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Background and purpose: Poor sleep is commonly associated with alterations in

pain perception. However, there is a lack of studies that address work-associated

sleep restriction (SR) and changes in non-nociceptive perception and autonomic

responses after work-induced SR.

Methods: This study was performed with 19 medical students after a normal-sleep

night (NS phase) and after a night shift at the local emergency room (SR phase).

We performed clinical assessment, quantitative sensory testing for electrical and

temperature sensation, RR interval analysis, and recorded sudomotor skin responses

(SSRs).

Results: The total mean duration of sleep was 436 ± 18 min in the NS group and

120 ± 28 min in the SR group (P < 0.001). The anxiety scores were higher following

the SR phase compared with those after the NS phase (P < 0.01). After SR, there

was a decrease in heat-pain threshold, but neither warm nor electrical thresholds

were affected. Following SR, subjects showed higher SSR amplitudes and an

increased number of double responses at an interstimulus interval of 2 s. We also

observed a moderate inverse correlation between heat-pain thresholds and SSR

amplitude (r = �0.46; P < 0.01). However, there was no correlation between anxiety

scores and SSR parameters.

Conclusions: The effects of SR in the context of work stress on pain are specific

and appear unrelated to general changes in sensory perception. Hyperalgesia was

associated with abnormal autonomic responses, but not with increased anxiety,

which suggests an association between the nociceptive and autonomic nervous

systems that is independent of the emotional state.

Introduction

Lack of sleep is strongly related to alterations in

pain perception in normal subjects and frequently

leads to hyperalgesia [1–7]. Sleep restriction (SR)

can also affect the autonomic nervous system [8],

which in turn has been implicated in C fiber sensi-

tization [9–11] and pain perpetuation [12,13].

Indeed, autonomic nuclei are located at the brain-

stem and are close to the ascending activated retic-

ular system that is involved in sleep processing

[14]. Therefore, sympathetic activity may play a

role in poor-sleep-induced pain. Surprisingly,

although there are several studies analyzing the

effect of sleep deprivation and stress on autonomic

function [15–17], there are none that assess pain

perception together with autonomic tests in sleep-

restricted patients. Furthermore, most of the stud-

ies analyzing pain perception in sleep-restricted

individuals used artificial methods of SR that are

unrelated with real-life conditions.

In this study, we assessed sensory thresholds and

autonomic function and correlated these data with

clinical data gathered from 19 healthy subjects. We

evaluated these subjects at two timepoints: after

normal sleep (NS phase) and after SR phase

(a laborious night of medical work in an emer-

gency room).
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Methods

Nineteen healthy right-handed male volunteers

(mean age, 24.3 years; range 22–30) participated in

the experiment. All subjects were fifth-year medical

students and had good sleep quality [Pittsburgh

Sleep Quality Questionnaire Index (PSQQI) <5]. All

subjects gave their written informed consent for this

study, which was approved by the Ethical Commit-

tee of the Hospital de Clı́nicas de Porto Alegre,

Brazil.

Exclusion criteria

We excluded subjects who fulfilled the following cri-

teria: poor sleep (index >5); antidepressant use; anal-

gesic use; caffeine or other drug use that could

potentially affect the nociceptive or autonomic ner-

vous system in the last 8 h, that is, beta blockers,

tricyclic antidepressants, anticholinergics; the pres-

ence of any known disease potentially involving the

autonomic nervous system, that is, diabetes mellitus,

cerebrovascular diseases; and the presence of chronic

pain complaints. Because mood disorders can affect

pain perception and autonomic responses, we also

excluded subjects with such conditions using previ-

ous history and the results of clinical baseline

assessment.

Clinical assessment

Apart from demographic information (see Experimen-

tal procedure), to assess psychiatric symptoms, we

conducted the Hamilton scale and the State-Trait

Anxiety Inventory (STAI) adapted to the Brazilian

language [18]. Finally, sleep status was assessed using

the PSQQI [19]. After the night shift in the emergency

room, we also asked about the duration of sleep

during the previous working night.

Psychophysical assessment

Thermoalgesic stimuli

All thermoalgesic stimuli were applied using a

Peltier-type contact rectangular thermode (Heat Pain

Stimulator-1.1.10, Brazil) with a stimulating area of

30 9 30 mm2 [20]. We determined the individual’s

warm- and heat-pain threshold using the method of

limits and standardized procedures [21]. Subjects

were instructed to press a button on the device as

soon they felt any change in temperature. Thresh-

olds were defined as the mean value of three stimuli

separated by an interstimulus interval (ISI) of at

least 40 s [22].

Electrical stimuli

Thresholds for perception of electric shocks were

obtained using the method of levels [21], in which

electrical pulses of 0.2-ms duration were delivered to

the median nerve in the wrist at increasing intensities

with ISIs of at least 5 s. Subjects were then asked to

say ‘yes’ when they felt electrical non-painful and

electrical painful shocks. We stopped the assessment

when reproducible thresholds were achieved for each

subject.

Autonomic assessment

Sudomotor skin responses (SSRs) were recorded using

surface electrodes. The active electrode was attached

to the palm and the reference electrode to the dorsum

of the hand [23] on the side ipsilateral to the stimulus.

To evaluate the recovery of SSR excitability, we

applied double electrical stimuli separated by ISIs of

1, 2, and 3 s [24]. The intensity of the stimulus (in

mA) for all trials was defined as the intensity of motor

threshold, that is, when median nerve stimulation

caused a slight twitch of the abductor pollicis brevis.

The order of the specific ISIs was random. We

performed three double stimuli for each ISI, thus 18

electrical single stimuli in total. To maintain full

attention to each stimulus and to retrospectively cal-

culate the habituation index of sensory perception (see

Data reduction and statistical analysis), we asked the

subjects to gauge the intensity of each electrical shock

using a visual analogue scale (VAS) that ranged from

0 (no sensation) to 10 (worst imaginable pain).

Analysis of the RR interval was also conducted

using superficial electrodes, but they were located to

the chest (V5 precordial derivation) with continuous

recording of the heart rate during two provocative

maneuvers: deep inspiration–expiration movements

(three full cycles) and standing up [25]. This procedure

lasted approximately 10 min.

Experimental procedure

Initially, we conducted an interview to assess demo-

graphic (age, weight, and height) and clinical data,

such as duration of sleep in the preceding night, sleep

and psychological scales. Psychophysical and auto-

nomic tests were then performed by two independent

examiners (LD and PS, respectively). Prior to their

assessments, both examiners were blinded to the

results of the sleep status, clinical evaluations, and

autonomic profiles. All subjects were assessed twice:

once following a night of usual sleep (NS phase) and

once following the night of SR phase. The order of

evaluations (after normal or restricted sleep) was

© 2012 The Author(s)
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balanced. For the SR session, we invited the students

the morning after a 12-h duty in the local emergency

room. The duties were always on Mondays, Tuesdays,

or Wednesdays. On the chosen days, the duties were

characterized to have approximately 20 visits every

night (approximately 2 per hour). The medical stu-

dents made the first evaluation (when it was not an

emergency case) and discussed afterward with the

attendant on duty. On average, every student evalu-

ated approximately six patients each night shift.

All tests were performed in the morning before and

after a 12-h night shift, from 7:00 pm to 7:00 am.

Subjects woke up, with the assistance of an alarm

clock, at 6:30–7:00 am. They arrived at the laboratory

at approximately 7:30 am for either NS or SR assess-

ments. The evaluations were performed in a quiet,

semi-dark room, with an ambient temperature of

23–24°C. Subjects were always addressed by the same

researcher (LD), who systematically read the instruc-

tions and explained the standardized experimental

procedure using a previously published quantitative

sensory testing (QST) protocol orientation [26] and

adapted to the Brazilian Portuguese language [20].

Data reduction and statistical analysis

We calculated the mean and the standard deviation

(SD) of all variables for all subjects. For the QST, we

determined the mean threshold values for warm, heat,

and electrical pain in each subject and calculated the

grand mean and the SD for each group (NS and SR

groups).

For the SSR, we measured the amplitude of the two

responses elicited by the double stimuli at different

ISIs (Fig. 1). The recovery of excitability was calcu-

lated as the percentage of the amplitude of the second

response compared with the first response. For exam-

ple, first and second responses of 2 and 1 mV ampli-

tude, respectively, indicate a recovery of 50%. We also

averaged nine individual first responses to measure the

mean onset latency and the mean amplitude of SSRs.

To assess the habituation of electrical stimulus percep-

tion, we defined the habituation index of repetitive

electrical stimuli (el-HI). This index was calculated as

the VAS for perception of the very first electrical stim-

ulus minus the VAS of the last electrical stimulus out

of 18 (three double stimuli for each of the three ISIs).

Therefore, reduced habituation was indicated by low

el-HI values. For the heart rate variability assessment,

we calculated the maximum RR interval of expiration

minus the minimum RR interval of inspiration (E–I)
and divided this value by the minimum RR interval of

inspiration (E/I) [25]. The mean E–I and E/I during

three successive breathing cycles were calculated. We

also measured the longest RR interval at approxi-

mately the 30th beat after standing and divided it by

the shortest RR interval at approximately the 15th

beat after standing (30:15). Figure 2 displays represen-

tative EMG recordings of cardiac beats.

We focused our statistical analyses before (NS

group) and after night-shift (work-induced SR group).

Depending on whether the data were Gaussian or

non-Gaussian distributed, paired Student’s t-tests or

Mann–Whitney U-tests were used to analyze possible

(a) (b)

Figure 1 Sympathetic skin responses

induced by double electrical stimuli (ES).

Note the presence of double responses in

an interstimulus interval of 2 s in a sub-

ject after (b), but not before (a), sleep

restriction.

© 2012 The Author(s)
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differences between pre- and post-SR. We also

performed logarithmic transformation of the SSR

when necessary. Categorical variables were analyzed

using a chi-squared test. Correlation analyses were

performed using the Pearson or Spearman tests for

correlation of thresholds and autonomic data with

clinical characteristics. Finally, multiple linear regres-

sion models were performed using heat-pain thresh-

olds as a dependent variable. An interaction term for

autonomics versus anxiety was used to assess a possi-

ble effect of anxiety on the relationship between auto-

nomic responses and thermal perception. A value of

P < 0.05 was considered statistically significant.

Results

Initially, a total of 21 subjects were selected for our

study. However, after careful evaluation, there were two

exclusions: one because the subject was using beta-

blocker for physiological tremor and one due to a

PSQQI that was higher than 5. Thus, 19 subjects were

assessed completely. The demographic and clinical char-

acteristics of the subjects are summarized in Table 1.

Following SR, heat pain, but neither warm nor

electrical threshold, was significantly lower compared

with the NS group (Fig. 3). In contrast, STAI scores

were higher in SR subjects compared with NS sub-

jects. However, there was no correlation between

STAI and sensory thresholds or STAI and autonomic

parameters (P > 0.05 for all comparisons). Although

electrical thresholds were similar between the two con-

ditions, the habituation of electrical perception, mea-

sured by VAS, was significantly lower in the SR

group compared with the NS group, that is, sleep-

restricted subjects did not show as much reduction in

perception after repetitive stimuli as NS subjects did.

The amplitude of the SSR was significantly greater

in sleep-restricted subjects compared with NS subjects.

Similarly, double responses at ISI of 2 s were more

prevalent in subjects with SR compared with the NS

group. Double responses at ISI of 1 s and ISI of 3 s

were similar between groups. Table 2 summarizes the

results on psychophysical and electrophysiological

analyses. SSR amplitudes correlated significantly with

heat-pain thresholds following SR (r = �0.46) as seen

in Fig. 4. Indeed, subjects with double responses at

ISI of 2 s had lower heat-pain thresholds compared

with those without double responses at the same ISI

(41°C vs. 45°C; Mann–Whitney, P < 0.001). There

was no correlation between thermal thresholds or auto-

nomic responses and STAI scores (P > 0.1 for all corre-

lations). Additionally, following SR, a multivariate

linear regression showed a positive correlation between

heat-pain perception and autonomic responses, but not

with anxiety levels (see Table 3). On the other hand, no

differences were found in heart rate variability between

the two groups.

Finally, there was no correlation between sensory

thresholds or autonomic responses and any of the

(a) (b)

Figure 2 Illustrative RR interval recordings during inspiration/expiration maneuvers in a subject before (a) and after (b) sleep restric-

tion.

Table 1 Clinical and demographic baseline characteristics

Variables Values

Age (years) 24.3 ± 2.1

Body mass index 25.4 ± 2.0

Hamilton Scale score 3.8 ± 2.6

Pittsburgh Sleep Quality Questionnaire Index 3.6 ± 1.0

STAI score 16.9 ± 3.6

Night-shift sleep duration (min) 120 ± 28

STAI, State-Trait Anxiety Inventory.

Mean ± standard deviation (n = 19).

© 2012 The Author(s)
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clinical or demographic variables apart from STAI

scores (P > 0.05 for all correlations).

Discussion

Our study has three main findings: (i) heat pain but

not warm or electrical thresholds were lowered by

work-induced SR, indicating a specificity of the sen-

sory system in reacting to a stressful situation; (ii) skin

autonomic responses and anxiety levels were both

increased after work-induced SR, suggesting an

enhanced arousal reaction in response to acute stress;

(iii) work-induced hyperalgesia was associated only

with skin autonomic activity and not with anxiety

levels, suggesting a role of autonomic function in pain

perception that does not depend on the emotional

state measured by STAI scores.

Sleep restriction is itself a stressful condition, but to

date no studies assessing together sensory thresholds

and autonomic function after work-induced SR have

been performed. When studied separately, SR usually

tends to increase sensory perception [2], whereas stress

tends to decrease it [27]. In our study, we aimed to

combine stressful work with SR to replicate a com-

mon real-life situation. We found significant differ-

ences in heat-pain thresholds after only 1 day of SR,

which is different from other authors who used more

prolonged or elaborate SR paradigms, such as 3 days

of SR, selective REM, or stage 4 sleep deprivation

[1,7,28–30]. This discrepancy can be explained by the

strong potentiating influence of stressful work on the

effects of SR on pain perception and autonomic func-

tion, as we observed here.

But why does SR in the context of work stress lead

to reduce thresholds? One of the reasons underlying

such pain predisposition in sleep-deprived subjects

may be related to the finding of an impaired endoge-

nous pain-inhibitory function that is associated with

disturbances of sleep continuity [5,31]. This phenome-

non can be related to dysfunctional serotonergic

(a)

(b)

Figure 3 Heat-pain thresholds from the

same subject. Note the presence of lower

thresholds obtained after sleep restriction

(b) in comparison with those obtained

before (a) sleep restriction.
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neurons in the brainstem [32], decreased opioid func-

tion [33], or cytokine sensitization [34,35]. Habituation

to pain is associated with increased activity in the

endogenous pain-inhibitory system [36]. After SR,

subjects habituated less to repetitive stimuli compared

with subjects after normal sleep. Consequently, lower

habituation may indicate transient antinociceptive

dysfunction following SR, and this might have con-

tributed to the lower thermal thresholds.

In our subjects, we expected that other forms of

sensory stimuli would behave in the same way as the

heat-pain sensation (low thresholds) after SR, but no

differences were found in responses to warm or electri-

cal stimuli between subjects with normal or restricted

sleep (Table 2). This is consistent with the findings of

other authors [37] and can be explained by the exis-

tence of a top-down regulating system that is specific

for pain, but not for other sensory volleys. Indeed,

functional neuroimaging studies have shown that the

anterior cingulate cortex, the final nucleus of the med-

ial pain system, is activated strongly by noxious heat

and noxious cold, but not by innocuous stimuli [38].

We did not observe any changes in heart rate vari-

ability following SR. This finding is consistent with

those of other authors [16] and indicates a decreased

vulnerability of the cardio-autonomic system to acute

stress. Indeed, this system is also less affected than

skin sympathetic responses in diabetic patients with

subclinical dysautonomia [39]. However, recent studies

have found significant changes in heart rate variability

after SR using power spectrum analysis [40,41]. There-

fore, our methods are probably less sensitive than

other physiological techniques to detect cardiovascular

changes in sleep-restricted subjects.

Similar to Zhong et al. [42], we detected higher

sympathetic activity in sleep-deprived subjects, which

could be explained by the activation of brainstem nor-

adrenergic neurons during stressful conditions [8]. We

also found an association between increased auto-

nomic activity and decreased pain thresholds in the

palms following SR, which has biological plausibility.

Nociceptive- and autonomic-regulatory regions of the

central nervous system often respond to the same type

of somatic or visceral inputs, receive convergent noci-

ceptive and viscero-sensory information, and contain

groups of neurons that initiate autonomic, antinoci-

ceptive, and behavioral responses to noxious stimuli

[43]. This may explain the significant correlation

between pain perception and autonomic responses

that we observed in our subjects, detected only after

Table 3 Multivariate linear regression of the interaction between

heat-pain perception, autonomic responses and anxiety after sleep

restriction, using ‘heat-pain perception’ as a dependent variable

b T P 95% CI

STAI score �0.03 �0.13 0.89 �0.25 to �0.22

SSR amplitude (mV) �0.55 �2.60 0.01* �0.65 to �0.07

STAI, State-Trait Anxiety Inventory; SSR, sympathetic skin

response; CI, confidence interval.

Significant correlation between pain perception and autonomic

response, but not between pain perception and anxiety.

Dependent variable: heat-pain threshold (°C).

Figure 4 Correlation between heat-pain thresholds (°C) and
amplitude of sympathetic skin responses (mV). [Correction

added on 14 November 2012, after first online publication: the

unit for amplitude of sympathetic skin responses was changed

from mA to mV.]

Table 2 Psychophysical and neurophysiological data after normal

sleep (NS) and sleep restriction (SR)

Variables NS SR P

Clinical data

Sleep duration

(min)

436 ± 18 120 ± 28 <0.001*

STAI score 18.9 ± 3.5 22.9 ± 4.3 0.01*
Psychophysical

data

Electrical non-

painful (mA)

2.8 ± 0.8 2.6 ± 0.6 0.1

Electrical painful

(mA)

27.1 ± 9.7 28.0 ± 15 0.9

Electrical habituation

index

4.1 ± 1.1 1.1 ± 0.7 0.02*

Warm (°C) 34.5 ± 2.2 32.1 ± 1.3 0.4

Heat pain (°C) 45.7 ± 1.1 41.1 ± 0.9 0.002*
Autonomic data

SSR latency (ms) 1.5 ± 0.2 1.4 ± 0.3 0.2

SSR amplitude (mV) 3.8 ± 2.6 5.2 ± 3.8 0.03*
Double electrical stimuli

(ISI of 2 s)

2/19 10/19 0.01*

Excitability recovery (%) 56.6 ± 32.2 63.7 ± 46.4 0.3

Expiration–inspiration 1.4 ± 0.2 1.3 ± 0.2 0.1

Expiration – inspiration (ms) 73.8 ± 26.3 70.1 ± 33.5 0.4

Orthostasis – 30:15 1.2 ± 0.2 1.1 ± 0.1 0.5

STAI, State-Trait Anxiety Inventory; SSR, sympathetic skin

response; ISI, interstimulus interval.
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SR. Recently, we also found decreased thermal thresh-

olds in hyperhidrotic patients after thoracic sympathec-

tomy [44]. In fact, our subjects after SR might have a

similar type of nociceptive–autonomic interaction seen

in patients with palmar hyperhidrosis (low sensory

thresholds and high autonomic activity). Therefore,

alpha-adrenoceptors might have been triggered by

hyperactive sympathetic post-ganglionic axons and

consequently excited primary afferent axons in the

‘nociceptive pathway’ [9,10]. In conclusion, sleep-

deprived subjects might actually have a dysfunction in

the autonomic centers of the brainstem that are respon-

sible both for the inhibition of sensory perception and

for peripheral autonomic activity. This hypothesis

would explain lower thermal thresholds and higher

autonomic responses of our sleep-restricted subjects

compared with normal subjects after normal sleep.

Sleep restriction cannot be considered a highly

stressful condition because it is known that during such

conditions, for example a soldier in a battle, higher,

not lower, pain thresholds are to be expected [27]. In

contrast, our subjects showed lower thresholds. There-

fore, SR can be considered a distinctive form of stress.

Alternatively, other lines of evidence can explain this

finding. First, there may be different phases of pain

sensory perception during stress adaptation [43]. It is

conceivable that during acute stress stages, pain thresh-

olds elevate and subsequently fall. However, the hypo-

algesic effects of stress with respect to sleep may be

more gradual, such as occurs in the opioid-mediated

analgesia evoked from stimulation of the ventrocaudal

periaqueductal gray matter [45]. Secondly, long-lasting

stressful situations and anxiety contribute to pain

amplification [46]. Thirdly, it is possible that the body

changes the individual pain threshold to preserve exci-

tation of the autonomic system and to protect against

further pain. Finally, another possibility is that our

stress paradigm was not sufficiently stressful to activate

the endogenous antinociceptive system and conse-

quently not able to increase pain thresholds. Indeed,

salivary cortisol was unaffected by one-night sleep

deprivation in healthy subjects [16].

Several methodological issues related to the design

of this study must be addressed. First, we did not

perform EEGs to characterize the lack of sleep and

specifically for stage 4 sleep deprivation and relied

only on the subjects’ perception about their sleep.

However, we preferred to choose an experimental

design closer to the patient’s reality of an exhaustive

work shift together with SR. This paradigm was also

chosen to maximize data gathered from such a small

sample size. Secondly, it is possible that SR could

have increased thermal thresholds secondary to lower

reaction time to pressing the QST device’s button [47].

However, if this was the case, higher thresholds and

lower arousal responses would have been expected.

In conclusion, this study extends previous findings

and shows that SR induced by a laborious night of

medical work in an emergency room was associated

with lower heat-pain thresholds and higher autonomic

activity in healthy subjects. These data indicate a spec-

ificity of the sensory system in reacting to a stressful

situation and to the active role of the autonomic

nervous system in pain processing at least in this

experimental condition.
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