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A B S T R A C T

Objective: Neurocognitive deficits are common and serious consequences of obstructive sleep apnea (OSA).
Currently, the gold standard treatment is continuous positive air pressure (CPAP) therapy, although the
clinical responses to this intervention can be variable. This study examined the effect of one night of CPAP
therapy on sleep-dependent memory consolidation, attention, and vigilance as well as subjective experience.
Methods: Fifteen healthy controls and 29 patients with obstructive sleep apnea of whom 14 under-
went a full-night CPAP titration completed the psychomotor vigilance test (PVT) and motor sequence
learning task (MST) in the evening and the morning after undergoing overnight polysomnography. All
participants also completed subjective evaluations of sleep quality.
Results: Participants with OSA showed significantly less overnight improvement on the MST compared
to controls without OSA, independent of whether or not they had received CPAP treatment, while there
was no significant difference between the untreated OSA and CPAP-treated patients. Within the OSA group,
only those receiving CPAP exhibited faster reaction times on the PVT in the morning. Compared to un-
treated OSA patients, they also felt subjectively more rested and reported that they slept better.
Conclusion: Our results demonstrate an instant augmentation of subjective experience and, based on PVT
results, attention and vigilance after one night of CPAP, but a lack of an effect on offline sleep-
dependent motor memory consolidation. This dissociation may be explained by different brain structures
underlying these processes, some of which might require longer continued adherence to CPAP to gen-
erate an effect.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Disorders of breathing during sleep are a major health problem;
in particular, obstructive sleep apnea (OSA) has been associated with
important health consequences including an increased risk for
cardiovascular [1–6] and cerebrovascular disease [7,8], mortality
[5,9–14], and cognitive impairment, independent of daytime
sleepiness [15–21].

The majority of studies assessing cognition show spared global
cognitive functioning and basic language functions [22–24]. By con-
trast, most OSA patients are impaired on testing of vigilance, that
is, tests that require sustained attention for a period of time, a finding
which has important implications for the ability to drive and for

general occupational functioning [25–28]. It is therefore not sur-
prising that OSA has been linked to an increased risk of motor vehicle
accidents and, thus, if left untreated, imposes a health risk not only
to the individual but also to those around them.

Continuous positive airway pressure (CPAP) treatment restores
normal respiration during sleep, thereby improving sleep architec-
ture and is considered the first line of treatment for OSA [29,30].
Nightly use of CPAP can markedly reduce sympathetic activity and
blood pressure and thus decrease the risk of mortality [31,32]. Studies
examining cognitive function pre- and post-CPAP treatment have
indicated selective improvement in neuropsychological deficits after
CPAP treatment [33–38]. The results have been difficult to inter-
pret due to variations in hypoxia, apnea–hypopnea index (AHI), and
cognitive areas tested. Some investigators have also speculated that
CPAP only improves deficits related to sleep fragmentation but not
due to hypoxemia [38], with which there may be irreversible injury
to certain brain regions [39].

Sleep can affect learning and memory in a number of ways. Spe-
cific sleep-dependent memory tasks have been used with increasing
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popularity to assess the dynamic processes during which initial, labile
memory representations are converted (either stabilized or en-
hanced) into more permanent ones. But thus far, few studies have
investigated sleep-dependent memory processes in patients with
obstructive sleep apnea [40,41]. Given that the precise domains of
sleep-dependent memory impairment present in OSA have not been
sufficiently studied, important questions remain concerning their
reversibility with CPAP treatment.

Several studies have demonstrated that the motor sequence task
shows a robust enhancement of performance after a night of sleep,
but not after an equivalent time spent awake [42,43]. We recently
published a study, in which we demonstrated that memory con-
solidation for this procedural motor skill task is affected by OSA even
in young people with relatively mild disease, and that this effect is
not the result of a difference in attention or vigilance [40]. Thus, given
the significance of sleep-related processes for improvement on this
task, we sought to examine how quickly patients with OSA could
recover from the effects of their disease on this form of sleep-
dependent memory consolidation.

Patients with OSA often report a major subjective improve-
ment after using CPAP for the first time. The aim of this study was
thus to delineate the effect of first-time experience with CPAP on
subjective experience, measures of vigilance, and sleep-dependent
procedural motor memory consolidation.

2. Methods

The first 44 patients who underwent either a diagnostic
polysomnography or a CPAP titration study at Brigham and Women’s
Hospital Sleep Disorders Laboratory agreed to participate and met
inclusion criteria were enrolled in the study. Post polysomnography
(PSG), participants were subdivided into three groups: (1) Healthy
controls (control group), (2) patients who were found to have ob-
structive sleep apnea, but did not undergo any treatment intervention
(OSA group), and (3) patients with OSA who were CPAP-naive and
underwent a whole night with CPAP (CPAP group). To qualify as
healthy controls, participants had to have an AHI <5/h, whereas an
AHI of >15/h was required for the OSA group.

2.1. Exclusion criteria

Participants were excluded if they (1) were found to have a pe-
riodic limb movement index of >15/h based on their PSG; (2) had
another diagnosed sleep or circadian disorder; (3) had a history of
alcohol, narcotic, or other drug abuse; (4) had a history of a medical,
neurologic, or psychiatric disorder (other than OSA and treated hy-
pertension) that could influence excessive daytime sleepiness;
(5) used medications known to have an effect on sleep and daytime
vigilance (eg, psychoactive drugs or medications, sedatives, or hyp-
notics, including selective serotonin re-uptake inhibitors or SSRIs);
or (6) were left-handed.

2.2. Study design

All participants performed a 5-min version of the psychomotor
vigilance task (PVT) and then trained on the motor sequence task
(MST) in the evening between 8 and 9 PM [44,45]. (Fig. 1).

The MST requires repeated typing of a five-digit sequence on
a standard computer keyboard (eg, 4-1-3-2-4) with their
nondominant (left) hand. The specific sequence to be typed is dis-
played on the computer screen at all times. Typing is performed in
30-s trials separated by 30-s rest periods. Training and retest each
included 12 trials. Following training, participants spent the night
in the laboratory and underwent standard sleep recording. The fol-
lowing morning subjects were woken up and then repeated the PVT
and were tested on the MST. After a 10-min break, they trained on
a new MST sequence. As learning the motor sequence task is se-
quence specific, there is no transfer of learning to new sequences
[46]. This study design allowed us to compare learning in the evening
and morning, to confirm that there was no general time-of-day effect
on motor sequence performance, and that overnight improve-
ment reflected specific enhancement of performance on the
previously learned. MST sequences were counterbalanced for evening
and morning training across all participants within groups to control
for any order effect. The main performance measure for the MST
is the number of correctly typed sequences per 30-s trial, thereby
reflecting both speed and accuracy.

The PVT is an objective measurement of sustained attention and
reaction time (RT) and has been shown to be sensitive to sleep dep-
rivation, partial sleep loss, and circadian variation in performance
efficiency [47]. As such, it allowed us to verify that differences in
overnight improvement on the MST were related to differences in
overnight memory consolidation, and not to differences in atten-
tion. In this task, subjects push a button as fast as they can whenever
they see a small (3-mm-high, 4-digit-wide) LED millisecond clock
begin counting up from 0000. Pressing the button stops the digital
clock, allowing the subject 1.5 s to read the RT. The inter-stimulus
interval on the task varies randomly from 2 to 10 s. The duration
of the task can be either 5 – as in our case – or 10 min [48]. Par-
ticipants also completed subjective evaluations of sleep quality in
the morning. These questions included two categories: (1) “Would
you describe your sleep last night as (a) better, (b) same, (c) worse
than usual” and 2) a yes–no question “Do you feel rested this
morning ?”. In addition, they filled out a questionnaire asking them
about their previous typing experience.

2.3. Polysomnography

Standard overnight PSG recording and data interpretation were
performed in accordance with the American Academy of Sleep Med-
icine (AASM) scoring manual [49,50]. This approach included standard
electroencephalogram (EEG) leads (F3, F4, C3, C4, O1, and O2), as
well as bilateral electrooculogram (EOG), submental electromyogram

AM Session
1) Questionnaires, PVT
2) MST Retesting
3) MST new sequence

Wak Sleep Wake

Overnight PSGPM Session
1) Questionnaires, PVT
2) MST training + testing

Fig. 1. Schematic overview of the visit protocol.
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(EMG), bilateral anterior tibialis EMG, and standard electrocardio-
gram (ECG) electrodes. Nasal/oral airflow (thermistor), nasal pressure
(Validyne transducer), chest plus abdominal wall motion (piezo elec-
trodes), and oxygen saturation were also recorded.

All studies were scored by a registered PSG technologist, blinded
to subject performance. In particular, hypopneas required a clear
(discernable) amplitude reduction of a validated measure of breath-
ing during sleep, and were associated with either an oxygen
desaturation of >3% or an arousal lasting ≥10 s.

Arousals were scored visually according to the AASM manual
scoring criteria, which require an abrupt shift of EEG frequency in-
cluding alpha, theta, and/or frequencies >16 Hz (but not spindles)
that last at least 3 s preceded by 10 s of stable sleep.

2.4. PSG data analysis

PSG data were preprocessed and analyzed using BrainVision Ana-
lyzer 2.0 (BrainProducts, Munich, Germany). Artifacts were
automatically detected and removed and EEG data were filtered at
0.5–35 Hz. Artifact rejection was confirmed by visual inspection.
Power spectral density (μV2/Hz) was calculated by fast Fourier trans-
form (FFT), applying a Hanning window to 5-s epochs of N2 and
N3 sleep with 50% overlap.

Based on previous studies, spindle analysis (number and density)
was performed from the C3 and C4 location for stage 2 sleep man-
ually and by using a wavelet-based algorithm. Data were pre-
processed and analyzed using BrainVision Analyzer 2.0 and MatLab
R2009b (The MathWorks, Natick, MA, USA) as described by Wamsley
et al. [51].

2.5. Statistical analysis

Variables were compared between healthy controls and OSA pa-
tients with and without CPAP. One-way analyses of variance
(ANOVAs) were performed to compare demographic and PSG-
derived sleep data including sleep spindle analyses. Subjective sleep
quality evaluations were analyzed using chi-square tests.

Overnight MST improvement was calculated as percent change
in performance speed (correct sequences per 30-s trial) for initial
and plateau improvement taking into account the characteristic per-
formance curves over the 12 training trials and 12 test trials [initial
improvement = percent increase in performance from the last three
training trials in the evening to the first three test trials in the
morning and plateau improvement = percent improvement from
the last six training trials in the evening to the last six test trials in
the morning].

Percentage values for improvement across the three groups were
compared by applying one-way ANOVAs and post-tested with
Tukey’s Honestly Significant Differences (HSD) tests.

Statistical analysis was performed using JMP Version 10 (SAS In-
stitute Inc., Cary, NC, USA). A p-value of <0.05 was considered
significant. Variability is expressed as standard deviation (S.D.).

2.5.1. Sample size justification
For the motor sequence task, published results indicate an effect

size of 1.64 [44]. The required sample size to achieve a power of
80% with the alpha-level set to 0.05 is an n = 14 for a two-tailed test
and n = 12 for a single-tailed test. All groups had n ≥ 14.

2.6. Ethics statement

All participants provided written informed consent. The study
was approved by the Partners’ Institutional Review Board.

3. Results

3.1. Demographic and sleep variables

Demographic and sleep characteristics are shown in Table 1.
Among the three groups, there was no significant difference in age
or BMI. In addition, measures of sleep architecture including total
sleep time, sleep efficiency, and sleep stage distribution were very
similar.

As expected, untreated OSA patients had a significantly higher
AHI and arousal index as well as the lowest oxygen nadir com-
pared to healthy controls and OSA patients treated with CPAP.

3.2. Performance measures of the MST

3.2.1. Evening training
Though healthy controls were overall able to type more se-

quences throughout the 12 evening training trials, this difference
was not significant. All three groups showed similar practice-
dependent improvement across the 12 evening training trials
(percent increase in performance from the first two trials to the last
three trials; ANOVA, p = 0.291) (Fig. 2).

3.2.2. Overnight improvement
Independent of whether they received treatment, OSA partici-

pants (both OSA and CPAP groups) showed significantly less initial
overnight improvement on the MST compared to healthy sleepers
(OSA 2.0 ± 13.0% [S.D.], CPAP 1.4% ± 12.6%, controls 13.4% ± 13.5%;
F = 4.1, df = 2, p = 0.02 [ANOVA across groups]; Fig. 3A). Post-hoc Tukey
HSD comparisons revealed p = 0.05 for controls compared to OSA
patients and p = 0.04 for controls compared to the CPAP group. No
significant differences were seen between the OSA and CPAP groups
(p = 0.99). Similar results were found for comparisons of overnight
plateau improvement (OSA 8.9% ± 7.8%, CPAP 8.0% ± 9.1%, controls
24.0% ± 19.3%; F = 6.0, df = 2, p = 0.005 Fig. 3B [ANOVA across groups];
Fig. 2B). Here, post-hoc comparisons revealed significant differ-
ences between controls and OSA patients (p = 0.02) and between
controls and the CPAP group (p = 0.01), but no significant differ-
ence between the OSA and CPAP groups (p = 0.98). However, the level
of performance at the end of the evening training session (average
of last three trials) did not correlate with the amount of overnight
improvement (Pearson correlation r2 = 0.05, p = 0.14).

Table 1
Group demographics and sleep characteristics.

CPAP (n = 14) OSA (n = 15) Control (n = 15) P-value

Age (years) 44.4 ± 11.1 43.3 ± 13.0 37.3 ± 10.5 0.19
BMI (kg/m2) 32.0 ± 5.4 30.2 ± 5.5 27.6 ± 5.8 0.12
TST (min) 332.3 ± 57.7 308.5 ± 51.9 345.7 ± 27.9 0.11
Sleep Efficiency

(%)
84.3 ± 8.5 82.5 ± 11.5 86.0 ± 10.7 0.61

Sleep stages:
Stage N1 (%) 8.0 ± 4.0 8.6 ± 4.4 8.3 ± 4.8 0.66
Stage N2 (%) 60.8 ± 10.0 63.4 ± 8.3 58.5 ± 8.42.2 0.30
Stage N3 (%) 11.6 ± 13.3 11.9 ± 10.5 15.2 ± 11.73.0 0.71
REM (%) 19.7 ± 3.4 16.1 ± 7.9 18.0 ± 7.82.0 0.37
AHI (events/h) 5.9 ± 4.6 23.9 ± 10.0*,a 3.5 ± 1.30.4 <0.0001
Oxygen nadir (%) 90.7 ± 3.3 86.4 ± 4.2*,a 91.4 ± 2.6 <0.0001
Arousal index

(A/h)
17.2 ± 5.6 25.6 ± 12.7* 18.3 ± 7.3 0.03

Values are presented as mean ± S.D. P-values represent results of ANOVA across the
three groups.
Asterisks represent post-hoc comparisons using Tukey HSD tests: *(CPAP/OSA).

a (Control/OSA).
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3.2.3. Morning training
After completing the MST testing in the morning, all partici-

pants were trained on a novel sequence in order to control for
circadian influences on performance. No significant within-group
differences in performance were found between the two training
sequences (evening vs. morning; all p’s > 0.28). Thus, circadian in-
fluences do not explain the overnight changes in performance
between groups.

3.2.4. Sleep spindles
Previous research has shown an association between motor se-

quence learning and sleep spindles during stage 2 (N2) sleep [52,53].
Based on these reports, sleep spindles were assessed during stage
2 (N2) sleep only. A significant difference among the three groups
in total number of sleep spindles as well as in spindle density was
observed at both central electrodes (C3, C4). The most notable dif-
ference was seen over the C3 electrodes where CPAP-treated OSA
patients demonstrated significantly higher total number of sleep
spindles (p = 0.01 [ANOVA across groups], p = 0.01 [CPAP vs. OSA])
and central sleep spindle density (p = 0.008 [ANOVA across groups],
p = 0.007 [CPAP/OSA]) compared to controls and untreated OSA pa-
tients. Significant differences were also present over C4 (p = 0.03
[ANOVA, C4 total number], p = 0.02 [ANOVA, C4 density]). Post-
hoc Tukey HSD test demonstrated significant differences again only
for CPAP/OSA group comparisons (p = 0.02 [C4 total number], p = 0.01
[C4 density]) (Table 2).

Contrary to previous reports, we did not find any correlation
between total number of central spindles or central spindle density
and overnight MST improvement for any of the groups.

3.3. Measures of alertness

3.3.1. PVT performance
In the evening, the mean RT for baseline PVT performance was

387.9 ± 121.4 ms (lapses [RT > 500 ms] = 9.0 ± 11.5) for OSA pa-
tients without CPAP and 440.0 ± 142.6 ms (lapses = 11.6 ± 13.1) for
OSA patients on CPAP, compared to a mean RT of 409.7 ± 125.3 ms
(lapses = 8.1 ± 11.9) for controls (p = 0.56 [ANOVA across all groups]).

The control group showed very similar PVT performance in the
morning compared to the evening (p = 0.88). Among all the OSA pa-
tients, only those who received a full night on CPAP (CPAP group)
exhibited faster RT on the PVT in the morning than those who did
not (OSA group) (p = 0.04 [OSA /CPAP]) (Fig. 4).

3.3.2. Subjective ratings
Compared to untreated OSA patients, more full-night CPAP par-

ticipants reported both feeling more rested (64% vs. 36%, p = 0.005)
and having improved sleep quality (38.5% vs. 6.7%, p = 0.04) the next
morning (Fig. 5 A–D). We did not find any correlations between sub-
jective ratings and PVT performance or overnight MST improvement
in any of the three groups.

4. Discussion

Previous studies have indicated selective improvement in
neurocognitive deficits after CPAP treatment [37,54]. However, little
is known about the effect of CPAP on sleep-dependent memory
consolidation.

Our study shows resolution of sleep-disordered breathing during
the first night of treatment with CPAP, including oxygen saturations
and arousal indices similar to healthy controls. Those OSA patients
who experienced their first night on CPAP demonstrated an instantFig. 3. MST Overnight Improvement.

Fig. 2. Trial-by-trial MST performance across groups.

Table 2
Sleep spindles.

CPAP OSA Control P-value

Spindles – C3 435.9 ± 149.4* 318.5 ± 135.8 377.4 ± 75.3 0.01
Spindles – C4 420 ± 162.2* 310.9 ± 123.8 400.7 ± 85.8 0.03
Spindle density C3 2.3 ± 1.0* 1.6 ± 0.5 1.9 ± 0.3 0.01
Spindle density C4 2.2 ± 1.0* 1.6 ± 0.5 2.0 ± 0.4 0.02

Values are presented as mean ± S.D. P-value represents results of ANOVA across the
three groups.
Asterisks represent post-hoc comparisons using Tukey HSD tests: *(CPAP/OSA).

Fig. 4. Changes in PVT reaction time between evening and morning.
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improvement in attention and vigilance based on PVT results the
next morning. They also felt subjectively more rested and reported
improved sleep quality. Despite this finding, however, their over-
night improvement on the MST remained virtually identical to that
seen in untreated OSA patients and distinctly poorer than in healthy
controls. Therefore, even though patients who received CPAP re-
ported that they felt they had slept better and felt more rested, they
failed to show the normal memory benefits from the night’s sleep.

Our results demonstrate that acute recovery after one night of CPAP
is limited and selective and confirm that improvement of cognitive
deficits caused by OSA depends on multiple likely intertwined mecha-
nisms. Previous studies investigating the effects of CPAP on cognitive
recovery have applied CPAP exposure duration from one week [55],
to up to 12 months [56]. The study by Bardwell et al. investigated
the effectiveness of one week CPAP treatment versus placebo CPAP
on a board battery cognitive outcomes and was able to demonstrate
that CPAP improved overall cognitive functioning, but not in any spe-
cific domain tested. In particular, only one of the 22 neuropsychological
tests scores (Digit Vigilance–Time) showed significant changes spe-
cific to CPAP treatment. Munoz et al. investigated the long-term use
of CPAP and demonstrated that a significant improvement in som-
nolence and vigilance was already evident after three months of
treatment and continued to persist after 12.1 months [56]. On the
other hand, their study results also showed that long-term use of CPAP
does not normalize the levels of depression and anxiety.

The present study is the first study to investigate the effect of
the first night on CPAP and the results provide compelling evidence
that improvement in some cognitive areas may already be present
after one day of treatment.

While many cognitive areas improve after CPAP, there have also
been some reports of persistent deficits after continued use of CPAP,
which have included deficits attributable to frontal lobe function

such as executive function, short-term memory, planning abili-
ties, as well as manual dexterity and psychomotor function [38,57].

It is therefore likely that the sensitivity to the effects of CPAP treat-
ment may not only depend on the duration of treatment and nightly
compliance, but also depend on the specific cognitive areas tested
und the recoverability of their underlying brain structures.

Thus, whether sleep-dependent memory consolidation pro-
cesses can recover with continued adherence to CPAP remains
unknown.

Sleep spindles are presumed to reflect experience-dependent ac-
tivation patterns as part of the hippocampal–neocortical dialogue
involved in the consolidation of new learning, thus facilitating syn-
aptic plasticity and also representing an index of the capacity for
learning [58,59]. Few studies have analyzed sleep spindles in pa-
tients with sleep-disordered breathing. Our findings confirm a
reduction of sleep spindles in OSA patients compared to healthy
controls.

By contrast, those in the CPAP group showed spindle numbers
significantly higher than the OSA group and even the control group.
Without spindle values from pre-CPAP, interpretations of this finding
remain speculative. Based on the link between sleep spindles and
stability of sleep, one possible explanation might be that the higher
number of sleep spindles in the CPAP group could be interpreted
as a recovery phenomenon in conjunction with the improvement
of the sleep-fragmenting nature of OSA [60,61].

Contrary to the differences in sleep spindles, there were no sig-
nificant differences in sleep architecture among the three groups.
It is unclear why we do not see significantly poorer sleep architec-
ture in the OSA group, despite their significantly higher AHI and
arousal index, and lower oxygen nadir. It may simply reflect how
well apnea patients can fall back asleep after these arousals. These
findings replicate our previous study [40] where the extent of im-
pairment of sleep-dependent consolidation correlated with number
of arousals, but not other sleep parameters.

We acknowledge limitations to our study. Despite the limited
sample size, we were still well powered for our primary outcomes
and do believe that we can draw meaningful conclusions from these
data. Second, we studied a relatively young population compared
to some prior studies, and our conclusions cannot be extended to
older OSA patients. Further research will be required to determine
the effects of various covariates such as age and gender on these
outcomes. Third, in an effort to dissociate the subjective improve-
ments in symptoms from the objective changes in neurocognitive
function, we studied only a single night of CPAP. Thus, we cannot
draw conclusions about the effects of longer-term therapy on sleep-
dependent memory consolidation or whether the observed
abnormalities are in fact irreversible. A related factor is the dura-
tion of disease prior to diagnosis; however, this parameter is
notoriously difficult to estimate and thus we are unable to deter-
mine whether patients with long-standing disease have less
improvement in memory consolidation compared to those with more
recent onset of disease.

Despite these limitations, we believe that our findings repre-
sent a useful addition to the literature, and help fuel additional
research in this area.
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