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Abstract: Introduction: Patients with obstructive sleep apnea (OSA) suffer from several 
neurocognitive disturbances. One of the neuropsychological processes most investigated in OSA 
patients is attention, but the results have been controversial. Here, we update the attention profile 
of OSA patients with the final aim to improve attention assessment, with a possible impact on 
clinical and medical-legal practices, in terms of which attention subdomains and parameters need 
consideration and which one is a high-risk OSA phenotype for attention dysfunctions. Method: For 
this purpose, we assessed 32 previously untreated OSA patients (26 men and 6 women) under 65 
years of age (mean age 53.2 ± 7.3; mean education level 10.4 ± 3.4 years) suffering from moderate to 
severe sleep apnea and hypopnea (mean apnea-hypopnea index (AHI) 45.3 ± 22.9, range 16.1–69.6). 
A control group of 34 healthy participants matched with OSA patients for age, education level, and 
general cognitive functioning were also enrolled. The OSA patients and healthy participants were 
tested through an extensive computerized battery (Test of Attentional Performance, TAP) that 
evaluated intensive (i.e., alertness and vigilance) and selective (i.e., divided and selective) 
dimensions of attention and returned different outcome parameters (i.e., reaction time, stability of 
performance, and various types of errors). Data analysis: The data were analyzed by ANCOVA 
which compared the speed and accuracy performance of the OSA and control participants 
(cognitive reserve was treated as a covariate). The possible mechanisms underlying attention 
deficits in OSA patients were examined through correlation analysis among AHI, oxygenation 
parameters, sleepiness scores, and TAP outcomes and by comparing the following three phenotypes 
of patients: severe OSA and severe nocturnal desaturators (AHI++D+), severe OSA nondesaturators 
(AHI++D–), and moderate OSA nondesaturators (AHI+D–). Results: The results suggest that the OSA 
patients manifest deficits in both intensive and selective attention processes and that reaction time 
(RT) alone is ineffective for detecting and characterizing their problems, for which error analysis 
and stability of performance also have to be considered. Patients with severe OSA and severe 
hypoxemia underperformed on alertness and vigilance attention subtests. Conclusions: The data 
suggest the importance of evaluating attention deficits among OSA patients through several 
parameters (including performance instability). Moreover, the data suggest a multifaceted 
mechanism underlying attention dysfunction in OSA patients. 
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1. Introduction 

Although obstructive sleep apnea (OSA) is one of the most frequent sleep breathing disorders, 
it is still largely unknown and underdiagnosed (e.g., [1]). It is characterized by repeated complete or 
partial collapse of the upper airway during sleep that causes episodes of apnea (cessation of breathing 
for 10 s or longer) or hypopnea (significant breathing reduction), oxygen desaturation, and repetitive 
microarousals. A recent worldwide epidemiological study (carried out in 16 countries) indicated that 
936 million people aged 30–69 years suffer from severe OSA and 425 million people are affected by 
moderate to severe OSA [2]. OSA is a risk factor for cardiac and cerebrovascular diseases [3], as well 
as motor vehicle accidents, low work performance and occupational accidents (e.g., [4,5,6,7]). 
Moreover, neuropsychological and neuroimaging studies have demonstrated that OSA is associated 
with impairment of several cognitive functions (including attention, memory, and executive 
functions; for meta-analysis see [8,9,10,11]) as well as the brain structures underlying these functions 
(e.g., hippocampus, thalamus, prefrontal cortex, cingulate gyrus, and frontoparietal regions; e.g., 
[12,13,14,15,16]). Attention is among the neuropsychological processes most investigated in OSA 
patients, since it pervades the entire information-processing activities directing attention resources 
towards a target (selectively) and guaranteeing a quantity of resources adequate for the complexity 
of the task (intensity). Several meta-analyses have shown that OSA patients are affected by attention 
deficits (see, e.g., [8,10]). However, even if there is evidence of cognitive and attention impairments 
in patients with sleep breathing disorders (including OSA), there are remarkable differences between 
various subfunctions within each cognitive domain [9]. In fact, results regarding the efficiency of the 
different attention processes in OSA vary such as vigilance performance was found to be defective in 
some but not all studies and small to moderate deficits were found in focused and sustained attention, 
while divided attention did not seem impaired [9]. However, there are also studies (e.g., [14]) that 
failed to find any attention deficits in patients suffering from moderate to severe OSA. 

The inconsistent results among studies could be due to numerous factors, including differences 
in the tasks used to assess the same attention process (see, for example, [14]), different comorbidities 
(e.g., hypertension), severity of disease, age, and compensatory mechanisms such as cognitive reserve 
(see, e.g., [17,18,19]). All of these factors can affect patient performance. In particular, cognitive 
reserve is the ability to optimize and maximize performance through the following two mechanisms: 
recruitment of brain network and compensation by alternative cognitive strategies (see, e.g., 
[20,21,22,23]). Thus, Yaouhi et al. [14] explained the contrasting results between an evident metabolic 
and structural brain alteration and the absence of attention impairment in terms of subjects’ cognitive 
reserve, which could have acted as a protective factor. Unfortunately, cognitive reserve has rarely 
been considered and controlled. In the study by Yaouhi et al., cognitive reserve was not assessed, 
although it was postulated as a possible mediating factor. To our knowledge, only one study has 
comprehensively evaluated patients’ cognitive reserve [24], while in others it was improperly 
measured by intelligence [18,25]. 

Another important issue concerns the outcome parameters (reaction time, stability of 
performance, and response accuracy) examined in the various studies, which can differ in their 
degree of sensitivity for revealing the attention impairment. On the one hand, simple reaction times 
(RTs) in sustained attention tasks were found to be reduced in some (e.g., [26]) but not all studies 
[9,27,28]. On the other hand, some data underline that deficits in sustained attention and/or vigilance 
are revealed only by measuring performance accuracy or performance instability rather than reaction 
time [9,29,30,31,32]. Therefore, it appears that RT analysis alone does not fully capture vigilance or 
sustained attention deficits. On the contrary, errors have been proven to be more reliable as valid 
indices in the assessment of diurnal attention impairment [31], as they are important indicators of 
inattention (e.g., omissions) and impaired selectivity of attention or reduced control of response (e.g., 
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false responses). Interestingly, in sustained attention performance, one important aspect of 
performance change is an increase of “lapses” (i.e., reaction times greater than twice the subject’s 
baseline mean), even though subjects should be capable of normal timely and accurate responses [33]. 
Following the “state instability” hypothesis, originally formulated to study performance change in 
neurobehavioral tasks due to sleep deprivation, increased variability is due to the influence of sleep 
initiating mechanisms on the endogenous capacity to maintain attention and alertness, thereby 
creating an unstable state that fluctuates within seconds and cannot be characterized as either fully 
awake or asleep. However, response variability, which needs performance to be sampled very 
frequently, has been largely ignored in OSA research in favor of global measures of performance (e.g., 
speed or accuracy). To our knowledge, only a few studies have taken into account performance 
instability in vigilance and sustained attention tasks and found that patients’ RTs became unstable 
with time (e.g., [26,27]), suggesting a fatigue state. In conclusion, it seems that there is increased 
interest in disclosing the most sensitive indices to detect attention deficits in OSA patients and to 
clarify which of the components of a task (e.g., motor or decisional stage) could explain the 
performance (e.g., [24,26,34]. 

In addition, the mechanisms underlying cognitive deficits in OSA patients are still being 
debated. Repetitive episodes of apnea and hypopnea determine both chronic intermittent hypoxia 
(CIH) and sleep fragmentation induced by frequent arousals. CIH is an important physiological 
mechanism that could link OSA to vascular, cerebral, and neurocognitive deficits [35,36,37,38,39,40]. 
In particular, oxidative stress induced by CIH and increased blood clotting (caused by changes in the 
rheological properties of blood and plasma) are important physiological mechanisms of the disease 
and cause cerebrovascular complications and impairments in several brain regions 
[37,38,39,41,42,43]. Thus, hypoxia is considered to be the main factor underlying neurocognitive 
deficits in OSA (for a recent meta-review, see [40]. Furthermore, frequent nocturnal sleep apneas and 
hypopneas also result in sleep fragmentation and altered sleep architecture, which are believed to 
contribute to the prominent symptom of excessive daytime sleepiness (EDS) (The American 
Academy of Sleep Medicine (AASM, [44]) defines excessive daytime sleepiness (EDS) as the inability 
to maintain wakefulness and alertness during the major) [45], which, in turn, predicts some cognitive 
deficits [27,46,47,48]. However, the mechanisms underlying EDS are unclear [45,49,50,51]. EDS could 
be due to both sleep fragmentation and brain injuries induced by CIH ([41,42,45,50,52,53,54,55]; for a 
recent review, see [51,56]). In any case, several authors have stressed that EDS in OSA could be 
involved in only some cognitive processes, such as vigilance and alertness (see, e.g., [46,57,58]). More 
recently, Shpirer et al. [36] demonstrated that hypoxemia, but not EDS, is correlated with attention 
dysfunction in OSA patients; performance speed and accuracy on a sustained and selective attention 
test significantly correlated with the number of apneas and hypopneas (AHI) and other parameters 
of nocturnal hypoxemia. Moreover, it was found that patients with significant hypoxemia 
underperformed on attention tests, while patients with and without sleepiness did not differ. Thus, 
it appears that hypoxemia could be involved not only in executive dysfunction but also in sustained 
attention deficit ([36]; see also [59]), and parameters of oxygenation could have similar or greater 
usefulness than the AHI in determining cognitive dysfunctions. Labarca et al. [60] also proposed that 
parameters of oxygenation should be used to describe a high-risk phenotype of OSA. Currently, 
various parameters of nocturnal hypoxemia have been found to be informative as follows: 
cumulative sleep time percentage with oxygen saturation <90% (T90; e.g., [36,60]); occurrence of 
desaturation events per hour (oxygen desaturation index (ODI); e.g., [28,56,61]; and lowest values of 
oxygen saturation during a sleep study (e.g., [60,62]). 

However, it has also been found that hypoxemia and sleep fragmentation did not predict 
neuropsychological deficits in OSA, and it was suggested that this lack of a relationship could be 
explained by several interindividual factors (e.g., age, premorbid intelligence, comorbidities such as 
obesity and cardiovascular disease) as well as low sensitivity of routine indices assessing hypoxia 
and sleep fragmentation ([18]; [19] and references therein). 

In the present study, we used a battery of attention tests to objectively characterize the different 
dimensions of attention and analyzed both speed and accuracy performance. Moreover, we 
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controlled for some important variables such as age, OSA severity, presence of cognitive decline, 
relevant comorbid pathologies, and cognitive reserve. Finally, we tried to clarify the relationship 
between the various attention processes and several important clinical dimensions of OSA pathology. 
The final aim was to improve the attention assessment of OSA patients, with a possible impact on 
clinical and medical-legal practices, in terms of which attention subdomains and parameters need 
consideration and which one is a high-risk OSA phenotype for attention dysfunctions. 

2. Methods 

2.1. Participants 

The participants were 32 previously untreated OSA patients (26 men and 6 women, with a mean 
age of 53.2 ± 7.3 years and mean education level of 10.4 ± 3.4 years) consecutively admitted to the 
Department of Otorhinolaryngology and the Respiratory Rehabilitation Care Unit of “V. Fazzi” 
Hospital Lecce (Italy) from October 2017 to November 2018. All patients had received a diagnosis of 
OSA in accordance with the International Classification of Sleep Disorders which was verified with 
an overnight polygraphic recording evaluation [1]. 

All patients underwent a clinical interview about their medical history, and their medical 
records (charts) were carefully examined. Patients were excluded from the sample for the following 
reasons: (i) they were in current treatment with continuous positive airway pressure (CPAP); (ii) they 
had a significant medical condition (e.g., diabetes mellitus, heart disease, tumor) or other psychiatric, 
neurological or sleep disorder (depression, ictus, epilepsy); (iii) they were taking medications that 
could adversely affect cognitive function (e.g., benzodiazepines or antidepressants); (iv) they had 
below-normal performance on the Mini-Mental State Examination (according to [63]); or (v) they 
were over 65 years of age. As this study concerned moderate and severe sleep apnea, only patients 
with an AHI ≥ 15 were included. Daytime sleepiness was measured by the Epworth Sleepiness Scale 
(ESS; [64,65]), which is the most widely used questionnaire that provides an estimation of subjective 
daytime sleepiness and concentration disorders as a consequence of OSA. There is no uniform system 
for interpreting the ESS, but a score >10 indicates significant EDS and >15 serious sleepiness [66]. 
Body mass index (BMI) was calculated as the ratio of body weight/body height (in kilograms per 
square meter). Obesity was diagnosed at BMI ≥ 29.9 kg/m2. 

Cognitive reserve was assessed through the Cognitive Reserve Index questionnaire (CRIq; [21]). 
The CRIq includes demographic data and 20 items grouped into 3 sections (education, occupation, 
and leisure time), and provides a standardized measure of cognitive reserve accumulated by 
individuals throughout their lives. 

A healthy control group was also enrolled. Control participants included 34 volunteers who 
were matched with OSA patients for age (50.3 years, SD 6.14), education level (11.7 years, SD 2.7), 
cognitive reserve index, and Mini-Mental State Examination score [63]. Ear, nose, and throat (ENT) 
investigation in the control group did not highlight otorhinolaryngological diseases. Furthermore, 
control participants did not present any history of snoring or sleep complaints or symptoms or 
combinations of symptoms of OSA on a 5-point questionnaire investigating habitual snoring, 
morning fatigue, hypertension, neck size in centimeters (x = 16.64, SD = 0.5, range 15.5–17.5) and body 
mass index (x = 25.8, SD = 2.1, range 22.4–32). The questionnaire was a modified version of the known 
STOP-Bang questionnaire [67]. There were no participants who complained of daytime sleepiness at 
the ESS. 

This study was approved by the Ethical Committee of “Vito Fazzi” Hospital, Lecce (verbal No. 
39, 28 July 2016). All subjects gave their written informed consent in accordance with the Declaration 
of Helsinki. 

2.2. Assessment of Patients with Sleep-Disordered Breathing 

OSA was confirmed by recorded polygraphic evaluation with an apnea-hypopnea index (AHI) 
of >5 apneas/hour of sleep according to the diagnostic criteria of the American Academy of Sleep 
Medicine [68]. The definitions of apnea and hypopnea were based on standard criteria [1]. The AHI 
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scores per hour of sleep were indicative of mild (5 ≥ AHI < 15), moderate (15 ≥ AHI < 30) or severe 
(AHI ≥ 30) OSA according to Berry et al. [1]. Portable monitoring (PM) was used as an alternative to 
polysomnography for OSA diagnosis [69,70]. For appropriately selected patients, evidence has been 
accumulating that PM is a reasonable substitute for in-laboratory polysomnography. Indices of 
oxygen saturation, snoring, air flow, thoracic and abdominal respiratory movements, heart rate 
including ECG in real-time mode, and body position were assessed polygraphically (Embletta PDS 
recording system, Broomfield, CO, USA). Each recording was performed between 23:00 and 06:00. 
The signals, which were saved in a digital recorder, were computer analyzed and validated by the 
physician the morning after the recording. In addition, the following parameters of nocturnal arterial 
oxygen saturation were computed: mean percentage of oxygen saturation (mean SaO2), oxygen 
desaturation index (ODI, number of oxyhemoglobin desaturations >4% per hour of sleep), 
cumulative sleep time percentage spent with SaO2 < 90% (T90), and lowest value of oxygen saturation 
(nadir SaO2 (NSaO2) or lowest SaO2). Patients showing T90 ≥ 30% and NSaO2 ≤ 85% were defined as 
desaturators (D+), and other patients as nondesaturators (D–) (e.g., [60,71], for similar criteria). 

2.3. Attention Assessment 

We assessed both intensive attention processes, such as alertness and vigilance, and selective 
attention processes, such as selective and divided attention. 

Alertness refers to the condition of general wakefulness that enables a person to respond quickly 
and appropriately to a sudden request for action. Intrinsic (also called endogenous) alertness refers 
to the cognitive (top-down) control of arousal; it is typically assessed by simple reaction time to a 
visual or auditory stimulus without a warning signal. By contrast, phasic (also called exogenous) 
alertness is the ability to increase one’s general level of attention for a short period in response to a 
cue or warning signal preceding the target stimulus [72,73]. Vigilance involves maintaining a certain 
level of arousal and alertness during a long task in order to detect infrequent but relevant stimuli 
(such as those that occur when driving a car on a highway at night (see [73,74,75,76]). Finally, selective 
attention allows enhanced processing of attended or salient stimuli/features; at the same time, it 
inhibits the treating of irrelevant information [77,78], and the ability to perform two tasks 
simultaneously, in the same or different sensory modalities, is defined as divided attention [76,79]. 

The attention subfunctions were assessed by 4 subtests from the Test of Attentional Performance 
(TAP; [80]). All tests are computerized and include various parameters that allow evaluation of 
performance speed and accuracy. Performance speed is assessed by reaction time variables (median, 
mean) that are calculated only for valid responses. Reaction time provides information about the 
general speed of processing and possible processing attenuation; the SD of RT is a measure of the 
stability or instability of the level of performance. In general, it is caused by strong variation in 
reaction times or isolated “lapses of attention.” Performance accuracy is evaluated by the number of 
valid responses and various types of errors depending on the attention test. Errors can help 
characterize attention difficulties; in fact, omissions (lack of responses to target stimuli) are an 
important indicator of inattention, false responses (responses to non-target stimuli) can indicate 
impaired selectivity of attention or reduced control of response, and anticipation (responding in less 
than 100 ms) can indicate an inability to inhibit impulsive and delayed reactions (in excess of the 
normal area as defined by the individual mean), and all are measures of lapses of attention. 

The following subsections provide descriptions of the four subtests. 

2.3.1. Alertness 

This test measures reaction time (RT) to a simple visual target with or without a warning signal 
(tone). A cross appears in the middle of the computer screen and the subject has to press a button as 
rapidly as possible. The order of block presentation is ABBA: A is the block without a warning signal 
and B is the block with warning signal. A total of 80 trials were presented to each participant. The 
test lasted 4.5 min. Regarding errors, only anticipations, omissions, and delayed responses were 
furnished. 
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A test-specific parameter, the index of phasic alertness, is computed by comparing reaction times 
with warning and without warning. This parameter reports the increase in the level of attention when 
it is greater than null. 

The main parameters for this test are median RTs of the subtests with and without warning; SDs 
of RTs; and number of valid responses, anticipations, and delayed responses 

2.3.2. Vigilance 

At the center of the screen, a horizontal bar, 3 cm long and 0.3 cm wide, moves regularly up and 
down with a 1.8 cm oscillation. The subject had to press the button when the bar showed a larger 
oscillation (~3.5 cm). The target rate was about one stimulus per minute for a total of 36 targets. The 
vigilance test lasted 30 min. Separate data were available for the entire test period and for each 5 min 
period, thus permitting evaluation of how the level of performance changes as a function of time. 

The main parameters for this test are median RT; SD of RTs; and number of valid responses, 
omissions, and false reactions for each 5 min period and the whole test. 

2.3.3. Go/No Go 

One 3 × 3 cm square appears in the middle of the screen. There are 2 target stimuli (see Figure 
1a,b). The subject had to press the button when a target was presented and not press the button when 
a non-target was presented. A total of 60 trials were presented; 24 were critical. The test lasted 2.45 
min. 

The main parameters for this test are median RT; SD of RTs; and number of valid responses, 
omissions, and false reactions. 

2.3.4. Divided Attention 

Two tasks, one visual and one auditory, were presented simultaneously. In the visual task, a 
matrix of 16 dots (4 × 4) with 7 little x’s were displayed on the screen (see Figure 1c,d). The subject 
had to press a key when 4 x’s form a square. In the auditory task, a series of 2 sounds, one high and 
one low, was presented (Di-Da-Di-Da, etc.); the task was to detect a variation in the sequence (Di-Di 
or Da-Da). RTs and number of omissions were the measures considered. A total of 300 stimuli were 
presented (100 visual and 200 auditory); of these, 33 were crucial (17 visual and 16 auditory). The test 
lasted 3.25 min. 

The main parameters for this test are median RT; SDs of RTs; and number of valid responses, 
false reactions, omissions, and delayed reactions. 
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Figure 1. a, b: Go/no go stimuli; c,d: Non-target and target stimuli of divided attention test. 

2.4. Procedure 

Participants were tested individually in the morning in a quiet room. Stimuli were presented on 
the screen of a personal computer (PC) about 60 cm away from the patient. Participants responded 
by pressing a button connected to the PC. This allowed measurement of RTs and accuracy. 
Instructions for each test were given aloud and a short sequence of practice trials preceded each test. 
Brief pauses were allowed between tests. The various attention tasks were administered in random 
order to minimize feelings of fatigue and discouragement. 

2.5. Data Analysis 

Descriptive statistics were performed for relevant demographic and clinical variables of OSA 
patients and healthy subjects, and group means were compared by ANOVA. 

For the TAP battery, the median RT of the alertness, go/no go, divided attention, and vigilance 
tests were corrected for age and education following the manual (for details, see [80]. Separate 
ANOVAs were used to compare RTs (corrected median RTs); SDs of RTs; valid responses; and errors 
in the alertness, vigilance, go/no go and divided tests. In these ANOVAs, group was treated as a 
between factor (OSA patients vs. healthy controls), the outcome parameters (RTs, SDs of RTs, valid 
responses, and errors) as dependent variables, and cognitive reserve as covariate. When present, the 
effects of the conditions/tasks (for the alertness and divided attention tests) and intervals (for the 
vigilance test) were evaluated in OSA patients and healthy controls as repeated measures as follows: 
(1) the effect of warning in the alertness test (two levels: warning vs. no warning); (2) the effect of the 
task in the divided attention test (two levels: auditory vs. visual); and (3) the effect of the time course 
in the vigilance test (6 levels: 0–5, 5–10, 10–15, 15–20, 20–25, and 25–30 min). 

All previously described analyses were replicated, with the CRI parameter added as covariate 
in ANCOVA, in order to examine the attention profiles of the 2 groups when cognitive reserve was 
partially excluded. 

In both ANOVA and ANCOVA, interactions were explored with the post-hoc Tukey test. 
Additionally, the post-hoc power analysis was performed, with an asterisk placed on F values that 
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exceeded the critical value, given the probability of a Type I error set at 0.05 and a Type II error set at 
0.80. 

In order to better understand the relationship between the attention performance and severity 
of OSA, we carried out 2 analyses: Pearson correlation between AHI, nocturnal parameters of 
hypoxemia, ESS scores, and TAP data; and univariate ANOVA with 3 subgroups of patients classified 
according to severity of AHI (moderate vs. severe) and oxygen desaturation (desaturator vs. 
nondesaturator; see Section 2.2). In particular, after inspecting individual pieces of data, patients were 
grouped as severe OSA desaturators (AHI++D+), severe OSA nondesaturators (AHI++D–), or moderate 
OSA nondesaturators (AHI+D–). Descriptive statistics were performed for relevant demographic, and 
clinical variables for the 3 subgroups of patients, and means were compared by univariate ANOVA. 
The attention profile was studied, replicating the repeated measures ANOVA, with subgroup (OSA 
phenotype) as the between factor. Due to the small number of patients in each group, the analyses 
were not replicated with cognitive reserve as covariate. Interactions were explored with the post-hoc 
Tukey test. The post-hoc power analysis was performed; an asterisk was placed on F values that 
exceeded the critical value, given the probability of a Type I error set at 0.05 and a Type II error set at 
0.80. 

3. Results 

3.1. Demographic and Clinical Characteristics 

Table 1 reports the main demographic and clinical data of OSA patients and healthy controls. 
The two groups were comparable for all variables considered. 

Table 2 reports the means of patients’ AHI and the parameters of hypoxemia. The mean ESS for 
OSA was 12.5 ± 2.8 (range 5–20) and for controls was 2.2 ± 0.9 (range 1–4), with the difference being 
significant (F(1,64) = 39.72, p < 0.0001). A total of 26 OSA patients (81%) had ESS scores ≥ 10. 

Patients had a mean BMI of 34.6 ± 7.9 (range 22.3–69.6) and 23 patients (78%) had values above 
30 (the cut-off for obesity). The OSA patients and controls (mean 25.8, range 22.4–32) differed 
significantly in BMI (F(1,64) = 37.33, p < 0.0001). 

Table 3 reports the Pearson correlations between AHI, nocturnal parameters of hypoxemia, and 
ESS scores of OSA patients. AHI correlated significantly with all nocturnal variables of hypoxemia, 
whereas ESS scores did not correlate with any index. 

Inspection of individual parameters showed that 23 patients (72%) had severe OSA (AHI ≥ 30) 
and nine (28%) had moderate OSA (15 ≥ AHI < 30). Interestingly, ESS scores of patients with moderate 
(12.11 ± 1.6) and severe (12.85 ± 3.4) AHI did not differ (F < 1). The parameters of nocturnal hypoxemia 
showed that 24 patients (75%) had an ODI ≥ 30 (five patients ≥ 15 ODI < 30 and two patients ≥ 5 ODI 
< 15). Moreover, 13 patients (41%) had T90 values ≥30% and 25 patients (78%) had NSaO2 ≤ 5%. Taking 
T90 and NSaO2 values together, a total of 13 patients (41%) could be defined as desaturators (T90 ≥ 
30% and NSaO2 ≤ 85%) and 21 patients (66%) as nondesaturators. See Table 4 for a cross-tabulation 
of patients as a function of moderate vs. severe AHI and hypoxemia severity. One patient with 
moderate OSA was classified as a desaturator and the other patients were grouped into the following 
three subgroups: 10 AHI++D+, 13 AHI++D, and 8 AHI+D–. Comparisons of the main demographic and 
clinical variables (see Table 5) revealed that the three groups were comparable for age, education, 
Mini-Mental State Examination score, cognitive reserve, and BMI. Interestingly, the mean ESS scores 
did not differentiate patients with different OSA severity and degrees of desaturation. AHI++D+ 

presented higher AHI and ODI than AHI++D– (at least p < 0.01) and AHI+D– (at least p < 0.0001). 
AHI++D– also presented higher AHI and ODI than AHI+D– (p < 0.0001). The mean SaO2 was lower in 
AHI++D+ a as compared with AHI++D– and AHI+D– (at least p < 0.01), with the latter two groups being 
comparable. As mentioned, AHI++D+ had higher T90 and lower NSaO2 with respect to AHI++D– and 
AHI+D– (at least p < 0.01), with the latter two groups being comparable. 
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Table 1. Demographic and clinical data of obstructive sleep apnea (OSA) patients and healthy 
controls. 

 
OSA Patients (n = 32) Healthy Controls (n = 34)  

Mean Range Mean Range F(1.64) P 
Age 53.2 ± 9.7 32–65 50.3 ± 6.14 39–62 2.1 n.s. 

Education 10.4 ± 3.4 5–17 11.7 ± 2.7 8–18 3.0 n.s. 
Sex (M/F) 26/6  30/4    

MMSE 28.2 ± 1.3 23–31 28.4 ± 0.9 27–30 0.57 n.s. 
Cognitive reserve 102.12 ± 15.91 82–149 103.9 ± 10.2 64–126 0.31 n.s. 

Table 2. Polygraphic recording indices. 

 Mean Range 
AHI (events/h) 45.3 ± 22.9 16.1–69.6 
Mean SaO₂ (%) 91.7 ± 4.18 78–96 
ODI (events/h) 49.78 ± 24.75 5–93 

T₉₀ (%) 27.34 ± 28.82 0.1–94 
Nadir SaO₂ (%) 68.5 ± 16.0 18–89 

Table 3. Pearson correlations between polygraphic recording indices and Epworth Sleepiness Scale 
(ESS) in entire sample of OSA patients. 

 AHI MeanSaO₂ ODI T₉₀ NadirSaO₂ 
ESS 0.066 −0.212 0.049 0.208 −0.143 
AHI  −0.698 ** 0.888 ** 0.769 ** −0.492 ** 

MeanSaO₂ −0.670 **  −0.680 ** −0.918 ** 0.611 ** 
ODI 0.888 ** −0.680 **  0.797 ** −0.587 ** 
T₉₀ 0.769 ** −0.918 ** 0.797 **  −0.742 ** 

NadirSaO₂ −0.492 ** 0.611 ** −0.587 ** −0.742 **  
** p < 0.001. 

Table 4. Classification of OSA patients as a function of apnea-hypopnea index (AHI) and desaturation 
severity. AHI++, severe OSA and AHI+, moderate OSA. 

 AHI++ AHI+ 
Desaturators (D+) 10 1 

Nondesaturatos (D−) 13 8 

Table 5. Mean (and standard deviation) of demographic and clinical data for three groups of OSA 
patients. 

 AHI++D+(N = 10) AHI++ D− (N = 13) AHI+ D− (N = 8) F(2,28) P 
Age 56.5 ± 9.9 52.0 ± 8.9 49.7 ± 10.7 1.16 n.s 

Education 9.2 ± 2.8 12.5 ± 3.5 8.9 ± 2.7 1.20 n.s 
MMSE 28.3 ± 1.4 28.8 ± 0. 70 27.43 ± 1.9 2.61 n.s 

Cognitive reserve 97.2 ± 9.2 107.0 ± 15.7 100.3 ± 23.4 1.11 n.s 
BMI 36.3 ± 4.2 32.3 ± 4.6 36.1 ± 14.1 0.83 n.s 

      
ESS 13.5 ± 2.9 12.4 ± 3.7 12.1 ± 1.6 0.55 n.s 

      
AHI (events/h) 64.3 ± 19.7 47.8 ± 12.5 21.1 ± 4.7 20.8 0.0001 
Mean SaO2 (%) 89.9 ± 4.4 91.9 ± 4.9 94.4 ± 1.7 7.56 0.01 
ODI (events/h) 74.91 ± 13.2 49.01 ± 14.1 19.03 ± 11.7 39.44 0.0001 

T90 (%) 58.9 ± 19.5 16.3 ± 21.1 4.4 ± 4.3 24.98 0.0001 
NadirSaO2 (%) 56.9 ± 16.1 71.1 ± 13.2 78.7 ± 11.9 5.87 0.01 

Legend: n.s = not significant; the value after ± indicate the standard deviation. 
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3.2. Alertness 

In both the RT and SD analyses, the repeated measures ANOVA (OSA vs. healthy controls) 
highlighted the main effect of group for RTs (274.2 vs. 243.5 ms, F(1,64) = 5.67*, p < 0.05) and SDs of RTs 
(47.8 vs. 34.7 ms, F(1,64) = 6.80*, p < 0.01), indicating that OSA patients had longer RTs and greater 
performance instability than the controls. A main effect of warning was present in RTs (F(1,64) = 7.84*, 
p < 0.01), but not SDs (F(1,64) = 1.20, n.s.), with shorter RTs in the warning than the no-warning condition 
(241 vs. 250 ms, F(1,64) = 7.84*, p < 0.01) in both OSA and control participants (group-by-warning 
interaction was not significant at F < 1). Likewise, the index of phasic alertness was the same for both 
groups (0.04). 

Concerning accuracy, the effect of group and its interaction was not significant for the number 
of correct responses (F(1,64) = 0.79, n.s.), anticipations and delayed responses (all F < 1). The accuracy 
of OSA patients, with longer response times and greater fluctuations, was similar to that of the control 
participants. 

When analyses were replicated with the cognitive reserve index as covariate, all results were 
replicated, except for the main effect of warning on RTs, which was still not significant (F(1,62) = 0.29, 
n.s.); in all analyses the covariate was not significant (F < 1). 

The repeated measures ANOVA with three subgroups of patients (AHI++D+, AHI++D–, and 
AHI+D–), confirmed the main effect of warning (with shorter RTs in the warning than the no-warning 
condition, 244.75 ms vs. 257.57 ms, respectively, F(1,28) = 13.69*, p < 0.001), but also the group-by-
warning interaction was significant (F(2,28) = 8.31*, p < 0.01). Exploration of the interaction (see Figure 
2) revealed that the AHI++D+ subgroup had higher RTs in the no-warning with respect to the warning 
condition (p < 0.01), but their speed performance increased in the warning condition and became 
comparable to that of other groups. There were no effects or interactions that reached significance in 
the analysis of SDs, valid responses, anticipations, or delayed responses. 

 
Figure 2. Alertness reaction times in no-warning and warning conditions for three groups of OSA 
patients. Legend: Stars indicate significant differences. 

3.3. Vigilance 

ANOVA of the 30 min period of the vigilance test (Table 6a) revealed no differences in RTs and 
SDs of RTs between groups. However, the OSA patients had difficulty adapting their reaction times 
to the task; they presented a clear speed–accuracy trade-off, preferring rapidity at the expense of 
accuracy. In fact, they made fewer valid responses (31.6 vs. 33.8, F(1,64) = 4.49*, p < 0.05) and had an 
increased rate of omissions (3.62 vs. 1.2, F(1,64) = 7.30*, p < 0.01). The number of false responses was 
comparable in both groups (F < 1). 
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Repeated measures ANOVA of RTs showed a main effect of interval (F(5,300) = 7.10*, p < 0.0001); 
participants had slightly longer RTs in the 0–5 min interval with respect to the other intervals (at least 
p < 0.001), which did not differ. The effects of group (F(1,64) = 1.19, n.s.) and group-by-interval (F < 1) 
were not significant. 

The analysis of valid responses showed a main effect of group (F(1,64) = 1.38, p < 0.05) and interval 
(F(5,320) = 5.38*, p < 0.0001) and a significant group-by-interval interaction (F(5,320) = 2.24, p < 0.05). The 
interaction (Figure 3) highlighted that OSA patients had fewer valid responses than controls in 
medium/long intervals, particularly 15–20 min (F(1,64) = 6.40*, p < 0.01) and 20–25 min (F(1,64) = 6.23*, p < 
0.01), with a tendency towards significance also for 25–30 min (F(1,64) = 3.43, p = 0.07). 

Furthermore, the analysis of omissions showed the significance of the main effects of group (F(1,64) 

= 5.60*, p < 0.05), interval (F(5,320) = 2.82*, p < 0.01), and group-by-interval interaction (F(5,320) = 2.64*, p < 
0.05); as shown in Figure 4, OSA patients made significantly more omissions than controls at longer 
intervals, particularly 15–20 min (F(1,64) = 5.14*, p < 0.05), 20–25 min (F(1,64) = 9.12* p < 0.01), and 25–30 
min (F(1,64) = 4.63*, p = 0.05). 

There were no effects or interactions that reached significance in the analysis of false responses 
(all F < 1). 

Table 6. Performance of OSA patients and healthy controls on the Test for Attention Performance 
subtests. 

 OSA Patients 
(n = 32)  

95%CI Healthy Controls (n 
= 34) 

95%CI F(1,64) P 

 Mean ± SD 
95% 

Confidence 
interval 

Mean ± SD 
95% 

Confidence 
interval 

  

(a) Vigilance test (0–
30 min) 

      

Median RT, ms 454.5 ± 114.8 411.4–497.6 460.1 ± 99.0 428.3–491.9 0.04 n.s. 
SD of the RT, ms 111.0 ± 37.33 97.5–124.5 108.0 ± 35.34 96.3–120.9 0.7 n.s. 

Valid responses 31.6 ± 5.30 29.7–33.5 33.8 ± 2.49 32.8–34.6 4.5 * 0.05 
Omissions 3.62 ± 4.6 1.9–5.2 1.2 ± 2.2 0.4–2.0 7.3 * 0.01 

False reactions 3.25 ± 4.66 1.5–4.9 2.03 ± 5.48 0.1–3.9 0.9 n.s. 
       

(b) Go/No Go test       
Median RT, ms 508.5 ± 78.5 479.5–537.4 509.7 ± 62.4 490.1–529.4 0.01 n.s. 

SD of the RT, ms 86.8 ± 21.3 79.2–94.5 72.9 ± 17.5 66.8–79.0 8.5 * 0.01 
Valid responses 21.3 ± 0.9 20.4–23.6 23.7 ± 0.49 23.4–23.8 3.9 0.05 

Omissions 0.28 ± 0.6 0.1–0.4 0.03 ± 0.17 0.03–0.08 5.85 * 0.05 
False reactions .94 ± 1.4 0.4 - 1.4 .44 ± 0.7 0.2–0.7 3.5 0.06 

       
(c) Divided test       
Median RT, ms 645.9 ± 100.9 609.5–682.3 440.3 ± 70.6 615.6–664.9 0.1 n.s. 

SD of the RT, ms 268.3 ± 64.8 244.8–291.6 214.5 ± 44.2 198.8–230.2 15.3 * 0.001 
Valid responses 28.1 ± 3.43 26.8–29.2 29.5 ± 2.79 28.5–30.4 3.5 0.06 
False reactions 3.1 ± 3.98 1.6–4.5 1.4 ± 1.35 0.9–1.8 5.6 * 0.05 

Omissions 2.75 ± 2.05 2.0–3.4 1.8 ± 2.15 1.0–2.5 3.6 0.06 
Delayed reactions 0.97 ± 0.52 0.7–1.1 0.75 ± 0.56 0.5–0.9 2.7 n.s. 

Legend: n.s. = not significant; the value after ± indicate the standard deviation. * indicates F values 
exceeding the critical value according to post-hoc power analysis, given the probability of a Type I 
error set at 0.05 and a Type II error set at 0.80. 
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Figure 3. Valid responses of OSA patients and healthy controls in six vigilance intervals. Legend: Stars 
indicate significant differences. 

 
Figure 4. Omissions of OSA patients and healthy controls in six vigilance intervals. Legend: Stars 
indicate significant differences. 

When analyses were replicated with the cognitive reserve index as covariate, all results were 
replicated, and the covariate was not significant (F < 1). 

The repeated measures ANOVA on RTs with three subgroups of patients (AHI++D+, AHI++D–, 
and AHI+D–) showed a main effect of group (F(1,28) = 3.67, p < 0.05) with AHI++D+ presenting higher 
RTs than AHI++D– (505.30 vs. 401.57 ms, p < 0.05) and the other two groups being comparable (401.57 
vs. 443.20 ms, respectively). The analysis confirmed a main effect of interval for RTs (with the 0–5 
min RTs slightly slower than the 5–10 min, F(5,28) = 3.77*, p < 0.01), valid responses (F(5,28) = 18.3*, p < 
0.001) and omissions (F(5,28) = 3.93*, p < 0.01), with a decrease in valid responses in the medium and 
long intervals (10–15, 15–20, and 25–30 min, at least p < 0.05) and a significant increase of omissions 
from 15–20 min onwards (F(5,28) = 3.77*, p < 0.01). Group-by-interval interaction was not significant for 
RTs and valid responses (both F < 1) but tended towards omissions (F(5,28) = 1.77, p = 0.07, Figure 5), 
with AHI++D+ committing more omissions during medium and long intervals (15 min on words). 
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There were no main effects or interactions that reached significance in the analysis of SDs and 
false reactions. 

 
Figure 5. Omissions in six intervals of vigilance test for three groups of OSA patients. 

3.4. Go/No Go Test 

In the go/no go test (Table 6b), the main effect of group was not significant for RTs, indicating 
that a similar amount of time was needed to respond to selected stimuli; however, the SDs of RTs 
were significantly higher for the OSA patients, showing increased instability of performance (86.8 vs. 
72.9 ms, F(1,64) = 8.45*, p < 0.01). Moreover, the OSA patients tended to produce fewer valid responses 
(21.3 vs. 23.7, F(1,64)= 3.89, p = 0.05), made significantly more omissions than controls (0.28 vs. 0.03, 
F(1,64)= 5.84*, p = 0.01) and tended to have more false reactions (0.94 vs. 0.44, F(1,64) = 3.5, p = 0.06); these 
data indicate an alteration of their selective attention process. 

When analyses were replicated with the cognitive reserve index as covariate, all results were 
replicated, and the covariate was not significant (F < 1). 

Finally, in repeated measures ANOVA with three subgroups of patients (AHI++D+, AHI++D–, and 
AHI+D) no main effects or interactions reached significance. 

3.5. Divided Attention 

In the divided attention test (Table 6c), the main effect of group was not significant for RTs but 
was significant for SDs of RTs, with the OSA patients presenting significantly greater instability in 
attention performance than controls (268.27 vs. 214.50 ms, F(1,64)= 15.32*, p < 0.001). The OSA patients 
tended to make fewer valid responses (28.1 vs. 29.5, F(1,64) = 3.51, p = 0.06). Concerning errors, patients 
made significantly more false responses than the controls (3.1 vs. 1.4, F(1,64) = 5.61*, p < 0.05), indicating 
impaired selectivity or reduced control in responding. The number of omissions tended to be higher 
for the OSA patients than those of the controls (2.75 vs. 1.8, F(1,64) = 3.51, p = 0.06), but the two groups 
were comparable in the number of delayed responses. 

Figure 6 show RTs (panel a) and SDs of RTs (panel b) obtained for the OSA patients and the 
controls in the auditory and visual tasks of the divided attention test. Repeated measures ANOVA 
with group as the between factor and task (auditory vs. visual) as the within factor showed a main 
effect of task on RTs (F(1,64) = 252.14*, p < 0.0001), indicating longer RTs for the visual than the auditory 
task; the group-by-task interaction was also significant (F(1,64) = 5.49*, p < 0.05). Exploration of means 
showed that in both groups, RTs were higher on the visual than the auditory task (at least p < 0.0001); 
however, the OSA patients had significantly higher RTs on the visual task than the controls (p < 0.01) 
and their RTs on the auditory task did not differ from those of the controls. The analysis of SDs 
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showed a similar effect: there was a main effect of group (F(1,64) = 16.11*, p < 0.001), with the OSA 
patients obtaining higher values than the healthy controls (198.2 vs. 151.02, respectively), task (F(1,64) 
= 100.69*, p < 0.0001), and higher values on the visual than the auditory task (232 vs. 117, respectively) 
and a significant group-by-task interaction (F(1,64) = 13.52*, p < 0.001). Exploration of means showed 
that, in both groups, SDs were higher on the visual than the auditory task (at least p < 0.001); however, 
the OSA patients’ SDs values on the visual task were higher than all others (at least p < 0.0001), 
indicating their greater state of instability or lapses of attention during the visual task. 

The analysis of valid responses in the auditory and visual tasks showed a tendency toward 
significance of the main effect of group (F(1,64) = 3.11, p = 0.08), but not of task or group-by-task 
interactions (F < 1), indicating a comparable number of valid responses across the visual and auditory 
tasks for both groups. Concerning errors, omissions tended to be higher for the OSA patients (1.35 
vs. 0.88, F(1,64) = 3.44, p = 0.06) and were significantly higher on the visual than the auditory task (1.72 
vs. 0.52, respectively, F(1,64) = 25.91*, p < 0.0001); however, the group-by-task interaction was not 
significant (F < 1). 

False reactions and delayed responses showed no main effect of group, task, or group-by-task 
interactions (all F < 1). 

 
 

Figure 6. Mean reaction times (panel a) and standard deviations of reaction times (panel b) of OSA 
patients and controls in auditory and visual tasks of divided attention test. Legend: Stars indicate 
significant differences. 
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When analyses were replicated with the cognitive reserve index as covariate, all results were 
replicated, and the covariate was not significant (F < 1). 

Finally, the repeated measures ANOVA with three sub-groups of patients showed only a main 
effect of task for RTs, SDs and omissions, indicating higher values in the visual than the auditory task 
for RTs (889.56 vs. 530.59, respectively; F(1,28) = 136.24*, p < 0.0001), SDs of RTs (281.36 vs. 122.53, 
respectively; F(1,28) = 78.90*, p < 0.0001), and omissions (2.16 vs. 0.78, respectively; F(1,28) = 12.48*, p < 
0.001). No effects or interactions reached significance in the analysis of delayed responses (all F < 1), 
while false reactions were absent. 

3.6. Correlations between Clinical Variables and Attention Parameters 

Table 7 shows only the significant correlations between AHI, hypoxemia parameters, ESS scores, 
and speed performance (RTs and SD of RTs) and accuracy (total number of errors) for the different 
TAP attention tests. The pattern of results is scattered, but it seems that both sleepiness and some 
variables of hypoxemia correlated significantly with RTs of tasks requiring intensive attention 
processes, such as alertness mean RTs (or the index for phasic alertness reporting increased RT to 
warning) and vigilance mean RTs for the different intervals. ESS, T90, ODI, and AHI values correlated 
positively with RTs, indicating that higher scores were associated with longer response times. The 
mean SaO2 correlated negatively, indicating that lower values were associated with longer RTs. The 
ESS scores also significantly correlated with RTs of the selective attention task but not with those 
recorded in the divided one. Regarding RT variability, only ESS scores were associated with SDs of 
RTs of both alertness and vigilance, indicating a link between instability of performance and 
sleepiness. The T90 and NSaO2 values correlated with SDs of the go/no go tests. Regarding errors, 
AHI, hypoxemia parameters, and ESS scores correlated with errors committed at longer intervals of 
the vigilance test, but only hypoxemia parameters correlated with errors committed in the divided 
attention test (the visual component). The direction of correlations is the one expected. 

Table 7. Significant correlations (Pearson) between apnea-hypopnea index, oxygenation parameters, 
Epworth Sleepiness Scale, and Test for Attention Performance scores for the OSA patients. 

 AHI MeanSaO₂ ODI T90 NSaO₂ ESS 
Alertness RT      0.373 * 

Alertness (no W) RT      0.387 * 
Index Phasic Alertness 0.505 ** −0.433 * 0.480 ** 0.469 **   

Vigilance 1–5 RT      0.377 * 
Vigilance 5–10 RT      0.450 * 

Vigilance 10–15 RT  −0.436 *  0.434 *   
Vigilance 15–20 RT      0.377 * 
Vigilance 20–25 RT    0.409 *   
Vigilance 25–30 RT      0.368 * 

Go-No Go RT      0.376 * 
Alertness SD      0.434 * 

Alertness (no W) SD      0.413 * 
Alertness (W) SD      0.414 * 
Vigilance 5-10 SD      0.431 * 

Go-No Go SD    0.378 * −0.365 *  
Vigilance 1–5 Err      0.384 * 

Vigilance 10–15 Err   0.379 *    
Vigilance 15–20 Err   .    
Vigilance 20–25 Err 0.374 *  0.515 ** 0.452 * −0.424 * 0.436 * 

DividedSQ Err  −0.415 * 0.375 * 0.421 * −0.373 *  
Legend: Alertness (W) = alertness with warning; Alertness (no W) = alertness no warning; DividedSQ 
= divided attention, squares condition (i.e., visual task). ** p < 0.01 and * p < 0.05. 
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4. Discussion 

Although attention deficits are frequently reported in OSA patients, results are inconclusive and 
affected by the heterogeneity of sampling and methodology. In the present study, we updated the 
attention profiles of patients with moderate to severe OSA using an extensive computerized battery 
that assessed both intensive and selective aspects of attention in speed and accuracy parameters. 

The results suggest that a spectrum of attention processes are altered in this population, at least 
in patients with moderate to severe OSA. In the alertness test, the OSA patients presented higher RTs 
and a greater instability of the level of performance as compared with the healthy controls. The 
vigilance data revealed an impairment of attention maintenance after 15 min of testing, with normal 
timely responses but a significant decrease in the number of valid responses and increased omissions 
in the 20 to 30 min intervals. In addition, selective aspects of attention were defective. In the go/no go 
tests, although OSA patients needed a similar amount of time to respond, they showed instability in 
RTs and significantly more omissions and false responses than the controls, showing deficits in 
enhancing the processing of attended stimuli and inhibiting irrelevant ones. Difficulties were also 
present in coping with dual tasks; OSA patients showed a greater instability of response times and 
lower accuracy due to errors, mainly omissions. Interestingly, our data showed that there was a 
greater decrement in visual than auditory performance when OSA patients were engaged in dual 
tasks. 

Thus, it seems that OSA patients present deficits in remaining awake in monotonous situations, 
and also their ability to remain attentive in more demanding conditions is impaired. The picture of 
results was stable and did not vary as a function of patients’ cognitive reserve. Indeed, it seems that 
although cognitive reserve can hypothetically cope with neurocognitive deficits related to OSA, 
patients can still exhibit attentional impairment. Moreover, RT is not the best index for revealing 
attention impairments; in fact, error analysis and performance stability need to be considered. 

Speculating on possible components and processes underlying attention dysfunction in OSA 
patients, some authors have suggested that RT lengthening and variability are expressions of 
significant slowing down in the motor component of RTs (i.e., selection of the appropriate motor 
response, [24]) or primary arousal problems [26] rather than impairments in decision processes or 
focused attention. Actually, we also found longer alertness RTs. Slower reactions can be a significant 
handicap in daily life. However, it can reflect either a general reaction speed attenuation or difficulty 
in maintaining high response readiness (intrinsic alertness) in a specific test. This seems to be the case, 
i.e., in the other attention subdomains, RTs were not selectively compromised in our sample, while 
instability of performance, increased omissions and false responses seemed to characterize OSA 
performance changes. Of course, other studies are necessary to assess whether omissions and false 
reactions arise from motor slowing [24], but the data do not seem to be clearly explicable by this 
component. Instability to perform, instead, can be compatible with impaired arousal. Following the 
“state instability” hypothesis, increased variability can be due to the influence of sleep-initiating 
mechanisms on the endogenous capacity to maintain attention and alertness, thereby creating an 
unstable state that fluctuates within seconds, with neurobehavioral consequences. In other 
neurological disorders [81], RT variability was found to be linked with EEG and behavioral markers 
of cognitive fluctuations (e.g., falls, falling asleep, and disorganized thinking). Regarding omissions 
and false responses, unlike RTs, it seems that they captured performance changes in the go/no go and 
divided attention tasks. Both tasks are complex, i.e., the go/no go task requires control of attention 
focus, inhibiting distractibility, and the divided attention task implies sharing/switching available 
resources between competing tasks. Focused attention and inhibitory control are related to prefrontal 
functions (e.g., [82,83]). In addition, divided attention entails the activation of a complex network 
including dorso- and ventrolateral prefrontal structures, superior and inferior parietal cortex, and 
anterior cingulated gyrus [84]. OSA patients have shown decreased activation in brain regions 
involved in the go/no go task [85]. Moreover, dysfunction of prefrontal regions of the brain cortex 
has largely been postulated in OSA patients (e.g., [12,58] In a recent study by our group on attention 
deficits in neurological patients, those suffering from partial anterior circulation infarcts were found 
to be more impaired in all attention tasks [86]. Finally, it is worth noting that the cognitive control of 
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wakefulness and arousal (i.e., intrinsic alertness) arises from a network that includes cortical and 
subcortical structures (dorsolateral prefrontal cortex, anterior cingulate gyrus, parietal cortex, 
thalamus, and brainstem) [72,73,75]. Overall, the present data are coherent with the idea that attention 
is a complex system of specific abilities highly susceptible to different kinds of damage related to both 
bottom-up and top-down neural mechanisms. 

Overall, the present data confirm a broad range of shaded attention difficulties and suggest that 
conflicting results, clearly reported in the literature (see [9,14,32]), could depend on sampling 
differences between studies (e.g., age, OSA severity, and presence of comorbidities, for the role of 
comorbidities see [19] but also other factors. One factor is certainly the greater variability present in 
the data, which has usually been ignored and could result in different average performance (making 
average RTs unreliable) from one study to another (see, e.g., [87,88], in a different domain). In the 
present study, we also investigated the instability of attention performance taking into account 
performance variability (through the evaluation of subjects’ SDs of RTs), and we found attention 
instability among the OSA patients. Moreover, the data represent important interindividual 
variability. In the present study, we adopted strict criteria for inclusion and exclusion and enrolled 
people under 65 years of age without relevant comorbidities, general neurocognitive impairment, 
and with moderate to severe OSA (mild OSA was excluded) and found a broad range of attention 
difficulties more clearly characterizing a subgroup of patients. 

In fact, although a strong correlation was found between AHI and the parameters of nocturnal 
hypoxemia, patients with severe AHI could differ also in the degree of nocturnal hypoxemia. Patients 
with severe OSA and greater nocturnal hypoxemia presented a more compromised attention profile, 
at least in the intensive processes, with longer RTs in the alertness and vigilance tasks and a higher 
rate of omissions in medium and long intervals in the vigilance test, although they did not differ in 
subjective sleepiness. Furthermore, parameters of oxygenation correlate with RTs and error rates in 
the alertness and vigilance tests and the divided attention test. Overall it seems that parameters of 
oxygenation describe a highly compromised phenotype of OSA (see also [60]) and have a significant 
role in determining sustained attention deficits (see also [36,59]). As far as sleepiness is concerned, 
since we did not perform polysomnography to assess sleep architecture and quality, we were able to 
capture only subjective sleepiness due either to sleep loss and sleep fragmentation, or to hypoxic 
damage to sleep-wake brain regions induced by CIH. However, it is worth noting that our data fail 
to show any significant correlation between nocturnal parameters of oxygenation and ESS, or any 
significant differences in sleepiness among the three OSA phenotypes. Although it is possible that 
laboratory measures used to evaluate the severity of OSA and hypoxemia could have been ineffective 
in capturing subjective sleepiness, we observed that ESS scores, although they did not correlate with 
oxygenation parameters, significantly correlated with alertness and vigilance and go/no go RTs (but 
not with divided attention) and with errors in the vigilance task. The fact that only the ESS scores 
correlated with SDs of the intensive attention test, suggests that sleepiness can be related to attention 
instability, as measured by RT variability. Instability due to sleep loss was already described (e.g., 
[89]). Of course, we must still explain why ESS did not correlate with divided attention performance. 
In any case, our data indicate that patients’ subjective level of EDS underpins some aspects of 
attention functioning, and sleepiness places an additional load on attention processing. 

Overall, the results reflect the multifaceted mechanisms of attention dysfunction in OSA and the 
data corroborate the idea that both EDS and CIH contribute to the impairment of attention processes 
[47]. 

However, a note of caution is needed with regard to generalizing the present results, due to 
some study limitations. The sample size was not large enough and was not representative of women, 
therefore, the data need to be confirmed by a large-scale study. Moreover, we did not perform a sleep 
study to assess the quality and architecture of sleep, so our measure of sleepiness could have been 
related both to sleep fragmentation or loss and to other factors. Finally, the study was not 
corroborated by a neuroimaging study, which would better disclose the dysfunctional neural 
mechanisms. At the same time, it would be interesting, in a future study, to examine other cognitive 
functions, such as memory and executive functioning, among an OSA population. 
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5. Conclusions and Future Perspectives 

In conclusion, we hope that this study improves the understanding of attention dysfunctions in 
OSA patients. Our results support the finding that a broad range of attention deficits, in addition to 
vigilance, are compromised in OSA patients (at least in severe cases of OSA). The impacts of the 
different attention deficits are clear, i.e., reduced response readiness in situations of alertness, 
decreased long-lasting attentiveness, loss of control over the attention focus, and difficulties in 
dividing attention (divided attention situations are the rule rather than the exception in everyday 
life), resulting in a serious handicap in daily and working life. For many patients, the ability to work 
is limited or fully lost, specifically as a result of their impaired attention performance. Therefore, a 
differential diagnosis of attention is of particular importance, and we hope that our data could affect 
clinical and medical-legal practices. For example, in the context of clinical, medical-legal, and 
occupational practices, our data indicate that in order to better evaluate daytime attention 
impairment (potentially associated with work and driving accidents, but also relevant for clinical 
decision making), it is important to use longer vigilance tasks, assess several attention skills (not only 
intensive dimensions), use accuracy and stability measures to capture performance changes, and 
consider more than the usual indices of severity (e.g., AHI) in predicting daytime consequences for 
OSA patients. 

6. Highlights 

• OSA patients suffer from both intensive and selective attention deficits; 
• Reaction time (RT) alone is ineffective for tracking attention failures of OSA patients; 
• Error analysis and stability of performance capture attention impairments of OSA patients; 
• Longer vigilance tasks are needed to detect vigilance impairments of OSA patients; 
• OSA patients fail not only to remain awake in monotonous situations, but also to be attentive in 

more demanding situations. 

Author Contributions: Conceptualization: P.A. and L.M.; investigation: E.A., L.M., M.A., D.M.T.; Supervision: 
P.A. and M.D.B.; Formal analysis: P.A., C.V.M.; writing original draft preparation: P.A., L.M., C.V.M. All authors 
have read and agreed to the published version of the manuscript. 

Funding: This research received no external funding. 

Acknowledgments: The authors thank the students who collaborated to test healthy control subjects. 

Conflicts of Interest: The authors declare no conflict of interest. 

References 

1. Berry, R.B.; Budhiraja, R.; Gottlieb, D.J.; Gozal, D.; Iber, C.; Kapur, V.K.; Marcus, C.L.; Mehra, R.; 
Parthasarathy, S.; Quan, S.F.; et al. Rules for scoring respiratory events in sleep: Update of the 2007 AASM 
manual for the scoring of sleep and associated events. J. Clin. Sleep Med. 2012, 8, 597–619. 

2. Benjafield, A.; Ayas, N.T.; Eastwood, P.R.; Heinzer, R.; Ip, M.S.; Morrell, M.J.; Nunez, C.M.; Patel, S.R.; 
Penzel, T.; Pépin, J.L.; et al. An Estimate of the Global Prevalence and Burden of Obstructive Sleep Apnoea. 
Lancet Respir. Med. 2019, 7, 687–698. 

3. Kendzerska, T.; Gershon, A.S.; Hawker, G.; Leung, R.S.; Tomlinson, G. Obstructive sleep apnea and risk of 
cardiovascular events and all-cause mortality: A decade-long historical cohort study. PLoS Med. 2014, 11, 
e1001599. 

4. Accattoli, M.P.; Muzi, G.; dell'Omo, M.; Mazzoli, M.; Genovese, V.; Palumbo, G.; Abbritti, G. Occupational 
accidents, work performance and obstructive sleep apnea syndrome (OSAS). G. Ital. Med. Lav. Ergon. 2008, 
30, 297–303. 

5. Mulgrew, A.T.; Nasvadi, G.; Butt, A.; Cheema, R.; Fox, N.; Fleetham, J.A.; Ryan, C.F.; Cooper, P.; Ayas, N.T. 
Risk and severity of motor vehicle crashes in patients with obstructive sleep apnoea/hypopnoea. Thorax 
2008, 63, 536–541. 

6. Tregear, S.; Reston, J.; Schoelles, K.; Phillips, B. Obstructive sleep apnea and risk of motor vehicle crash: 
Systematic review and meta-analysis. J. Clin. Sleep Med. 2009, 5, 573–581. 



Brain Sci. 2020, 10, 325 19 of 22 

7. Sanna, A. Obstructive sleep apnoea, motor vehicle accidents, and work performance. Chron. Respir. Dis. 
2013, 10, 29–33. 

8. Beebe, D.W.; Groesz, L.; Wells, C.; Nichols, A.; McGee, K. The neuropsychological effects of obstructive 
sleep apnea: A meta-analysis of norm-referenced and case-controlled data. Sleep 2003, 26, 298–307. 

9. Fulda, S.; Schulz, H. Cognitive dysfunction in sleep-related breathing disorders: A meta-analysis. Sleep Res. 
Online 2003, 5, 19–51. 

10. Stranks, E.K.; Crowe, S.F. The cognitive effects of obstructive sleep apnea: An updated meta-analysis. Arch. 
Clin. Neuropsychol. 2016, 31, 186–193. 

11. Leng, Y.; McEvoy, C.T.; Allen, I.E.; Yaffe, K. Association of Sleep-Disordered Breathing with Cognitive 
Function and Risk of Cognitive Impairment: A Systematic Review and Meta-analysis. JAMA Neurol. 2017, 
74, 1237–1245. 

12. Thomas, R.J.; Rosen, B.R.; Stern, C.E.; Weiss, J.W.; Kwong, K.K. Functional imaging of working memory in 
obstructive sleep-disordered breathing. J. Appl. Physiol. 2005, 98, 2226–2234. 

13. Zimmerman, M.E.; Aloia, M.S. A review of neuroimaging in obstructive sleep apnea. J. Clin. Sleep Med. 
2006, 2, 461–471. 

14. Yaouhi, K.; Bertran, F.; Clochon, P.; Mézenge, F.; Denise, P.; Foret, J.; Eustache, F.; Desgranges, B. A 
combined neuropsychological and brain imaging study of obstructive sleep apnea. J. Sleep Res. 2009, 18, 
36–48. 

15. Canessa, N.; Castronovo, V.; Cappa, S.F.; Aloia, M.S.; Marelli, S.; Falini, A.; Ferini-Strambi, L. Obstructive 
sleep apnea: Brain structural changes and neurocognitive function before and after treatment. Am. J. Respir. 
Crit. Care Med. 2011, 183, 1419–1426. 

16. Torelli, F.; Moscufo, N.; Garreffa, G.; Placidi, F.; Romigi, A.; Zannino, S.; Bozzali, M.; Fasano, F.; Giulietti, 
G.; Djonlagic, I.; et al. Cognitive profile and brain morphological changes in obstructive sleep apnea. 
Neuroimage 2011, 54, 787–793. 

17. Sforza, E.; Roche, F.  Sleep apnea syndrome and cognition. Front. Neurol. 2012, 3, 87. 
18. Olaithe, M.; Skinner, T.C.; Hillman, D.; Eastwood, P.E.; Bucks, R.S. Cognition and nocturnal disturbance in 

OSA: The importance of accounting for age and premorbid intelligence. Sleep Breath 2015, 19, 221–230. 
19. Bucks, R.S.; Olaithe, M.; Rosenzweig, I.; Morrell, M.J. Reviewing the relationship between OSA and 

cognition: W here do we go from here? Respirology 2017, 22, 1253-1261. 
20. Stern, Y. Cognitive reserve and Alzheimer disease. Alzheimer. Dis. Assoc. Disord. 2006, 20, S69–S74. 
21. Nucci, M.; Mapelli, D.; Mondini, S. Cognitive Reserve Index questionnaire (CRIq): A new instrument for 

measuring cognitive reserve. Aging Clin. Exp. Res. 2012, 24, 218–226. 
22. Morbelli, S.; Perneczky, R.; Drzezga, A.; Frisoni, G.B.; Caroli, A.; Van Berckel, B.N.; Ossenkoppele, R.; 

Guedj, E.; Didic, M.; Brugnolo, A.; et al. Metabolic networks underlying cognitive reserve in prodromal 
Alzheimer disease: A European Alzheimer disease consortium project. J. Nucl. Med. 2013, 54, 894–902. 

23. Colangeli, S.; Boccia, M.; Verde, P.; Guariglia, P.; Bianchini, F.; Piccardi, L. Cognitive reserve in healthy 
aging and Alzheimer’s disease: A meta-analysis of fMRI studies. Am. J. Alzheimer’s Dis. Other Demen. 2016, 
31, 443–449. 

24. Devita, M.; Montemurro, S.; Zangrossi, A.; Ramponi, S.; Marvisi, M.; Villani, D.; Raimondi, M.C.; Merlo, P.; 
Rusconi, M.L.; Mondini, S. Cognitive and motor reaction times in obstructive sleep apnea syndrome: A 
study based on computerized measures. Brain Cognit. 2017, 117, 26–32. 

25. Alchanatis, M.; Zias, N.; Deligiorgis, N.; Amfilochiou, A.; Dionellis, G.; Orphanidou, D. Sleep apnea related 
cognitive deficits and intelligence: An implication of cognitive reserve theory. J. Sleep Res. 2005, 14, 69–75. 

26. Simões, E.N.; Padilla, C.S.; Bezerra, M.S.; Schmidt, S.L. Analysis of attention subdomains in obstructive 
sleep apnea patients. Front. Psychiatry 2018, 9, 435. 

27. Verstraeten, E.; Cluydts, R.; Pevernagie, D.; Hoffmann, G. Executive function in sleep apnea: Controlling 
for attentional capacity in assessing executive attention. Sleep 2004, 27, 685–693. 

28. D'Rozario, A.L.; Field, C.J.; Hoyos, C.M.; Naismith, S.L.; Dungan, G.C.; Wong, K.K.; Grunstein, R.R.; 
Bartlett, D.J. Impaired neurobehavioural Performance in Untreated Obstructive sleep apnea Patients Using 
a novel standardised Test Battery. Front. Surg. 2018, 5, 35. 

29. Priest, B.; Brichard, C.; Aubert, G.; Liistro, G.; Rodenstein, D.O. Microsleep during a simplified maintenance 
of wakefulness test: A validation study of the OSLER test. Am. J. Respir. Crit. Care Med. 2001, 163, 1619–
1625. 



Brain Sci. 2020, 10, 325 20 of 22 

30. Mazza, S.; Pepin, J.L.; Deschaux, C.; Naëgelé, B.; Levy, P. Analysis of error profiles occurring during the 
OSLER test: A sensitive mean of detecting fluctuations in vigilance in patients with obstructive sleep apnea 
syndrome. Am. J. Respir. Crit. Care Med. 2002, 166, 474–478. 

31. Sforza, E.; Haba-Rubio, J.; De Bilbao, F.; Rochat, T.; Ibanez, V. Performance vigilance task and sleepiness in 
patients with sleep- disordered breathing. Eur. Respir. J. 2004, 24, 279–285. 

32. Mazza, S.; Pepin, J.L.; Naegele, B.; Plante, J.; Deschaux, C.; Levy, P. Most obstructive sleep apnoea patients 
exhibit vigilance and attention deficits on an extended battery of tests. Eur. Resp. J. 2005, 25, 75–80. 

33. Doran, S.M.; Van Dongen, H.P.A.; Dinges, D.F. Sustained attention performance during sleep deprivation: 
Evidence of state instability. Arch. Ital. Biol. 2001, 139, 253–267. 

34. Devita, M.; Zangrossi, A.; Marvisi, M.; Merlo, P.; Rusconi, M.L.; Mondini, S. Global cognitive profile and 
different components of reaction times in obstructive sleep apnea syndrome: Effects of continuous positive 
airway pressure over time. Int. J. Psychophys. 2018, 123, 121–126. 

35. Chiang, A.A. Obstructive Sleep Apnea and Chronic Intermittent Hypoxia: A Review. Chin. J. Physiol. 2006, 
49, 234–243. 

36. Shpirer, I.; Elizur, A.; Shorer, R.; Peretz, R.B.; Rabey, J.M.; Khaigrekht, M. Hypoxemia correlates with 
attentional dysfunction in patients with obstructive sleep apnea. Sleep Breath 2012, 16, 821–827. 

37. Toraldo, D.M.; Peverini, F.; De Benedetto, M.; De Nuccio, F. Obstructive sleep apnea syndrome: Blood 
viscosity, blood coagulation abnormalities, and early atherosclerosis. Lung 2013, 191, 1–7. 

38. Dewan, N.A.; Nieto, F.J.; Somers, V.K. Intermittent hypoxemia and OSA: Implications for comorbidities. 
Chest 2015, 147, 266–274. 

39. Toraldo, D.M.; De Benedetto, M.; Scoditti, E.; De Nuccio, F. Obstructive sleep apnea syndrome: Coagulation 
anomalies and treatment with continuous positive airway pressure. Sleep Breath 2016, 20, 457–465. 

40. Olaithe, M.; Bucks, R.S.; Hillman, D.R.; Eastwood, P.R. Cognitive deficits in obstructive sleep apnea: 
Insights from a meta-review and comparison with deficits observed in COPD, insomnia, and sleep 
deprivation. Sleep Med. Rev. 2018, 38, 39–49. 

41. Zhan, G.X.; Fenik, P.; Pratico, D.; Veasey, S.C. Inducible nitric oxide synthase in long-term intermittent 
hypoxia. Am. J. Respir. Crit. Care Med. 2005, 71, 1414–1420. 

42. Zhan, G.; Serrano, F.; Fenik, P.; Hsu, R.; Kong, L.; Pratico, D.; Klann, E.; Veasey, S.C. NADPH oxidase 
mediates hypersomnolence and brain oxidative injury in a murine model of sleep apnea. Am. J. Respir. Crit. 
Care Med. 2005, 172, 921–929. 

43. Toraldo, D.M.; De Nuccio, F.; De Benedetto, M.; Scoditti, E. Obstructive sleep apnoea syndrome: A new 
paradigm by chronic nocturnal intermittent hypoxia and sleep disruption. Acta. Otorhinolaryngol. Ital. 2015, 
35, 69. 

44. American Academy of Sleep Medicine. International Classification of Sleep Disorders, 3rd ed.; IL American 
Academy of Sleep Medicine: Darien, CT, USA, 2014 

45. Garbarino, S.; Scoditti, E.; lanteri, P.; Conte, L.; Magnavita, N.; Toraldo, D. Obstructive Sleep Apnea with 
or Without Excessive Daytime Sleepiness: Clinical and Experimental Data-Driven Phenotyping. Front. 
Neurol. 2018, 9, 505. 

46. Adams, N.; Strauss, M.; Schluchter, M.; Redline, S. Relation of measures of sleep-disordered breathing to 
neuropsychological functioning. Am. J. Respir. Crit. Care. Med. 2001, 163, 1626–1631. 

47. Naismith, S.; Winter, V.; Gotsopoulos, H.; Hickie, I.; Cistulli, P. Neurobehavioral functioning in obstructive 
sleep apnea: Differential effects of sleep quality, hypoxemia and subjective sleepiness. J. Clin. Exp. 
Neuropsychol. 2004, 26, 43–54. 

48. Ayalon, L.; Ancoli-Israel, S.; Aka, A.A.; McKenna, B.S.; Drummond, S.P. Altered brain activation during 
response inhibition in obstructive sleep apnea. J. Sleep Res. 2009, 18, 204–208. 

49. Colt, H.G.; Haas, H.; Rich, G.B. Hypoxemia vs. sleep fragmentation as cause of excessive daytime sleepiness 
in obstructive sleep apnea. Chest 1991, 100, 1542–1548. 

50. Punjabi, N.M.; O’hearn, D.J.; Neubauer, D.N.F.; Nieto, J.; Schwartz, A.R.; Smith, P.L.; Bandeen-Roche, K. 
Modeling Hypersomnolence in Sleep-disordered Breathing. A Novel Approach Using Survival Analysis. 
Am. J. Respir. Crit. Care Med. 1999, 159, 1703–1709. 

51. Aloia, M.S.; Arnedt, J.T. Mechanisms of sleepiness in obstructive sleep apnea. In Sleep Apnea; CRC 
Press: Boca Raton, FL, USA, 2016; pp. 204–216. 



Brain Sci. 2020, 10, 325 21 of 22 

52. Veasey, S.C.; Davis, C.W.; Fenik, P.; Zhan, G.; Hsu, Y.J.; Pratico, D.; Gow, A. Long-term intermittent 
hypoxia in mice: Protracted hypersomnolence with oxidative injury to sleep-wake brain regions. Sleep 2004, 
27, 194–201. 

53. Zhu, Y.; Fenik, P.; Zhan, G.; Mazza, E.; Kelz, M.; Aston-Jones, G.; Veasey, S.C. Selective loss of 
catecholaminergic wake–active neurons in a murine sleep apnea model. J. Neurosci. 2007, 27, 10060–10071. 

54. Jacobsen, J.H.; Shi, L.; Mokhlesi, B. Factors associated with excessive daytime sleepiness in patients with 
severe obstructive sleep apnea. Sleep Breath 2013, 17, 629–635. 

55. Uysal, A.; Liendo, C.; McCarty, D.E.; Kim, P.Y.; Paxson, C.; Chesson, A.L.; Marino, A.A. Nocturnal 
hypoxemia biomarker predicts sleepiness in patients with severe obstructive sleep apnea. Sleep Breath 2014, 
18, 77–84. 

56. Zhou, J.; Camacho, M.; Tang, X.; Kushida, C.A. A review of neurocognitive function and obstructive sleep 
apnea with or without daytime sleepiness. Sleep Med. 2016, 23, 99–108. 

57. Naëgelé, B.; Thouvard, V.; Pépin, J.L.; Lévy, P.; Bonnet, C.; Perret, J.E.; Feuerstein, C. Deficits of cognitive 
executive functions in patients with sleep apnea syndrome. Sleep 1995, 18, 43–52. 

58. Beebe, D.W.; Gozal, D. Obstructive sleep apnea and the prefrontal cortex: Towards a comprehensive model 
linking nocturnal upper airway obstruction to daytime cognitive and behavioral deficits. J. Sleep Res. 2002, 
11, 1–16. 

59. Bédard, M.A.; Montplaisir, J.; Richer, F.; Malo, J. Nocturnal hypoxemia as a determinant of vigilance 
impairment in sleep apnea syndrome. Chest 1991, 100, 367–370. 

60. Labarca, G.; Campos, J.; Thibaut, K.; Dreyse, J.; Jorquera, J. Do T90 and SaO2 nadir identify a different 
phenotype in obstructive sleep apnea? Sleep Breath 2019, 23, 1007–1010. 

61. Quan, S.F.; Chan, C.S.; Dement, W.C.; Gevins, A.; Goodwin, J.L.; Gottlieb, D.J.; Green, S.; Guilleminault, C.; 
Hirshkowitz, M.; Hyde, P.R.; et al. The association between obstructive sleep apnea and neurocognitive 
performance—the Apnea Positive Pressure Long-term Efficacy Study (APPLES). Sleep 2011, 34, 303–314. 

62. Vaher, H.; Vaikjärv, R.; Veldi, M.; Kasenõmm, P.; Vasar, V. Measuring attention deficit with dass test in 
children with obstructive sleep apnea. Sleep Med. 2013, 14, 289. 

63. Measso, G.; Cavarzeran, F.; Zappala, G.; Lebowitz, B.D.; Crook, T.H.; Pirozzolo, F.J.; Amaducci, L.A.; 
Massari, D.; Grigoletto, F. The Mini Mental state examination: Normative study of an Italian random 
sample. Dev. Neuropsychol. 1993, 9, 77–85 

64. Johns, M.W. Sensitivity and specificity of the multiple sleep latency test (MSLT), the maintenance of 
wakefulness test and the Epworth Sleepiness Scale: Failure of the MSLT as a gold standard. J. Sleep Res. 
2000, 9, 5–11. 

65. Johns, M.J. A New Method for Measuring Daytime Sleepiness: The Epworth Sleepiness Scale. Sleep 1991, 
14, 540–545. 

66. Peppard, P.E.; Young, T.; Barnet, J.H.; Palta, M.; Hagen, E.W.; MaeHla, K. Increased prevalence of sleep 
disordered breathing in adults. Am. J. Epidemiol. 2013, 177, 1006–1014. 

67. Chung, F.; Abdullah, H.R.; Liao, P. STOP-Bang questionnaire: A practical approach to screen for obstructive 
sleep apnea. Chest 2016, 149, 631–638. 

68. Kapur, V.K.; Auckley, D.H.; Chowdhuri, S.; Kuhlmann, D.C.; Mehra, R.; Ramar, K.; Harrod, C.G. Clinical 
practice guideline for diagnostic testing for adult obstructive sleep apnea: An American Academy of Sleep 
Medicine clinical practice guideline. J. Clin. Sleep Med. 2017, 13, 479–504. 

69. Cooksey, J.A.; Balachandran, J.S. Portable monitoring for the diagnosis of OSA. Chest 2016, 149, 1074–1081. 
70. Corral, J.; Sánchez-Quiroga, M.Á.; Carmona-Bernal, C.; Sánchez-Armengol, Á.; de la Torre, A.S.; Durán-

Cantolla, J.; Egea, C.J.; Salord, N.; Monasterio, C.; Terán, J.; et al. Conventional polysomnography is not 
necessary for the management of most patients with suspected obstructive sleep apnea. Noninferiority, 
randomized controlled trial. Am. J. Respir. Crit. Care Med. 2017, 196, 1181–1190. 

71. Toraldo, D.M.; Nicolardi, G.; De Nuccio, F.; Lorenzo, R.; Ambrosino, N. Pattern of Variables Describing 
Desaturator COPD Patients, as Revealed by Cluster Analysis. Chest 2005, 128, 3828–3837. 

72. Weis, S.; Fimm, B.; Longoni, F.; Dietrich, T.; Zahn, R.; Herzog, H.; Kemna, L.; Willmes, K.; Sturm, W. The 
functional anatomy of intrinsic and phasic alertness—a PET study with auditory stimulation. NeuroImage 
2000, 11, S10. 

73. Sturm, W.; Willmes, K. On the functional neuroanatomy of intrinsic and phasic alertness. NeuroImage 2001, 
14, S76–S84. 



Brain Sci. 2020, 10, 325 22 of 22 

74. Sturm, W.; Willmes, K.; Orgass, B.; Hartje, W. Do specific attention deficits need specific training? 
Neuropsychol. Rehabil. 1997, 7, 81–103. 

75. Sturm, W.; De Simone, A.; Krause, B.J.; Specht, K.; Hesselmann, V.; Radermacher, I.; Herzog, H.; Tellmann, 
L.; Müller-Gärtner, H.W.; Willmes, K. Functional anatomy of intrinsic alertness: Evidence for a fronto-
parietal-thalamic-brainstem network in the right hemisphere. Neuropsychologia 1999, 37, 797–805. 

76. Zimmermann, P.; Leclercq, M. Neuropsychological spects of attentional functions and disturbances. In 
Applied Neuropsychology of Attention Theory, Diagnosis and Rehabilitation; Leclercq, M., Zimmermann, P., Eds.; 
Psychology Press: East Sussex, UK, 2002. 

77. Corbetta, M.; Shulman, G.L. Control of goal-directed and stimulus-driven attention in the brain. Nat. Rev. 
Neurosci. 2002, 3, 201. 

78. Petersen, S.E.; Posner, M.I. The attention system of the human brain: 20 years after. Annu. Rev. Neurosci. 
2012, 35, 73–89. 

79. Van Zomeren, A.H.; Brouwer, W.H. Clinical Neuropsychology of Attention; Oxford University Press: Oxford, 
UK, 1994. 

80. Zimmermann, P.; Fimm, B. Testbatterie zur Aufmerksamkeitspru ̈fung (TAP). Würselen: Psytest, 1992 
81. Walker, M.P.; Ayre, G.A.; Cummings, J.L.; Wesnes, K.; McKeith, I.G.; O’brien, J.T.; Ballard, C.G. 

Quantifying fluctuation in dementia with Lewy bodies, Alzheimer’s disease, and vascular dementia. 
Neurology 2000, 54, 1616–1625. 

82. Bunge, S.A.; Hazeltine, E.; Scanlon, M.D.; Rosen, A.C.; Gabrieli, J.D.E. Dissociable contributions of 
prefrontal and parietal cortices to response selection. Neuroimage 2002, 17, 1562–1571. 

83. Watanabe, J.; Sugiura, M.; Sato, K.; Sato, Y.; Maeda, Y.; Matsue, Y.; Fukuda, H.; Kawashima, R. The human 
prefrontal and parietal association cortices are involved in NO-GO performances: An event-related fMRI 
study. Neuroimage 2002, 17, 1207–1216. 

84. Nebel, K.; Wiese, H.; Stude, P.; de Greiff, A.; Diener, H.C.; Keidel, M. On the neural basis of focused and 
divided attention. Cog. Brain Res. 2005, 25, 760–776. 

85. Ayalon, L.; Ancoli-Israel, S.; Aka, A.A.; McKenna, B.S.; Drummond, S.P. Relationship between obstructive 
sleep apnea severity and brain activation during a sustained attention task. Sleep 2009, 32, 373–381. 

86. Spaccavento, S.; Marinelli, C.V.; Nardulli, R.; Macchitella, L.; Bivona, U.; Piccardi, L.; Zoccolotti, P.; 
Angelelli, P. Attention deficits in stroke patients: The role of lesion characteristics, time from stroke, and 
concomitant neuropsychological deficits. Behav. Neurol. 2019, doi:10.1155/2019/7835710. 

87. Marinelli, C.V.; Horne, J.K.; McGeown, S.; Zoccolotti, P.; Martelli, M. Does the mean adequately represent 
reading performance? Evidence from a cross-linguistic study. Front. Psychol. 2014, 5, 903. 

88. Marinelli, C.V.; Romani, C.; Burani, C.; McGowan, V.A.; Zoccolotti, P. Costs and benefits of orthographic 
inconsistency in reading: Evidence from a cross-linguistic comparison. PLoS ONE 2016, 11, e0157457. 

89. Hudson, A.N.; Van Dongen, H.P.; Honn, K.A. Sleep deprivation, vigilant attention, and brain function: A 
review. Neuropsychopharmacol 2020, 45, 21–30. 

 

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access 
article distributed under the terms and conditions of the Creative Commons Attribution 
(CC BY) license (http://creativecommons.org/licenses/by/4.0/). 

 
 


