33 healthy men and
women. Partial SR was in this study operationalized as at
least 40% reduction of self-reported TIB the preceding
night. There was no difference in the measured inflamma-
tory markers between sleep conditions. Some sex differ-
ences were observed, effects on pain6 (the temperature
that equaled VAS rating of 6/10 cm) and heat pain tolerance
threshold after SR were seen in women, but not in men;

Table 2: Sleep characteristics in HS and SR of the 33 participants included in the study

HS SR
Mean 95% CI Mean 95% CI p-value
TIB (h) 7.40 (7.11, 7.69) 3.69 (3.53, 3.85) 0.0017
TST (h) 5.82 (5.46, 6.18) 3.08 (2.87, 3.29) 0.0008
Subjective sleepiness (KSS), 1-9 3.15 (2.62, 3.68) 6.79 (6.42, 7.15) 0.0001
PVT, response speed s™ 3.02 (2.92, 3.12) 2.83 (2.71, 2.95) 0.0057

TIB: time in bed (wake-up time minus lights off), actigraph-validated. TST: total sleep time (TIB minus sleep onset latency and awakenings after sleep
onset). KSS: Karolinska sleepiness scale (1-9). Response speed was measured by the 10 min PVT. p-values are from Wilcoxon Signed Rank sum test.
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Table 3: Results from the analysis of experimental pain stimuli and inflammation markers after HS and SR for the 33 participants

HS (n = 26) SR (n = 28)
Experimental pain stimuli Mean 95% CI Mean 95% CI p-value
PPT (kPa) 275 (21, 33.9) 24.3 (19.8, 28.7) 0.403
HPT (°C) 2.4 (41.5, 43.4) 419 (40.9, 42.8) 0.095
Pain6 (°C) 46.2 (45.6, 46.7) 45.8 (45, 46.6) 0.004
Heat pain tolerance threshold (°C) 48.8 (48.2, 49.5) 48.4 (47.5, 49.3) 0.044
Electrical pain threshold (mA) 6.2 (5,7.5) 5.1 (4.1, 6.1) 0.15
Electrical temp. summ. threshold (mA) 3.3 (2.5, 4) 2.8 (2.1, 3.6) 0.61
Cold pressor pain (NRS) 8.2 (7.6, 8.8) 8.7 (8.3,9.2) 0.016
Pinprick pain (VAS) 0.31 (0.1, 0.5) 0.68 (0, 1.4) 0.316
Inflammatory markers
CRP (mg/L) 0.65 (0.37, 0.92) 0.59 (0.32, 0.86) 0.723
Fractalkine (pg/mL) 18 (103, 133) 109 (96, 122) 0.96
TNF (pg/mL) 6.05 (5.09, 7.02) 5.59 (4.95, 6.23) 0.242
MCP-1 (pg/mL) 19.5 (16.5, 22.6) 19.8 (16, 23.6) 0.691
IL-8 (pg/mL) 4.35 (3.78, 4.92) 3.91 (3.52, 4.3) 0.272

Inflammation markers analyzed in blood plasma sampled in conjunction with experimental pain stimulation: CRP, C-reactive protein; fractalkine
(CX3CL1), C-X3-C motif chemokine ligand 1; TNF, tumor necrosis factor; MCP-1, monocyte chemoattractant protein-1; IL-8, interleukin-8.

Bold values are significant at the p < 0.05 level.

and cold pressor pain was rated higher after SR in men, but
not in women.

The increased sensitivity to experimental suprathreshold
heat pain after SR is in line with several previous studies
[9,16,42,46,47]. We did not find SR-related increased sensitivity
to pressure pain. Heat and pressure pain detection thresholds
were not affected by SR in the present study and this is in line
with findings by Neverdahl et al. [48].

Our results indicate that the increased heat pain sen-
sitivity after SR was limited to women. Eichhorn et al.
found that HPTs decreased in women, but not men, after
one night of total sleep deprivation [49]. This is in line with
a recent systematic review with meta-analysis that con-
cluded that the hyperalgesic effect of sleep disturbance is
greater on females than on males, and that sex-based dif-
ferences should be considered when investigating the
effects of sleep disturbance on pain sensitivity [16]. The
reductions in suprathreshold heat pain (pain6) and heat
pain tolerance for women after SR in this study were,
although statistically significant, quite modest [49].

In a study of effects of 24 h total sleep deprivation on
perceived pain during a 2 min cold pressor test, Larson and
Carter found no differences between men and women [50].
The type of pain test (cold pressor test vs heat pain test)
and the type of SR (24 h total sleep deprivation vs >40%
reduction in HS) may explain the discrepancies between
the studies. The effect of partial SR on pain sensitivity may
be weaker in men, and this study may not have enough
power to show an effect on men. The speculation that sex
differences may vary across outcome measures is further

supported by other experimental studies [49,51] and a
recent review [52], indicating that females may exhibit
sleep-related impairment in endogenous pain modulation,
but not men.

Our results indicate that one night of approximately
40% SR is not sufficient to produce pronounced changes in
the circulating inflammation markers measured in this
study. Other studies have found changes in inflammation
after SR; however, the results vary. Lower IL-8 levels were
recorded in firefighters who had a 4h sleep each night,
when compared to participants who had 8 h sleep oppor-
tunity each night for 3 days and 2 nights of simulated
physical firefighting work. However, no change in IL-6
and TNF was found [53]. Sauvet et al. found a decrease in
TNF and an increase in MCP-1, after 6 days of SR with 4h
sleep opportunity, but no change in IL-8 or IL-6 [54]. Chen-
naoui et al. found that 34-36h of total sleep deprivation
induced a significant increase in TNF plasma levels but had
no effect on IL-6 and CRP plasma levels [22]. A study of
nurses by Bjorvatn et al. found that short sleep duration
(<6 h) was associated with lower levels of IL-1 and higher
levels of TNF [55]. CRP levels were higher after 4.2 h sleep
for 10 consecutive days compared to 8.2h sleep [18]. That
many inflammatory mediators follow a diurnal pattern
may also have affected our findings. Proinflammatory cyto-
kines, including IFN-y, TNF, and IL-1B, peak during the
night and early morning, coinciding with the lowest
plasma cortisol levels [56].

Activation of inflammatory systems is a potential med-
iator of sleep and pain relationships, as immune responses
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may moderate nociceptive pathways. Inflammatory sys-
tems are complex with a plethora of signals acting on a
large repertoire of receptors. Likewise, sensory systems
and pain encompass many types of receptors and neurons
at many levels and pathways in the central nervous
system. Hence, cytokines may play many roles in pain per-
ception [57]. A systematic review and meta-analysis of
cohort studies and experimental sleep deprivation found
that sleep disturbance and long sleep duration (>7-8 h), but
not short sleep duration, are associated with increases in
several markers of inflammation [21]. This could indicate
that it is not short sleep duration per se that influences
inflammation, and that sleep quality may be equally
important. Heffner et al. found that poorer sleep quality
was associated with higher IL-6 levels and pain in patients
with chronic lower back pain [58]. Inflammation may
link short or disturbed sleep to chronic pain; however,
causality is yet to be demonstrated [59]. However, the pre-
sent study found only small and statistically insignificant
effects.

4.1 Strengths and limitations

The paired crossover design is a strength of the present
study. The study also included both subjective and objec-
tive measures of sleep. The experimenter administering
the tests was blinded with respect to the sleep condition.
Another strength is that standard pain stimulation tests
were used. The SR was self-administered and done at
home and assessed by actigraphy, which are both a
strength and a limitation. It is a strength because the par-
ticipant is in his/her natural environment. Stricter follow-
up may have improved compliance with the SR protocol
but could have led to a limitation because too much influ-
ence would have been imposed on voluntary participation.

A limitation in this study is that only 33 participants
were included in the analysis due to lack of compliance
with the SR protocol. Participants were instructed to sleep
50% of their HS time by extending their bedtime; however,
this was apparently difficult for the participants as only 15
participants managed to reduce their sleep time by 50%.
This finding illustrates the challenges of home-based self-
administered SR. A cutoff at 40%, and not 50% as
instructed, was chosen to allow some flexibility if subjects
went to bed, e.g., 10 min too early. Due to lack of compli-
ance, it was not possible to restrict inclusion to two full
nights of SR, hence some of the participants only had one
night’s SR. We used per-protocol instead of intention-to-
treat analysis. This may introduce a bias as participants
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that were unable to adhere to protocol were excluded
from the analysis. The mean reduction in TST is only
2.6 h for the SR compared to the HS the night before testing.

A major limitation is the small group size and lack of
power, particularly in the sex stratified analyses. However,
we did record clear-cut effects on sleepiness (KSS) and PVT.
Hence, the SR did produce substantial effects. Future stu-
dies should have adequate statistical power to do separate
analyses in both men and women.

Partial SR for only one night is probably not sufficient
to cause changes in inflammation and pain sensitivity at
least in men, although some complied with the original
protocol and got two nights partial SR. The time frame of
10:00-12:00 for blood sample collection is somewhat broad,
given the known diurnal fluctuations in inflammation
markers in healthy individuals [56]. The main cause of
the variable blood sampling time was variable duration
of the experiment, particularly caused by the time it took
to obtain correct montage of the EEG electrodes.

However, the fact that we found increased heat pain
sensitivity in women after SR highlights the important rela-
tionship between sleep and pain and may indicate that
women are more vulnerable than men for consequences
of SR. We did not synchronize SR and testing with men-
strual cycle which influences several components of
inflammation. Hence, we cannot rule out that testing
took place on days at different cycle phases that cancel
out potential effects of SR. Experimental pain sensitivity
has been found to vary across the menstrual cycle [60].

The present findings indicate that suprathreshold
measures of pain sensitivity are more sensitive to SR
than pain thresholds. Sensitivity analyses suggested that
the increased pain sensitivity to heat pain was limited to
the female participants. Whether low-grade inflammation
may explain the association between pain and disturbed
sleep is still unknown, but we did not find an effect of SR on
our selected biomarkers of inflammation. The findings
should be cautiously interpreted given the poor adherence
to the SR condition.
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