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OBSTRUCTIVE SLEEP APNEA (OSA) IS A COMMON 

CLINICAL SLEEP DISORDER THAT AFFECTS AT LEAST 

2% TO 4% OF MIDDLE-AGED WOMEN AND MEN.1 Rela-

tively increased prevalence rates have been reported in older 

adults2,3 and African Americans.4,5 OSA is clinically character-

ized by chronically fragmented sleep and intermittent hypox-

emia, defined as repeated episodes of oxygen desaturation that 
alternate with episodes of reoxygenation. OSA is recognized as 

a significant health problem with neurocognitive and cardio-

vascular morbidities. The disorder is associated with a range 

of significant medical and psychological consequences, includ-

ing obesity, hypertension, increased risk for vascular disease, 

depression, and excessive daytime sleepiness.6-12 The precise 

mechanisms responsible for the cognitive and psychological 

consequences associated with OSA are still unknown. Sleep 
fragmentation may have detrimental effects on daytime func-

tioning as a result of excessive daytime sleepiness.13 Lanfranchi 

and Somers14 have suggested that OSA-related hypoxemia re-

sults in changes to the structure and function of the brain vessels, 

which can adversely affect cognitive function and contribute to 

both morbidity and mortality.8,15 

The use of neuroimaging methodologies can contribute to 

our understanding of brain structure and function in individuals 

with OSA. Neuroimaging studies may aid in the identification 
of those OSA individuals at greatest risk for poor outcome by 

examining relationships between brain integrity and functional 

response to treatment. These results may subsequently serve as 
a potent clinical motivator for OSA individuals struggling with 

treatment adherence.

Two reviews of neuroimaging in OSA have been published 

to date.15,16 The results are largely inconsistent because of meth-

odological and sample variability. The most consistent find-

ings have come from magnetic resonance spectroscopy (MRS) 

studies, which have shown changes in the frontal white mat-

ter.15 The results of structural studies are also heterogeneous, 

although hippocampal involvement is frequently reported.17,18

Functional imaging studies utilizing cognitive tasks have 

resulted either in reduced activation of the dorsolateral pre-

frontal cortex (DLPFC), or in increased neural response in 

frontal lobe, cingulate, thalamus, cerebellum, and temporopa-
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study objectives: Obstructive sleep apnea syndrome (OSAS) is asso-

ciated with cognitive and functional deficits, most of which are corrected 
after positive airway pressure (PAP) treatment. Previous studies inves-

tigating the neural underpinnings of OSAS failed to provide consistent 

results both on the cerebral substrates underlying cognitive deficits and 
on the effect of treatment on these anomalies. The aims of the study 

were a) to investigate whether never-treated OSA patients demonstrat-

ed differences in brain activation compared to healthy controls during 

a cognitive task; and b) to investigate whether any improvements in 

cognitive functioning found in OSA patients after treatment reflected a 
change in the underlying cerebral activity.

Design: OSA patients and healthy controls underwent functional mag-

netic resonance imaging (fMRI) scanning. They were compared on per-

formance and brain activation during a 2-back working-memory task. 

Patients were also re-evaluated after 3 months treatment with PAP. 

Cognitive functions were evaluated using neurocognitive tests. Sleepi-

ness (ESS), mood (Beck Depression Inventory) and, quality-of-life (SF-

36) were also assessed.

setting: The Sleep Disorders Center and CERMAC at the Vita-Salute 

San Raffaele University.

Patients or Participants: 17 OSA patients and 15 age- and education-

matched healthy controls.

interventions: PAP treatment for 3 months.

Measurements and results: Compared to controls, never-treated 

OSA patients showed increased activations in the left frontal cortex, 

medial precuneus, and hippocampus, and decreased activations in the 

caudal pons. OSA patients showed decreases in activation with treat-

ment in the left inferior frontal gyrus and anterior cingulate cortex, and 

bilaterally in the hippocampus. Most neurocognitive domains, impaired 

at baseline, showed significant improvement after treatment.
conclusions: OSA patients showed an overrecruitment of brain re-

gions compared to controls, in the presence of the same level of 

performance on a working-memory task. Decreases of activation in 

prefrontal and hippocampal structures were observed after treatment 

in comparison to baseline. These findings may reflect a neural com-

pensation mechanism in never-treated patients, which is reduced by 

effective treatment.
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rietal junction, depending on the cognitive task employed. In 

particular, Thomas et al.19 compared 16 untreated OSA patients 

with 16 matched controls. Decreased DLPFC activation was 

demonstrated in the OSA patients during a working-memory 

challenge (2-back task) accompanied by a reduction in 2-back 

performance in reaction times (poorer overall performance on 

the 2-back task) compared to controls. In the 6 of the patients 

followed after successful treatment activation increases were 

observed in posterior parietal areas. Ayalon et al.20 compared 

untreated OSA patients to matched controls on a verbal learning 

task, and demonstrated an over-recruitment of brain regions in 

the OSA group with no differences in performance. The overac-

tivation was attributed to compensatory mechanisms, support-

ing a relatively unimpaired level of performance.

To date, there are no reported functional MR studies compar-

ing brain activation during a cognitive task in OSA patients and 

normal controls followed by a posttreatment study of the entire 

group. The current study was designed to examine the cerebral 

substrates underlying a working memory task in OSA patients 

before and after treatment compared to healthy controls in order 

to fill this gap in the existing literature.

MEtHoDs

Participants

Seventeen male never-treated OSA patients (mean age = 

43.93, SD = 7.78, mean education level = 12.57, SD = 2.71) and 

15 male age- and education matched healthy controls (mean age 

= 42.15, SD = 6.64, mean education level = 13.23, SD = 3.09) 

were recruited. All participants were right-handed21 monolin-

gual native speakers of Italian, and had normal or corrected-

to-normal visual acuity. Participants had no evidence of stroke, 

neurological disorder, dementia, major psychiatric disorder, 

uncontrolled hypertension (> 100/160), respiratory failure and 

had no current use of any psychoactive medications. Inclusion 

criteria for OSA patients were: (a) diagnosis of severe OSA (ap-

nea/hypopnea index [AHI] > 30), and (b) age between 30 and 

55 years.

Healthy controls had an AHI < 5. Moreover Restless Legs 

Syndrome and Periodic Limb Movements were ruled out by a 

structured sleep interview performed by a sleep specialist; in-

somnia was excluded by 1-week sleep diary prior to inclusion 

in the study. Participants were excluded if they demonstrated: 

(a) symptoms of cognitive deterioration (as indicated by a score 

at Mini-Mental below 24), or (b) brain structural abnormalities, 

as shown by evaluation of MR images by an experienced neu-

roradiologist. All participants including healthy controls report-

ed regular sleep-wake schedules based on daily sleep diaries 

with an average TST of 6.9 ± 1.1 h in the 4 days prior the study. 

All participants provided their written informed consent to the 

experimental procedure, which was previously approved by the 

local ethics committee. All patients were evaluated at baseline 

(BL) and after 3 months of treatment (positive airway pressure 

[PAP] with C-Flex). Full nocturnal polysomnography (PSG), 

functional magnetic resonance imaging (fMRI), neurocogni-

tive functioning (attention, memory and executive function), 

sleepiness (ESS), mood (BDI) and quality of life (SF-36) were 
assessed at both time points. Healthy controls were only evalu-

ated at BL. One OSA patient dropped out (for low adherence to 

PAP treatment) and 3 participants (2 patients and one control) 

were excluded from the final analysis due to excessive head 
movements during scanning (> 4 mm).

Polysomnography

All OSA patients underwent PSG the night before functional 

scanning. Apnea events were defined, based on PSG, as a ≥ 80% 
drop of respiratory amplitude, lasting at least 10s. Hypopneas 

were defined as a 50% drop of respiratory amplitude, lasting ≥ 
10s, associated with repeated respiratory effort and arousals or 

oxygen saturation drops of ≥ 3%. The AHI was defined as an 
index of the number of apnea and hypopnea events per hour 

of sleep. Time of oxygen saturation (SpO
2
) below 90% during 

total sleep, the lowest nocturnal oxygen saturation (SpO
2
) value 

and the mean of the lowest peaks of SpO
2
 were also recorded.

neuropsychological Evaluation

Both OSA and control participants underwent a brief neurop-

sychological evaluation, that included Rey list recall (learning, 

recall, and recognition memory), Stroop color-word interfer-

ence test (executive functions: inhibition, selective attention), 

Paced Auditory Serial Addition Test (PASAT; vigilance and ex-

ecutive functions) (for references, see22). Administration of the 

neuropsychological test battery lasted approximately 30 min. 

An alternative equivalent version of the Rey list learning test 
was employed to avoid learning effects at follow-up.

In addition to the neuropsychological tests, participants were 

given the self-report Epworth Sleepiness Scale (ESS) to evalu-

ate the subjective daytime somnolence, the Beck Inventory to 

evaluate mood and Quality of Life (SF-36) to assess overall 

quality of life. Tests were administered and scored according to 
the published procedures.22

Positive Airway Pressure (PAP) treatment

All patients were fully adherent to manual titration night of 

PAP. They were all sent home with fixed PAP with C-Flex™ for 

3 months (Philips Respironics, M series). Adherence at home 

was objectively reported by Encore software and patients with 

compliance lower than 4 hours/night and < 80% of days of us-

age were excluded (n = 1).

Working Memory task During functional scanning

Participants performed a verbal version of the n-back task,23-25 

a classical test of working-memory.26,27 In this task, the participant 

is required to monitor a series of stimuli and to respond whenever 
a stimulus (henceforth the “target” stimulus) is presented that is 

the same as the one presented n trials previously, where n is a 

pre-specified integer, usually 1, 2, or 3. Since the stimuli appear 
continuously, the task requires to temporarily store each of them 
in memory for evaluation (based on the contingent task), and to 

discard it before the appearance of the next one. In the current 

study, stimuli were pseudo-random sequences of letters, and 
three conditions were used that varied WM-load incrementally 

from zero to two items. In the 0-back (0b) condition, participants 
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responded to a single pre-specified target letter (‘‘X’’). In the 
1-back (1b) condition, the target was any letter identical to the 

one immediately preceding it (i.e., one trial back). In the 2-back 

(2b) condition, the target was any letter that was identical to the 

one presented 2 trials back (Figure 1). Thus, WM load (storage 

and manipulation demands) increased incrementally from the 0b 

to the 2b condition.

Experimental Design and Procedure

Every participant underwent one scanning session, com-

posed by 6 functional runs, each lasting 4 min 47 s. A blocked 

design for the presentation of the stimuli was used, with ev-

ery run including 2 blocked repetitions of each task (0b, 1b, 

2b) in a pseudo-random order (Figure 1). Blocks lasted 27 s, 

and started with a screen displaying the instructions (2.4 s). 

Each block included a sequence of 9 letters, of which 3 (33%) 
were targets. Both stimuli and instructions were depicted in 

white font on a black background. Stimuli were successively 

presented in the center of the screen for 0.5 s, and were sepa-

rated by a 2.5-s black-screen interval. Participants responded 

to target letters by pressing one button on a keyboard with 

their right index finger. Successive blocks were separated by 
a baseline control block (white fixation-cross) lasting 16 s, to 
allow the cerebral response to return to baseline level. The 

order of the functional runs was individually randomized for 

every participant.

Visual stimuli were viewed via a back-projection screen lo-

cated in front of the scanner and a mirror placed on the head-

coil. The software Presentation 11.0 (Neurobehavioral systems, 

Albany, CA, http://www.neurobs.com) was used for both 

stimulus presentation and subjects’ answers recording. All par-
ticipants underwent a training session before fMRI scanning to 

ensure accurate performance of the task.

fMri Data Acquisition

Anatomical T1-weighted and functional T2*-weighted MR 

images were acquired with a 3 Tesla Philips Achieva scanner 
(Philips Medical Systems, Best, NL), using an 8-channel Sense 

head coil (sense reduction factor = 2). Functional images were 

acquired using a T2*-weighted gradient-echo, echo-planar 
(EPI) pulse sequence (30 interleaved slices parallel to the AC-
PC line, covering the whole brain, TR = 1700 ms, TE = 30 ms, 

flip angle = 85 degrees, FOV = 240 mm × 240 mm, no gap, 
slice thickness = 4 mm, in-plane resolution 2 mm × 2 mm). 
Each scanning sequence comprised 167 sequential volumes. 
Immediately after the functional scanning a high-resolution T1-

weighted anatomical scan (3D, SPGR sequence, 150 slices, TR 
= 600 ms, TE = 20 ms, slice thickness = 1 mm, in-plane resolu-

tion 1 mm × 1 mm) was acquired for each subject.

fMri Data Preprocessing and statistical Analysis

Image preprocessing28 and statistical analysis were performed 

using SPM5 (Wellcome Department of Cognitive Neurology, 

http://www.fil.ion.ucl.ac.uk/spm), implemented in Matlab v7.4 
(Mathworks, Inc., Sherborn, MA). Preliminary to analyses, 

the structural MR images from all subjects were inspected by 

an experienced neuroradiologist. In line with previous imag-

ing studies of working memory,29 we opted for a parametric 

analysis of the data to identify cerebral regions where activ-

ity showed a positive linear relationship (i.e., a linear increase) 

with increasing WM load. The reason behind this procedure is 

that parametric analyses allow to overcome some of the well-

known limitations of the classical “subtractive” approach.30 The 

latter, in fact, assumes that the cognitive processes involved in 

the baseline task (that are subtracted out from those of inter-

est, highlighted by “active” tasks) are performed in the same 

way, and in the same cerebral regions, in different tasks and/or 

different participants. In previous studies of working-memory 

the parametric approach has been implemented to explore ce-

rebral regions where activity was positively and linearly cor-

related with WM load both in healthy individuals29 and clinical 

populations.31 In the present study, such an approach was used 

to investigate the cerebral regions where an increased intensity 

of brain activation related to WM-load showed significant dif-
ferences, as well as commonalities, across (a) healthy controls 

and pretreatment OSA patients, (b) pretreatment and posttreat-

ment OSA patients, and (c) controls and posttreatment OSA 

patients.

For all participants, the first 5 volumes of every run were 
discarded to allow for T1 equilibration effects. All volumes 
were then spatially realigned to the first volume of the first 
run to correct for between-scan motion32 and unwarped,33 and 

a mean-image from the realigned volumes was created. This 

Figure 1— Experimental design. From top to bottom, a schemat-

ic depiction of the experimental design is shown. The study was 

composed of 6 functional runs, each lasting 4 m 47 s (top). The 

first run, in yellow, is enlarged below, to highlight its structure. 
Every run included 2 blocked repetitions of each task (27 s) in 

a pseudo-random order, separated by a rest period (fixation of a 
white cross; 16 s) (middle; the 3 tasks are depicted in blue, red 

and green colors). The colored lines link highlighted tasks with a 

graphical description of the sequence of stimuli in each of them 
(bottom). Each sequence included 9 letters, 3 of which (33%, in-

dicated by an asterisk at the right of the corresponding panel) were 

“targets.” As shown in the inferior-most part of the figure, each 
letter within the sequence was shown for 0.5 s, and was separated 
by the onset of the next one by a black screen lasting 2.5 s.
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tered on the foci of maximum activation in the regions of sig-

nificant reduction of activity after treatment. We then extracted 
from these ROIs the contrast values for the pre- and posttreat-

ment parametric statistical maps of increasing WM-load. For 

each ROI, the resulting pre- and posttreatment contrast values 

were subtracted (pre minus post) in order to obtain a measure 

of the reduction in cerebral activity from pre- to posttreatment 

in any given region. Therefore, a positive number represents a 

decrease in activation. A similar procedure was applied to the 

pre- and posttreatment neuropsychological scores shown in 

Tables 2 and 7, to obtain an index of behavioral change follow-

ing PAP. A positive number represents a decrease in the relative 

neuropsychological score. These 2 measures were then entered 

in a simple correlation test (Pearson correlation coefficient).
The location of the activation foci in terms of Brodmann ar-

eas (BAs) was determined in the stereotaxic space of Talairach 

and Tournoux37 after correcting for differences between the lat-

ter and the MNI coordinate systems by means of a nonlinear 

transformation (see http://www.mrccbu.cam.ac.uk/Imaging/

Common/mnispace.shtml). Those cerebral regions for which 

maps were provided were also localized with reference to cyto-

architectonic probabilistic maps of the human brain, using the 

SPM Anatomy toolbox.38

Statistical analyses on behavioral data during scanning were 

performed using SPSS 11.0. Nonparametric Mann-Whitney 

U Tests were employed to evaluate differences between OSA 

patients and normal controls (BL) and nonparametric Wil-

coxon Tests were used to assess treatment effects (BL versus 

3 months).

rEsULts

Results of group comparisons (OSA patients versus healthy 

controls at BL) on key sample characteristics are shown in Ta-

ble 1, whereas results of within-subjects analyses (OSA patients 

at BL versus 3 months) on outcome variables are shown in Ta-

ble 2. The groups were similar on all measures except BMI, 

sleepiness (OSA patients higher than controls), and all cogni-

tive measures (OSA patients lower than controls). Follow-up 

demonstrated significant improvement in sleepiness and all 
cognitive tests (except total time on the Stroop test) with treat-

ment. Also mood (BDI) significantly improved after treatment, 
even if always in normal ranges (3.76 ± 3.94 vs 1.75 ± 2.95; P = 

0.013), as well as quality of life (SF-36) (68.91 ± 19.72 vs 80.36 
± 15.09; P = 0.005).

Behavioral Performance During scanning

Participants’ performance on the n-back task during scan-

ning was evaluated by means of 3 different statistical analyses, 

considering: (a) the number of wrong responses, (b) the num-

ber of missed responses, and (c) the response time (Table 3). 

Due to technical problems with the response recording system, 

it was not possible to evaluate the behavioral performance of 

2 follow-up participants. In all the analyses no significant dif-
ference was observed either between controls and pretreatment 

OSA patients, or between the latter and posttreatment OSA pa-

tients, in any of the three experimental conditions (0b, 1b, 2b; 

Table 3).

image was spatially normalized to the Montreal Neurological 

Institute (MNI152) brain template using a 12-parameter affine 
normalization and 16 nonlinear iterations with 7 × 9 × 7 basis 
functions.34 The derived spatial transformations were then ap-

plied to the realigned-and-unwarped T2*-weighted volumes, 

that were resampled in 2 × 2 × 2 mm3 voxels after normaliza-

tion. All functional volumes were then spatially smoothed with 

an 8-mm full-width half-maximum (FWHM) isotropic Gauss-

ian kernel to compensate for residual between-subject variabil-

ity after spatial normalization, and globally scaled to 100. The 

resulting time series across each voxel were then high-pass fil-
tered to 1/128 Hz, and serial autocorrelations were modeled as 

an Auto Regressive AR(1) process.

Statistical maps were generated using a random-effect model, 

implemented in a 2-level procedure.35 At the first level, all the 
6 blocks within each run were modeled in a single generic re-

gressor (“task”), and one additional regressor modeled a linear 

parametric modulation of the task-related activity by WM-load 

(0, 1, 2). The regressors were then convolved with a canonical 

hemodynamic response function (HRF), and the corresponding 

parameter estimates were obtained at each voxel by maximum-

likelihood estimation. Contrasts of parameter estimates were 

then calculated to produce a “contrast images” for the paramet-

ric regressor of interest for each subject. The inter-blocks cross-

fixation periods served as an implicit baseline level.
In order to investigate the cerebral regions where activity 

showed a linear increase related with task difficulty, at the sec-

ond (group) level the statistical analyses were performed on the 

first-level “contrast-images” of the linear parametric modula-

tion by WM-load. These images were first entered into one 
sample t-tests to highlight WM parametric effects on cerebral 

activity separately in the single groups of subjects (controls, 

pretreatment OSA, posttreatment OSA). Conjunction analyses 

were then performed, using an inclusive masking procedure, 

to highlight cerebral regions showing common parametric ef-

fects of WM-load in a) controls and pretreatment OSA patients, 

b) pretreatment OSA patients and posttreatment OSA patients, 

and c) controls and posttreatment OSA patients. The resulting 

statistical maps were thresholded at P < 0.05 family-wise error 

[FWE] corrected for multiple comparisons. Finally, 2-sample 

t-tests and a paired-sample t-test were used to investigate the 

regions showing significantly different parametric effects of 
WM-load in a) controls vs. pretreatment OSA patients, b) pre-

treatment OSA patients vs. posttreatment OSA patients, and c) 

controls vs. posttreatment OSA patients. In all direct-compari-

sons analyses, the resulting statistical maps were masked at P < 

0.001 uncorrected by those of the conjunction analyses either (a) 

inclusively, to highlight the regions showing significant differ-
ences between the two groups within those commonly activated 

and (b) exclusively, to highlight the regions showing significant 
differences between them outside those commonly activated. 

The statistical maps for direct comparisons were thresholded 

at P < 0.001 uncorrected for multiple comparisons, and only 

clusters larger than 4 voxels were reported.

In order to investigate the relationship between the reduction 

in cerebral activity and the improvement in cognitive function-

ing following treatment, we performed analyses on specified 
regions of interest (ROIs). We used the SPM-toolbox Marsbar36 

to create ROIs that were defined as 4-mm radius spheres cen-
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the regions highlighted by the conjunction analysis (i.e., inclusively 

masking by the conjunction analysis), stronger activations in OSA 

patients were observed in the dorsal-most portion of the medial 

precuneus (BA 7), the pars triangularis of the left IFG (BA 45) and 

the left putamen (Figure 4a). Outside the regions resulting from the 

conjunction analysis (i.e., exclusively masking by the conjunction 

analysis), we observed stronger activations in OSA patients than 

controls in a portion of the medial precuneus (BA 7), which was 

more ventral and rostral than the one reported above, and in several 

regions within the left frontal cortex, namely the pars triangularis 

of the IFG (BAs 44 and 45), the middle frontal gyrus (44/46), the 

superior frontal gyrus (8/6) and the fronto-polar cortex (BA 10) 

(Figure 4b). Enhanced activation in patients was also observed in 

the medial and dorsal cerebellum, as well as in the left hippocam-

pus. No region was more strongly activated in controls than OSA 

patients within those that were also commonly activated in the two 

groups. By contrast, stronger activations outside the regions result-

ing from the conjunction analysis were observed in control partici-

pants in the left middle occipital gyrus (BA 19), the right middle 

orbital gyrus (47/46) and the caudal pons in the brainstem. The 

approximate location of the latter activation appears to be in the 

reticular formation (Figure 4c). Notably, no reduced activation in 

pretreatment OSA, as compared with controls, was observed in the 

right lateral prefrontal cortex, as shown by Thomas et al.(2005), at 

the threshold of P < 0.001 uncorrected. However, an a priori hy-

pothesis motivated by those results justified the use of a small vol-
ume correction44 on a specific a priori region observed at a lenient 
uncorrected threshold of P < 0.005. This procedure highlighted a 

significantly reduced activation in pretreatment OSA, compared 
with controls, in the right lateral prefrontal cortex (4-mm radius 

sphere centered on the coordinates x = 52, y = 12, z = 32; P < 0.05 

FWE small volume corrected) (Figure 6).

Posttreatment analyses: pretreatment vs. Posttreatment osA 

patients

Direct comparisons between pre- and posttreatment OSA pa-

tients highlighted cerebral regions showing significantly different 
effects of WM load across time (Table 6, Figures 3 and 4d; see also 

Tables S2, S3 for the complete list of the activated foci in the two 

groups separately). No area was more strongly activated after treat-

ment (post- > pretreatment) either within the commonly activated 

regions in the two groups or outside them (see Table S4 for the list 

imaging results

Pretreatment Analyses: controls vs. Pretreatment osA Patients

The statistical maps associated with the parametric effects of 

increasing WM-load in control subjects and pretreatment OSA 

patients showed a largely overlapping cerebral network in the 

2 groups (see Table 4 and Figures 2a and b; see also Tables S1, 

S2 for the complete list of the activated foci in the 2 groups 

separately). Such commonalities were further highlighted by 

the results of the conjunction analysis between the 2 groups 

(Table 4 and Figure 2c). Commonly activated regions were not-

ed within a widespread frontolateral-frontomedial-parietal net-

work, which included the superior and inferior parietal lobule 

bilaterally (BAs 7,40), the supplementary motor area (SMA, 

6) in the medial wall, as well as the left precentral gyrus (BA 

6) and fronto-insular cortex (pars triangularis of the inferior 

frontal gyrus [IFG; BA 45] and the anterior insula). The latter 

region, extending into the caudal portion of the pars orbitalis 

in the IFG (BA 47), was activated also in the right hemisphere. 

Further common activations were observed bilaterally in the 

cerebellum, as well as in the left thalamus.

We also observed areas showing significant differences of acti-
vation in the two groups of participants (Table 5, Figure 4). Within 

Figure 2—Common parametric effects of WM load in healthy 

controls and pretreatment OSA patients. From top to bottom, the 

regions showing a significant linear increase of cerebral activa-

tion related to WM load on cerebral activity in healthy controls 

(a), pretreatment OSA patients (b), and in both groups (Conjunc-

tion analysis; c) are shown (P < 0.05 FWE corrected for multiple 

comparisons, minimum cluster-size = 4 voxels). Activations were 

superimposed onto 3D-renderings of the MNI template and rep-

resentative sagittal (x = 0) and transverse (z = 48) slices from the 

same brain.

Table 1—Demographic and Severity Characteristics of Patients 

and Controls

 Control BL Patients BL P*

 (n = 14) (n = 14) 

Age (y) 42.15 ± 6.64 43.93 ± 7.78 n.s.

Education (y) 13.23 ± 3.09 12.57 ± 2.71 n.s.

BMI (kg/m2) 26.10 ± 2.50 30.29 ± 4.76 0.01

AHI —  50.14 ± 24.84 —

Mean SpO
2 

— 89.09 ± 5.62 —

Time SpO
2
 below

  90% (min.) — 26.19 ± 23.16 —

PAP use (min/night) — 349.36 ± 34.15 —

n.s. = non significant

Functional MRI and Working Memory in OSA—Castronovo et al
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Posttreatment Analyses: controls vs. Posttreatment osA Patients

Both controls and posttreatment OSA patients showed 

WM-load related activity in a frontolateral-frontomedial-pari-

etal network including the posterior parietal cortex bilaterally, 

of the common activations in the two groups). Furthermore, no re-

gion showed significantly reduced activation after treatment (pre- 
> posttreatment) within the commonly activated regions. Instead, 

a significant reduction of activation in posttreatment, as compared 
with pretreatment, was observed outside the commonly activated 

regions. Such differences involved the rostral portion of pars tri-

angularis of the left IFG (BA 45), the left anterior cingulate cortex 

(BA 24), the right SMA (BA 6), as well as several hippocampal 

clusters in both hemispheres (Table 6 and Figure 4d).

Figure 3—Common parametric effects of WM load in pretreat-

ment and posttreatment OSA patients. From top to bottom, the 

regions showing a significant linear increase of cerebral activation 
related to WM load in pretreatment OSA patients (a), posttreat-

ment OSA patients (b), and in both groups (Conjunction analysis; 

c) are shown (P < 0.05 FWE corrected for multiple comparisons, 

minimum cluster-size = 4 voxels). Activations were superimposed 

onto 3D-renderings of the MNI template and representative sagit-

tal (x = 0) and transverse (z = 48) slices from the same brain.

Figure 4—Differential parametric effects of WM load in healthy 

controls, pretreatment OSA patients and posttreatment OSA pa-

tients. From top to bottom, the regions showing significantly 
stronger parametric effects of WM load on cerebral activity (i.e., 

increase) in pretreatment OSA patients vs. controls within (a) and 

outside (b) those commonly activated in the 2 groups; the areas 

that were more strongly activated in controls than pretreatment 

OSA patients, outside those highlighted by their Conjunction 

(c), and those that were more strongly activated in pretreatment 

than posttreatment OSA patients (d). Only for graphical purposes, 

activations are shown at an uncorrected threshold of P < 0.005. 

Activations were superimposed onto 3D-renderings of the MNI 

template and representative slices from the same brain.

Table 2—Results of OSA Patients Versus Controls at BL and OSA Pre-Post Treatment Comparisons

Test Control BL Patients BL Patients at 3-Months P*

 (n = 14) (n = 14) (n = 14) 

Rey’s List (learning) 58.00 ± 7.01 48.70 ± 9.67 58.19 ± 7.93 0.005, 0.001
Rey’s List (recall) 13.00 ± 1.96 10.59 ± 2.48 13.13 ± 2.25 0.003, 0.002
PASAT Error 5.13 ± 3.58 21.53 ± 10.07 7.56 ± 7.15 0.000, 0.001

Stroop Test 23.07 ± 8.14 39.12 ± 21.88 34.73 ± 17.58 0.008, n.s.

Stroop Test Error 0.73 ± 1.03 5.31 ± 3.57 0.87 ± 1.35 0.000, 0.001

ESS 3.00 ± 1.25 11.94 ± 5.47 2.81 ± 2.79 0.000, 0.000

BDI 1.46 ± 2.16 3.76 ± 3.94  1.75 ± 2.95 0.013, 0.013

SF-36

(total score) 80.89 ± 9.38 68.9 ± 19.72 80.36 ± 19.31 0.027, 0.005

*First P-value is for comparison between patients and controls at BL. Second P-value represents the comparison between BL and 3-month in 

patients only. n.s. = non significant

Functional MRI and Working Memory in OSA—Castronovo et al
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pocampus were significantly less activated in posttreatment 
OSA patients than controls (Figure 5b, Table S6b). Based on 

the results provided by Thomas et al.,19 we applied a small-

volume correction44 on the same right lateral prefrontal region 

that we also found to be less activated in pretreatment OSA 

than controls (4-mm radius sphere centered on the coordinates 

the supplementary motor area, the left precentral gyrus and 

inferior frontal gyrus, and the anterior insula bilaterally (Fig-

ures 2 and 3). Further common activations were noticed in the 

cerebellum and thalamus, bilaterally (Table S5). Direct com-

parisons between controls and posttreatment OSA patients 

showed no significant difference between groups within the 
commonly activated regions (i.e., inclusive masking by the 

conjunction) (Table S6a, c). Among the regions that were not 

commonly activated (i.e., exclusive masking by the conjunc-

tion), stronger activations in posttreatment OSA than controls 

were observed in the medial precuneus and in the left fron-

tal cortex, including foci located in the superior, middle and 

inferior frontal gyri (Figure 5a, Table S6d). In the opposite 

comparison, the right middle orbital gyrus and the left hip-

Figure 5—Differential parametric effects of WM load in healthy 

controls and posttreatment OSA patients. From top to bottom, the 

regions showing significantly stronger parametric effects of WM-
load on cerebral activity (i.e., increase) in posttreatment OSA 

patients vs. controls (a) and the regions that were more strongly 

activated in controls than posttreatment OSA patients (b), outside 

those highlighted by their Conjunction. Only for graphical pur-

poses, activations are shown at an uncorrected threshold of P < 

0.005. Activations were superimposed onto 3D-renderings of the 

MNI template and representative slices from the same brain.

Table 3—Results for Behavioral Performance at the n-back Task During Functional Scanning

Behavioral Measure Control Patients at BL Patients at 3 months P*

  (n = 14) (n = 14) (n = 14) 

0-Back    

 Number of Errors (/36) 0.27 ± 0.46 0.64 ± 0.93 0.92 ± 1.08 n.s., n.s.

 Missed Responses (/36) 0.20 ± 0.56 0.57 ± 1.09 0.25 ± 0.62 n.s., n.s.

 Response Time 0.55 ± 0.17 0.51 ± 0.12 0.51 ± 0.14 n.s., n.s.

1-Back    

 Number of Errors (/36) 0.40 ± 0.63 0.57 ± 1.40 0.50 ± 0.91 n.s, n.s

 Missed Responses (/36) 0.67 ± 1.23 1.29 ± 1.73 0.00 ± 0.00 n.s., 0.06

 Response Time (s) 0.57 ± 0.18 0.54 ± 0.13 0.54 ± 0.15 n.s., n.s.

2-Back    

 Number of Errors (/36) 1.73 ± 1.49 2.50 ± 2.07 2.25 ± 1.66 n.s., n.s

 Missed Responses (/36) 2.60 ± 3.30 3.57 ± 3.58 1.50 ± 1.44 n.s., n.s.

 Response Time 0.58 ± 0.17 0.60 ± 0.18 0.52 ± 0.13 n.s., n.s.

*First P-value is for comparison between patients and controls at BL. Second P-value represents the comparison between BL and 3-month in 

patients only. n.s. = non significant

Functional MRI and Working Memory in OSA—Castronovo et al
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Figure 6—Reduced right lateral prefrontal activation in both pre- 

and posttreatment OSA patients compared to healthy controls. 

Top: significantly reduced activity in the right lateral prefrontal 
cortex of OSA patients, before and after treatment, compared with 

healthy controls [P < 0.05 FWE small-volume-corrected, based 

on an a priori hypothesis from Thomas et al. (2005)]. Bottom: 

from left to right, mean parameter estimates with 90% confidence-
interval in the peak-voxel of the right lateral prefrontal cortex (x 

= 52, y = 12, z = 32) in controls, pretreatment and posttreatment 

OSA patients.
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memory task in patients with OSA compared to normal controls. 

Furthermore, PAP treatment results in significant changes of 
brain activation in the patient group after 3 months of clinically 

effective treatment.

At baseline, there was a large overlap in the pattern of brain 

activation, reflecting the effects of an increasing WM load, 
observed in patients and normal controls. The particular pat-

tern of brain activation is consistent with other studies based 

on the n-back task.25 The main difference of activation in OSA 

patients was an over-recruitment of brains regions suggesting 

that additional brain regions were needed in order to support a 

performance level which was comparable to normal controls. 

Similar patterns of over-recruitment have been observed in 

normal aging39 and early Alzheimer’s disease,40 and have been 

interpreted as reflecting compensatory mechanisms support-
ing performance in the context of incipient brain dysfunction. 

This includes a number of prefrontal areas, as well as the cer-

ebellum and hippocampal region, which can be considered to 

be part of an extended working memory network (see below 

for a discussion of the role of the hippocampus in WM). Less 

expected was the increased activation of the precuneus. This 

region is part of the so-called “default network” of brain ac-

tivity, i.e., a set of functionally connected brain regions which 

typically shows deactivation during performance of cogni-

tive tasks.51 A reduction in its functioning in normal aging as 

well as in several pathological conditions has been associated 

with defective integration of brain activity and to defective 

x = 52, y = 12, z = 32). We thereby observed that, despite 

a small increase with regard to pretreatment session, activity 

in this region was still significantly reduced in posttreatment 
OSA than controls (P < 0.05 FWE small-volume-corrected, 

see Figure 6).

roi Analysis of correlation Between Activation change And 

cognitive change With treatment

Table 7 shows the pre- and posttreatment scores on cognitive 

tests as well as their relative correlations with activation change 

in the specified regions of interest (ROIs). Regions were chosen 
based upon the identified changes with treatment in the group 
analysis (see Tables 6, 7). Change in ESS and the Rey list learning 

test were not correlated with change in activation for any ROI. 

There was a positive correlation between PASAT errors and ac-

tivation in the left and right hippocampus from pre- to posttreat-

ment. This indicates a decrease in activation in the hippocampus 

associated with a decrease in errors on this test. There were also 

significant relationships between a decrease in the time to com-

plete the Stroop test and a reduction in activation in the areas of the 

left IFG and the right SMA. No other relationships were noted.

DiscUssion

The present study supports the notion that significant differ-
ences in cerebral activity can be observed during a working-

Table 4—Parametric Effects of WM-load: Conjunction Controls and Pre-Treatment OSA Patients

H Anatomical region (BA) ATp K Cluster labeling  MNI  Z-score

 Controls and Pre-treatment OSA     x y z 

L Superior parietal lobule (7)  46  −24 −76 46 5.87
 Inferior parietal lobule (7)    −32 −70 44 5.29
L Superior parietal lobule (7/39)  13  −36 −62 48 5.57
L Inferior parietal lobule (40)  108 26.9% in L hIP1 −34 −50 44 6.46
 Inferior parietal lobule (hIP1*) 50*  13.8% in L hIP2 −40 −48 46 5.63
 Inferior parietal lobule (hIP2*) 60*   −48 −44 44 5.24
R Superior occipital gyrus (7)  9  32 −68 42 5.42
R Inferior parietal lobule (hIP1*) 40* 129 19.9% in R hIP1 38 −46 40 6.44
 Inferior parietal lobule (40)   10.4% in R hIP2 50 −50 46 6.28
L/R SMA (6*) 20* 46 41.3% in L area 6 −2 12 50 5.62
 SMA (6/32)   13.6% in R area 6 4 20 48 5.43

L Precentral gyrus (6) 30 4  −44 2 46 5.19
L Middle frontal gyrus (44/45) 40* 11 34.1% in L area 45 −46 22 30 5.35
 IFG pars triangularis (45*/45)   29.5% in L area 44    

L Insula lobe  48  −30 22 0 6.43
R Insula lobe  42  34 22 −2 5.81
 IFG pars orbitalis (47)    32 26 −6 5.75
L Cerebellum (Crus1)  71  −28 −66 −32 6.50
L Cerebellum (Crus 1)  6  −16 −76 −30 5.16
R Cerebellum (Crus 1)  171  32 −66 −32 6.33
R Cerebellum (Crus 1)  25  12 −78 −28 5.37
 Cerebellum (Crus 2)    6 −86 −32 5.52
L Thalamus  8  −16 −28 14 5.41

Regions showing a significant linear increase of cerebral activation related to WM load in both controls and pretreatment OSA patients (P < 

0.05 FWE corrected for multiple comparisons, minimum cluster size K = 4 voxels). H = Hemisphere, L = Left, R = Right, BA = estimated 

Brodmann area, ATp = most probable anatomical regions (where available) in the Anatomy toolbox [Eickhoff et al., 2005; asterisks denote 

assignment], K = cluster-extension in number of voxels (2 × 2 × 2 mm3), hIP = human Intra-Parietal area, SMA = supplementary motor area, 

IFG = inferior frontal gyrus.
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prefrontal and posterior parietal cortices compared to normal 

controls.19 Besides the difference in behavioural performance, 

another notable difference with our study is that Thomas et al. 

trained the OSA patients on the cognitive task.19 Training on 

working-memory tasks has been shown to increase brain acti-

vation in normal subjects.41 It may be speculated that the same 

mechanism may not be available to the OSA brain, explaining 

the discrepancy with our findings.
The reduction in brain activation seen with successful treat-

ment of OSA supports the compensation hypothesis. The 

changes in functional recruitment of the left IFG, the left anteri-

or cingulate cortex, the right SMA, as well as the hippocampus 

may reflect the reduced requirements for additional resources 
to support the preserved performance in the working memory 

task, with a return to an activation pattern similar to the con-

trols. The only additional evidence available for treatment ef-

fects comes from the Thomas et al study, in which the follow-up 

of a subsample of 6 participants showed an activation increase 

in the posterior parietal cortex. This change was however not 

associated to significant improvements in task performance, 
which remained impaired.

Additional evidence for the compensatory role of cerebral 

over-recruitment comes from the finding that the reductions 
of activation between baseline and follow-up were related to 

significant improvements in cognitive functioning on tests 

allocation of resources during working memory tasks.52,53 

Similar evidence of overactivation in OSA has been reported 

by Ayalon et al., using a verbal learning task.20 Namely, an 

overactivation of the bilateral inferior and middle frontal gyri, 

cingulate gyrus, the temporoparietal junction, the thalamus, 

and the cerebellum was found in patients with OSA compared 

to controls.20

Some regions were less active in OSA patients compared 

to controls. Reduced activation is generally interpreted as re-

flecting a defective response in dysfunctional brain regions. A 
combined pattern of reduced and increased activation is com-

monly observed in functional MR studies of patient popula-

tions.47 In particular, the left middle occipital gyrus, the right 

middle orbital gyrus and the caudal pons were less activated 

in patients than in controls. The latter finding seems to be 
particularly remarkable, as brainstem mechanisms of respira-

tory control are considered to be involved in the pathogen-

esis of OSA.42 It is noteworthy that a recent MR T2 relaxation 

study showed medial pontine damage in symptomatic OSA 

patients.43

It is difficult to compare the present findings with the results 
of Thomas et al.,19 based on the same task used in the present 

study, because of the significantly lower accuracy and speed of 
the patients compared to the controls. The impaired performance 

was associated with a decrease in activation of the dorsolateral 

Table 5—Differential parametric effects of WM load in controls and pretreatment OSA patients

H Anatomical region (BA) ATp K Cluster labeling  MNI  Z-score

 a. Controls > Pretreatment OSA,    x y z

 Inclusively masked by Conj 

  No significant clusters       
 b. Controls > Pretreatment OSA,

 Exclusively masked by Conj

L/R  Brainstem  27  2 −28 −36 3.40
  Brainstem    −4 −28 −32 3.30
L  Middle occipital gyrus (19)  19  −28 −68 30 3.30
R  Middle orbital gyrus (47/46)  11  38 50 −8 3.34
 c. Pretreatment OSA > Controls,

 Inclusively masked by Conj

L  Precuneus (7)  61  −4 −66 52 4.14
L  IFG pars triangularis (45*/44) 40*/30 4 37.5% in L area 44 −50 16 2 3.59
L  Putamen  19  −20 2 6 4.03
 d. Pretreatment OSA > Controls,

 Exclusively masked by Conj

L/R  Precuneus (7)  33  −6 −66 52 3.95
L  Superior frontal gyrus (8/6)  59  −18 22 54 4.21
  Middle frontal gyrus (8)    −26 22 56 3.46
L  Middle frontal gyrus (44/46)  6  −36 20 34 3.41
L  IFG pars triangularis (45/44) 30/20 40 25.5% in L area 44 −48 18 2 3.98
     10.2% in L area 45    

L  Superior frontal gyrus (10)  18  −20 62 12 4.07
L  Hippocampus 40* 10 16.7% in L hippocampus −38 −18 −14 3.35
L  Cerebellum (IV-V)  21  −8 −50 −8 3.57

From top to bottom, cerebral regions showing significantly different parametric effects of WM-load in controls vs. pretreatment OSA within, 

and outside, the commonly activated regions (a and b, respectively), and in pretreatment OSA vs. controls within, and outside, the com-

monly activated regions (c and d, respectively) (P < 0.001 uncorrected for multiple comparisons, minimum cluster size K = 4 voxels). H = 

Hemisphere, L = Left, R = Right, BA = estimated Brodmann area, ATp = most probable anatomical regions (where available) in the Anatomy 

toolbox [Eickhoff et al., 2005; asterisks denote assignment], K = cluster-extension in number of voxels (2 × 2 × 2 mm3), IFG = inferior frontal 

gyrus.
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memory is a matter of debate (for a discussion, see45). On the 

basis of fMRI evidence, it has been suggested that the hip-

pocampal role in long-term retrieval processes may extend 

to working memory.46 This is in line with the hypothesis that 

of working-memory and executive functioning. Specifically, 
improvements in the PASAT, a working-memory test, were 

associated with reductions of BOLD signal in hippocam-

pal regions. The role of the hippocampus in human working 

Table 6—Differential Parametric Effects of WM Load in Pretreatment and Posttreatment OSA Patients

H Anatomical region (BA) ATp K Cluster Labeling  MNI  Z-score

 Pretreatment OSA > Posttreatment    x y z 

 OSA, Inclusively masked by Conj

  No significant clusters       
 Pretreatment OSA > Posttreatment

 OSA, Exclusively masked by Conj

L  Hippocampus 80* 42 99% in L hippocampus −32 −18 −16 3.80
R   Fusiform gyrus/hippocampus 10 35 34.4% in R hippocampus 42 −20 −24 3.92
R  Fusiform gyrus/hippocampus 20 15 25% in R hippocampus 38 −14 −30 3.26
  Hippocampus 90* 52 100% in R hippocampus  30 −16 −34 3.48
R  SMA (6) 20 26 23.6% in R area 6 10 −26 50 3.67
L  IFG pars triangularis (45)  7  −40 36 4 3.47
L  Anterior cingulate cortex (24)  9  −2 24 18 3.36
 Posttreatment OSA > Pretreatment

 OSA, Inclusively masked by Conj

  No significant clusters       
 Posttreatment OSA > Pretreatment

  OSA, Exclusively masked by Conj

  No significant clusters       

From top to bottom, cerebral regions showing significantly different parametric effects of WM-load in pretreatment OSA vs. posttreatment 

OSA within, and outside, the commonly activated regions (a and b, respectively), and in posttreatment OSA vs. pretreatment OSA within, and 

outside, the commonly activated regions (c and d, respectively) (P < 0.001 uncorrected for multiple comparisons, minimum cluster size K = 

4 voxels). H = Hemisphere, L = Left, R = Right, BA = estimated Brodmann area, ATp = most probable anatomical regions (where available) 

in the Anatomy toolbox [Eickhoff et al., 2005; asterisks denote assignment], K = cluster-extension in number of voxels (2 × 2 × 2 mm3), SMA 

= supplementary motor area, IFG = inferior frontal gyrus.

Table 7—Results of the Difference Between Pre- and Posttreatment Cognitive Scores, and Correlations of Cognitive Change with Change in 

Activation after Treatment

     ESS Rey list learning Rey recall PASAT errors Stroop time

   Pre Mean 11.94 48.70 10.59 21.53 39.12

    SD 5.47 9.67 2.48 10.07 21.88

   Post Mean 2.81 58.19 13.13 7.56 34.73

    SD 2.79 7.93 2.25 7.15 17.58

Region x y z     

L Hippocampus −32 −18 −16 −0.08 −0.25 0.03 0.70 0.10

 P-value    0.79 0.39 0.93 0.01* 0.74

R Hippocampus 42 −20 −24 −0.32 0.16 −0.12 0.23 0.26
 P-value    0.27 0.59 0.68 0.42 0.36

R Hippocampus 38 −14 −30 0.08 0.40 −0.26 0.29 −0.30
 P-value    0.79 0.16 0.38 0.31 0.30

R Hippocampus 30 −16 −34 −0.42 0.33 −0.32 0.61 −0.14
 P-value    0.13 0.24 0.27 0.02* 0.64

RSMA 10 −26 50 0.02 −0.26 0.09 −0.16 0.53
 P-value    0.96 0.37 0.77 0.59 0.05*

L IFG p. triangularis −40 36 4 0.12 −0.36 −0.45 0.00 0.56
 P-value    0.68 0.20 0.11 0.99 0.04*

L/R ACC −2 24 18 −0.17 −0.32 −0.18 0.47 0.51
 P-value    0.56 0.28 0.53 0.09 0.07

Note. Positive correlations reflect a reduction in both measures. SMA = supplementary motor area, ACC = anterior cingulate cortex, IFG p. 
triangularis = inferior frontal gyrus, pars triangularis. L = left, R = Right, ESS = Epworth Sleepiness Scale, PASAT = Paced Auditory Serial 

Addition Task.

Functional MRI and Working Memory in OSA—Castronovo et al
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the hippocampal activations observed at baseline may reflect 
compensatory mechanisms, which regress with effective im-

provements. The same hypothesis may apply to the improve-

ments in executive functioning, associated with reductions of 

cerebral activity in the IFG and the SMA, areas which have 

been implicated with high selectional and monitoring demands 

during cognitive tasks.48,49 It is thus surprising that we failed 

to find a comparable correlation between Rey list learning and 
hippocampal activation, given the notable improvement asso-

ciated with treatment. This negative finding suggests the op-

portunity to include a more extensive evaluation of episodic 

memory performance, including tests which may be more 

sensitive to mild hippocampal dysfunction than list learning.50 

The lack of significant correlations with subjective sleepiness 
is less surprising, as the effects of the improvements can be 

expected to be global, rather than related to a specific brain 
region.

There are limitations to our study. First, the normal controls 

were not re-evaluated at the 3-month follow-up. This restriction 

was due to practical consideration in terms of study cost and sub-

ject availability for repeated scanning. A second limitation could 

be the use of an easy working-memory task. We considered em-

ploying a more challenging 3-back task, but previous studies 

have indicated that this may be too difficult for clinical studies.23 
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population of patients with OSA. Obesity is a common aspect of 
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OSA population, we were limited by practical considerations 
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comparison with normal controls showing a comparable level 
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Effective PAP treatment is associated with a reduction of acti-

vation in prefrontal and hippocampal areas, which parallels an 

improvement of neuropsychological test performance.
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