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INTRODUCTION
Nearly 20% of the labor force worldwide, working in indus-

tries such as protective services, transportation, health care, and 
food preparation, have work hours that take place during the 
night, and thus are often exposed to the negative effects of shift 
work on health and safety.1-5 Night-shift work hours, which 
generally fall between 21:00 and 08:00, are associated with 
chronic shortening of sleep time (< 7 h per 24 h), which leads 
to increased sleepiness and deficits in function. Alterations in 
circadian timing that produce a mismatch between internal 
biological timing and the sleep-wake schedule also contribute 
to excessive sleepiness, impaired function, and disturbed sleep 
in night-shift workers.

As sleep-wake function is modulated by a circadian process 
and a homeostatic process,6,7 and deficits in cognitive function 
arise via an interaction between these two processes.8,9 For 
example, in well-controlled laboratory studies in healthy volun-
teers, cognitive function was shown to rapidly decay when 
circadian alertness is lowest and sleep pressure is elevated,10 
even when participants have been awake for less than 16 h.6,11 
In a recent study, Lo et al.12 found that subjective alertness 
and sustained attention were most affected by an interaction 
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between sleep deprivation (partial and total) and circadian 
phase. Consistent with these results, studies on regular night 
workers as well as day workers asked to acutely work at night 
showed a rapid increase in impairment in attentional functions 
during night hours compared to daytime hours, measured by 
performance decrements and slowed response time.8,13-21 Santhi 
and colleagues8 also demonstrated an interaction between 
circadian trough and acute sleep deprivation on visual selec-
tive attention and subjective alertness during the first night of 
simulated shift work.

Many shift workers have a misaligned circadian rhythm with 
respect to their night work schedule.22,23 These night workers 
are at higher risk of developing shift work disorder (SWD), 
which is characterized by excessive sleepiness and/or sleep 
disturbances associated with workers’ shift work schedule.24-27 
However, some night workers are able to adjust their circadian 
rhythm to night work.28-31

The daily rhythm of melatonin secretion has been shown 
to be a reliable marker of an individual’s circadian rhythm,32 
and dim-light melatonin onset (DLMO) can be used as an indi-
cator of circadian phase position.33 In middle-aged day-active 
participants, DLMO has been found to be 21:31 ± 55 min,34 and 
21:41 ± 29.6 min.22 Interestingly, some night workers success-
fully adjust their circadian phase to accommodate their night 
work schedule, and manage to stay free of sleep-wake symp-
toms (DLMO occurs later than in day workers: 04:42 ± 3.25 h).31 
Thus, the time of their biological night is delayed in the direc-
tion of daytime, when night workers normally sleep. In contrast, 
night workers who have not adjusted their circadian rhythm 
(DLMO = 20:42 ± 2.21 h) often experience the negative 

D
ow

nloaded from
 https://academ

ic.oup.com
/sleep/article/37/3/545/2595978 by guest on 17 April 2024



SLEEP, Vol. 37, No. 3, 2014 546 Sleep, Circadian, Distractibility Measures in SWD—Gumenyuk et al

effects of the interaction between circadian misalignment and 
increased homeostatic pressure during their work shift.

In the current study, we address the differences in distract-
ibility just before a night shift, during the night shift, and 
following a period of acute sleep deprivation between well- 
adjusted, healthy night workers (NW) and poorly adjusted NW 
in whom shift work disorder (SWD) was diagnosed. Generally, 
the effect of SWD on underlying neurophysiological processes 
related to attention has remained largely ignored in studies of 
shift workers. Understanding the neuronal mechanism of atten-
tional deficits in SWD will offer insight into the mechanisms 
of occupational errors, accidents, and injuries that often occur 
during night hours.

According to well-established research on auditory distract-
ibility, an auditory-visual distraction paradigm35-42 was used 
to identify normal and abnormal processing of an auditory 
distractor during the performance of a visual discrimination task. 
Normally, auditory distraction causes an increased response 
time to visual stimuli following a distracting sound compared to 
visual stimuli following a nondistracting sound.35 The accuracy 
of performance on the main (visual) task may also decrease as 
a result of a distracting sound momentarily capturing attention 
away from the primary task, whereas nondistracting sounds 
have a minimal distracting effect on behavioral performance.

Electrophysiologically, the brain responses to novel sounds, 
collectively referred to as the distraction potential, are char-
acterized by three distinctive event-related brain potentials 
(ERPs).38 These brain responses are neuronal processes in the 
auditory modality that underlie neurophysiological distract-
ibility and precede a behavioral response (e.g., pressing a 
button) in a visual distraction task. The first is the N1-enhance-
ment, which reflects the process of change-detection, occurring 
at a latency of 100-150 ms; the second is the P3a, which reflects 
the orientation of attention to the distracting stimulus, occur-
ring at latency of 200-350 ms; finally, the reorienting negativity 
(RON), which reflects the reorientation of attention back to the 
main task after the momentary distraction, occurs at a latency 
of 400-600 ms after the onset of the distracting sound.38,43 Each 
of these neuronal processes represents the timing and path of 
processing the distracting auditory information in the brain and, 
at the functional level, underlie how dynamic shifts of attention 
occur when triggered by a distracting sound.

Research on sleep and circadian-related deficits in attention is 
varied. However, the effect of those factors is important to know 

because abnormalities in distractibility may be responsible for a 
substantial number of accidents. Although that may relate to all 
workers, it is likely that abnormal distractibility in night workers, 
especially those with SWD, may be underpinned by a deficiency 
in neurophysiological processing caused by sleep and circadian 
disturbances, relative to night workers who are well adjusted 
to night work. We can also expect that the effect of a potential 
interaction between sleep loss and lack of circadian adjustment 
observed in night workers with SWD will contribute to a deficit 
in processing of distracting information during the night shift.

The aim of the current study was to evaluate the differences 
between night workers without SWD and night workers with 
SWD across multiple parameters: circadian rhythm, habitual 
sleep, sleepiness and distractibility prior to work-shift, during 
the work shift, and after acute sleep deprivation.

METHODS

Participants
Participants were recruited through flyers and an online 

newsletter in the Henry Ford Health System. Ten healthy NW 
(6 females, mean age: 34.9 ± 7.2 y) and 18 NW with SWD 
(11 females, mean age: 36.0 ± 5.7 y) participated in the study. 
All subjects were currently working nights (starting between 
19:00-22:00 and ending between 06:30-07:30) for at least 
three consecutive shifts per week for at least 6 mo. All subjects 
were right handed, with normal hearing and vision, and free of 
psychiatric and neurological conditions (see Table 1 for detailed 
demographic and general characteristics of participants).

All participants were required to pass a health screen, including 
physical examination, an interview with a clinical psycholo-
gist, and several questionnaires: morningness-eveningness,44 
Epworth Sleepiness Scale (ESS),45 Insomnia Severity Index 
(ISI),46 Profile of Mood States questionnaire (POMS),47 and the 
Berlin questionnaire to screen out sleep apnea.48 All participants 
were free of medications for a minimum of 2 weeks prior to 
the study. Exclusion criteria for participants included any sleep 
disorder other than SWD, head injury, hearing problems, alcohol 
and substance abuse, smoking, and caffeine use > 300 mg/day.

For the SWD group, the inclusion criteria for the study were: 
excessive sleepiness (ESS ≥ 10) and/or insomnia (ISI ≥ 11) 
in addition to insomnia criteria determined by Diagnostic and 
Statistical Manual for Mental Disorders, Fourth Edition (DSM-
IV). All subjects with SWD were diagnosed based on the results 

Table 1—Demographic, work and clinic characteristics of study sample

Characteristic Healthy night workers (N = 10) SWD night workers (N = 18) P level
Sex
Age
Body mass index
Epworth Sleepiness Scale
Insomnia Severity Index
Morningness-Eveningness
Time working night shifts (mo)
Duration of shift (h)
Start time – end time of shift (h)
Shifts/week
Nights of nocturnal sleep/week

6F
34.9 ± 7.2
27.0 ± 5.1

7.7 ± 1.8
5.8 ± 2.7

48.6 ± 8.6
51.7 ± 58.3
10.2 ± 1.4

21:40 – 07:30
4.1 ± 0.5
2.2 ± 1.0

11F
36.0 ± 5.7
29.7 ± 5.8
11.2 ± 3.0
13.6 ± 5.7
46.5 ± 13.3
48.2 ± 34.8
10.4 ± 1.6

20:40 – 07:30
3.9 ± 0.9
2.3 ± 1.4

0.1
0.7
0.008
0.007
0.6
0.1
0.7
0.3
0.08
0.6
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of an interview with a board-certified sleep clinician. In the NW 
group, participants could not have insomnia symptoms (ISI < 10) 
or an ESS score outside the normal range (ESS < 10; Table 1).

All participants were asked to maintain their habitual sleep 
schedule during the day of the study and have at least 3 consec-
utive work nights prior to the study. All participants were asked 
to record their sleep habits related to working and nonworking 
days in a sleep diary for 2 weeks prior to the laboratory study.

It should be noted that the sample in the current study was 
independent of the sample in our previous study.31

Procedures
Figure 1 illustrates the laboratory study protocol. All partici-

pants were admitted to the Henry Ford Sleep Disorders and 
Research Center at 16:00, where they remained for 25 h in a 
dimly lit (< 15 lux), sound-attenuated private suite with personal 
bedroom and bathroom facilities. Subjects were aware of clock 
time. Continuous video and audio monitoring of the bedroom was 
conducted throughout the study. Participants were not allowed 
to sleep during the entire study and had to remain out of bed, 
except for Multiple Sleep Latency Test (MSLT) nap trials (see 
next section). Technicians monitored the subjects throughout the 
study and prevented subjects from falling asleep by talking to 
them or asking them to leisurely walk around the room (~1 m2). 
These walks were not more than 2 min long, and occurred at 
least 20 min before giving a saliva sample or an MSLT nap. For 
each saliva collection, all participants were seated in a comfort-
able chair until an adequate sample was produced. When subjects 
were not completing MSLT nap trials, they were allowed to sit 
in a comfortable chair and watch movies, drink water or juice, 
and eat food that was provided for them. Ten min prior to saliva 
collection, no food or drink was allowed and subjects were asked 
to rinse their mouth using clean water prior to collection.

This protocol was approved by the institutional review board 
committee of Henry Ford Health System. Prior to taking part in 
the study, all participants were informed about the nature of the 
study and provided written consent. Participants were compen-
sated for their participation.

Circadian Phase Assessment
Saliva samples were collected at 30-min intervals using a 

Salivette tube (Sarstedt AG & Co Nümbrecht, Germany) with 

a cotton insert. Prior to the study, participants were instructed 
about the amount of saliva needed for each collection. Each 
sample was weighed to ensure a minimum of 1 mL of saliva 
before it was centrifuged. A total of 49 frozen salivary mela-
tonin samples per participant were sent to SolidPhase, Inc. 
(Portland, Maine, USA) for radioimmunoassay.

The threshold for DLMO was calculated for each individual’s 
melatonin profile as the average of the five lowest continuous 
concentrations of melatonin during the phase assessment, plus 
15% of the average of the five highest continuous concentra-
tions of melatonin across the 49 samples. DLMO was defined 
as the time that the amplitude of the fitted LOWESS curve for 
melatonin concentration rose and remained above the individ-
ual’s threshold for at least 1 h. The DLMOoff was the time at 
which LOWESS curve amplitude fell and remained below the 
individual’s threshold for at least 2 h.31,49

Assessment of Objective and Subjective Sleepiness
Objective sleepiness was assessed using the MSLT, with 

eight nap sessions taking place every 2 h from 22:30 to 12:30, 
following standard research protocol50 (see Figure 1). Prior to 
each MSLT, the electrodes were routinely checked and replaced 
if necessary. The five MSLT naps related to work-shift hours 
(22:30-06:30) and last three related to acute sleep deprivation 
(08:30-12:30) were averaged and the means were compared 
between groups to evaluate objective sleepiness.

Subjective sleepiness was assessed by the Stanford Sleepi-
ness Scale (SSS). Participants completed the SSS prior to each 
MSLT test (see Figure 1). The five scores of SSS (22:30-06:30) 
and the last three (08:30-12:30) were averaged separately and 
compared between groups.

Assessment of Distraction by Event-Related Brain Potential Stimuli
Participants completed three EEG/ERP sessions during the 

study (18:00 (T1), 04:30 (T2), and 14:00 (T3)). Each session was 
approximately 1 h long, and included three 6-min trials of the 
auditory-visual distraction task. The first ERP session (T1) evalu-
ated neurophysiological and behavioral measures of distractibility 
during prework or baseline hours. The second ERP session (T2) 
tested the neurophysiological and behavioral changes occurring 
during the working hours. The final session (T3) evaluated effect 
of acute sleep deprivation (see Figure 1). There were additional 

Figure 1—An illustration of the laboratory study protocol. M, sample for melatonin assay; SSS, Stanford Sleepiness Scale; MSLT, Multiple Sleep Latency 
Test; ERP, event-related brain potential study.
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neurophysiological assessments performed, results of which 
will be reported elsewhere. During the task all participants were 
presented with two categories of visual, equiprobable stimuli 
(i.e., numbers and letters; see Figure 2). Each visual stimulus was 
preceded by a task-irrelevant auditory stimulus that was either 
a pure tone (serving as a nondistracting event) or novel sound 
(serving as a distracting event). The interval (onset-to-onset) 
between auditory and visual stimuli was 300 ms.

Nondistracting pure tones (800 Hz, 200 ms duration) were 
presented frequently with a probability of P = 0.8. Distracting 
sounds were novel, unique, environmental sounds (such as a 
telephone ringing, baby crying, dog barking, etc.) with 200 
ms duration, including rise/fall times of 10 ms). These novel 
sounds were presented randomly with a probability of P = 0.2. 
Each trial included 70 novel sounds drawn from a library of 
200 in order to maintain the novelty of the distracting sounds. 
The result was that each novel sound was used only once in 
each trial. All auditory stimuli were presented binaurally at an 
intensity of 75 dB SPL via internal earphones.

The visual stimuli were white capital letters and digits (same 
size font) displayed randomly against a black background in the 
center of a computer monitor for 200 ms. The distance between 
the computer screen and the participant’s eyes was approxi-
mately 1.5 m. Each participant was instructed to fi x their gaze 
on the center of the screen and, as accurately as possible, press 
one button with their right thumb when they saw digits and 
another button with their left thumb when they saw letters. 
Instructions were also given to ignore auditory stimuli, and to 
avoid excessive blinking and body movements.

During this task, participants were seated in a comfortable 
armchair in the same sound-attenuated and light-illuminated 
room used throughout the study. Prior to the fi rst recording at T1, 
each participant underwent a brief training session consisting 
of a short practice trial that included visual stimuli only. The 
trials were then started after the participant was familiar with 
the requirements of the visual task.

Electrophysiological Recordings
For each session, EEG was recorded using a 32-channel 

EEG cap (10-20 system, Easy Cap, Gilching, Germany) and an 
ASA-EEG system (ANT, Netherlands). In addition, an electro-
oculogram (EOG) was recorded using two electrodes attached 
to the left and right canthus of each eye, and two electrodes 

attached below and above the left eye. All impedances were 
kept < 10 kΩ during each session. A band-pass fi lter was set 
from 0.1 to 100 Hz, and the sampling rate was 1024 Hz.

EEG data were analyzed using Brain Vision Analyzer soft-
ware (Brain Products GmbH, Gilching, Germany). ERP data 
were segmented separately for distracting and non-distracting 
stimuli, and each segment was started 100 ms prior to stimulus 
onset and continued for 800 ms after the stimulus onset. A band-
pass fi lter ranging from 0.1 to 30 Hz was applied to segmented 
data. Segments in which the EEG exceeded ± 75μV were 
excluded from the average. ERPs in response to distracting and 
nondistracting stimuli were averaged separately. On average, 
at least 90 distracting and 140 nondistracting stimuli were 
included for each subject’s grand average for each session. 
Baseline correction (100 ms prestimulus interval) was applied 
to the averaged data.

Behavioral and ERP Data Analyses
A correct response within a 1,000-ms interval after visual 

stimulus onset was considered as “correct”. An incorrect button 
press during this interval was classifi ed as an “error,” and 
a response beyond the 1000 ms interval or no response was 
classifi ed as a “miss.” Mean response time (RT), correct, error, 
and miss rates were calculated separately for distracting and 
nondistracting stimuli.

For each participant, the obligatory auditory N1 was identi-
fi ed as the largest negative waveform falling within a latency 
window of 80-100 ms. N1 peak amplitude was measured at 
the Cz electrode in ERPs to the distracting and nondistracting 
sounds for each EEG session.

The distraction potential was computed as a difference 
waveform by subtracting the ERPs elicited to nondistracting 
trials from those elicited by distracting trials 60. Taking the 
grand average of these individual difference waveforms 
allows for identifi cation of distraction-related brain responses: 
N1-enhancement, P3a, and RON. Mean amplitude for N1 
enhancement was measured within a 120-150 ms latency 
window at the Cz electrode.

The P3a is a biphasic brain response that consists of an 
early (e) and late (l) phase.35 The mean amplitude of the eP3a 
was measured within a 220-250 ms latency window, and the 
lP3a was measured within a 260-320 ms latency window for 
each participant. Mean amplitude of the RON component was 
measured within a 420-470 ms latency window.

Statistical Analyses
Due to the deviations from normality in several variables 

(MSLT, DLMO), group comparisons of demographics, clinical 
characteristics, sleep diary data, MSLT, and circadian phase 
differences (DLMO) were performed using nonparametric 
Mann-Whitney U tests.

The performance and ERP data were normally distributed. 
To evaluate whether distracting sounds preceding visual stimuli 
caused a behavioral distraction in each group, RT, correct, 
error, and miss rates obtained at T1 were compared to those 
following non-distracting sounds in each group using t-tests for 
dependent samples.

The between-group comparison of mean RT, correct, error, 
and miss rates related to distracting and nondistracting stimuli 

Figure 2—An illustration of the auditory-visual distraction paradigm. 
Auditory: non-distracted sounds were frequently presented pure tones 
intermixed with 20%- novel/distracted (environmental) sounds. Visual 
task consisted of 50% of letters and 50% of numbers randomly occurred 
on the computer screen every 1.2 sec.
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were compared across T1, T2, and T3 by repeated- measures 
analysis of variance (ANOVA) with group (NW versus 
SWD) as the between and time (T1 versus T2 versus T3) as 
the within factors.

For the ERP analyses, the obligatory N1 peak amplitude to 
the distracting and non-distracting sounds measured at the Cz 
electrode was similarly compared using two-way repeated-
measures ANOVAs with group (NW versus SWD) and time 
(T1 versus T2 versus T3) as factors.

The grand average of difference waves for each group was 
visually examined. Based on the grand-averaged data, each 
subcomponent of the distraction potential (N1-enhancement, 
eP3a, lP3a, and RON) was examined for the largest amplitude 
value. Electrodes with the largest amplitude of each subcompo-
nent were selected for mean amplitude measurements and then 
compared using three-way repeated-measures ANOVAs with 
group (NW versus SWD), time (T1 versus T2 versus T3), and 
electrodes (C3, Cz, C4 for N1-enhancement, F3, Fz , F4, C3, Cz , 
and C4 for e/lP3a and Fc3, Fcz, and Fc4 for the RON) as factors.

Newman-Keuls post hoc tests were used to further specify 
the significance of the main effects and interactions revealed by 
ANOVA analyses.

Because there were no significant differences between groups 
on behavioral response prior to shift, during shift, or following 
acute sleep deprivation nor a between-group difference in RON 
after acute sleep deprivation, a post hoc correlational analysis 
was performed only on the relation between habitual total sleep 
time (TST)/24 h (daytime sleep) and baseline (T1) RON ampli-
tude across both groups.

RESULTS
Table 1 presents the participant’s characteristics obtained 

prior to the laboratory study.

Habitual Sleep
Table 2 summarizes the 2-week sleep diary data collected 

prior to the study for each group. Bed and wake time for 
daytime sleep were similar between groups 09:20 ± 1.1h and 
15:40 ± 1.30h [NW] versus 09:40 ± 1.30 h and 15:09 ± 2.0 h; 
P = 0.6 for bedtime and P = 0.3 for wake time comparisons 
between groups.

The NW group had a longer TST, higher sleep efficiency, 
and number of naps than night workers with SWD (see Table 2) 

across the 2 weeks of the diary. In addition, the NW group had 
relatively longer TST per 24-h period on nonworking days than 
workers with SWD; however, this difference was not signifi-
cant (see Table 2, bottom).

For daytime sleep immediately prior to the laboratory 
study, participants from both groups showed similar arise 
times 14:10 ± 1.6 h [NW] versus 14:50 ± 1.8 h [SWD], 
P = 0.8.

Circadian Phase
The mean (± standard error of the mean [SEM]) of averaged 

LOWESS curves based on the melatonin profile for each group 
is presented in Figure 3.

The timing of DLMO among the NW group was signifi-
cantly delayed (mean ± standard deviation [SD] 05:00 ± 3.4 h) 
relative to DLMO in the SWD group (20:27 ± 5 h) (U = 43.5; 
z = -2.22, P < 0.03). Similarly, DLMOoff was significantly later 
in NW group (16:00 ± 3.1 h) compared to DLMOoff in the SWD 
group (08:00 ± 4.4 h) (U = 28; z = 2.5; P < 0.01).

Figure 3—Group averaged LOWESS fit curves of salivary melatonin 
(means and SEM) for asymptomatic night workers (NW) and shift work 
disorder (SWD) groups. Time of day is a clock time when saliva ample 
was collected for each participant.
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Table 2—Two-week sleep diary data obtained prior to the study (means ± SD)

NW (N = 10) SWD (N = 18) P level
Time in bed (on shift)a (h)
Total sleep time (on shift) (h)
Sleep efficiency (on shift) (%)
Latency to sleep (on shift) (min)
Wake after sleep onset (min)
Number of naps
Duration of naps (min)
Total sleep time (h)/24 h for days ON shifta

Total sleep time (h)/24 h for days OFF shiftb

6.7 ± 1.0
6.4 ± 0.8
95 ± 4.0

15.3 ± 15.1
3.2 ± 4.0
0.7 ± 1.8

43.5 ± 68.5
7.1 ± 1.0
8.6 ± 1.1

5.9 ± 1.5
5.1 ± 1.0
87 ± 10

22.4 ± 20.0
12.0 ± 18.0

2.8 ± 2.5
73.5 ± 51.2

6.2 ± 1.1
7.7 ± 1.9

0.2
0.002
0.03
0.3
0.1
0.03
0.2
0.03
0.3

aON shift: sleep during the day prior or after work shift. bOFF shift: total sleep time including naps per 24 h for days OFF work shift. NW, night workers; SD, 
standard deviation; SWD, shift work disorder.
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Sleepiness
Figure 4, panel A, shows the mean ± SEM of MSLT for 

two groups. Mean MSLT latency across five trials (22:30-
06:30) was significantly shorter in the SWD group (4.8 ± 4.9 
min) than in the NW group (7.8 ± 3.7 min; U = 47; z = -2.1; 
P < 0.03). Mean MSLT latency across three trials following 
acute sleep deprivation (08:03-12:30) showed similar latency 
to sleep in both groups (2.6 ± 2.8 [SWD] versus 3.3 ± 2.5 
[NW], P = 0.1).

Figure 4, panel B, shows the mean ± SEM of SSS for the two 
groups across time ranging from 22:30 to 12:30 h. Statistical 
comparison revealed that night workers with SWD were subjec-
tively sleepier than the NW group between 22:30 and 06:30 
h (3.0 ± 0.7 [SWD] versus 2.1 ± 0.5 [NW], U = 57, z = 1.8; 
P = 0.05), whereas following acute sleep deprivation (08:30-
12:30) both groups were not different in subjective sleepiness 
(3.4 ± 0.3 [SWD] versus 3.1 ± 0.6 [NW] P > 0.5) (see Figure 4, 
panel B).

Indices of Behavioral and Neurophysiological Distraction

Behavioral
Figure 5 displays results of behavioral distractibility for both 

groups at T1. The effectiveness of the distraction paradigm was 
supported as distracting sounds presented prior to visual stimuli 
significantly prolonged RT in both groups relative to RT asso-
ciated with nondistracting sounds (t = 5.06; P < 0.001 [NW]; 
t = 3.9; P < 0.002 [SWD]). The rate of correct responses to 
visual stimuli following distracting sounds was lower in both 
groups relative to nondistracting sounds (t = -3.9; P < 0.003 
[NW]; t = -5.4; P < 0.001 [SWD]). Similarly, the error rate was 
higher in both groups after being distracted (t = 2.8; P < 0.01 
[NW]; t = 2.4; P < 0.03 [SWD]). The miss rate was not signifi-
cantly different between distracting and nondistracting sounds 
for either group.

Reaction time in the between-group comparison showed no 
significant difference across T1, T2, and T3 in response to a 
visual task following distracting and nondistracting sounds.

There was a significant main effect of time in accuracy 
(F(2,50) = 8.206; P < 0.001), showing that correct responses 
to the visual stimuli following nondistracting sounds were 
decreased from 86% (± 2) in T1 to 76% (± 4) , P < 0.001 in T2 
and in T3 to 73% (± 4) (P = 0.08).

The error rate was significantly higher for non-distracting 
sounds from T1- 5.9% (± 1) to 9.4% (± 3) in T2 and 12.4% 
(± 4) in T3 (F(2,50) = 8.9; P < 0.002).

Both groups had more misses with prolonged wakefulness. 
Thus, in T1 the miss rate was 8.6% (± 2) following nondis-
tracting sounds and 9% (± 1.3) followed distracting sounds, 
whereas in T2 there were 13% ± 3% and 14.8 % ± 3%. In T3 
it was increased to 16% (± 2) and 18% (± 5) (F(2.50) = 4.76; 
P < 0.02; F(2,50) = 6.09; P < 0.004, respectively).

There were no other significant main effects or interactions 
observed.

Table 3 presents a summary of the statistical results. A time-
of-day effect as well as the effect of acute sleep deprivation in 
behavioral distraction was similar between the groups.

Event-Related Brain Potentials
The ERPs to nondistracting and distracting sounds in both 

groups for all three times are presented in Figure 6. The peak 
amplitude of the obligatory auditory N1 elicited by distracting 
and nondistracting sounds was not significantly different 
between groups at T1, T2, or T3. However, in each group the 
amplitude of N1 to distracting sound was larger than N1 to 
nondistracting, frequently repeating sounds.

Distraction Potential
Figure 7 presents the distraction potential in both groups 

for each of the three sessions. The first subcomponent of the 

Figure 4—(A) Mean sleep latency in min for each single sleep test for each group. The means of five tests recorded between 22:30 and 06:30 was 
significantly different between groups (see Results). (B) Means of Stanford Sleepiness Scale scores for each group. The bars represent the errors for each 
measure. MSLT, Multiple Sleep Latency Test; NW, night workers; SSS, Stanford Sleepiness Scale; SWD, shift work disorder.
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distraction potential, N1-enhancement, was not significantly 
different between groups and between sessions (Figure 7).

The subsequent P3a component was elicited by distracting 
sounds with two typical phases: eP3a and lP3a in both 
groups for all sessions. ANOVA analyses of the eP3a ampli-
tude showed a significant main effect of electrode loca-
tion (F(2,46) = 80.251; P < 0.001). Follow-up post hoc 
comparisons indicated that eP3a amplitude was larger over 
central electrodes than over frontal locations. There was a 
significant interaction between time and electrode locations 
(F(4,92) = 3.64; P < 0.008), and post hoc tests confirmed that 
the amplitude of the eP3a over frontal electrodes was signifi-
cantly smaller at T2 and T3 relative to that at T1 (all groups 
combined). This analysis also revealed that eP3a amplitude 
was not significantly different between central locations or 
between sessions. There were no other significant interactions 
observed.

For the lP3a amplitude, a main effect of electrode location 
(F(2,48) = 64.226; P < 0.001) was found and subsequent post 
hoc tests confirmed the observation that amplitude of lP3a was 
greater at Fz than at Cz (P < 0.004). The main effect of time 
showed a significant decrease in lP3a amplitude at T2 and T3 
across groups (F(2,52) = 44.94; P < 0.001).

There was a significant two-way interaction for electrode 
location × time (F(10,260) = 7.986; P < 0.0002; Figure 8), and 
post hoc tests showed that the amplitude of the lP3a at frontal 
(F3, Fz ) and central (Cz) locations was reduced at T2 and T3 
relative to that at T1. There were no other significant interac-
tions observed.

Following the P3a complex, a frontal-central negative-
polarity waveform falling within the 420-520 ms interval was 
identified as the RON component in both groups (see Figure 7). 
The NW group had a significantly larger amplitude of RON 
than the SWD group (main effect of group: (F(1,26) = 21.03; 

Figure 5—Behavioral data (means, SD and SEM) obtained in T1 session (18:00) shows similar distraction effect caused by distracted sounds with respect 
to non-distracted sounds in reaction time (RT), accuracy (correct rate) and errors in both groups. NW, night workers; SD, standard deviation; SEM, standard 
error of the mean; SWD, shift work disorder. *Indicates significance in P-values (see Results).
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P < 0.001)). A signifi cant main effect was also found for time 
(F(2.52) = 3.71; P < 0.04), with a reduction in RON amplitude 
at T2 and T3 relative to that in T1. Figure 8 illustrates the results 
of a two-way interaction for group × time for RON amplitude 
(F(2,52) = 2.77; P < 0.05). As seen in Figure 8, RON amplitude 
decreased signifi cantly at T3 with respect to T1 (P < 0.03) in the 
NW group. At T1 and T2, the SWD group showed signifi cantly 
lower amplitude of the RON than in NW group (P < 0.004). 
However, after 25 h of wakefulness (T3), both groups showed 

similar RON amplitude. There were no other signifi cant 
interactions observed.

Correlation Analysis
TST per 24-h period related to working nights was nega-

tively correlated with RON amplitude measured at Fz in T1 
(r = -0.45, P < 0.01). Thus, night workers with shorter TST/24 h 
had lower RON amplitude than workers with longer TST/24 h 
at Fz in T1.

Figure 6—Event-related brain potentials elicited to nondistracted and distracted stimuli at Fcz electrode for both groups in T1, T2, and T3 sessions. The visual 
stimuli onset, depicted by the dashed line, was at 300 ms. NW, night workers; SWD, shift work disorder.
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DISCUSSION
This study identified a circadian misalignment in the SWD 

group (DLMO ~20:00) as compared to the NW group (~05:00). 
The total sleep time per 24 h for nonworking days was not 
significantly different between groups in our study (Table 2); 
however, the NW group showed a tendency to sleep more 
during nonworking days (by 0.9 h). Additionally, the SWD 
group slept significantly less by approximately 1 h (TST/24 h) 
during working days across 2 weeks than did the NW group. 
This ability to sleep longer during the day is potentially a 
consequence of the phase-delayed circadian rhythm observed 
in asymptomatic night workers, and may contribute to the 
observed neurophysiological deficits.

The current study clearly demonstrates that night workers 
in whom SWD has been diagnosed had reduced frontal brain 
activity associated with the reorienting process in compar-
ison with asymptomatic night workers. Results of correla-
tion analysis indicated that this deficit may be related to sleep 
loss, reflected by short habitual sleep time (< 6 h), specifically 
daytime sleep.

Previous studies involving sleep deprivation have demon-
strated that sleep loss affects the cognitive functions that rely 
on frontal lobe activity.31,51-59 Neurophysiologically, the frontal 
lobe has been shown to be an essential region in the generation 
of activity underlying the distraction potential.60-62 Therefore, 
application of an auditory-distraction task in neurophysi-
ological studies of night workers may add to the literature by 

providing evidence for normal and abnormal variation in frontal 
lobe activity in night workers.

Figure 7—The difference waveforms at Fz and Cz electrodes obtained from both groups in T1, T2 and T3 sessions. The gray highlighted the latency range 
for significant differences between groups in RON component. NW, night workers; RON, reorienting negativity; SWD, shift work disorder.
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In clinical research, abnormal neuronal activation under-
lying the distraction potential has been demonstrated in patients 
with sleep and/or circadian disturbances such as chronic alco-
holism,42 obstructive sleep apnea (OSA),63 and schizophrenia.41 
Interestingly, the P3a ERP component was shown to be consis-
tently affected (either decreased or increased relative to the P3a 
in healthy matched controls) across all three studies evaluating 
the distractibility in patients, whereas N1 enhancement caused 
by distracting sounds was similar between patients and control 
subjects. Finally, the RON amplitude was shown to be signifi-
cantly reduced in patients who have neurophysiological impair-
ments in the attentional domain (e.g., schizophrenia, alcoholism) 
with respect to healthy participants. From these studies, it is not 
clear whether sleep and/or circadian disturbances are respon-
sible, at least in part, for observed deficiencies in the orienting 
and reorienting of attention during the distraction process.

In the current study we found that acute sleep loss (T3) did 
not affect the brain activity underlying sound detection, as 
measured by N1 enhancement. There were no group differ-
ences in this first subcomponent of the distraction potential. 
These results suggest that symptomatic and asymptomatic night 
workers show similar activation patterns in neuronal genera-
tors underlying auditory N1 components, predominantly in the 
auditory cortex.64-66 And yet, these results are consistent with 
the results from other studies reviewed above, and showing no 
differences in N1 enhancement between controls and patients 
with sleep disturbances (e.g., OSA,63 alcoholism,42 and schizo-
phrenia,41 using similar experimental tasks.

Although we did not find significant differences in eP3a and 
lP3a between groups, there was a significant reduction of the 
early and late phase of the P3a in T2 and T3 relative to T1 over 
frontal central locations. That can be explained by a sensitivity 
of the P3a amplitude to the acute sleep loss experienced by 
both groups as part of the protocol. In the literature, there is 
evidence demonstrating that sleep loss attenuates the activity 
of the frontal lobe when measured by EEG,67 by ERPs,68 and 
by brain imaging.69-72 Clinical impairments in the involuntary 
attentional network were demonstrated across several patient 
populations with sleep disturbances and chronically accumu-
lated sleep debt, showing a consistent reduction of P3a ampli-
tude in the patient group with respect to the control group.63,73

In our study, we did not find significant differences between 
groups in behavioral measures of distractibility prior and during 
night working hours. In addition, symptomatic and asymptom-
atic night workers responded similarly to acute sleep depriva-
tion. The significant difference between groups found in the 
RON amplitude may be explained by an increased sensitivity 
of neurophysiological measures, compared with behavioral 
responses. Two independent studies using a similar paradigm on 
patients with OSA and alcoholics did not find significant differ-
ences between groups in behavioral performance (reaction time 
and accuracy); however, neurophysiological deficits in auditory 
distractibility preceding button response were clearly demon-
strated in both studies in patient’s groups relative to controls.

A recent study of simulated shift work evaluated the inter-
action of chronic sleep debt and circadian phase on sustained 
attentional performance.12 The investigators found that the 
deficit in sustained attention was greater during early morning 
hours than during the daytime or evening in participants with 

chronic sleep deprivation in comparison with participants who 
received adequate sleep (5.7 h/7 nights versus 8.56 h/7 nights).12 
In our study, we found that the neuronal network responsible 
for the reorienting of the attentional process during distraction 
is most affected in night workers with sleep-wake symptoms 
who are poorly adjusted to night work, compared to asymptom-
atic night workers who are able to delay their circadian phase.

Overall, our results show that reorienting of attention is 
impaired in night workers with SWD. This brain component is 
more sensitive to habitual sleep loss than either detection (N1) 
or orienting (P3a) processes. These results also demonstrate 
specific neurophysiological deficits in the attentional domain in 
poorly adjusted night workers (who do not delay their circadian 
phase) relative to well-adjusted night workers (who manage to 
delay their circadian phase).
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