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Abstract: Sleep inertia (SI) refers to a complex psychophysiological phenomenon, observed after
awakening, that can be described as the gradual recovery of waking-like status. The time course of
cognitive performance dissipation in an everyday life condition is still unclear, especially in terms
of the sleep stage at awakening (REM or NREM-stage 2) and the relative effects on performance.
The present study aimed to investigate the SI dissipation in different memory performances upon
spontaneous morning awakening after uninterrupted nighttime sleep. Eighteen young adults (7 fe-
males; mean age 24.9 + 3.14 years) spent seven non-consecutive nights (one baseline, three REM
awakenings and three St2 awakenings) in the laboratory under standard polysomnographic (PSG)
control. Participants were tested after three REM awakenings and three St2 awakenings, and three
times at 11:00 a.m. as a control condition. In each testing session, participants filled in the Global
Vigor and Affect Scale and carried out one memory task (episodic, semantic, or procedural task).
For each condition, participants were tested every 10 min within a time window of 80 min. In ac-
cordance with previous studies, SI affected subjective alertness throughout the entire time window
assessed. Moreover, SI significantly affected performance speed but not accuracy in the semantic
task. With reference to this task, the SI effect dissipated within 30 min of awakening from REM, and
within 20 min of awakening from St2. No significant SI effect was observed on episodic or proce-
dural memory tasks.

Keywords: sleep inertia; memory systems; subjective alertness; time course; sleep

1. Introduction

Sleep drunkenness [1], post-dormital sleepiness [2], or sleep inertia [3], as it is cur-
rently named, refers to a complex psychophysiological phenomenon, observed after
awakening, that can be described as the gradual recovery of waking-like status [4]. This
transition is not based on an all-or-nothing process, but acts according to slow and pro-
gressive mechanisms [5]. The first study on sleep inertia (SI) dates back to 1961 [6], and
over the past 60 years, a considerable number of experiments has been carried out on this
topic [4,7]. SI magnitude, severity, and duration depend on several factors, such as prior
sleep duration and deprivation [8,9], sleep stage of awakening [10-12], and the time of
day at which awakening takes place [13], as well as the type of task participants are ac-
complishing [14,15]. The duration and time course of SI is one of the most controversial
aspects in the literature on SI [7,16], in particular regarding everyday activities in the nor-
mal sleep-wake condition.

Cognitive processes are diversely sensitive to SI[7,17], but it is still not clear whether
all, and which, cognitive processes are mostly involved. Complex tasks seem to be less
sensitive to SI compared to simpler ones [18]; in particular, strategic mechanisms seem to
contrast a physiological condition of low arousal better than automatic ones, even though
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this datum has not been confirmed in subsequent studies [15,19,20]. Moreover, some
higher-order cognitive processes are differentially sensitive to different sleep-wake regu-
latory processes [21]. The difference among the studies concerning the time course of SI
can derive from methodological standpoints. First, only a few studies have investigated
the time course of SI dissipation by measuring performances at regular time intervals and
for a long time [22]. Indeed, most authors have typically made only one performance as-
sessment after awakening (e.g., [23]). Therefore, SI has been reported to be short-lasting,
rarely exceeding 30 min [18,24]. Second, the SI effect in some studies was measured by
comparing post-sleep performances with pre-sleep ones, while in other studies it was
evaluated by recording the time needed for the performance to level off during the post-
sleep period [7]. Third, SI varies according to the performance indexes (i.e., accuracy
and/or speed) utilized. In some conditions, SI affects speed but not accuracy [25,26],
whereas both indexes decreased when sleep loss was associated with SI [24]. Finally, ex-
perimental data show differing results regarding the effect of sleep stage at awakening on
SI. There is general agreement regarding a strong SI effect upon awakening from Slow
Wave Sleep (SWS) [7,27]. In some studies, SI did not significantly differ as a function of
waking up during stage-2 (St2) vs. Rapid Eye Movement (REM) sleep [28]. Other studies
reported a more deteriorated performance after awakening from St2 as compared to REM
sleep [28,29]. Thus, the SI effect on cognitive performance according to the sleep stage at
awakening is still a matter of debate and further studies are needed.

It is relevant to note that SI has been studied in applied fields (i.e., emergency condi-
tions, shift work schedules, sleep disorders). Thus, participants have been tested in par-
ticular sleep conditions, such as sleep deprivation, sleep fragmentation, short naps, or SI
during the first or second part of the night. By way of contrast, very few studies have
investigated SI in a normal sleep-wake cycle condition [15,28-30]. Importantly, the studies
report different findings, restricting the generalizability of results.

In light of the above-mentioned issues, the main purpose of this research is to evalu-
ate an SI effect on memory performance after an uninterrupted night’s sleep. As far as
cognitive functions are concerned, in this study, we focused on memory performances.
Mnemonic functions have been investigated sporadically. Only a few specific memories
have been assessed, but results have never been replicated in comparable experimental
conditions. Research focusing on mnemonic performances has been carried out, in partic-
ular, after sleep deprivation [31,32] or in relation to sleep stages at awakening [33-37]. We
investigated the effect of the SI time course on three long-term memory systems: semantic,
episodic, and procedural [38,39].

We also collected data on subjective alertness as a control measure, given that sub-
jective alertness could affect cognitive performance [40—44].

We expected low levels of arousal and vigilance to produce an important decrease in
speed and performance accuracy immediately after awakening-

2. Materials and Methods
2.1. Participants

Eighteen participants, 7 females and 11 males, aged 24.9 + 3.14, took part in the ex-
perimental protocol and were selected as paid (25 euros per night) volunteers for the
study. They signed an informed consent form before participating in the study. None
worked flexi-time or night shifts. Exclusion criteria included sleep disorders, serious or
acute illness, psychopharmaceutical drug use, disabilities that would interfere with or re-
strict mobility, being an evening- or morning-type, and left-handedness. As well as taking
part in an interview, participants filled in several questionnaires in order to assess
whether they met the exclusion criteria: in particular, they filled in the Morningness-
Eveningness Questionnaire [45], the General Health Questionnaire [46], the Sleep Disor-
ders Questionnaire [47], the State-Trait Anxiety Inventory (STAI) [48], the Self-Rating De-
pression Scale (ZUNG) [49], and the Edinburgh Handedness Inventory [50]. Participants
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were instructed to keep a regular sleep-wake schedule before and during the experiment.
The usual schedules of sleep onset and awakening of participants were monitored by
sleep log [51] during the week preceding the experiment. These data were used to person-
alize the approximate time of the experimental awakening. During the following 6 weeks,
participants were invited to continue to fill in a daily sleep log to check the regularity of
their sleep-wake cycle throughout the experiment.

2.2. Design and Procedure

Participants were tested in two experimental conditions (morning awakening from
REM sleep and from St2 sleep), and in a diurnal control condition at 11:00 a.m. Each par-
ticipant spent seven (one adaptation night and six experimental nights) non-consecutive
nights (one a week) in the laboratory of Psychophysiology of Sleep and Dream at the De-
partment of Psychology “Renzo Canestrari” of the University of Bologna (Bologna, Italy).
The choice to perform the adaptation night in the laboratory was based on the fact that
participants had to experience sleep in a laboratory room with electrodes. Thus, the sub-
sequent experimental nights were not influenced by the specific setting of the laboratory.
In addition, the adaptation night was used to assess the macrostructure of sleep night of
each participant. To reach this goal, polysomnographic recordings were obtained using
the Grass Heritage TM PSG System with Gamma TM version 4.2 software (Grass Telefac-
tor, West Warwick, Rhode Island, USA). Unipolar electroencephalograms were recorded
according to the international 10-20 system: Fz-A1l, Cz-Al, C3-A2, and Oz-Al. A submen-
tal electromyogram and two unipolar electro-oculograms were also recorded. Electrode
impedance was kept below 5KQ. Sleep records were visually scored in 30 s epochs ac-
cording to Rechtschaffen and Kales’ [52] standard scoring criteria by two trained scorers.
Inter-rater reliability for the two scorers was 95.4%.

At the awakening from the adaptation night, no cognitive tasks or subjective evalu-
ation of alertness was performed. The experimental nights were divided into two condi-
tions according to sleep stage before awakening: three awakenings in REM sleep and three
awakenings in 5t2. The order of experimental conditions was counterbalanced among par-
ticipants. Experimental awakenings occurred in the morning after an undisturbed night
of sleep and in a time window matching the participant’s sleep habits. Participants were
awakened after 10 min elapsed in REM or St2 sleep. After the awakening, each participant
took part in nine experimental trials during an overall interval of 80 min. The tasks were
administered at regular intervals of 10 min (T0, immediately after awakening; T1, 10 min
after awakening; T2, 20 min after awakening; T3, 30 min after awakening; T4, 40 min after
awakening; T5, 50 min after awakening; T6, 60 min after awakening; T7, 70 min after
awakening; T8, 80 min after awakening). In each interval (TO-T8), only one cognitive task
was administered individually, according to the Latin Square design. This schedule of
task administration reduced a possible learning and/or fatigue effect. At the end of the
task execution, participants always filled in a subjective alertness scale.

The same task schedule was carried out in the three diurnal (one a week) control
sessions. Diurnal sessions were performed in the laboratory from 11:00 a.m. Half the sam-
ple participated firstly in the diurnal condition sessions and then in the experimental night
trials, while the opposite order was carried out for the other half of the sample. The choice
of three REM and three St2 experimental nights, as well as three diurnal control sessions,
were based on the assumption that three different memory systems were assessed, and
thus, during each condition only one task (out of three) was performed, requiring three
different sessions for each experimental condition (REM and St2 awakenings and diurnal
condition) to complete all tasks for each condition.

2.3. Tasks

All cognitive tasks were computerized.
Lexical decision task (semantic memory system). Nine lists were created, each made
up of 80 stimuli that included 40 words and 40 non-words. The words were related to
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concrete objects and items and were balanced across lists on the basis of length (number
of letters and syllables) and frequency (expressed in the percentage of appearance and
usage in the Italian culture). Each stimulus appeared in white against a black foreground
and they were written in Courier New font 30. The participants were instructed to press
the spacebar on a keyboard as fast as possible when they detected an Italian word on the
screen; when presented with a non-word, they were required to avoid any response. In
any case, both word and non-word stimuli remained on the screen for 500 ms. In order to
assess to what extent semantic memory was automatically activated through the embed-
ding of semantic priming, 10 prime words and 10 target words were included in the Italian
words section of the list; each section, therefore, contained 20 related words (the 10 prime-
target pairs) and 20 unrelated words. The prime words were semantically related to, and
immediately preceded by, the target words, e.g., prime: bambola (doll), target: palla (ball).
Unrelated words might be pasta (pasta) and arte (art). The words were balanced across
lists in terms of length and frequency. The non-words (for example, “namoi”) were legible
stimuli but were meaningless in Italian. These non-word stimuli were created modifying
the words used in a list (e.g., for non-words in list 1 we modified the words of list 4, just
changing the order of vowels and consonants). In the task, a white fixation cross appeared
for 500 ms in the center of the screen, and then a stimulus (word or non-word) appeared
in the center of the screen. After a participant’s response or elapsed time, a new trial
started. In each list, a pseudorandom presentation of the stimuli was created with the fol-
lowing rules: the target stimulus appeared after its relative prime stimulus and no more
than three consecutive non-words were presented. All task lasted about 10 min. We meas-
ured the mean RTs for word recognition, priming effect, i.e., the RT difference between
the recognition of the prime word and the target word, and accuracy expressed as a per-
centage.

Word list free recall (episodic memory system). A single word, in white color against
a black foreground written in Courier New 30, was presented centrally on the screen for
500 ms. The participants were instructed to read the word presented and write it on a
sheet of paper. When this was done, they had to press the spacebar, after which another
word appeared on the screen. Thus, each word appeared for a short duration, but partic-
ipants had enough time to write the word and to decide when a new word was presented,
by pressing the spacebar. This procedure was repeated for all 15 words. Each word was
disyllabic (e.g., naso [nose], prete [priest], or lardo [lard]), referred to objective items (no
abstract concepts were used), and balanced for frequency (see before) across lists. At the
end of the word list, the participants were instructed to read all the words they had written
in a serial order, and to hand over the sheet at the end. After a one-minute break, the
experimenter gave the start signal, and the participants had to recall the words in a free
order for 3 min. For this task, nine lists were created. Given that participants determined
the timing of appearance of words, this task lasted about 10 min. In this task, we counted
the number of correctly recalled words.

Finger tapping task (procedural memory system). The participants had to learn a se-
quence of five keys using at least three fingers of their left hand (non-dominant hand). We
created nine sequences. Each sequence, composed of five keys, was made up of a combi-
nation of four arrow keys on the keyboard. In each sequence, the first and last keys were
identical. The task included a learning phase and a recall phase. In the first phase, the
participants had to learn the sequence and were instructed to press the five keys in the
right order. The sequence remained at the center of screen (i.e., participants saw the se-
quence of figured white arrows against a black foreground: Up arrow, Left arrow, Right
arrow, Down arrow, Up arrow) and visual feedback was given. When the participants
pressed the correct key, a green dot appeared while a red dot appeared when the wrong
key was pressed. In case of error, individuals had to start the sequence again. The learning
phase ended when the participant pressed the correct sequence 50 times (about 5 min).
After a break of 1 min, the recall phase started. In this phase, the sequence was not present
on the screen, while the visual feedback was maintained. Specifically, participants saw a
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black screen and after each key press, a green or red dot appeared. The task ended when
the participant had finished 50 sequences (about 5 min). We counted the mean time
needed to complete a correct sequence (the total time to complete all corrected sequences
divided by the number of corrected sequence) and the number of correct sequences in the
recalling phase.

Given that for each cognitive task we created nine different list, we randomly pre-
sented each list in each testing session for every participant. For example, for one partici-
pant, the list order was 1,7, 4, 2, 8, 5, 3, 9, and 6, whereas for another participant, the list
orderwas7,4,1,8,5,2,9,6,and 3.

Subjective alertness The Global Vigor and Affect Scale (GVA) [53] was used to assess
subjective alertness. The answers to four visual analogue items (vigor, tiredness, effort
required for everyday tasks, and sleepiness) were combined to calculate global alertness.
Higher scores indicate greater alertness.

2.4. Data Analysis

For each measure, we performed a two-way ANOVA with experimental condition
(three levels, wake, awakening from REM, and awakening from St.2) and experimental
trials (nine levels, from TO to T8) as within-subject factors. The significant main effects or
interactions between factors were further analyzed using the Scheffé post-hoc test. In or-
der to further clarify the interaction, we performed a one-way ANOVA within each ex-
perimental condition, considering the experimental trial (nine levels) as the within-sub-
jects factor. Finally, we also performed a one-way ANOVA for each experimental trial
considering the experimental condition (three levels) as the within-subjects factor. We set
the significance level at p <0.05.

3. Results
3.1. PSG Data

Table 1 shows the PSG data. As can be observed, no significant differences were
found between sleep conditions.

Table 1. Means and standard deviations of sleep parameters in experimental awakenings.

Sleep Parameters Stage 2 Sleep Condition REM Sleep Condition t1r p
LOAf (time) 24 h:27 min 24 h:33 m 1.71 ns
LOn (time) 7h:30 m 7h:34m 0.74 ns
SOL (min) 10.61 +8.39 13.55 + 6.43 1.44 ns

TIB (min) 417.94 +20.98 431.39 +14.86 2.04 ns

TST (min) 372.68 +28.26 375.87 +18.39 0.42 ns

SE 89.12+4.18 87.23 +4.69 1.50 ns

Stage 1% 2.00+0.85 2.42+1.03 1.68 ns
Stage 2% 45.63 +3.92 46.09 +4.77 0.51 ns
SWS% 20.66 + 3.66 19.29 £3.62 1.95 ns
REM% 20.56 + 3.04 19.54 +2.45 1.78 ns

REM Latency (min) 97.46 +40.41 106.61 + 38.70 1.18 ns
WASO (min) 16.29 +11.96 25.61 +19.18 2.06 ns

LOff, Light Off; LOn, Light On; SOL, Sleep Onset Latency (First epoch of Stage 2); TIB, Time in Bed; TST, Total Sleep Time;
SE, Sleep Efficiency; SWS, slow wave sleep; REM, rapid eye movement; WASO, Wakefulness After Sleep Onset.
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3.2. Lexical Decision Task

We analyzed RTs of valid trial. In addition, we discarded, for each participant and
each list, all RTs above or below 2.5 standard deviations as outliers (about 3%). Data re-
lating to the response speed in the lexical decision task are shown in Table 2. The ANOVA
on reaction time revealed that experimental condition reached significance (F(2,34) =7.55,
p <0.001). The wake condition obtained a lower reaction time (mean = 590 ms) in compar-
ison with both REM (mean = 636 ms; p < 0.05) and St.2 awakenings (mean = 645 ms; p <
0.005) (Scheffé post-hoc test). A significant session effect was also found (F(8,136) = 3.09, p
< 0.005). The Scheffé post-hoc test did not show any significant differences between the
trials. The interaction between condition and trial reached statistical significance
(F(16,272) =2.64, p < 0.001). In particular, the mean reaction time for the wake condition at
t0 was significantly lower than for the REM condition (p < 0.005). We performed a further
one-way ANOVA for each trial using the experimental condition (three levels, wake,
REM, and St.2) as a within-subjects factor. In this case, we observed a significant result at
t0 (F(2,34) = 14.7, p < 0.00001), t1 (F(2,34) = 5.81, p < 0.01), t2 (F(2,34) = 5.64, p < 0.001), and
t4 (F(2,34) = 3.51, p < 0.05). Based on the Scheffé post-hoc test, reaction times in the wake
condition were faster in comparison to those in the REM condition at t0 (p < 0.00001) and
t2 (p <0.01); faster RTs were also observed in the wake condition compared to St.2 at t0 (p
<0.001), t1 (p <0.01), and t2 (p < 0.05). The mean RT for prime words was 646 ms, while
for target words, the mean RT was 483 ms. Thus, a general priming effect was found;
however, the ANOVA did not display any significant effect or interaction.

Table 2. Mean values of reaction times in the lexical decision task for experimental conditions (wake, REM awakening,
St2 awakening) and experimental trials (from t0 to t8). The last column shows the F values of ANOVAs within condition.
The F values of ANOVAs within trial are reported in the last row.

t0 t1 t2 t3 t4 t5 t6 t7 t8 Fs36
Wake 553 587 572 578 593 613 582 623 611 4.02§
REM 691 637 648 603 594 665 608 635 646 3.12*
St2 670 653 642 608 650 656 619 646 665 1.87
F234 14.77 © 5.80' 5.64"' 1.07 351 # 2.68 1.70 0.6 2.18

*= 1 <0.005; § = p < 0.0005; ~ = p < 0.00001; ' = p < 0.01; # = p < 0.05.

As regards accuracy (i.e., percentage of correct responses), we performed a three-way
ANOVA with experimental condition (wake, awakening from REM, and awakening from
St.2), experimental trial (from TO to T8), and target (words and non-words) as variables
(see Figure 1). As regards the first two factors, no significant effects were found. On the
contrary, we observed a significant difference between the accuracy of words (99.5%) and
non-words (96.9%) (F(1,17) = 26.91; p < 0.0001). No interactions reached statistical signifi-
cance. In the analysis for the trial, we detected a significant effect at t2 for non-words
(F(2,34) = 3,4; p < 0.05). No post-hoc comparisons were significant.



Appl. Sci. 2021, 11, 3354

7 of 13

—_

Accuracy (percentage

105

100

©
o

85

t0O t1 t2 t3 t4 t5 t6 t7 18 t0O t1 t2 t3 t4 t5 t6 t7 8
Experimental trials - non words  Experimental trials - words

Figure 1. Accuracy (expressed as percentage) in the lexical decision task for non-words and words. Means are shown.

3.3. Episodic Learning Task

In this task, we coded the number of correct words recalled by the participants (Table 3).
The ANOVA revealed that experimental condition reached significance (F(2,34) = 3.82, p
< 0.05). The wake condition was characterized by the higher number of correctly recalled
words (mean = 11.5) in comparison with both REM awakening (mean = 10.2) and St.2
awakening (mean = 10.4), although none of these differences was statistically significant
in the Scheffé post hoc test. In the analysis for trials (Table 3), we obtained significant
results at t0 (F(2,34) = 3.37; p < 0.05), t5 (F(4,57) = 4.57; p < 0.01), and t6 (F(3,76) = 3.37; p <
0.05). The post-hoc analyses revealed that the wake condition presented a significantly
higher number of correctly recalled words compared to REM awakening at t5 (p < 0.05)
and St2 awakening at t6 (p < 0.05) (Scheffé post hoc test).

Table 3. Mean number of correctly recalled words in the episodic learning task for experimental conditions (wake, REM
awakening, St2 awakening) and experimental trials (from t0 to t8). The last column shows the F values of ANOV As within
condition. The F values of ANOVAs within trial are reported in the last row.

t0 t1 t2 t3 t4 t5 té6 t7 t8 Fs36
Wake 11.3 11.7 114 11.4 11.3 12.0 12.1 11.6 11.0 0.68
REM 9.8 10.7 10.6 10.2 9.9 9.7 10.9 10.2 10.1 0.89
St2 9.7 10.7 11.2 10.5 10.4 10.1 10.3 10.1 10.8 1.22
Fo34 3.37* 1.51 0.47 1.94 1.67 4.57 * 3.96 * 3.02 0.75
*=p<0.05.

3.4. Finger Tapping Task

The number of correct sequences in the recall phase was very high in all conditions:
wake (45.15), REM awakening (44.27), and St2 awakening (45.74). The ANOVAs did not
show any significant main effects or interactions. The trial by trial ANOVA showed a sig-
nificant effect at t8 (F(2,34) = 3.4; p < 0.05). No significance was detected with the Scheffé
post-hoc test.

As regards the speed of execution, we considered the mean time (in seconds) of each
correct sequence in the recall phases. The mean time for a correct sequence was 4.03 sec
for wake, 4.43 sec for REM awakening, and 4.34 sec for St2 awakening. The ANOVAs did
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not show any significant main effects or interactions (Figure 2). The trial by trial ANOVA
did not show any significant results.

n
o

(6)}

»
o

H

w
o

@

N

w

Speed of execution (sec)

N
o

t0 t1 t2 t3 t4 t5 t6 t7 t8
Experimental trials

Figure 2. Graphical representation of the interaction between the experimental condition and experimental trial of the
speed of execution (in sec) of the finger tapping task. Means are reported.

3.5. Subjective Alertness

Data concerning subjective alertness are shown in Figure 3. The ANOVA on subjec-
tive alertness revealed that experimental condition reached significance (F(2,34) = 24.4, p
<0.00001). The wake condition obtained a higher subjective alertness score (mean = 76.18)
in comparison with both REM awakening (mean =51.45; p <0.000001) and St.2 awakening
(mean = 57.60; p < 0.0001) (Scheffé post-hoc test). A significant trial effect was also found
(F(8,136) = 16.22, p < 0.0000001). The Scheffé post-hoc test showed that the mean score
significantly and linearly increased from TO to T8. The interaction between condition and
trial also reached statistical significance (F(16,272) = 18.52, p <0.0000001). In particular, the
mean subjective alertness score for the wake condition at t0, t1, t2, t3, t4, t5, t6, and t7 was
significantly higher in comparison with that of both the REM and St2 conditions. At t8,
alertness in the wake condition was higher only in comparison to the REM condition. REM
subjective alertness never significantly differed from that of St2.
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Figure 3. Graphical representation of the interaction between the experimental condition and experimental trial of subjec-
tive alertness. Mean values are reported.

4. Discussion

The present study aimed to investigate the effect of SI and its dissipation on long-
term memory systems (semantic, episodic, and procedural) after an uninterrupted noc-
turnal sleep. According to the taxonomy of memory proposed by Schacter and Tulving
[39], semantic memory contains all the general knowledge, language, symbols, and ency-
clopedic information about the world; episodic memory involves the conscious recollec-
tion of personally experienced events; and procedural memory mainly concerns motor
skills, which are learned with simple exercise. The importance of the SI-memory relation-
ship is evident since memory processes play a crucial role in reinstating the levels of cog-
nitive efficiency of wakefulness.

Specifically, our purpose was to evaluate: (a) the SI effect after an uninterrupted
night’s sleep; (b) the time course of SI dissipation by assessing performance at regular
intervals for a total time of 80 min; (c) the SI effect assessed by comparing post-sleep per-
formances with diurnal performance collected in the same conditions; and (d) the SI effect
in relation to sleep stage of awakening (S5t2 vs. REM sleep). The main results showed an
SI effect on the speed execution of the cognitive tasks and on subjective alertness, inde-
pendently from sleep stage at awakening.

Regarding the SI effect after an uninterrupted night’s sleep, we did not find a sys-
tematic SI effect on different memory systems. Generally, these results partly confirm that
mental functions are diversely sensitive to SI [4,54,55]. On this basis, it is possible to con-
sider the results separately according to the different and independent memory systems
[56].

In the semantic memory task, we observed an SI effect on RTs for lexical decisions
during the first 20 min: participants were slower at detecting an Italian word until the
fourth session. With regard to accuracy, we did not find any effects. Our results agreed
with those of Balkin and Badia [57], suggesting that performance speed and accuracy are
differentially affected by SI during the sleep-wake transition [4,22,55]. This finding could
indicate that RT is an index that is more sensitive to the SI effect. More probably, speed
and accuracy could be reliable indices when a sleep deprivation effect is being measured.
Indeed, Miccoli et al. [58] found that both sleepiness and SI determined an increase in RTs,



Appl. Sci. 2021, 11, 3354

10 of 13

but after a total sleep deprivation (i.e., higher sleepiness while SI was absent), the number
of lapses (i.e., accuracy) increased.

The results obtained from the episodic memory task could be problematic. Indeed,
we expected poor performance due to the difficulty of the task. Instead, the episodic recall,
in which time of processing was not assessed, did not prove to be affected by SI. The most
probable alternative interpretation is that episodic recovery is a highly complex task that
could produce a very high cognitive engagement (both encoding and rehearsal processes
involve attention, execution operations, deliberate effort, etc.). As regards procedural
memory, no SI effect was observed in the finger tapping task, in line with a previous study
[20]. Taken together, these results could indicate that long-term memory systems are dif-
ferently affected by SI.

As previously stated, the participants reached a high accuracy level in all cognitive
tasks. This is an interesting result, considering that the subjective alertness in experimental
conditions did not reach the control value throughout the whole testing session (i.e., 80
min). Our result regarding subjective alertness was in line with previous studies [24,40—
42], but we described a linear increase in subjective alertness after awakening instead of
an asymptotic pattern [40,59,60]. This discrepancy could be explained by the fact that our
data collection was carried out every 10 min from awakening, whereas others, such as
Jewett et al. [40], tested their participants every 10 min during the first hour, and then
every 30 min.

As regards the effect of sleep stage at awakening on SI, the present study did not
show any differences. Jewett et al. [40] showed no SI as a function of waking up during
St2 vs. REM sleep, after a normal night’s sleep. Moreover, we did not find sleep or SI
effects on semantic priming, casting doubt upon the more recent theories of a different
effect of REM and NREM sleep on semantic memory [35,61,62]. Another study shows that
the sleep stage before awakening influences the magnitude of sleep inertia, with deeper
sleep with high delta power being associated with subsequent performance impairment
and increased latency of the P300 event-related potential (ERP) [63]. Taken together, the
data available so far do not clarify whether sleep inertia is simply an epiphenomenon of
the carryover from a preceding sleep state or a precise physiological process that ensures
a gradual transition from sleep to waking [64].

We would like to add a consideration regarding a possible dissociation between sub-
jective alertness and memory performance. In the literature, it has been reported that sub-
jective alertness may in part moderate an individual’s global assessment of performance
[65], but that performance rhythms are not directly mediated by levels of subjective alert-
ness [66]. Recent studies have clarified that SI is part of a complex transition of levels of
consciousness, namely from different sleep stages to wakefulness [67,68]. This condition
is accompanied by different regional activation/deactivation patterns, possibly reflecting
a functional differentiation between cortical/subcortical areas that, in turn, influences hu-
man consciousness during the transitional states [69]. Within this perspective, our data
bring evidence in favor of a dissociation between systems that regulate subjective vigi-
lance and systems predisposed to memory efficiency.

From an adaptive point of view, it is interesting to underline the fact that the proce-
dural memory system already seems to perform well immediately after the last morning
awakening. It could guarantee an already effective routine behavior for the new day that
is about to begin. For example, many of us, despite being subjectively sleepy, are able to
complete the procedures to prepare a hot cup of coffee in the morning as soon as we wake
up.

Globally, the present research confirms that the SI effect and its dissipation depend
on the type of task used and they influence the speed of information processing more
directly than the accuracy. These results further confirm the importance of considering
the SI effect when planning sleep logistics for personnel who may have to perform com-
plex tasks quickly after an abrupt awakening.
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Further research development could be addressed to the study of memory by intro-
ducing different tasks. It would also be interesting to evaluate working memory to estab-
lish a more united framework in terms of the memory processes in this transition phase.
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