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Adverse interaction effects of chronic and acute sleep deficits
on spatial working memory but not on verbal working memory
or declarative memory
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Abstract
The accumulation of chronic sleep deficits combined with acute sleep loss is common in shift workers and increases the risk of errors and accidents. We investigated
single and combined effects of chronic and acute sleep loss and recovery sleep on
working memory performance (N-back task) and on overnight declarative memory
recall (paired-associate lists) in 36 healthy participants. After baseline measurements,
the chronic sleep restriction group (n = 21; mean [SD] age 26 [4] years) underwent
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both groups spent 1 night with 8-hr TIB prior to acute sleep deprivation for 38 hr, and
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(n = 15; mean [SD] age 28 [6] years) had 8-hr TIB during those nights. Afterwards,
a final recovery night (10-hr TIB). Chronic sleep restriction decreased spatial N-back
performance compared to baseline (omissions: p = .001; sensitivity: p = .012), but
not letter N-back performance or word-pair recall. Acute sleep deprivation impaired
spatial N-back performance more in the chronic sleep restriction group than in the
control group (interaction between group and time awake: p ≤ .02). No group differences during acute sleep loss appeared in letter N-back performance or word recall.
It is concluded that chronic sleep loss, even when followed by a night of recovery
sleep, increases the vulnerability to impairments in spatial working memory during
subsequent acute sleep loss. Verbal working memory and declarative memory were
not affected by restricted sleep.
KEYWORDS
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1 | I NTRO D U C TI O N

However, today’s lifestyle often entails shortened sleep due to obligations both in private and in working life. Over time, such short-

Sleep of sufficient duration is crucial for cognitive performance. For

ened sleep can result in a chronic sleep deficit.

adults a habitual sleep duration of ≥7 hr has been recommended

Cognitive domains seem to be differentially affected by sleep

to maintain health (Hirshkowitz et al., 2015; Watson et al., 2015).

deficits. While sustained attention is greatly affected by both
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chronically restricted sleep and acute sleep deprivation (Dinges

Although previous studies suggested that working memory

et al., 1997; Elmenhorst et al., 2018; Van Dongen et al., 2003), there

and declarative memory consolidation are less affected by sleep

is some debate about the degree of performance impairments in

restriction, an important aspect that has not been assessed is

executive functions like working memory (Chee & Choo, 2004;

whether a history of sleep restriction is associated with impaired

Dinges et al., 1997; Gohar et al., 2009; Groeger et al., 2008;

memory performance during acute sleep deprivation. Furthermore,

Jiang et al., 2011; Lo et al., 2012; Tucker et al., 2010; Van Dongen

the possible moderating role of a single night of recovery sleep,

et al., 2003). As attentional processes are impaired by sleep depri-

both after chronic and acute sleep loss, should be assessed.

vation but supposed to underlie higher-order cognitive functions

The aim of the present study was to examine the single and com-

according to the vigilance hypothesis (Lim & Dinges, 2010), find-

bined effects of chronic and acute sleep deprivation and recovery sleep

ings of minor working memory impairments only after sleep depri-

on working memory performance in an N-back task (verbal and spatial)

vation might be surprising. However, according to the controlled

and on overnight declarative memory recall of paired-associate lists.

attention hypothesis (Lim & Dinges, 2010; Pilcher et al., 2007),

On the basis of previous studies, we hypothesised adverse effects of

especially monotonous tasks require top-down control, which is

chronic sleep restriction on working memory, but not on declarative

assumed to be compromised by sleep deficits. Thus, the engaging

memory recall. We expected that a recovery night of 8-hr TIB would

aspect of executive tasks may counteract attentional deficits due

not be sufficient to completely recover impairments in working memory

to sleep loss.

performance due to sleep restriction. Instead, residual effects of chronic

According to the multicomponent model (Baddeley &

sleep loss may become manifest during subsequent extended wakeful-

Hitch, 1974), working memory consists of a central executive, a

ness (Cohen et al., 2010). Accordingly, we hypothesised that impairments

phonological loop, and a visuospatial sketchpad. Accordingly,

in working memory performance during total sleep deprivation (TSD)

previous studies showed differences in brain areas involved in

would be larger with a prior history of sleep restriction compared to ab-

verbal and spatial working memory tasks (Smith et al., 1996).

sence of a chronic sleep deficit. In contrast, given that the effect of sleep

Working memory is an essential component of many cognitive

restriction on SWS was anticipated to be small, we did not expect to find

processes enabling execution of complex tasks e.g. mental arith-

an effect of chronic sleep loss on declarative memory recall.

metic (Baddeley, 2010; Baddeley & Hitch, 1974). Lo et al. (2012)
compared the effects of 7 nights of sleep restriction (6-hr time in
bed [TIB]) and additional acute sleep loss on different cognitive
domains in adults. Their results suggest that sustained attention,
as measured by a psychomotor vigilance task, was much more af-

2 | M E TH O DS
2.1 | Participants

fected by chronic sleep restriction than working memory performance in an N-back task.

Volunteers underwent a selection procedure involving question-

Working memory function is tightly related to the functioning

naires (general health status, substance abuse, sleep habits/ab-

of long-term memory (Hartshorne & Makovski, 2019). It has been

normalities, psychological screening) and a physical examination

suggested that sleep after learning enhances declarative memory

including blood and urine testing. Only healthy, non-smoking women

consolidation, whereas wakefulness shows no beneficial effects on

and men with regular sleep times were included. A total of 36 indi-

memory formation (Gais et al., 2006; Plihal & Born, 1997; Tucker

viduals, aged 20–39 years, participated and were randomly assigned

et al., 2006). Within sleep, the prevalence of electroencephalogra-

to either a control (15 individuals, mean [SD] age 28 [6] years; five

phy (EEG) slow waves (~0.5–4.5 Hz) was found to benefit various

females) or a chronic sleep restriction group (21 individuals, mean

types of learning (Aeschbach et al., 2008) and declarative mem-

[SD] age 26 [4] years; nine females). The study was approved by the

ory consolidation in particular (Backhaus et al., 2007; Diekelmann

Ethics Committee of the North Rhine Medical Board. Participants

& Born, 2010; Gais & Born, 2004; Rasch & Born, 2013; Tucker

gave written informed consent prior to participation.

et al., 2006).
Slow-wave sleep (SWS) during the first hours after sleep onset
typically reflects sleep pressure after a period of wakefulness

2.2 | Procedure

(Aeschbach & Borbely, 1993; Borbely, 1982; Borbely et al., 1981).
When sleep is restricted, sleep architecture adapts, favouring

At 1 week prior to the laboratory stay, participants adhered to

SWS at the expense of rapid eye movement sleep (REM) (Belenky

a sleep–wake protocol with TIB from 22:00–07:00 or 23:00–

et al., 2003; Elmenhorst et al., 2008). Due to these homeostatic

08:00 hours to ensure sleep satiation. Adherence was checked with

processes, a large proportion of SWS is preserved during short-

actigraphs and sleep diaries. Participants were instructed to abstain

ened sleep. Consistent with these findings shortened sleep showed

from alcohol and caffeine the week before and during the stay in the

no effect on declarative memory consolidation and recall in sev-

laboratory. Participants were under constant supervision and were

eral previous studies (Cedernaes et al., 2016; Kopasz et al., 2010;

allowed to do non-vigorous activities only. Lights were dimmed to

Lo et al., 2016; Plihal & Born, 1997; Tucker & Fishbein, 2009;

<100 lux at the angle of gaze during wake times and to <3 lux dur-

Voderholzer et al., 2011).

ing scheduled sleep times, and the temperature was kept constant.
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Chronic sleep restriction group

Control group
A
B1
B2
E1
E2
E3
E4
E5
R1
TSD
R2
21:00

9:00

Clock time

21:00

9:00

Clock time

, Polysomnography

F I G U R E 1 Study design of the control and the chronic sleep restriction group. Days are displayed as rows: A, adaptation; B1, 2, baseline
1, 2; E1–E5, experimental days 1–5 (chronic sleep restriction group: chronic sleep restriction; control group: normal sleep); R1, 2, recovery 1,
2; TSD, total sleep deprivation; TIB, time in bed

Upon arrival, urine tests were performed to exclude substance
use and pregnancy. Figure 1 gives an overview of the study design.
Participants spent 1 adaptation night and 2 baseline nights with 8-hr
TIB (23:00–07:00 or 24:00–08:00 hours) in the laboratory before being

session started with the letter N-back. At first, a “1-back” trial block
was performed, after a short break 2- and 3-back trial blocks followed.
Thereafter, the spatial N-back with 1-, 2-, and 3-back trials followed.
For more information on the N-back task see Supporting Information.

exposed to either normal 8-hr TIB (control group) or to chronic sleep restriction to 5-hr TIB (02:00–07:00 or 03:00–08:00 hours, chronic sleep
restriction group) for 5 nights. After that, both groups had an 8-hr recov-

2.3.2 | Paired-associate lists

ery night (23:00–07:00 or 24:00–08:00 hours) followed by 38 hr of acute
TSD and a 10-hr recovery night (21:00–07:00 or 22:00–08:00 hours).
Every evening, 1 hr before bedtime (TSD: after 15 hr of wakefulness),

An adapted version (addition of new word pairs and randomisation according to our study requirements) of the paired-associate lists task

the learning phase of the paired-associate lists was scheduled. The recall

(Plihal & Born, 1997) was used to test overnight declarative memory

phase in the morning was scheduled 1.75 hr after getting up (TSD: after

performance. For results of a previously conducted study with the same

25.75 hr of wakefulness). At 3-hourly intervals during wakefulness, start-

lists of word pairs please see Basner et al. (2011). In the evening 32 new,

ing with the word recall, participants performed a 35-min cognitive test

semantically related word pairs (German nouns, e.g. vacation - tent) were

battery. It was performed in quiet, single rooms without time cues.

successively presented and had to be recalled in a cued recall procedure
immediately (≥60% of the words had to be correctly recalled, otherwise

2.3 | Materials
2.3.1 | N-back task
Working memory capacity was assessed with a letter and a spatial ver-

the learning phase was repeated) and the next morning. The first and
last four word pairs were excluded from analysis to prevent primacy and
recency effects. For detailed information see Supporting Information.

2.3.3 | Polysomnography

sion of the N-back task (Gevins & Cutillo, 1993). Participants were asked
to indicate whether the currently displayed stimulus matched that of

Electrodes were attached according to the international 10–20

N steps earlier regarding the letter and position, respectively. Every

system (EEG: F4-A1, C4-A1, O2-A1, F3-A2, C3-A2, O1-A2;

4 of 10
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electrocardiography [ECG]; and electromyography [EMG]). During the

to investigate the differences between groups in the time course

first night, additional sensors were attached to check for the absence

of performance impairments during additional acute wakefulness.

of sleep-related disorders. One participant had an increased apnea–

Effect sizes were calculated for the group × time awake interactions.

hypopnea index (AHI = 16.3), which was detected after participation.

Time course of performance within groups was analysed (absolute

As this participant did neither show associated cortical arousals during

values), using mixed ANOVAs (random factor: “subject”; fixed factor:

sleep nor increased sleepiness, we did not remove the datasets from

“time awake”).

the sample. Sampling rate was 256 Hz. The EEG signal was amplified
with a time constant of 2.3 s and low-pass filtered (−6 dB at 70 Hz).

2.4 | Data reduction and analyses

2.4.2 | Paired-associate lists
Data sets of two chronic sleep restriction group participants had
to be excluded because tests were not performed at the scheduled

Data were analysed with SAS University Edition (2019) and SPSS

time.

(version 21). Normal distribution was checked. The significance level

Encoding: The number of learning trials and the number of cor-

of 0.05 was adjusted for multiple testing according to Bonferroni–

rectly recalled words in the last learning trial were calculated and

Holm. All statistical tests were two-sided. Effect sizes omega2 (ω2)

compared between groups with Mann–Whitney U-tests (exact) and

and partial eta2 (ηp2) for mixed models were calculated according to

within groups with Wilcoxon signed-rank tests.

2

Tippey and Longnecker (2016). For ω and

ηp2

values of .01, .06 and

.14 have been suggested to represent small, medium and large effects, respectively (Ellis, 2010; Kirk, 1996). For post hoc comparisons, effect size was calculated with the correlation coefficient r.

Delayed recall: The difference between correctly recalled words
in the evening and in the matutinal retrieval phase was calculated.
A mixed model for repeated measures was used to compare performance across groups and conditions (E5, R1, TSD, R2). The effect size for the group × condition interaction was calculated. Mixed

2.4.1 | N-back task
Correct responses (hits), false alarms and omissions were calculated.
Sensitivity (A′) was obtained and analysed (Stanislaw & Todorov, 1999).

models were calculated for each group separately comparing key
experimental days (E5, R1, TSD, R2) to B2 (post hoc: lsmeans t-test).

2.4.3 | Polysomnography

The morning difference between baseline day 2 (B2) and key conditions (experimental day 5 [E5], recovery day 1 [R1], TSD, and recov-

Sleep period time (SPT), sleep onset latency (SOL, first occurrence of

ery day 2 [R2]) were calculated. All analyses include 1-, 2- and 3-back

N2 or deeper sleep), N3 latency, minutes spent in N1, N2, N3, REM

values for each participant and condition/time point. The morning

and Wake (American Academy of Sleep Medicine [AASM] criteria

measures were analysed as we obtained a morning value only for R2.

(Iber et al., 2007)) were compared across groups (Mann–Whitney U-

Moreover, morning measures were obtained at the same circadian

tests) and within groups (Wilcoxon signed-rank tests). Minutes spent

time regarding the declarative memory task. Mixed analyses of vari-

in N3 in E5 in the sleep restriction group were correlated with morn-

ance (ANOVAs; SAS proc mixed) for repeated measures (random fac-

ing performance on E5.

tor: “subject”; fixed factors: “group”, “condition” [E5, R1, TSD, R2], and
“group × condition”) and post hoc pairwise comparisons provided by
the SAS least-square means (lsmeans) statement t-test compared conditions between groups, aiming at detecting group differences at key
experimental days at the same circadian time points. Effect sizes were

3 | R E S U LT S
3.1 | Working memory

calculated for the interactions and key post hoc comparisons.
Separate ANOVAs per group were performed to reduce effects

Figure 2 gives an overview of the N-back morning performance of the

of individual variability of performance in general and especially of

two groups. ANOVAs showed no interaction between group and con-

performance impairments in response to sleep loss. Effects between

dition (E5, R1, TSD, R2) concerning the letter N-back, but a main effect

baseline and key study days were assessed within groups using the

of group and condition concerning omissions (group × condition: F(3,

random factor “subject” and the fixed factors “condition” (B2, E5,
R1, TSD, R2), “load” and their interaction (post hoc: lsmeans t-test).

390) = 2.51, p = .06, ω2 = .007, ηp2 = .017; group: F(1, 34) = 5.79, p =
.02; condition: F(3, 390) = 66.03, p < .001) as well as sensitivity (group

Load describes the varying cognitive load in 1-, 2-, and 3-back trials.

× condition: F(3, 389) = 1.58, p = .19, ω2 = .003, ηp2 = .01; group: F(1,

Impairments in omissions and sensitivity (expressed as dif-

33.5) = 5.83, p = .02; condition: F(3, 389) = 61.9, p < .001). In contrast,

ference to baseline) were analysed with mixed ANOVAs (random

significant interactions appeared regarding the spatial N-back in omis-

factor: “subject”; fixed factors: “group”, “time awake” and their inter-

sions (group × condition: F(3, 390) = 4.06, p = .007, ω2 = .01, ηp2 = .028;

action) for tests performed in the 38-hr period between the end of
the first recovery night until the start of the second recovery night

group: F(1, 34) = .68, p = .42; condition: F(3, 390) = 81.93, p < .0001)

and sensitivity (group × condition: F(3, 389) = 3.94, p = .009, ω2 = .01,

|
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Spatial

Letter
(a)

Group x Condition: n.s.
Group: p = .02

Group x Condition: p = .007
Group: n.s.

Omissions

F I G U R E 2 Comparison of N-back
morning performance under different
conditions between control and chronic
sleep restriction group. The number of (a)
omissions and (b) sensitivity on the N-back
task expressed as difference to baseline
day 2 is displayed separately for control
(white) and chronic sleep restriction (grey)
group and for letter (left column) and
spatial (right column) N-back. The mean
is indicated by the “x”. E5, experimental
night 5; R1, 2, recovery 1, 2; TSD, total
sleep deprivation. Please note that there
are no significant differences regarding
post hoc pairwise comparisons between
groups and conditions
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E5

R1

TSD

R2

E5

R1

TSD

R2

(b)

Group x Condition: p = .009
Group: n.s.

Sensitivity

Group x Condition: n.s.
Group: p = .02

E5

R1

TSD

R2

E5

Condition

R1

TSD

R2

Condition

ηp2 = .027; group: F(1, 34) = .81, p = .38; condition: F(3, 389) = 78.97,

In a next step, mixed ANOVAs were calculated to assess the

p < .0001). Pairwise comparisons indicated no group differences dur-

effect of prior sleep restriction on the time course of N-back

ing the key conditions after correction for multiple testing, which was

performance during TSD. Concerning the letter N-back, there

supported by low effect sizes for spatial N-back (r ≤ .23) and letter N-

was no interaction between group and time awake for omissions

back (r ≤ .28) except for the letter omissions N-back group comparison

(group × time awake: F(11, 1,238) = 1.38, p = .17, ω2 = .003, ηp2

at TSD with a medium effect size (r = .32). However, the group differ-

= .012; group: F(1, 34) = 4.13, p = .05; time awake: F(11, 1,238) =

ence at TSD on spatial N-back sensitivity just missed significance after

31.92, p < .0001) and sensitivity (group × time awake: F(11, 1,232)

correction for multiple testing (alpha Bonferroni–Holm Step 1: .05/5 =

= 1.28, p = .23, ω2 = .002, ηp2 = .011; group (1, 33.6) = 4.72, p =

.01; p = .0384, r = .23). For information on confidence intervals (CIs)

.04; time awake: F(11, 1,232) = 25.43, p < .0001). A significant in-

see Table S1, the course of N-back performance over all conditions (B2,

teraction between group and time awake was found for the spatial

E1-E5, R1, TSD, R2) is shown in Figure S1.

N-back, reflecting more omissions (group × time awake: F(11, 1,238)

Within-group analyses showed that in both groups morning perfor-

= 2.07, p = .02, ω2 = .007, ηp2 = .017; group: F(1, 34) = .71, p = .41;

mance was significantly influenced by condition (B2, E5, R1, TSD, R2)

time awake: F(11, 1,238) = 49.55, p < .0001) and lower sensitivity

and load of the N-back tasks without an interaction (Table S2). Pairwise

(group × time awake: F(11, 1,234) = 2.29, p = .009, ω2 = .008, ηp2

comparisons indicated impaired performance during acute sleep depri-

= .019; group: F(1, 34) = .57, p = .45; time awake: F(11, 1,234) =

vation as compared to baseline for all variables (letter and spatial N-

42.26, p < .0001) following sleep restriction. Figure 3 shows per-

back omissions and sensitivity) in the control and in the chronic sleep

formance during acute sleep deprivation including information on

restriction group (all p < .0001). In addition, performance was impaired

within-group comparisons (lsmeans t-test) between the tests per-

after sleep restriction compared to baseline in the spatial N-back (omis-

formed during acute sleep deprivation and the test performed 2 hr

sions: p = .001; sensitivity: p = .012), but not the letter N-back.

after the preceding 8-hr recovery night.
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3.2 | Declarative memory

Delayed recall: No interaction between group and condition
(E5, R1, TSD, R2) was found (F(3, 86.2) = 1.06, p = .37, ω2 = .001,

Encoding: The number of learning trials (group mean) needed to

ηp2 = .023). The number of forgotten words in the morning did not

reach criterion (i.e. correct recall rate of ≥60%) was between 1 and

differ between the control and chronic sleep restriction group (F(1,

1.28 for both groups and all conditions. The number of correctly re-

31.2) = 0.59, p = .45). Information on the CIs is given in Table S1.

called words in the last learning trial (immediate recall) was between

However, it differed depending on the condition (F(3, 86.2) = 10.79,

19.5 and 21.5. There were no between- or within-group differences

p < .0001). Within the control group mixed ANOVAs indicated an

in the number of learning trials or correctly recalled words in the last

effect (F(4, 50) = 3.9, p = .009) of condition (B2, E5, R1, TSD, R2).

learning trial of each evening session (all p > .05). For more informa-

Post hoc lsmeans comparing differences to baseline indicated im-

tion see Table S3.

paired performance during acute TSD compared to baseline (p =
.01). The chronic sleep restriction group also showed an effect of
condition (F(4, 66) = 8.68, p < .0001). Post hoc tests indicated sigcontrol group

12
10
8

letter
Group: n.s.
Group x Time: n.s.

experimental
chronic sleepgroup
restriction group

circadian
night

10-h TIB

(a)

6

nificantly more forgotten word pairs during acute sleep deprivation
compared to baseline performance (p < .0001). Figure 4 gives an
overview of delayed recall performance per group. For information
on performance across all experimental days (B2, E1–E5, R1, TSD,
R2) see Figure S2.

Omissions

4
2
0
12

10
8

spatial

Descriptive statistics of sleep parameters and respective Mann–

Group: n.s.
Group x Time: P = 0.02

Whitney U-tests of group differences, as well as Wilcoxon tests of

6

between-group comparisons, are shown in Table 1. Differences in

4

sleep parameters between the groups at baseline appeared only

2

concerning the amount of N3. By chance, individuals with a high N3

0

(b)

3.3 | Polysomnography

1

2

5

8

11 14 17 20 23 26 29 32 35
Time awake (hours)

2

amount were predominantly present in the chronic sleep restriction
group. The difference in the amount of N3-sleep was not driven by
single participants. On E5, all sleep parameters differed between

letter

groups.
Sleep architecture of E5 and of the recovery nights (R1 and

Sensitivity

0.9

0.8

R2) differed from the baseline night within the chronic sleep reGroup: P = 0.037
Group x Time: n.s.

striction group. On E5, there was a significant decrease in SPT,
Wake, N1, N2, REM and SOL compared to baseline. Minutes
spent in N3, as well as N3 latency, showed no significant dif-

0.7
1

ference between those nights (respectively: Z = −.24, p = .82;

spatial

Z = −2.14, p = .03). As expected, the respective night did not

0.8
0.7

differ from baseline in the control group. On recovery night 1,

*

0.9

decreased N1 and SOL compared to baseline were observed in

Group: n.s.
Group x Time: P = 0.009

the chronic sleep restriction group. On recovery night 2, the
chronic sleep restriction group showed increased SPT, N2, N3
and REM compared to baseline; whereas N1, SOL and N3 la-

2

5

8

11 14 17 20 23 26 29 32 35
Time awake (hours)

2

F I G U R E 3 N-Back performance of the two groups during
acute sleep deprivation. The number of (a) omissions (raw value,
group means ± standard errors) and (b) sensitivity of the N-back
task is shown from the first 2 hr awake after the 8-hr recovery
night to 35 hr of wakefulness and 2 hr after awakening from the
10-hr recovery night. Significant differences between groups are
indicated (*). Within both groups, significant differences to baseline
(p < .002) appeared after 23, 26, 32 and 35 hr of wakefulness. In
the chronic sleep restriction group, spatial N-back performance
additionally differed from baseline after 29 hr of wakefulness

tency were decreased and Wake showed no significant difference (Z = −1.76, p = .08). During recovery night 2 the control
group had shortened latencies and a decreased amount of N1,
whereas the amounts of N2 and N3 were increased. The control
group did not show the REM rebound that was present in the
chronic sleep restriction group. The amount of minutes spent
in N3 on the fifth sleep-restricted night did not correlate with
either N-back performance (letter N-back: omissions: r(21) =
−.16, p = .49; sensitivity: r(21) = .12, p = .59; spatial N-back:
omissions: r(21) = −.23, p = .32; sensitivity: r(21) = .16, p = .5) or
word recall (r(18) = −.17, p = .5).
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Control group

Chronic sleep restriction group
**

*

Number of forgotten words

F I G U R E 4 Comparison of word recall
during baseline 2 and key conditions in
the control group and in the chronic sleep
restriction group. The difference between
correctly recalled words in the evening
and in the morning is displayed for control
(white) and chronic sleep restriction (grey)
group separately. The mean is indicated
by “x”. **p < .0001, *p < .05, lsmeans
statement t-test with Bonferroni-Holm
correction; B, baseline 2; E5, experimental
night 5; R1, 2, recovery 1, 2; TSD, total
sleep deprivation
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B

E5

R1 TSD

TA B L E 1 Comparison of sleep
characteristics in the different study
conditions

R2

B

E5

R1 TSD

R2

Condition, mean (SE)
Sleep parameter

Group

Baseline

Experimental
night 5

Recovery 1

Recovery 2

SPT, min

Control

450.7 (5.3)

438.6 (8.5)Δ

445.3 (6.3)Δ

587.1 (2.9)Δ*

CSR

452.9 (3.5)

289.6 (1.2)*

22.1 (1.8)

20.2 (1.7)Δ

N1, min

Control
CSR

N2, min
N3, min
REM, min
Wake, min
SOL, min
N3 latency, min

461 (5.2)*

595 (0.5)*

21.6 (2.5)Δ

17.4 (1.8)*

16.9 (1.5)

4.4 (0.4)*

Control

205.9 (8.9)

203.9 (7.7)Δ

201.3 (8.5)

12.4 (1.2)*

288.8 (9.5)*

CSR

196.8 (6.1)

104 (4.5)*

192.9 (6.5)

268.2 (5.6)*

Control

87.8 (7.9)Δ

84.7 (7.2)Δ

90.7 (7.2)Δ

12 (1.4)*

136.3 (10.7)*

CSR

114.3 (6.9)

115.0 (5.1)

123.5 (7.3)

166.2 (6.8)*

Control

106.2 (4.7)

107.9 (5.7)Δ

101.2 (5.5)

121.9 (6.3)

CSR

99.3 (3.2)

59.2 (3.6)*

109.1 (4.5)

127.7 (6.2)*

Control

28.7 (3.2)

21.9 (2.5)Δ

30.4 (4.9)

22.8 (2.6)

CSR

25.6 (2.8)

7.1 (1.4)*

23 (3.7)

20.9 (3.5)

Control

24.8 (3.9)

35.5 (7.9)Δ

31.5 (5.8)Δ

8.3 (1.3)*

CSR

26.4 (3.4)

10.4 (1.1)*

19 (5.2)*

5.5 (0.5)*

Control

10.6 (1)

10.4 (1)Δ

10.8 (1.4)

5 (0.5)*

9.2 (1)

7.7 (0.9)

11.8 (3.4)

4.6 (0.4)*

CSR

Group means (standard errors) of minutes of sleep period time (SPT), sleep stages in sleep period
time and sleep onset latency (SOL) as well as N3 latency of the second baseline night, experimental
night 5 and recovery nights 1 and 2 are shown. Please see Figure 1 for time in bed information
for the respective nights. Values are displayed separately for the control (Control) and chronic
sleep restriction (CSR) group. Mann–Whitney U-tests between groups were performed to assess
whether there were differences in sleep parameters during the nights. Significant differences
(p < .05) are indicated by Δ after correcting according to Bonferroni–Holm. Significant differences
to baseline are indicated by an asterisk.
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both chronic and acute TSD whereas a control group underwent
acute TSD only.

In the present study, we investigated single and combined effects of

Acute TSD without prior sleep restriction was associated with

chronic sleep restriction (5 nights at 5 hr) and acute TSD (38 hr) with

impairments in working memory and declarative memory in accor-

an intermittent 8-hr recovery night on working memory, declarative

dance with the literature (Elmenhorst et al., 2017; Gais et al., 2006;

memory, and sleep. A chronic sleep restriction group underwent

Lo et al., 2012).
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Chronic sleep restriction led to a deterioration of spatial

but there was no recovery between chronic and acute sleep loss.

working memory performance, but not verbal working memory.

Whereas 1 night of recovery sleep after chronic sleep restriction

Right hemisphere structures involved in spatial working memory

appeared to temporarily restore spatial working memory perfor-

might thus be more affected by restricted sleep than left brain

mance in the subsequent morning in our present study, residual

structures involved in verbal working memory. Our present find-

chronic sleep debt still rendered individuals more vulnerable to

ings give no indication that chronic or acute sleep loss effects on

the effects of subsequent acute sleep loss. Cohen et al. (2010) ex-

N-back performance are influenced by executive load of the re-

posed participants to chronic sleep loss and subsequent recovery

spective task, as load of the N-back did not show an interaction

sleep. After recovery sleep, vigilance performance was restored for

with condition. Our present results are partly reminiscent of those

several hours, but thereafter deteriorated at a faster rate. The au-

of Lo et al. (2012). They assessed the effect of multiple nights of

thors suggest the existence of two different homeostatic processes

chronic sleep restriction and additional acute sleep deprivation

to explain their findings: an acute homeostatic process acting on

on different cognitive processes, and found an effect on N-back

a short time scale and a chronic sleep homeostatic process acting

performance, although performance decrements in this working

on a longer time scale. Our present results complement their work

memory test were smaller than on sustained attention tasks. This

supporting the existence of a second process accounting for chronic

finding is interesting as it emphasises that working memory perfor-

sleep deficits, which also seems to be implicated in working memory

mance is not simply dependent on sustained attention. However,

functions. With regard to demands in shift work, our present results

the results of Lo et al. (2012) may fit partly the controlled atten-

implicate possible risks to work safety. Whereas performance early

tion hypothesis (Lim & Dinges, 2010; Pilcher et al., 2007), which

into a wake episode appears to reflect the immediate benefits of the

assumes that engaging tasks are less affected by sleep deficits

passed sleep episode independent of the presence of chronic sleep

than monotonous tasks, as the latter have higher demands on

debt, the latter exacerbates performance impairment as the wake

top-down control. In contrast and consistent with our expecta-

episode progresses. Thus, performance after recovery sleep might

tion, declarative memory recall was not affected during chronic

initially give a false sense of recuperation (Cohen et al., 2010). This

sleep restriction (Cedernaes et al., 2016; Kopasz et al., 2010; Lo

tendency is likely to be reinforced by subjective underestimations

et al., 2016; Tucker & Fishbein, 2009). The finding of impaired

of sleepiness as compared to objective measures during chronically

spatial working memory, but preserved verbal working memory

restricted sleep (Van Dongen et al., 2003).

function and declarative memory recall favour previous findings

Some limitations of our present study should be considered.

that cognitive domains show differential vulnerabilities to sleep

Regarding the paired-associate list task, our study design did not ex-

loss (Lo et al., 2012). These differences presumably reflect various

clude the possibility of impaired recall due to sleepiness. However,

involvements of underlying brain structures and dependence on

Gais et al. (2006) provided evidence that memory recall after acute

diverse sleep components. Furthermore, characteristics of task

sleep deprivation is not solely impaired due to sleepiness. The 11-day

application might have contributed to this finding, as the declar-

stay in the laboratory under controlled environmental conditions, a

ative memory task was performed without much time pressure,

prescribed time schedule, away from friends and families constitute

whereas the working memory task was a continuous performance

exceptional circumstances. The transfer of the reported results to

test. However, the latter explanation does not account for the

memory performance in everyday life and thus the generalisability

contrary findings regarding the two versions of the N-back task.

of the results should be treated with caution.

The primary focus of the present work was on potential adverse

In conclusion, the present study suggests that 5 nights of sleep

interaction effects of chronic and acute sleep loss on memory per-

restriction negatively impact spatial working memory performance,

formance. Acute sleep loss led to worse spatial N-back performance

but not verbal working memory or the delayed recall of declarative

in individuals with prior sleep restriction compared to individuals

memories. Moreover, acute TSD led to larger impairments in spa-

without a sleep deficit. This performance degradation in the chronic

tial working memory in individuals with a history of sleep restriction

sleep restriction group in comparison to the control group was un-

than in individuals without sleep restriction. Prior sleep restriction

covered in the course of acute wakefulness, as significant group

did not affect verbal working memory performance and declarative

differences in performance appeared after 32 hr of wakefulness.

memory recall during acute TSD.

There were no significant group differences in the morning mea-

Interaction effects of chronic and acute sleep deprivation on

sures during acute TSD. However, a medium effect size for the group

spatial working memory were evident in the present study despite

difference at TSD regarding the letter N-back omissions was found.

an intermittent recovery night. These results clearly suggest that a

Neither verbal working memory nor declarative memory seemed to

sleep deficit accumulated across several nights of shortened sleep

be affected by chronic sleep restriction, which was supported by low

cannot be recovered completely within a single regular night of

effect sizes.

sleep. Our present results are of importance for shift work plan-

Importantly, these interaction effects of acute and chronic sleep

ning. Shift workers often suffer from chronically accumulated

loss on spatial working memory appeared despite an intermittent

sleep deficits, as sleep opportunities take place at adverse circa-

night of recovery sleep between chronic and acute sleep depriva-

dian times. Furthermore, our observation of a temporary improve-

tion. Interaction effects were for example shown by Lo et al. (2012),

ment in the morning on the day following a single recovery sleep
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episode implies that individuals might get a false sense of sufficient recuperation, while remaining more vulnerable to the impact
of extended wakefulness. Adequate recovery periods should be
provided to avoid cognitive impairments, especially when extended wake durations are a part of work schedules. These findings highlight the importance of extended recovery periods to
prevent errors and accidents.
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