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INTRODUCTION
Psychosocial stress, characterized by loss of control and so-

cial threat,1 is a risk factor for disease.2,3 Stressors ranging from 
isolation to low socioeconomic status have been implicated in 
the initiation or progression of viral infections, cardiovascular 
disease, cancer, asthma, and overall mortality.2 These findings 
are robust, and have been observed across animal models (e.g., 
monkeys,4 rabbits5) and experimental designs.

Nonetheless, the pathogenic effects of stress show interindi-
vidual variation3 and may be influenced by situational variables 
such as sleep loss. Even in the absence of external stressors, sleep 
deprivation has been shown to increase basal sympathetic activity, 
activate the hypothalamic-pituitary-adrenal axis, and can elevate 
inflammation markers (see Meerlo et al. and Mullington et al.6,7 
for reviews). In addition to these changes, sleep deprivation may 
also modulate reactivity to episodic psychosocial stress.6

To date, only two human studies have explored the effects 
of sleep deprivation on stress reactivity. These studies suggest 
that sleep deprivation magnifies responses to stress, as shown 
in heightened subjective stress during low-stress conditions,8 
and greater stress-related increases in systolic blood pressure.9 
Here, we probed how the sympathetic nervous system might 
contribute to altered reactivity in sleep deprived persons. This 
is a key mediator of the acute response to stress, with activity 
leading to downstream changes in effectors such as the cardio-
vascular system.10
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Changes in skin conductance occur with eccrine sweating 
and constitute a relatively pure assay of sympathetic activity.11 
Alterations in sweating are mediated by cholinergic nerves and 
are not affected by beta-blockers, allowing evaluation of the 
sympathetic system even when a person is being treated for 
hypertension.12 Along these lines, we hypothesized that sleep 
deprivation would add to skin conductance responses to psy-
chosocial stress, reflecting greater activation of the sympathetic 
nervous system.

METHODS

Participants
Forty-three healthy young adults were recruited from the Na-

tional University of Singapore. Participants had to: (1) be aged 
between 18–35 y, (2) be nonsmokers, (3) have no history of 
psychiatric or medical disorders, (4) have good habitual sleep 
(sleep duration of 6.5–9 h daily, sleeping before 00:30, waking 
before 09:00), and (5) not be of an extreme chronotype.13 Of the 
43 participants, two were excluded for noncompliance and one 
for inability to understand task instructions. The remaining 40 
participants were randomly allocated to one of two sleep condi-
tions: 20 participants (10 females; mean age = 22.40 y, standard 
deviation [SD] = 2.68 y) were assigned to the total sleep depri-
vation group (TSD), and 20 (nine females; mean age = 21.75 y, 
SD = 1.41 y) to the rested wakefulness group (RW). Experi-
mental procedures were approved by the National University of 
Singapore’s Institutional Review Board.

Procedure

General Study Procedure
Participants in the TSD group arrived at the laboratory at 

21:00 the night before the experiment. Throughout the night, 
participants were monitored to ensure they kept awake and 
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engaged only in sedentary activities. Participants also com-
pleted hourly assessments of vigilance (Psychomotor Vigilance 
Task; PVT14) and of subjective sleepiness.15,16

Participants in the RW group arrived at the laboratory at 
22:30 the night before the experiment and were given 8 h of 
sleep opportunity (see Table 1 for details of actual sleep ob-
tained). To mitigate possible effects of sleep inertia, participants 
were given 1 h to wash up upon waking up. RW participants ad-
ditionally performed one assessment of vigilance and of subjec-
tive sleepiness.

On the morning of the experiment, testing commenced be-
tween 06:00 to 06:40 (for TSD participants) and between 08:00 
and 08:40 (for RW participants). These represent the approxi-
mate time when vigilance hits a nadir after a night of sleep de-
privation, and the start time of a regular workday17,18; as such, 
the effects described here represent the interaction of circadian 
and homeostatic effects.

For all participants, sleep history was monitored through ac-
tigraphy for the week preceding the experiment (Table 1).

Experimental Testing
Throughout the experimental testing component, skin con-

ductance data were acquired through a Grass amplifier and 
skin conductance adaptor (Models CP122 and SCA1; Grass 
Technologies, Natus Neurology Inc., Warwick, RI) at a sam-
pling rate of 200 Hz. Data were recorded continuously from 
two silver/silver chloride electrodes (Model F-EGSR) at-
tached to the distal phalanges of the second and third digit 
of the left hand with skin conductance electrode paste (Type 
EC33); a constant direct voltage of 0.5 V was applied across 
the electrodes.

Figure 1A depicts the sequence of events during experi-
mental testing: at the start, participants reported their subjec-
tive affect through the Positive and Negative Affect Schedule19 
(PANAS; note that subjective stress ratings were not measured 
to avoid participant suspicions). Thereafter, 2 min of baseline 
skin conductance data were recorded (Table 1).

As the primary stress manipulation, participants performed a 
difficult perceptual task involving 40 trials per run (gap judg-
ment task; run duration of 2 min 30 sec). On each trial, par-
ticipants were required to identify the position of a small gap 
in a rectangular visual target (Figure 1B). Participants were 
instructed that the experiment could proceed only after they 
reached a performance criterion; in reality, task difficulty was 
titrated on a trial-by-trial basis such that each participant would 
attain only 50% accuracy (Table 1).

To induce increasing levels of stress, participants had to 
repeat the task for four consecutive runs. After each run, they 
were told that they had not reached the minimal performance 
criterion, and were given verbal feedback in increasingly nega-
tive wording: (Feedback 1 - Neutral) “Before we proceed to 
the other tasks, we have to repeat this task one more time.”; 
(Feedback 2 - Negative) “Your performance is not good enough 
yet. You have to try harder, because I cannot let you start the 
other task before this is done.”; and (Feedback 3 - Strongly 
Negative) “This is taking awhile, are you concentrating? Your 
performance is much lower than the performance of the other 
participants, and you cannot proceed before you finish this. 
Please put in more effort.”

At the end of the task runs, 2 min of baseline skin con-
ductance data were acquired, and participants completed the 
PANAS scale a second time.

Table 1—Sleep deprived and well-rested participants’ baseline characteristics.

Sleep State a

Characteristic TSD (n = 20) RW (n = 20) t-statistic (P) 

Sleep variables b

Week preceding the experiment 
Average sleep time (h:min) 00:16 00:05 –
Average wake time (h:min) 07:54 07:52 –
Average sleep duration (h:min) 07:38 (00:37) 07:46 (00:35) 0.64 (0.52)

Night before experimental testing
Sleep time (h:min) – 23:22 –
Wake time (h:min) – 06:40 –
Sleep duration (h:min) – 07:17 (00:27) –

Skin conductance levels c

Prestress baseline period 0.49 (0.25) 0.56 (0.20) 1.02 (0.28)
Following neutral feedback 0.53 (0.25) 0.60 (0.20) 0.98 (0.34)
Following negative feedback 0.57 (0.25) 0.63 (0.20) 0.85 (0.40)
Following strongly negative feedback 0.60 (0.24) 0.63 (0.20) 0.38 (0.71)

Gap judgment task performance
Median reaction time (ms) 693 (92) 707 (124) 0.42 (0.68)
Accuracy (proportion correct) 0.50 (0.01) 0.51 (0.02) 1.87 (0.07)
Difficulty (target-background contrast) 186.93 (14.60) 186.41 (22.27) -0.09 (0.93)

a Data reported as means (standard deviations). b Based on actigraphy data. c Based on the average skin conductance level for the relevant period (in μS 
units), log-transformed. RW, rested wakefulness; TSD, total sleep deprivation.
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Data Analyses

Skin Conductance
Average skin conductance levels (SCL; in μS units) were 

computed as the mean SCL for each run of the gap judgment 
task, and were log-transformed (ln[SCL + 1]).11 Stress reac-
tivity was quantified by comparing the log-transformed SCL 
during task runs following negative feedback (Runs 3 and 4; 
see Table 1), divided by SCL during the task run following 
neutral feedback (Run 2; see Table 1). These indices accounted 
for baseline differences in electrodermal activity that may arise 
from homeostatic and circadian processes,20,21 and allowed 
changes specific to psychosocial stress to be isolated (because 
the control condition of receiving neutral feedback matched the 
negative feedback conditions in every other task aspect).

Statistical Analyses
As the primary analysis, a 2 × (2) repeated measures analysis 

of variance was run with sleep state (TSD versus RW) and feed-
back condition (negative and strongly negative feedback) as the 
factors, and skin conductance reactivity scores as dependent 
variables. All analyses were conducted using SPSS (Version 21, 
IBM Corp., Armonk, NY), with Type 1 Decision Wise Error 
Rate controlled at α = 0.05.

RESULTS

Effectiveness of the Sleep Manipulation
Prior to the experimental task, sleep deprived participants 

showed increased median reaction time on the PVT (mean for 

TSD group = 487.45 ms, SD = 323.37 ms and mean for RW 
group = 317.59 ms, SD = 27.12; t (19.31) = -2.34, P = 0.03). 
This indicates that the sleep manipulation was successful.

Effectiveness of the Stress Manipulation

Subjective Affect Ratings
Participants’ affect ratings on the PANAS scale were scored 

to obtain a subscale score for negative affect. Averaged across 
the sleep deprived and well-rested groups, participants reported 
increased negative affect following the stressor than before the 
stressor (mean before the stressor = 1.49, SD = 0.56 and mean 
after the stressor = 1.84, SD = 0.61; F(1,36) = 14.07, P = 0.001).

Skin Conductance Levels
Further, collapsed across groups, one-sample t-tests were 

run to assess whether each skin conductance reactivity score 
differed from one. (As the scores are ratios, a value > 1 in-
dicates increased SCL following negative relative to neutral 
feedback.) Reactivity scores were > 1 for negative feedback 
(mean score = 1.09, SD = 0.26; t (39) = 2.17, P = 0.04); and 
for strongly negative feedback (mean score = 1.14, SD = 0.39; 
t (39) = 2.21, P = 0.03).

Together, results from both affect ratings and skin conduc-
tance levels indicate that the stress manipulation was successful 
in sleep deprived and well-rested participants.

Effects of Sleep Condition on Stress Reactivity
Additionally, there was a significant interaction between sleep 

state and feedback condition on skin conductance reactivity, 

Figure 1—(A) Sequence of events during the experimental testing component. (B) Schematic of a typical trial in the gap judgment task. (C) Sleep deprived 
and well-rested participants’ skin conductance reactivity to increasingly negative feedback; a higher index score indicates higher reactivity, and vertical lines 
represent 1 standard error of the mean. n.s., not significant; RW, rested wakefulness; TSD, total sleep deprivation.
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F (1,38) = 5.71, P = 0.02; Figure 1C. TSD participants showed 
greater skin conductance reactivity with increasingly negative 
feedback, t (19) = -2.27, P = 0.04, whereas reactivity in RW 
participants did not differ as a function of feedback condition, 
t (19) = 0.80, P = 0.43.

Participants’ skin conductance reactivity scores did not cor-
relate with prestress median reaction time on the PVT, nor with 
the difference between prestress and post-stress negative or 
positive affect on the PANAS (smallest P = 0.41; Table 2).

DISCUSSION
In this study, we investigated how sleep deprivation alters 

skin conductance reactivity to a laboratory stressor. Although 
participants overall showed increased skin conductance levels 
following the manipulation, skin conductance in sleep de-
prived participants continued to rise with increasing stress. Our 
finding of heightened sudomotor responses concurs with prior 
studies suggesting that sleep deprivation has a negative effect 
on stress reactivity (assessed previously in terms of subjective 
stress8 and systolic blood pressure9).

Together, these findings can be framed within a model 
of allostasis, which explains disease progression beginning 
with processes initially engaged to achieve stability through 
change.22 Chronic sleep deprivation23 and chronic exposure to 
psychosocial stress22 have both been independently character-
ized as allostatic loads that predispose a person to illness; each 
has been studied as a risk factor for cardiovascular disease and 
for all-cause mortality.2,24–26 Similarly, episodes of total sleep 
deprivation and acute psychosocial stress have been found to 
affect dynamic allostatic responses of physiological stress sys-
tems.1,6,7 Our findings suggest that the acute allostatic response 
to psychosocial stress may be altered in sleep deprived persons, 
constituting a third pathway for allostatic responses when sleep 
loss and psychosocial stress co-occur.

In our study, we also observed that TSD effects on skin con-
ductance reactivity were uncorrelated with effects on subjec-
tive affective ratings and with performance on a psychomotor 
vigilance task. The lack of correlation between affective and 
vigilance effects has been reported by others.27 Our findings 
suggest a further dissociation between the effect of sleep de-
privation on vigilance and autonomic stress responses, advo-
cating the use of skin conductance as an independent marker 
for health risks in sleep deprived individuals.12,28 Skin conduc-
tance reactivity to increasing stress appears to be both sensitive 

to modulation by sleep loss, and is orthogonal to a widely used 
vigilance measure.
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