
Neuroscience and Biobehavioral Reviews 65  (2016) 142–156

Contents lists available at ScienceDirect

Neuroscience and  Biobehavioral Reviews

journa l h  om epa ge: www.elsev ier .com/ locate /neubiorev

Review  article

Structural  and functional  neural  adaptations  in obstructive  sleep
apnea:  An activation  likelihood  estimation  meta-analysis

Masoud  Tahmasian a,b,1, Ivana Rosenzweig c,1, Simon B. Eickhoffd,e, Amir A. Sepehry f,
Angela R. Lairdg, Peter T.  Foxh,i, Mary J. Morrell c,j,k, Habibolah Khazaie a,∗,
Claudia R. Eickhoff e,l

a Sleep Disorders Research Center, Kermanshah University of Medical Sciences (KUMS), Kermanshah, Iran
b National Brain Mapping Center, Shahid Beheshti University (General & Medical campus), Tehran, Iran
c Sleep and Brain Plasticity Centre, Department of Neuroimaging, IOPPN, King’s College and Imperial College, London, UK
d Institute of Clinical Neuroscience &  Medical Psychology, Heinrich Heine University Düsseldorf, Düsseldorf, Germany
e Institute of  Neuroscience and Medicine (INM-1), Research Center Jülich, Jülich, Germany
f Division of Neurology, Faculty of Medicine, University of British Columbia, Vancouver, BC, Canada
g Department of Physics, Florida International University, Miami, FL, USA
h Research Imaging Institute, University of Texas Health Science Center, San Antonio, TX, USA
i South Texas Veterans Health Care System,San Antonio, TX 78229, USA
j Academic Unit of Sleep and Breathing, National Heart and Lung Institute, Imperial College London, UK
k NIHR Respiratory Disease Biomedical Research Unit at the Royal Brompton and Harefield NHS Foundation Trust and Imperial College London, UK
l Department of Psychiatry, Psychotherapy, and Psychosomatics, RWTH Aachen University, Aachen, Germany

a  r t i c l  e  i  n f  o

Article history:

Received 2 November 2015

Received in revised form 27 March 2016

Accepted 29 March 2016

Available online 31 March 2016

Keywords:

Voxel-based morphometry (VBM)

Functional magnetic resonance imaging

(fMRI)

Insula

Amygdala

Hippocampus

Obstructive sleep apnea

a  b  s  t  r a  c t

Obstructive sleep apnea (OSA) is  a common multisystem chronic disorder. Functional and structural

neuroimaging has been widely applied in patients with OSA, but these studies have often  yielded diverse

results. The  present quantitative meta-analysis aims to identify consistent patterns of abnormal activation

and grey matter loss in OSA across studies. We used PubMed to retrieve task/resting-state functional

magnetic resonance imaging and voxel-based morphometry studies. Stereotactic data  were extracted

from fifteen studies, and subsequently tested for convergence using activation likelihood estimation. We

found convergent evidence for structural atrophy and functional disturbances in the right basolateral

amygdala/hippocampus and the right central insula. Functional characterization of  these regions using

the BrainMap database suggested associated dysfunction of emotional, sensory, and limbic processes.

Assessment of  task-based co-activation patterns furthermore indicated that the two regions obtained

from the meta-analysis are part of a joint network comprising the anterior insula, posterior-medial frontal

cortex and thalamus. Taken together, our findings highlight the role of right amygdala, hippocampus and

insula in the abnormal emotional and sensory processing in OSA.

©  2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC  BY license

(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

Obstructive sleep apnea (OSA) is a  chronic disorder that arises

from recurrent partial or  complete pharyngeal obstruction during

sleep (Hiestand et al., 2006; Jordan et al., 2014; Kapur, 2010; Netzer

et al., 2003; Rosenzweig et al., 2015). In patients with OSA, this

leads to nocturnal apneas and hypopneas, intermittent hypoxia,

reoxygenation and hyper-/hypocapnia events, along with sleep

fragmentation, and changes in cerebral blood flow (Baril et al.,

2015; Shiota et al., 2014; Yadav et al., 2013). The prevalence of OSA

is noticeable in general population and around 50% in patients with

cardiovascular or metabolic disorders (Khazaie et al., 2013, 2011;

Lévy et al., 2015; Lurie, 2011).

Several recent studies highlighted that OSA contributes to  emo-

tional and cognitive decline, and it is increasingly considered as one

of the rare modifiable risk factors for neurodegenerative demen-

tia (Osorio et al., 2015; Rosenzweig et al., 2015; Yaffe et al., 2014,

2011). If untreated, OSA can result in varying degrees of cogni-

tive deficits such as difficulties with attention, memory, executive

functioning, and quality of life (Kryger et al., 2011; Rosenzweig

et al., 2015). In  addition, excessive daytime sleepiness, labile inter-

personal relationships, and decreased work and school efficiency

have all been documented in OSA patients (Kryger et al., 2011;

Rosenzweig et al., 2015; Twigg et al., 2010). Moreover, it is rec-

ognized that OSA patients are two to thirteen times more likely

to experience a  driving-related traffic accident (Ellen et al., 2006;

Karimi et al., 2015a, 2015b; Khazaie and Maroufi, 2014). Such

accidents are more likely to occur in those who manifest greater

daytime sleepiness, but are not necessarily related to sleepiness

alone (Ellen et al., 2006; Weaver and George, 2011). In addition

to cognitive and emotional deficits, increased prevalence of OSA

in several psychiatric disorders has been reported, of which major

depressive disorder (MDD), anxiety, and posttraumatic stress dis-

order (PTSD) appear best documented (Gupta and Simpson, 2015;

Sharafkhaneh et al., 2005).

It has been suggested that adaptive and maladaptive pro-

cesses both occur in patients with OSA in response to hypoxemia

(Rosenzweig et al., 2015). The fine balance of these processes, and

its eventual impact on neurocognitive and emotional performance,

will depend on the stage of this dynamic process, effects on other

organ systems, cognitive reserve, and idiosyncratic susceptibility

(Lavie, 2015; Rosenzweig et al., 2016a,b, 2015; Sforza and Roche,

2012). Although these deficits are not always reversed with treat-

ment (McDaid et al., 2009), a  meta-analysis (Marshall et al., 2006)

and a meta-review (Bucks et al., 2013) suggest beneficial effects of

treatment (e.g. continuous positive airway pressure (CPAP)) on cog-

nitive performance, sleepiness and neural injury in patients with

OSA.

Over the last three decades, numerous structural and func-

tional neuroimaging studies, including voxel-based morphometry

(VBM), task functional magnetic resonance imaging (fMRI), and

resting-state fMRI (rs-fMRI) have been conducted on patients with

OSA. Structural and functional MRI  imaging studies, however, often

point to diverse results in OSA (Celle et al., 2015; Morrell and

Glasser, 2011). The variability of the findings has been suggested

to be due to  relatively small sample sizes, with heterogeneous

patient groups that differed in several key respects (e.g. diagnostic

criteria, IQ, age, gender, and the imaging acquisition, preprocess-

ing, and analysis methods); for more detailed discussion, please

refer to (Gozal, 2013; Macey, 2012; Morrell and Glasser, 2011). To

date, OSA structural studies have used a  spatially unbiased analyti-

cal approach, such as commonly used mass-univariate approaches

that rely on conservative statistical thresholds mandated by the

large number of voxels compared between-groups (Ashburner and

Friston, 2000). On the other hand, task fMRI studies used a variety

of paradigms to study functional disturbances in particular dis-

ease. Recently, the activation likelihood estimation (ALE) method

has been proposed as a useful methodology that, using coordinate-

based meta-analyses (CBMA), provides a  powerful tool to attain a

synoptic view of distributed neuroimaging findings and different

neuroimaging methods (e.g. structural and functional) in an objec-

tive and quantitative fashion (Eickhoff et al., 2009; Turkeltaub et al.,

2002). More specifically, CBMA method searches for “where” in the

brain the amount of convergence between reported foci is more

than expected by chance, which yields to statistical inference on the

integration of previous findings (Eickhoff and Bzdok, 2013; Eickhoff

et al., 2012; Laird et al., 2009a; Turkeltaub et al., 2002).

Only structural OSA studies were hitherto analysed using the

ALE method (Weng et al., 2014), and in order to fully address some

of the previously raised concerns in the field about the diversity of

these findings, we undertook the ALE meta-analysis of both func-

tional and structural abnormalities recorded in patients with OSA.

Our aim was  to elucidate converging findings and to  emphasize

important brain nodes as highlighted via different neuroimag-

ing modalities. We then functionally characterized the obtained

regions that showed neurobiological aberrations in OSA patients

by means of the BrainMap database, and also assessed their brain

wide co-activation patterns to reveal networks that are (conjointly)

connected to  these obtained areas.

2. Methods

2.1. Search strategies and study selection

In accordance with the Preferred Reporting Items for Sys-

tematic Reviews and Meta-Analyses (PRISMA) statement (Moher
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Fig. 1.  Paper selection strategy flow chart. fMRI =  functional magnetic resonance imaging; VBM = voxel-based morphometry.

et al., 2009), references for this meta-analysis were collected

by a search of the PubMed database in April 2015, and by ref-

erence tracing of retrieved articles. Keywords for the search

were as follows: (i) ((“Sleep Apnea Syndromes”[Mesh] OR “Sleep

Apnea; Central”[Mesh] OR “Sleep Apnea; Obstructive”[Mesh]) OR

sleep apnea) AND ((“functional magnetic resonance imaging”) OR

“fMRI”); which resulted in 45 studies; (ii) (“Sleep Apnea Syn-

dromes”[Mesh] OR “Sleep Apnea; Central”[Mesh] OR “Sleep Apnea;

Obstructive”[Mesh]) OR sleep apnea AND ((“voxel-based mor-

phometry”) OR “VBM”) that resulted in 21 studies (Fig. 1). No

positron emission tomography (PET) studies met  our criteria. Of

note is that here; “study” reflects an individual scientific paper and

“experiment” represents a  single analysis or contrast of interest in

a  given study yielding localization information (i.e. OSA>controls;

OSA<controls).

Only peer-reviewed cross-sectional studies that were published

in  English language and that compared groups of human adult OSA

patients (above 18 years old) to healthy controls were included. The

exclusion criteria were as follows:

• Case-reports, letter to editors, meta-analysis or review studies

reporting no original data.
• Studies that did not report whole-brain analysis.
• Studies which did not report standard space coordinates.
• Studies that reported coordinates only in sub-sample.
• Intervention studies (pre/post treatment contrasts such as CPAP).
• Studies without a  “control group” i.e. those focused only on a

group of OSA patients.
• Studies where less than 7 patients were included in each group.

2.2. Data extraction

Two investigators independently extracted the information

(M.T and A.A.S). Recorded data included the first author’s name,

year of publication, age, gender and number of patients and con-

trols, the imaging modality (resting-state/task fMRI or VBM) and

type of task in the task fMRI studies. Moreover, we recorded the

peak coordinates (x,y,z) in Talairach (Talairach and Tournoux, 1988)

or Montreal Neurological Institute (MNI) (Evans et al., 1993)  stereo-

tactic space from all experiments and transformed all data into

MNI  coordinates for analysis (Lancaster et al., 2007). We used

the extracted stereotactic coordinates to  conduct the ALE meta-

analysis.

If a  publication did not report the coordinates of activation max-

ima, we contacted the authors. Two studies were excluded (Ayalon

et al., 2009b; Peng et al., 2014) because the authors published two

papers based on the same samples i.e. (Ayalon et al., 2009a, 2009b;

Li et al., 2015; Peng et al., 2014). It is worthy to note that one study

performed both VBM and rs-fMRI measurements (Zhang et al.,

2013)  and another one applied both VBM and task fMRI (Fatouleh

et al., 2014) (Fig. 1).

2.3. Activation likelihood estimation

The statistical analyses were performed using the revised ver-

sion of the activation likelihood estimation (ALE) (Eickhoff et al.,

2012)  based on coordinate-based meta-analyses (CBMA) (Eickhoff

et al., 2009; Laird et al., 2009a; Turkeltaub et al., 2002). ALE assessed

the significant convergence between activation foci from different

experiments (e.g. OSA>controls, OSA<controls) for a  given study in
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comparison with a  random distribution of foci. More specifically,

as the first step, ALE algorithm models the reported foci as center

peaks of 3D Gaussian probability distributions that acknowledge

the spatial uncertainty associated with each focus. The uncertainty

is mainly due to between-subject variations (neuroanatomical vari-

ability and small sample sizes) and between-laboratory differences

(various brain templates, normalization, and analysis strategies).

The number of participants per experiment determines the width

of the spatial uncertainty of any focus (Eickhoff et al., 2012). As the

second step, the probability distributions of all activation foci in

a particular experiment are combined for each voxel, which cre-

ates a  modeled activation map  (MA  map). Thus, these MA maps

summarize localization probabilities of studies and the final ALE

map results from interpolation of these MA  maps describing the

convergence of results across all experiments. During the third

step, an  analytical approach based on a  non-linear histogram inte-

gration is  applied to  test against the null hypothesis of randomly

distributed foci and subsequently significant statistical threshold

set at p < 0.05 family-wise error in cluster level (cFWE). The recent

analysis approach tested for convergence by experiments (random

effects) rather than foci (fixed effects) (Eickhoff et al., 2012); for

further details and a summary of the ALE method please refer to

(Eickhoff and Bzdok, 2013; Laird et al., 2009a,b).

2.4. Functional decoding using the BrainMap database

To assess the functional roles of the abnormal brain regions in

OSA, behavioral decoding using the BrainMap database was con-

sequently performed. More specifically, we tested which types of

tasks were more likely than chance to activate for each of the

meta-analysis common regional gray matter loss and functional

abnormalities (or seeds) (Laird et al., 2009a,b; Rottschy et al., 2013).

The behavioral domain and paradigm class meta-data categories

from the BrainMap database were used for functional charac-

terization of  the clusters. At the time of analysis, the database

included coordinates of reported activation foci and associated

meta-data of more than 10,000 neuroimaging experiments (Laird

et al., 2011, 2009b; Turner and Laird, 2012). Behavioral domains of

the BrainMap database consist of several main categories includ-

ing cognition, action, perception, emotion, and interoception, and

their related sub-categories, which define the neural processes

isolated by the respective contrast. However, paradigm classes

specify the particular applied task (Fox et al., 2005)  (see http://

www.brainmap.org/scribe). For the functional characterization of

common regional atrophy and functional abnormalities, all exper-

iments in the BrainMap database that featured at least one focus

of activation within the seed regions were determined based on

reported activation coordinates. Subsequently, for each behav-

ioral domain and paradigm class category, we identified regional

functional profile by discerning taxonomic labels for which the

probability of finding activation in the respective cluster is signif-

icantly higher than the overall chance across the entire BrainMap

database. Significant level was identified as p <  0.05 using a  bino-

mial test (Caspers et al., 2014; Muller et al., 2013; Rottschy et al.,

2013).

2.5. Whole-brain co-activation profiles

In order to map brain regions that feature significant co-

activation with the regions identified in the OSA structural

and functional meta-analysis, we performed meta-analytic co-

activation modeling (MACM). More specifically, we tested how

likely it is  that the experiments activating the particular region

also activate other brain voxels above chance (Eickhoff et al., 2011;

Robinson et al., 2010). In order to perform MACM,  first we iden-

tified all experiments in the BrainMap database that activate the

convergent seeds. Then, quantitative meta-analysis was applied to

test for convergence across the foci reported in the experiments.

Inevitably, the highest convergence will be observed in the seed

regions because experiments are already selected by activation

in those seeds. Significant convergence of reported foci in other

brain areas represents consistent co-activation or functional con-

nectivity of other voxels with the seeds. More specifically, MACM

provides information on the functional interactions of cortical mod-

ules based on their whole-brain co-activation pattern across the

BrainMap database (Eickhoff et al., 2011; Laird et al., 2013).

3. Results

Fifteen publications that recruited 290 OSA patients and 290

healthy controls were included (Ayalon et al., 2009a, 2006; Fatouleh

et al., 2014; Harper et al., 2003; Henderson et al., 2003; Joo et al.,

2010; Li et al., 2015; Macey et al., 2006, 2003; Morrell et al., 2010;

Prilipko et al., 2011; Santarnecchi et al., 2013; Torelli et al., 2011;

Yaouhi et al., 2009; Zhang et al., 2013) (Table 1,  Fig. 1). These publi-

cations collectively reported results from 30 experiments; of which

17 experiments were reported as the “OSA<controls” contrasts and

13 experiments for the “OSA>controls” contrasts.

3.1. Convergence of neuroimaging findings in OSA

Testing for significant convergence across all eligible neu-

roimaging experiments comparing subjects with OSA to healthy

controls yielded two significant clusters, one located in the right

amygdala/hippocampus, the other in the right central insula

(p <  0.05 FWE corrected in cluster level) (Fig. 2).

The cluster of convergence in the right amygdala/hippocampus

was driven by a 62.5% contribution from task-fMRI studies

(cognitive stimulation paradigms contributed 35% and sensory

stimulation paradigms contributed 27.5%). Further 37.5% of con-

tribution was driven by VBM studies. No contribution from

resting-state fMRI was  noted. The identified shared cluster of

reduced grey matter volume and functional hypo-activation in

OSA patients (local maximum: 22/-10/-22 in MNI  space) was

then anatomically allocated to the internal subdivision of the

human right amygdala and hippocampus, as defined by histological

(Amunts et al., 2005) and functional (Amft et al., 2015; Bzdok et al.,

2013; Robinson et al., 2015; Robinson et al., 2010) criteria using the

SPM Anatomy Toolbox (Eickhoff et al., 2005). Majority of the cluster

volume (31%) appeared assigned to  the basolateral nucleus of the

amygdala, with smaller portions extending into the CA1 (14%), CA3

(13%), and subiculum (9%) (Fig. 2A). A second cluster of significant

convergence was located in the right central insula (local maxi-

mum: 40/2/-4 in MNI space) (Cauda et al., 2012; Kurth et al., 2010).

This result was almost completely driven by the hypo-activations

in task-fMRI studies (99.9%). Among those, cognitive stimulation

paradigms contributed 55.4% and sensory stimulation paradigms

contributed 44.5% to the right central insula (Fig. 2B).

Supplementary analyses targeting convergence among specific

aspects confirmed these key findings. We then tested for sig-

nificant convergence across the functional MRI findings, pooling

across task- and resting-state fMRI analyses in order to  provide a

global assessment of aberrant functional patterns in OSA patients.

Accounting for multiple comparisons across the entire brain, a

significant convergence was  again identified in the right basolat-

eral amygdala/hippocampus and right central insula. Subsequently,

we sub-analysed only task-based fMRI studies, identifying the

same regions as significant. Due to  the low number of available

experiments, resting-state functional imaging findings could not

be reliable assessed in isolation at this point.
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Fig. 2. Convergence of structural and functional difference in obstructive sleep apnea compared with healthy controls. Location of the significant convergence of gray matter

reduction and functional disturbance in the right basolateral nucleus of the human amygdala/hippocampus (A) and in the right central insula (B). Results are from the

Activation Likelihood Estimation for sleep apnea meta-analyses. All activations are significant at P <  0.05 corrected for multiple comparisons using the family-wise error rate

in  cluster level (cFWE).

In summary, the performed series of quantitative meta-analyses

on structural and functional neuroimaging findings in OSA patients

revealed consistent evidence for primarily structural atrophy and

functional disturbances (task-related hypo-activations) in the right

amygdala/hippocampus and right central insula.

3.2. Functional decoding using the BrainMap database

In order to assess the functional roles of these two  brain regions,

which feature the most consistent evidence for OSA-related aber-

rations, we performed behavioral decoding using the BrainMap

database. More precisely, we tested which types of tasks were

more likely than by chance to  activate the right basolateral amyg-

dala/hippocampus and right central insula regions identified in the

main ALE analysis. We  found a  significant (p <  0.05, corrected for

multiple comparisons) association of the right basolateral amyg-

dala/hippocampus region with affective and emotional processing,

perception/interoception, memory-related processes, somatosen-

sory functions (Fig. 3A). The cluster located on the right central

insular cortex was reported as associated with somatosensory pro-

cessing, and in particular with pain processing (p < 0.05 corrected

for multiple comparisons) (Fig. 3B).

In  summary, the behavioral decoding of the two identified

regions via BrainMap functional database indicates their previous

significant association with sensory and phylogenetic older limbic

processes.

3.3. Whole-brain co-activation profiles

As  our next step and in order to map  brain regions that feature

significant co-activation with the two identified regions, we per-

formed MACM.  In  first instance, those experiments in BrainMap

that feature activation in the region of the right basolateral amyg-

dala/hippocampus and the right central insula were identified.

Those regions that were more likely than by chance to  be co-

recruited with these seeds and may hence be considered as a  part

of the functionally connected networks, were then further investi-

gated by an ALE meta-analysis across identified experiments.

The MACM analysis indicated significant (p <  0.05 FWE corrected

in cluster level) co-activation of the right amygdala/hippocampus

region with several bilateral brain regions. In particular, co-

activations were found with the left amygdala/hippocampus

(Bzdok et al., 2013; Robinson et al., 2015, 2010), medial prefrontal

(area FP2 (Bludau et al., 2014)), anterior cingulate cortex (areas s24

and s32 (Palomero-Gallagher et al., 2015)), posterior-medial frontal
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Fig. 3. Behavioral characterization of the significant cluster in the right amygdala/hippocampus (A) and in the right central insula (B). Only behavioral domains significantly

associated with the respective clusters at p  <  0.05 (corrected for multiple comparisons) are illustrated.

Fig. 4. The results of meta-analytic connectivity modeling analysis. Task-based co-activation pattern of the right basolateral amygdala/hippocampus (A) and of the right

central insula (B). All activations are significant at  P  < 0.05 corrected for multiple comparisons using the family-wise error rate in cluster level (cFWE).

cortex (Nachev et al., 2008), and bilateral mid-fusiform gyrus (pre-

sumably corresponding to the fusiform face region) (Caspers et al.,

2014). We  also found significant co-activation with the bilateral

thalamus (e.g. mediodorsal and anterior nuclei projecting to the

prefrontal cortex and the ventral lateral and ventral anterior nuclei

shown to project to motor and premotor cortices (Behrens et al.,

2003)). In addition the anterior insula and adjacent ventro-lateral

prefrontal cortex (vlPFC) (Kurth et al., 2010), as well as precuneus

and posterior cingulate cortex (PCC) (Bzdok et al., 2015) were iden-

tified bilaterally (Fig. 4A).

Significant (p <  0.05 cFWE corrected) co-activation of the right

central insula was largely symmetrically across both hemispheres.

Co-activated regions comprised the bilateral parietal operculum

(areas OP 1  and OP 4) (Eickhoff et al., 2006a, 2006b)  and adja-

cent inferior parietal cortex (areas PFop and PFcm (Caspers et al.,

2008)), bilateral thalamus (Behrens et al., 2003) and posterior-

medial frontal cortex (Bzdok et al., 2015). We also found significant

co-activation with the bilateral ventral striatum and the basal fore-

brain. Finally, co-activated regions comprised the entire insula and

perisylvian cortex including the adjacent ventro-lateral prefrontal

cortex (Bludau et al., 2014; Cauda et al., 2012; Kurth et al., 2010)

(Fig. 4B).

As the last step, we analysed the concurrence activations across

both MACM analyses in order to identify regions that feature

significant task-based co-activation with both seeds (right amyg-

dala/hippocampus and right central insula). This analysis revealed

the bilateral anterior insula and left opercular area OP 1, bilat-

eral thalamus, as well as posterior-medial frontal cortex (Fig. 5A).

Assessing the functions significantly associated with this entire

network through behavioral characterization using the BrainMap

database similarly suggested a  strong connection with perception

and somatosensory processing (Fig. 5B).
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Fig. 5. Conjunction analysis demonstrated regions significantly co-activated with both seeds (right basolateral amygdala/hippocampus and right central insula) (A). (B)

Functional characterization of network shown in figure 5A (p < 0.05 corrected).

4. Discussion

It has been suggested that the diverse and often conflicting

findings regarding brain structure and function in a  variety of dis-

orders may  be ameliorated by a  more finely tuned understanding

of which structures in networks are most implicated (Celle et al.,

2015; Eickhoff and Bzdok, 2013). In  this vein, in our study, we

have undertaken to  gain greater understanding of core features

of regional volume and activity alteration in patients with OSA

across the published literature by using the ALE meta-analysis of

currently available functional and structural imaging studies. This

has been done with view to  address the impact of diffuse changes in

important areas on emotions, sensory and cognition impairments

in patients with OSA.

In our study, the combined ALE quantitative analyses on

group contrasts between patients with OSA and healthy controls

highlighted structural atrophy and functional disturbances (task-

related hypo-activations) in the clusters corresponding to  the right

basolateral amygdala/hippocampus and the right central insula

(Fig. 2). These highlighted regions, the amygdala/hippocampus and

the insular cortex, have so  far been relatively neglected nodes

in the OSA neurocircuitry fingerprint. The likely contribution of

these structures to recognized deficits and disabilities in OSA is

hence explored here further. Behavioral decoding analyses of these

two regions demonstrated the possible dysfunction of emotional,

sensory, and cognitive processes (Fig. 3). The results of MACM anal-

ysis inferred that the right basolateral amygdala/hippocampus and

central insula also comprise a network with the bilateral anterior

insula, posterior-medial frontal cortex and thalamus (Figs. 4  and 5).

4.1. Amygdala/hippocampus ‘node’ and OSA

Convergent functional and structural alteration in the right

basolateral amygdala and the CA1/CA3 regions of hippocampus and
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the subiculum (Fig. 2A) in our results appears to have been driven

by contribution of both structural and functional neuroimaging.

4.1.1. Basolateral nucleus of amygdala

It has been posited that one of the functions of the amygdala

is to  link sensory input to  emotional responses that then guide

behavior (Whalen and Phelps, 2009). Aberrant facial emotions

processing, emotional blunting and even aberrant sexual behav-

iors, dysfunctional memory and olfactory processing (Davis and

Whalen, 2001), have all been reported with damage to  amygdala

(Davis and Whalen, 2001; Paxinos, 2004). Apart from the emotional

processing, it has also been shown that basolateral nucleus of amyg-

dala is involved in spatial and motor learning (Davis and Whalen,

2001). The majority of listed deficits have also been reported to a

smaller or larger degree in patients with OSA (Kryger et al., 2011;

Rosenzweig et al., 2015).

The importance of amygdala as one of structures affected by the

chronic process of OSA has been previously intimated by several

studies (Fatouleh et al., 2014; Kheirandish-Gozal et al., 2014; Mukai

et al., 2013). For instance, in children with OSA, during watch-

ing empathy-eliciting scenarios, the severity of OSA predicted less

sensitivity to  harm in the left amygdala (Kheirandish-Gozal et al.,

2014). In general, a  greater neural recruitment of regions implicated

in cognitive control, conflict monitoring, and attentional allocation

has been required in those children with OSA in order to  perform at

the same level as children without OSA (Kheirandish-Gozal et al.,

2014). The results of our meta-analysis may  go some way to explain

an aberrant facial cues processing previously noted in children.

Namely, our findings implicated the co-activation of nominally

important regions and circuitry for this processing, e.g. the right

amygdala region co-activation with the mid-fusiform gyrus, corre-

sponding to  the face region, and the anterior hippocampus, ventral

striatum, contralateral amygdala, and the contralateral prefrontal

cortex was found (Fig. 4A). Of all nuclei, the basolateral nucleus of

amygdala appeared most affected according to the pooled results

of the meta-analysis (Fig. 2A).

Preclinical investigations of the amygdala connectivity suggest

that the basolateral amygdala receives sensory information from

the thalamus, hippocampus and cortex and then activates or mod-

ulates synaptic transmission in target areas appropriate for the

reinforcement signal with which the sensory information has been

associated (Paxinos, 2004). In animals, amygdala has been shown

as vital for learning procedures and stress-induced conditioning

that involves pairings of potent and arbitrary chemosensory stim-

uli (Wang et al., 2006). For example, an animal study demonstrated

that corticotropin-releasing factor receptors within the basolateral

amygdala are involved in regulating fear-conditioned alterations in

sleep (Wellman et al., 2013).

Similarly, and in keeping with these studies behavioral decod-

ing of the regions highlighted by our meta-analysis suggested

a  significant association with affective and emotional process-

ing, memory-related processes, and chemo-sensory processing

(Fig. 3A).

Moreover, it has been suggested that the role of the amyg-

dala in modulating momentary levels of vigilance in response to

uncertainty underscores its likely importance for the etiology of

anxiety disorders, MDD and PTSD (Davis and Whalen, 2001; Etkin

et al., 2009; Tahmasian et al., 2013). The increased prevalence of

these psychopathologies has been recognized in patients with OSA,

possibly also suggesting a  dual relationship. A meta-analysis of

functional neuroimaging studies in PTSD and anxiety patients has

suggested the basal portion of the amygdala as the major focus of

hyperactivity (Etkin and Wager, 2007), the same part of amygdala

suggested by findings of our meta-analysis (Fig. 2A).

Recent evidence further suggests that the amygdala is part of a

complex network that mediates the formation of a larger repertoire
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of positive and negative emotions and it’s dysfunctions may lead to

various psychiatric disorders (Langevin, 2012). The pivotal role for

the basolateral amygdala in differentiation of stimuli, and subse-

quent prediction of either positive or negative outcomes, has been

suggested (Namburi et al., 2015). Specifically, it has been shown

that synaptic plasticity in the basolateral amygdala mediates the

acquisition of associative memories of both end of emotional

valences, and that different populations of neurons of that com-

plex may encode fearful or rewarding associations (Namburi et al.,

2015). For example, it appears that basolateral nucleus neurons

that project to the nucleus accumbens undergo synaptic changes

following reward conditioning, whilst those that project to centro-

medial nucleus of amygdala undergo synaptic changes following

fear conditioning (Namburi et al., 2015). Hence, it follows that the

importance of  hypotrophy of such pivotal region such is basolateral

nucleus of amygdala in patients with OSA should not be  ignored. It

is easy to postulate that this deficit must have reverberating impact

on  the patients’ ability to  decipher the very valence of ongoing life

experiences and that in others lead to  emotional blunting such can

be seen in Alzheimer’s disease (AD) or behavioural variant fron-

totemporal dementia (Rosen et al., 2002; Tahmasian et al., 2015b,

2016).

Bzdok and colleagues highlighted the role of basolateral amyg-

dala for processing and integrating environmental information

and coordinating high-level sensory input, while the centrome-

dial area is associated with mediating attentional, vegetative, and

motor responses. Furthermore, they showed that the right baso-

lateral amygdala is coactivated with the following regions: the

left amygdala, dorsomedial prefrontal cortex, temporal pole, pre-

cuneus, inferior parietal cortex bilaterally, ventromedial prefrontal

cortex, superior temporal gyrus/associative auditory cortex, middle

frontal gyrus/frontal eye field, hippocampus, and posterior supe-

rior temporal sulcus on the left side (Bzdok et al., 2013). Our results

are largely in  agreement with the above-mentioned findings and

also with the results of a previous study on amygdala that applied

MACM (Robinson et al., 2010) (Fig. 4A). It also follows that dys-

function of emotional, sensory, and limbic processes reported in

some patients with OSA might be partly explained with structural

and functional alteration of right amygdala/hippocampus region

(Fig. 3A).

4.1.2. Hippocampus

The very possibility of a tripartite link between amygdala, mem-

ory impairment and OSA also posits itself as worthy of further

exploration. The notion that activation of the amygdala during

emotional arousal enhances memory in part by modulating plas-

ticity in the hippocampus is not a new one (Bass and Manns, 2015;

Kluver and Bucy, 1937; McGaugh et al., 2002; McIntyre et al., 2003;

Pare, 2003). In addition, aberrant functional connectivity of amyg-

dala and hippocampus may interact with dysfunctional intrinsic

network activity in MDD (Tahmasian et al., 2013), which might be

related to emotional memory disturbances in OSA as well. More-

over, an aberrant connectivity between the hippocampus and the

cerebellum has been reported in OSA patients, with view that this

may lead to  alterations in a  distributed memory system for asso-

ciative learning (Rosenzweig et al., 2013a). In addition, bilateral

enlargement of hippocampus in OSA patients has been reported

previously (Rosenzweig et al., 2013b)

Of some note is that our results suggest higher damage to

the anterior/ventral part of the hippocampal formation. In  pri-

mates amygdala-projecting neurons are focally restricted to  the

most anterior (uncal) CA1 and pro-subiculum (Strange et al.,

2014), and fMRI activations associated with emotional memory

in  humans have been found to be primarily in anterior regions

(Strange et al., 2014). There is also evidence of double dissocia-

tion between semantic processing in the anterior hippocampus

and non-semantic processing in the posterior hippocampus. One

example of semantic processing that requires flexible expression

of memory is transitive inference (Strange et al., 2014), or a  form of

inferential and deductive reasoning, another previously reported

deficit in OSA patients (Lal et al., 2012).

Similar to our findings, Weng and colleagues found significant

grey matter atrophy mainly on the right in the parahippocampus in

their meta-analysis (Weng et al., 2014). Several preclinical studies

also highlighted parahippocampus and hippocampal formation as

important node contributing to the structural and functional abnor-

malities in OSA. For example, it has been demonstrated that the

hippocampus is the region with high vulnerability to  intermittent

hypoxia, which may underlie the high frequency of neurobehav-

ioral deficits observed frequently in OSA (Gozal et al., 2001b).

Moreover, chronic episodic hypoxia during sleep impairs sub-

stantial region-selective neuronal loss within the CA1 region and

leads to  spatial learning impairments (Gozal et al., 2001a). The

co-activation results of our study for the right hippocampal forma-

tion, (inclusive of anterior CA1 region), are also in agreement with

the previously reported hippocampal co-activated networks (e.g.

mPFC, bilateral superior frontal gyri, left hippocampus and parahip-

pocampal gyrus, amygdala, cingulate cortex, thalamus, fusiform

gyrus) and as such they might go some way towards explaining

deficits in patients with OSA in perceptual, cognitive and affec-

tive processing domains (Robinson et al., 2015). In the same vein,

the functional characterization of the regions highlighted by our

study suggests deficits in the perceptual, cognitive and affective

processing domains (Figs. 3 A, 4 A). Also, one can argue that recently

shown association of OSA with AD and cognitive deficits noted

in patients with OSA could be in part explained with hippocam-

pal dysfunction, as previously demonstrated in AD (Osorio et al.,

2015; Pasquini et al., 2015; Tahmasian et al., 2015b). In addition,

another meta-analysis recently suggested that patients with AD

could have 5 times higher rate of presenting OSA symptoms than

healthy individuals (Emamian et al., 2016).

Of note is also that a  majority of highlighted aberrant find-

ings in our study were found to  be non-dominant-sided. It has

been suggested that there is  a general hemispheric lateralization

of perceptual processing, with lateralization of serial or local pro-

cessing (on the left) versus parallel, global or holistic processing

(on the right) (Igloi et al., 2010). In a  similar manner, some authors

argue that rather than providing a single common function, the

two hippocampi provide complementary representations for nav-

igation (e.g. places on the right and temporal sequences on the

left), both of which likely contribute to  different aspects of episodic

memory (Igloi et al., 2010). The right hippocampus appears specif-

ically involved in memory tasks requiring allocentric processing

of spatial locations and hence its impairment may have clinical

reverberations in patients’ accurate large-scale navigation (Igloi

et al., 2010), and it may possibly also negatively affect the driving

ability in OSA patients. By contrast, the left hippocampus appears

to  be  involved in episodic/autobiographical memory (Igloi et al.,

2010). Similarly, it has been suggested that during response moni-

toring, the right amygdala and rostral anterior cingulate cortex may

mediate aversive conditioning to errors, whereas the left amygdala

may underpin detrimental negative affect concerning performance

(Polli et al., 2009). The possible clinical implication for our OSA

patients would be that combined activity in these structures, which

may serve to help us learn from our mistakes without becoming

overly upset about them, is not optimal. Malfunction within this

system could conceivably also contribute to  the genesis of previ-

ously reported neuropsychiatric deficits prevalent in OSA, such as

depression, emotional lability, anxiety or even aggravation of the

PTSD.
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Taken together, our study posits the amygdala and the

hippocampal formation as important affected nodes in OSA neu-

ropathology.

4.2. Insula and OSA

The right insular cortex has been highlighted as another corti-

cal structure of importance by our results (Fig. 2B). So far, insular

cortex has been somewhat ignored in theoretical constructs of

likely neuropathology that underscores the affective and cognitive

deficits in patients with OSA. Neuroanatomically, insula presents

a nexus at the confluence of several neural pathways. It is densely

interconnected with itself and with almost all cortical association

regions (Cauda et al., 2012; Kelly et al., 2012; Kurth et al., 2010). It

has been shown to  receive sensory, somesthetic and interoceptive

inputs from cortical areas and via the thalamus (Kelly et al., 2012;

Uddin, 2015). It is also interconnected with the medial temporal

lobe, amygdala, and basal ganglia (Kelly et al., 2012). It has been

long proposed that the integration of all these inputs might present

the neural substrate for human phenomenological experience, i.e.

our own idiosyncratic conscious perception and understanding of

a particular situation or phenomenon, further underscoring the

importance of this structure (for detailed overview please refer to

(Kelly et al., 2012).

Our data suggests that OSA patients have convergent hypo-

activation of the right central insula compared to healthy controls

(Fig. 2B). Novel insights into the functional organization and spe-

cialization of the insula suggest that activity in the insula correlates

with the degree of subjective salience, whether it is influenced

by homeostatic, emotional or cognitive factors (Kelly et al., 2012;

Uddin, 2015). Moreover, the subdivisions of insular cortex have

been shown to be co-dependent, and each subdivision partici-

pates to  varying degrees in nearly every task domain that has been

investigated, including those involving language, memory, sensory

(from gustation and olfaction, to  music perception), interoception,

somesthesis and emotional processing (Uddin, 2015). Again, it can

be argued that the majority of listed functions have been recog-

nized as abnormal or lacking to a  varied degree in some patients

with OSA (Kryger et al., 2011).

The relative salience of the multitude of informational inputs

during wakefulness determines those inputs which deserve atten-

tion (Uddin, 2015). An intrinsic brain system known as the ‘salience

network’, with key nodes in the insular cortices, has a  central role in

the detection of behaviorally relevant stimuli and the coordination

of neural resources (Uddin, 2015). Emerging evidence suggests that

atypical engagement of specific subdivisions of the insula within

the SN is a feature of many neuropsychiatric disorders, including

of AD and MDD (Manoliu et al., 2013; Moon et al., 2014; Nagai

et al., 2007). In OSA, localized cortical thinning has been reported

in the region of insular cortices (Joo et al., 2013)  and bilaterally

anterior insular neuronal damage and increased glial activation has

also been shown (Yadav et al., 2014). Similarly, selective functional

disconnection between the right anterior insula and the medial

prefrontal cortex was correlated with the severity of the OSA in

a very recent study, whilst the functional disconnection between

the insula and the posterior cingulate cortex was correlated with

depressive scores and working memory performance of patients

with OSA (Zhang et al., 2015). Of other sleep disorders, patients

with insomnia have also been shown to have a  greater involve-

ment of  the anterior insula, as well as insula BOLD correlation with

EEG gamma  frequency power during rest (Chen et al., 2014). More-

over, this increased involvement of the anterior/ventral insula was

associated with negative affect. For instance, it has been suggested

that here aberrant activation of the insula in arousal networks may

underlie the misperception of sleep quality and subjective distress

in insomnia (Chen et al., 2014). Given that insomnia and sleep apnea

frequently co-exist (Luyster et al., 2010), it is tempting to postu-

late that recently highlighted divergent results of subjective versus

objective complaints in OSA patients may also be a reflection of

similar misperception and/or interoception of variety of bodily and

cognitive functions in a  subgroup of patients with OSA (Rosenzweig

et al., 2015).

Cauda and colleagues demonstrated that anterior insula, mainly

on the right side, plays an important role in saliency detection and

cognition (Cauda et al., 2012). Moreover, the insula can be parcel-

lated to the anterior part, which is characterized by an attentional

pattern of connectivity with frontal, cingulate, parietal, cerebel-

lar regions, whereas the posterior part is characterized by a more

local connectivity pattern with connections to sensorimotor, tem-

poral and posterior cingulate areas (Cauda et al., 2012). It has also

been shown that posterior insula is mainly activated by intero-

ception, perception and emotion (Cauda et al., 2012). In broad

agreement with previous functional implications for insular cor-

tices, the results of our meta-analyses implicate right central insular

region as well as point to the deficits in perceptual, somatosen-

sory and affective processing (Figs. 3 B, 4 B). Arguably our findings

also suggest that sensory and cognitive task-related modulations

of the altered wider neurocircuitry in sleep apnea patients lead to

a  weaker central insular cortex’s functional connectivity and acti-

vation during a  given task, by comparison to healthy volunteers.

However, the possibility that, as of yet unclear maladaptive struc-

tural process in sleep apnea patients, leads to plastic alterations

and  to the “functional” deactivation of this very region, should not

be overlooked.

In that vein and regarding hemispheric lateralization of insu-

lar changes highlighted by our study, an interesting study suggests

insight into the potential mechanisms behind the pathological pro-

cess at hand (Yadav et al., 2014). Namely, Yadav and colleagues

recently showed bilateral insular neuronal damage in OSA patients

with higher glial activation and neuroinflammation on the left

(Yadav et al., 2014). The authors speculated that asymmetrical out-

come could stem from the larger cerebral blood flow on the right

side with the consequences of hypoxemic periods during apnea

having a relatively reduced effect on the right over the left side

(Yadav et al., 2014). In view of our results, however, another inter-

esting possibility presents itself. In  contrast to  their finding, our

results suggest higher impact on the right and conceivably may also

suggest an adaptive role for the microglial activation early on, or  at

certain stages, during the chronic process of OSA in some patients.

How, when and which of the neuroinflammation processes may

be protective/adaptive, and which detrimental/maladaptive, has

become one of the crucial questions in fields of neurodegener-

ative, psychiatric, traumatic and ischemic diseases, and it is of

further interest that many of diseases (etc. MDD, AD,  stroke) have

been found co-morbid or even prevalent in patients with OSA

(Rosenzweig et al., 2015).

4.3. The convergent role for amygdala and insula?

In order to perform a  particular neural function, to form a

thought or an emotion, a  set of brain networks or  systems needs

to transiently interact (Sala-Llonch et al., 2012). The function and

structure of such networks is of particular interest given that abnor-

malities in the interactions of network components can play a

critical role in neuropsychiatric disorders, with damage to specific

functional connectivity nodes and networks giving rise to distinct

neurological and psychiatric syndromes (Bassett and Bullmore,

2009; Seeley et al., 2009; Tahmasian et al., 2016, 2015a,b, 2013).

The results of our conjunctional meta-analysis point to  func-

tionally important co-activation between our seeds (in the right

amygdala/hippocampus and right central insula) and the bilateral

anterior insula, bilateral thalamus, as well as the posterior-medial
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frontal cortex (Fig. 5A). Assessing the behavioral characterization of

both seeds using the BrainMap database demonstrated significant

involvement of somatosensory and affective processing (Fig. 5 B).

These findings are in agreement with previous MACM and behav-

ioral decoding studies on the right amygdala/hippocampus and

right insula (Bzdok et al., 2013; Cauda et al., 2012; Kurth et al.,

2010; Robinson et al., 2015, 2010).

The regions highlighted by our meta-analyses: the right amyg-

dala/hippocampus and right central insula all exist, or contribute

to, the flow of  information as connection hubs on one of the three

important intrinsic connectivity networks: the default mode net-

work (DMN), the central executive network (CEN) and the salience

network (SN). Of these, CEN (including the dorsolateral prefrontal

cortex and posterior parietal cortex) and DMN (including the

medial prefrontal cortex (mPFC)) and PCC are two important anti-

correlated cognitive-related networks (Menon, 2011; Sala-Llonch

et al., 2012). The DMN plays a  competitive role with the majority of

task-related networks and the activation of a cognitive task-related

network is commonly accompanied by deactivation of the DMN

(Buckner et al., 2008; Sala-Llonch et al., 2012). It has been shown

that the connectivity within DMN  regions in task-fMRI studies con-

tributes to  the facilitation or monitoring of cognitive performance,

and that the differences in functional coupling within DMN  regions

can predict differences in cognitive performance (Sala-Llonch et al.,

2012).

Over the years, numerous neuroimaging studies have been per-

formed to identify structural and functional brain impairments in

OSA patients in order to explain for noted emotional and cogni-

tive deficits, including altered brain activation and deactivation in

the CEN, DMN and SN (Zhang et al., 2015, 2013). Defective deactiva-

tion of DMN  in patients with OSA during task has been suggested by

findings of one study, which also proposed the intermittent hypoxia

damage as a  more likely culprit behind observed aberrant connec-

tivity (Prilipko et al., 2011). In addition, differential compensatory

spatial recruitment of the task positive network and DMN  has been

demonstrated, with a different pattern of spatial recruitment and

deactivation noted in comparison to  healthy controls (Prilipko et al.,

2011). An altered activation of the CEN and deactivation of the DMN

during working memory tasks in OSA patients has also been shown

(Zhang et al., 2015). Similarly, in rs-fMRI studies functional discon-

nection in brain areas of the CEN and DMN  in OSA patients has

been reported (Zhang et al., 2013). Taken together, these findings

might be taken to suggest a role for the functional impairment of

the CEN and DMN in cognitive deficits in patients with OSA. Of

note, some of those alterations have been reported as reversible

and CPAP treatment has been shown to  increase the connectivity

of the DMN in elderly patients with OSA and to  attenuate cortical

thinning (Dalmases et al., 2015).

The functional disconnection of the insular cortex with the CEN

and DMN networks has been reported in normal aging and many

neuropsychiatric, neurodegenerative disorders (Tahmasian et al.,

2013, 2016; Manoliu et al., 2013). In keeping with the findings

of our meta-analysis that highlighted ventral insular cortex as an

important node in somatosensory, neurocognitive, perceptual and

affective deficits in patients with OSA, a  recent study has demon-

strated decreased functional connectivity of the right insular cortex

with the main nodes of the DMN. This has been taken to indicate the

functional disconnection between the SN and DMN  in OSA patients

(Zhang et al., 2015). In addition, the decrease in functional con-

nectivity between the right AI and the mPFC has been significantly

correlated with the apnea and hypopnea index (AHI value). This

correlation has been taken to  suggest the injury by the intermit-

tent hypoxia as the most likely culprit underscoring the aberrant

disconnection (Zhang et al., 2015). It has been suggested that the

functional disconnection between the insular cortex and the DMN

may in itself be sufficient to  lead to  aberrant cognitive control sig-

nals and to result in cognitive impairment in OSA patients (Zhang

et al., 2015). In addition, in another study, the abnormal insular cor-

tex metabolites in adults with OSA showed significant correlations

with disease severity and neuropsychological status, suggesting not

just cognitive but also emotional/affective impact of this disconnec-

tion (Yadav et al., 2014).

Finally, we  found significant connectivity between the seeds

(the right amygdala/hippocampus and right central insula) and

bilateral anterior insula and left opercular area, bilateral thalamus,

as well as posterior-medial frontal cortex (Fig. 5A). This pattern

closely resembles the canonical frontoparietal executive control

network (e.g. CEN) identified in many studies of cognitive con-

trol over emotional and non-emotional material (Etkin et al., 2009).

This coordinated network has also been observed using rs-fMRI and

as previously noted; it has been reliably dissociated from the SN

(Etkin et al., 2009). The executive control network in healthy con-

trols does not normally include the amygdala or insula, and thus

coupling of these two structures with this network and impaired

dissociation with SN, and possibly also impaired deactivation of

DMN in patients, likely further reflects a chronic disorder driven

network-level neural adaptation.

In summary, the noted aberrant connectivity could be argued

to underlie previously reported dysmetric deficits of affect, atten-

tion, information processing and visuo-motor control (Rosenzweig

et al., 2015, 2014). Of further note, similar aberrant connectivity

with some of these networks has also been recently reported in

patients with generalised anxiety disorder, MDD, and PTSD (Brown

et al., 2014; Etkin et al., 2009; Manoliu et al., 2013; Tahmasian et al.

2013).

4.4. Research in context

Recently, an ALE meta-analysis on eight VBM studies found

significant reductions in gray matter of the bilateral parahippocam-

pal (more robust on the right side) and frontotemporal regions

(less-pronounced) in patients with OSA (Weng et al., 2014). Simi-

larly, our meta-analysis suggests convergent grey matter atrophy

and functional hypo-activation in the basolateral amygdala and

the hippocampal formation. Unlike their study, our ALE analysis

included both structural and functional (e.g. task-fMRI and rs-fMRI)

neuroimaging studies in order to  comprehensively assess both

abnormalities in OSA. Due to  our stringent inclusion criteria we

have excluded several structural studies that were otherwise incor-

porated by them (Weng et al., 2014), For example, we excluded all

those previous studies that did not report standard space coordi-

nates (Macey et al., 2002; Morrell and Twigg, 2006), studies that

did not find group difference between OSA patients and controls

(O’Donoghue et al., 2005), and one interventional study (Canessa

et al., 2011). In addition, in our meta-analysis we used as a  sta-

tistically significant cut off point P < 0.05 corrected for multiple

comparisons using the FWE in cluster level. This cut off point is

more conservative than False Discovery Rate (FDR) used in that

meta-analyses (Weng et al., 2014) and as such has likely had an

impact on our results. Moreover, we indentified behavioral charac-

terization of the seed regions using the BrainMap database and also

task-based co-activation patterns of functionally connected areas

to  these regions, which have not been previously done.

4.5. Potential limitations of the present study

Coherent summary of the neuroimaging literature about the

impact of OSA on the brain that is growing in scope and com-

plexity requires increasingly sophisticated tools for synthesizing

findings across studies. The meta-analysis has been accepted as an

important tool to  develop new hypotheses on structure–function

correspondence and to establish consensus on the locations of func-
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tional regions in diseases such as OSA across previously published

studies (Eickhoff and Bzdok, 2013; Eickhoff et al., 2012; Wager et al.,

2009). Nonetheless, the meta-analysis itself is not fully immune

of limitations that arise from characteristics of the primary stud-

ies under review (Wager et al., 2009). It is hence of importance to

recognize that despite best efforts to circumvent many limitations

connected to single studies and the stringent exclusion and inclu-

sion criteria used, the studies included in our meta-analysis differed

regarding design, methodology, and the study population. Unfor-

tunately, none of the above mentioned analysis, controlled for age

or gender covariates across studies due to current methodological

limitations. In addition, the majority of the included studies in our

meta-analysis investigated the brain activation or changes in a  sam-

ple of men  without consideration of possible gender differences and

thus, we were not able to identify the activation patterns separately

for both genders. Similarly, it is impossible to account for separate

activation patterns at various stages of OSA in different study pop-

ulations, and to discern the temporal vector of the noted changes.

Additionally, it should be also noted that although we included all

available neuroimaging studies that satisfied our predetermined

criteria, it is still possible that the sample size for our meta-analysis

has underpowered our findings. For example, in this study our

exclusion criteria stipulated exclusion of interventional studies

and it is possible that their inclusion might have strengthened

our findings. Future studies can apply various cognitive and emo-

tional task fMRI to understand different angels of the associated

neuropsychiatric symptoms of OSA (e.g. memory loss, depression).

Moreover, we did not find any results from rs-fMRI experiments

maybe because of low number of available rs-fMRI studies. rs-

fMRI as  a  promising non-invasive tool is, however, currently widely

employed to measure functional connectivity alteration in different

neuropsychiatric disorders and maybe future studies can imple-

ment it to assess the intrinsic functional abnormalities in OSA.

Beside those primary source-related issues, the very determi-

nation of  the consistent brain structures differences remains the

problem in various meta-analysis methods, including in the ALE

method, which was utilized in this study. The CBMA method uses

precise coordinates (rather than general regional labels) as its

input. The issue arises from the fact that these peak coordinate

foci are limited indicators of the location of a  significant anatomi-

cal difference (Fox et al., 2014; Wager et al., 2009). Finally, during

the ALE analysis, overlapping clusters of difference are commonly

found by averaging across different peak coordinates, increasing

the risk that with two or more relatively nearby peak foci, ALE

will find an average, ‘significant’ cluster somewhere between these

foci in a  brain region which was actually not reported in the

source studies (Fox et al., 2014). On the other hand, one study rec-

ommended using image-based rather than CBMA method in ALE

meta-analysis, which was applied in this study. The reason is the

CBMA method provide less information from each study (Salimi-

Khorshidi et al., 2009). However, the original data is often very

difficult to obtain from previous studies than reported peak coor-

dinates. Hence, CBMA is still the standard ALE approach to  detect

convergent regional abnormalities in neuropsychiatric disorders

(Eickhoff and Bzdok, 2013).

5. Conclusions

The impact of oxidative and neuroinflammatory effects of OSA

on the right amygdala/hippocampus along with the right insu-

lar cortex and other subcortical and cortical structures plays an

important role, which has been previously suggested to underscore

several of subjective and objective cognitive and emotional com-

plaints of adult OSA patients (Rosenzweig et al., 2015). Here, we

present findings of the meta-analysis on neuroimaging studies that

also implicates the right amygdala/hippocampus complex and the

insular cortex as important nodes on the affected cognitive and

affective circuitry in OSA patients. Moreover, in accordance with

this and previous studies, the behavioral characterization of the

entire highlighted network using the BrainMap database suggested

implications for the emotional and memory related functions, as

well as somatosensory processing in the affected patients. A MACM

analysis demonstrated that the right amygdala/hippocampus and

insula are part of a  joint network comprising the anterior insula,

posterior-medial frontal cortex and thalamus. Further, our study

strongly suggested non-dominant lateralization of noted chronic

deficits in OSA. It was  outside the scope of this paper to  provide

any detailed mechanistic insights behind this phenomenon, how-

ever, its significance should not be ignored and should be further

explored in future studies.

Taken collectively, neuroimaging and neurophysiological stud-

ies in patients with OSA have delineated a  putative regional

“fingerprint” of OSA-induced brain injury. They purport a dis-

connection of the fronto-parietal regions and a disruption of the

thalamocortical oscillator, with involvement of the hippocampal

formation (Rosenzweig et al., 2016a,b).

One of the challenges for future research will be to  estab-

lish and differentiate the nuanced task fMRI profiles and patterns

of functional connectivity of particular subdivisions of the insula

and amygdala with the intrinsic brain networks in OSA patients.

Given the burgeoning body of research into aberrant connectivity

of intrinsic brain networks and their implication in disorders such

as AD and other neuropsychiatric and neurodegenerative disorders,

the ability to decipher correct or convergent biomarkers for each

of these disorders can not be overstated. Ideally, any such research

would also make it possible to delineate specific contribution of

several of neuropathological facets of OSA injury on any changes

noted, e.g. sleep fragmentation versus the impact of intermittent

hypoxia versus any other confounding factors such as obesity. This

has so far been difficult to  implement, but future careful exper-

imental designs might help with this issue. In particular targeted

cognitive and emotional tasks fMRI studies could be  well positioned

to explore some of the previously reported neurocognitive and neu-

ropsychiatric symptoms associated with OSA. Finally, it is hoped

that the findings presented here may offer a tentative first step

towards this task, as well as to provide an initial theoretical frame-

work for interpreting the aberrant activity within these network

nodes.

Conflict of interest

The authors declare that the research was  conducted in the

absence of any commercial or financial relationships that could be

construed as a  potential conflict of interest.

Acknowledgments

Author M.T is supported by the Kermanshah University of Med-

ical Sciences; Author I. R. is supported by the Wellcome Trust

[103952/Z/14/Z].

References

Amft, M.,  Bzdok, D., Laird, A.R., Fox, P.T., Schilbach, L., Eickhoff, S.B., 2015.
Definition and characterization of an  extended social-affective default
network. Brain Struct. Funct. 220, 1031–1049.

Amunts, K., Kedo, O., Kindler, M.,  Pieperhoff, P., Mohlberg, H., Shah, N.J., Habel, U.,
Schneider, F., Zilles, K., 2005. Cytoarchitectonic mapping of the human
amygdala, hippocampal region and entorhinal cortex: intersubject variability
and probability maps. Anat. Embryol. 210, 343–352.

Ashburner, J., Friston, K.J., 2000. Voxel-based morphometry—the methods.
NeuroImage 11, 805–821.



154 M. Tahmasian et al. /  Neuroscience and Biobehavioral Reviews 65  (2016) 142–156

Ayalon, L., Ancoli-Israel, S., Klemfuss, Z., Shalauta, M.D., Drummond, S.P., 2006.
Increased brain activation during verbal learning in obstructive sleep apnea.
NeuroImage 31, 1817–1825.

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

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

Baril, A.A., Gagnon, K., Arbour, C., Soucy, J.P., Montplaisir, J., Gagnon, J.F., Gosselin,
N., 2015. Regional cerebral blood flow during wakeful rest in older subjects
with mild to severe obstructive sleep apnea. Sleep.

Bass, D.I., Manns, J.R., 2015. Memory-enhancing amygdala stimulation elicits
gamma synchrony in the hippocampus. Behav. Neurosci. 129, 244–256.

Bassett, D.S., Bullmore, E.T., 2009. Human brain networks in health and disease.
Curr. Opin. Neurol. 22, 340–347.

Behrens, T.E.J., Johansen-Berg, H., Woolrich, M.W.,  Smith, S.M., Wheeler-Kingshott,
C.A.M., Boulby, P.A., Barker, G.J., Sillery, E.L., Sheehan, K., Ciccarelli, O.,
Thompson, A.J., Brady, J.M., Matthews, P.M., 2003. Non-invasive mapping of
connections between human thalamus and cortex using diffusion imaging.
Nat. Neurosci. 6, 750–757.

Bludau, S., Eickhoff, S.B., Mohlberg, H., Caspers, S., Laird, A.R., Fox, P.T., Schleicher,
A., Zilles, K., Amunts, K., 2014. Cytoarchitecture, probability maps and
functions of the human frontal pole. NeuroImage 93, 260–275.

Brown, V.M., LaBar, K.S., Haswell, C.C., Gold, A.L., Mid-Atlantic, M.W., McCarthy, G.,
Morey, R.A., 2014. Altered resting-state functional connectivity of basolateral
and centromedial amygdala complexes in posttraumatic stress disorder.
Neuropsychopharmacol.: Off. Publ. Am.  Coll. Neuropsychopharmacol. 39,
351–359.

Bucks, R.S., Olaithe, M.,  Eastwood, P., 2013. Neurocognitive function in obstructive
sleep apnoea: a meta-review. Respirology 18, 61–70.

Buckner, R.L., Andrews-Hanna, J.R., Schacter, D.L., 2008. The brain’s default
network: anatomy, function, and relevance to disease. Ann. N. Y. Acad. Sci. 11
(March (24)), 1–38.

Bzdok, D., Laird, A.R., Zilles, K., Fox, P.T., Eickhoff, S.B., 2013. An investigation of the
structural, connectional, and functional subspecialization in the human
amygdala. Hum. Brain Mapp. 34, 3247–3266.

Bzdok, D., Heeger, A., Langner, R., Laird, A.R., Fox, P.T., Palomero-Gallagher, N.,
Vogt, B.A., Zilles, K., Eickhoff, S.B., 2015. Subspecialization in the human
posterior medial cortex. NeuroImage 106, 55–71.

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

Caspers, S., Eickhoff, S.B., Geyer, S., Scheperjans, F., Mohlberg, H., Zilles, K., Amunts,
K., 2008. The human inferior parietal lobule in stereotaxic space. Brain Struct.
Funct. 212, 481–495.

Caspers, J., Zilles, K., Amunts, K., Laird, A.R., Fox, P.T., Eickhoff, S.B., 2014. Functional
characterization and differential coactivation patterns of two cytoarchitectonic
visual areas on the human posterior fusiform gyrus. Hum. Brain Mapp. 35,
2754–2767.

Cauda, F., Costa, T., Torta, D.M.E., Sacco, K., D’Agata, F., Duca, S., Geminiani, G., Fox,
P.T., Vercelli, A., 2012. Meta-analytic clustering of the insular cortex
characterizing the meta-analytic connectivity of the insula when involved in
active tasks. NeuroImage 62, 343–355.

Celle, S., Delon-Martin, C., Roche, F., Barthelemy, J.C., Pepin, J.L., Dojat, M., 2015.
Desperately seeking grey matter volume changes in sleep apnea: a
methodological review of magnetic resonance brain voxel-based
morphometry studies. Sleep Med. Rev.

Chen, M.C., Chang, C., Glover, G.H., Gotlib, I.H., 2014. Increased insula coactivation
with salience networks in insomnia. Biol. Psychol. 97, 1–8.

Dalmases, M., Sole-Padulles, C., Torres, M.,  Embid, C., Nunez, M.D.,
Martinez-Garcia, M.A., Farre, R., Bargallo, N., Bartres-Faz, D., Montserrat, J.M.,
2015. Effect of CPAP on cognition, brain function and structure among elderly
patients with obstructive sleep apnea: a randomized pilot study. Chest.

Davis, M.,  Whalen, P.J., 2001. The amygdala: vigilance and emotion. Mol. Psychiatry
6, 13–34.

Eickhoff, S., Bzdok, D., 2013. Meta-analyses in basic and clinical neuroscience: state
of the art and perspective. In: Ulmer, S., Jansen, O. (Eds.), fMRI. Springer, Berlin
Heidelberg, pp. 77–87.

Eickhoff, S.B., Stephan, K.E., Mohlberg, H., Grefkes, C., Fink, G.R., Amunts, K., Zilles,
K.,  2005. A new SPM toolbox for combining probabilistic cytoarchitectonic
maps and functional imaging data. NeuroImage 25, 1325–1335.

Eickhoff, S.B., Amunts, K., Mohlberg, H., Zilles, K., 2006a. The human parietal
operculum: II. Stereotaxic maps and correlation with functional imaging
results. Cereb. Cortex 16, 268–279.

Eickhoff, S.B., Schleicher, A., Zilles, K., Amunts, K., 2006b. The human parietal
operculum. I. Cytoarchitectonic mapping of subdivisions. Cereb. Cortex 16,
254–267.

Eickhoff, S.B., Laird, A.R., Grefkes, C.,  Wang, L.E., Zilles, K., Fox, P.T., 2009.
Coordinate-based activation likelihood estimation meta-analysis of
neuroimaging data: a  random-effects approach based on  empirical estimates
of spatial uncertainty. Hum. Brain Mapp. 30, 2907–2926.

Eickhoff, S.B., Bzdok, D., Laird, A.R., Roski, C., Caspers, S., Zilles, K., Fox, P.T., 2011.
Co-activation patterns distinguish cortical modules, their connectivity and
functional differentiation. NeuroImage 57, 938–949.

Eickhoff, S.B., Bzdok, D., Laird, A.R., Kurth, F., Fox, P.T., 2012. Activation likelihood
estimation meta-analysis revisited. NeuroImage 59, 2349–2361.

Ellen, R.L., Marshall, S.C., Palayew, M., Molnar, F.J., Wilson, K.G., Man-Son-Hing, M.,
2006. Systematic review of motor vehicle crash risk in persons with sleep
apnea. J. Sleep Clin. Med. 2, 193–200.

Emamian, F., Khazaie, H., Tahmasian, M., Leschziner, G.D., Morrell, M.J., Hsiung,
G.-Y.R., Rosenzweig, I., Sepehry, A.A., 2016. The association between
obstructive sleep apnea and Alzheimer’s disease: a  meta-analysis perspective.
Front. Aging Neurosci.

Etkin, A., Wager, T.D., 2007. Functional neuroimaging of anxiety: a meta-analysis
of emotional processing in PTSD, social anxiety disorder, and specific phobia.
Am.  J. Psychiatry 164, 1476–1488.

Etkin, A., Prater, K.E., Schatzberg, A.F., Menon, V., Greicius, M.D., 2009. Disrupted
amygdalar subregion functional connectivity and evidence of a compensatory
network in generalized anxiety disorder. Arch. Gen. Psychiatry 66, 1361–1372.

Evans, D.L.C., Mills, R.E.D., Brown, R.L., 1993. 3D statistical neuroanatomical models
from 305 MRI volumes. Nuclear Science Symposium and Medical Imaging
Conference, IEEE Conference Record, 1813–1817.

Fatouleh, R.H., Hammam, E., Lundblad, L.C., Macey, P.M., McKenzie, D.K.,
Henderson, L.A., Macefield, V.G., 2014. Functional and structural changes in the
brain associated with the increase in muscle sympathetic nerve activity in
obstructive sleep apnoea. NeuroImage Clin. 6, 275–283.

Fox, P.T., Laird, A.R., Fox, S.P., Fox, P.M., Uecker, A.M., Crank, M.,  Koenig, S.F.,
Lancaster, J.L., 2005. BrainMap taxonomy of experimental design: description
and evaluation. Hum. Brain Mapp. 25, 185–198.

Fox, K.C., Nijeboer, S., Dixon, M.L., Floman, J.L., Ellamil, M.,  Rumak, S.P., Sedlmeier,
P., Christoff, K., 2014. Is  meditation associated with altered brain structure? A
systematic review and meta-analysis of morphometric neuroimaging in
meditation practitioners. Neurosci. Biobehav. Rev. 43, 48–73.

Gozal, D., Daniel, J.M., Dohanich, G.P., 2001a. Behavioral and anatomical correlates
of chronic episodic hypoxia during sleep in the rat. J.  Neurosci. 21, 2442–2450.

Gozal, E., Row, B.W., Schurr, A., Gozal, D., 2001b. Developmental differences in
cortical and hippocampal vulnerability to  intermittent hypoxia in the rat.
Neurosci. Lett. 305, 197–201.

Gozal, D., 2013. CrossTalk proposal: the intermittent hypoxia attending severe
obstructive sleep apnoea does lead to alterations in brain structure and
function. J. Physiol. 591, 379–381.

Gupta, M.A., Simpson, F.C., 2015. Obstructive sleep apnea and psychiatric
disorders: a  systematic review. J.  Clin. Med. 11, 165–175.

Harper, R.M., Macey, P.M., Henderson, L.A., Woo, M.A., Macey, K.E., Frysinger, R.C.,
Alger, J.R., Nguyen, K.P., Yan-Go, F.L., 2003. FMRI responses to cold pressor
challenges in control and obstructive sleep apnea subjects. J. Appl. Physiol. 94,
1583–1595.

Henderson, L.A., Woo, M.A., Macey, P.M., Macey, K.E., Frysinger, R.C., Alger, J.R.,
Yan-Go, F., Harper, R.M., 2003. Neural responses during Valsalva maneuvers in
obstructive sleep apnea syndrome. J. Appl. Physiol. 94, 1063–1074.

Hiestand, D.M., Britz, P., Goldman, M.,  Phillips, B., 2006. Prevalence of symptoms
and risk of sleep apnea in the US population: results from the national sleep
foundation sleep in America 2005 poll. Chest 130, 780–786.

Igloi, K., Doeller, C.F., Berthoz, A., Rondi-Reig, L., Burgess, N., 2010. Lateralized
human hippocampal activity predicts navigation based on  sequence or place
memory. Proc. Natl. Acad. Sci. U.S.A. 107, 14466–14471.

Joo, E.Y., Tae, W.S., Lee, M.J., Kang, J.W., Park, H.S., Lee, J.Y., Suh, M.,  Hong, S.B., 2010.
Reduced brain gray matter concentration in patients with obstructive sleep
apnea syndrome. Sleep 33, 235–241.

Joo, E.Y., Jeon, S., Kim, S.T., Lee, J.M., Hong, S.B., 2013. Localized cortical thinning in
patients with obstructive sleep apnea syndrome. Sleep 36, 1153–1162.

Jordan, A.S., McSharry, D.G., Malhotra, A., 2014. Adult obstructive sleep apnoea.
Lancet 383, 736–747.

Kapur, V.K., 2010. Obstructive sleep apnea: diagnosis, epidemiology, and
economics. Respir. Care 55, 1155–1167.

Karimi, M.,  Hedner, J., Habel, H., Nerman, O., Grote, L., 2015a. Sleep apnea related
risk of motor vehicle accidents is reduced by  continuous positive airway
pressure: swedish traffic accident registry data. Sleep 38, 341.

Karimi, M.,  Hedner, J., Zou, D., Eskandari, D., Lundquist, A.C., Grote, L., 2015b.
Attention deficits detected in cognitive tests differentiate between sleep apnea
patients with or without a motor vehicle accident. Sleep Med. 16, 528–533.

Kelly, C., Toro, R., Di Martino, A., Cox, C.L., Bellec, P., Castellanos, F.X., Milham, M.P.,
2012. A convergent functional architecture of the insula emerges across
imaging modalities. NeuroImage 61, 1129–1142.

Khazaie, H., Maroufi, A., 2014. Obstructive sleep apnea syndrome; a neglected
cause of traffic collision among Iranian public transport drivers. J.  Inj. Violence
Res. 6,  99.

Khazaie, H., Najafi, F., Rezaie, L., Tahmasian, M.,  Sepehry, A.A., Herth, F.J., 2011.
Prevalence of symptoms and risk of obstructive sleep apnea syndrome in the
general population. Arch. Iran. Med. 14, 335–338.

Khazaie, H., Heidarpour, A., Nikray, R., Rezaei, M., Maroufi, A., Moradi, B., Ghadami,
M.R., Malek-Khosravi, S., Tahmasian, M.,  2013. Evaluation of sleep problems in
preeclamptic, healthy pregnant and non-pregnant women. Iran. J. Psychiatry 8,
168–171.

Kheirandish-Gozal, L., Yoder, K., Kulkarni, R., Gozal, D., Decety, J., 2014. Preliminary
functional MRI neural correlates of executive functioning and empathy in
children with obstructive sleep apnea. Sleep 37, 587–592.

Kluver, H., Bucy, P.C., 1937. Psychic blindness and other symptoms following
bilateral temporal lobectomy in rhesus monkeys. Am. J. Physiol. 119, 352–353.



M. Tahmasian et al. / Neuroscience and Biobehavioral Reviews 65 (2016) 142–156 155

Kryger, M.H., Roth, T., Dement, W.C., 2011. Principles and Practice of Sleep
Medicine, 5th ed. Saunders/Elsevier, Philadelphia, PA.

Kurth, F., Zilles, K., Fox, P.T., Laird, A.R., Eickhoff, S.B., 2010. A link between the
systems: functional differentiation and integration within the human insula
revealed by meta-analysis. Brain Struct. Funct. 214, 519–534.

Lévy, P., Kohler, M., McNicholas, W.T., Barbé, F., McEvoy, R.D., Somers, V.K., Lavie,
L.,  Pépin, J.-L., 2015. Obstructive sleep apnoea syndrome. Nat. Rev. Dis. Primers.

Laird, A.R., Eickhoff, S.B., Li, K., Robin, D.A., Glahn, D.C., Fox, P.T., 2009a.
Investigating the functional heterogeneity of the default mode network using
coordinate-based meta-analytic modeling. J.  Neurosci. 29, 14496–14505.

Laird, A.R., Eickhoff, S.B., Fox, P.M., Uecker, A.M., Ray, K.L., Saenz Jr., J.J., McKay, D.R.,
Bzdok, D., Laird, R.W., Robinson, J.L., Turner, J.A., Turkeltaub, P.E., Lancaster, J.L.,
Fox, P.T., 2011. The BrainMap strategy for standardization, sharing, and
meta-analysis of neuroimaging data. BMC  Res. Notes 4, 349.

Laird, A.R., Eickhoff, S.B., Rottschy, C.,  Bzdok, D., Ray, K.L., Fox, P.T., 2013. Networks
of task co-activations. NeuroImage 80, 505–514.

Laird, A.R., Eickhoff, S.B., Kurth, F., Fox, P.M., Uecker, A.M., Turner, J.A., Robinson,
J.L., Lancaster, J.L., Fox, P.T., 2009b. ALE meta-analysis workflows via the
brainmap database: progress towards a  probabilistic functional brain atlas.
Front. Neuroinform. 3,  23.

Lal, C., Strange, C., Bachman, D., 2012. Neurocognitive impairment in obstructive
sleep apnea. Chest 141, 1601–1610.

Lancaster, J.L., Tordesillas-Gutierrez, D., Martinez, M., Salinas, F., Evans, A., ZilleS,
K., Mazziotta, J.C., Fox, P.T., 2007. Bias between MNI and talairach coordinates
analyzed using the ICBM-152 brain template. Hum. Brain Mapp. 28,
1194–1205.

Langevin, J.P., 2012. The amygdala as a target for behavior surgery. Surg. Neurol.
Int. 3, S40–46.

Lavie, L., 2015. Oxidative stress in obstructive sleep apnea and intermittent
hypoxia–revisited–the bad ugly and good: implications to the heart and brain.
Sleep Med. Rev. 20, 27–45.

Li, H.J., Dai, X.J., Gong, H.H., Nie, X., Zhang, W.,  Peng, D.C., 2015. Aberrant
spontaneous low-frequency brain activity in male patients with severe
obstructive sleep apnea revealed by resting-state functional MRI. Neuropsych.
Dis. Treat. 11, 207–214.

Lurie, A., 2011. Obstructive sleep apnea in adults: epidemiology, clinical
presentation, and treatment options. Adv. Cardiol. 46, 1–42.

Luyster, F.S., Buysse, D.J., Strollo Jr., P.J., 2010. Comorbid insomnia and obstructive
sleep  apnea: challenges for clinical practice and research. J. Clin. Sleep Med. 6,
196–204.

Macey, P.M., Henderson, L.A., Macey, K.E., Alger, J.R., Frysinger, R.C., Woo, M.A.,
Harper, R.K., Yan-Go, F.L., Harper, R.M., 2002. Brain morphology associated
with obstructive sleep apnea. Am. J.  Respir. Crit. Care Med. 166, 1382–1387.

Macey, P.M., Macey, K.E., Henderson, L.A., Alger, J.R., Frysinger, R.C., Woo, M.A.,
Yan-Go, F., Harper, R.M., 2003. Functional magnetic resonance imaging
responses to expiratory loading in obstructive sleep apnea. Respir. Physiol.
Neurobiol. 138, 275–290.

Macey, K.E., Macey, P.M., Woo, M.A., Henderson, L.A., Frysinger, R.C., Harper, R.K.,
Alger, J.R., Yan-Go, F., Harper, R.M., 2006. Inspiratory loading elicits aberrant
fMRI signal changes in obstructive sleep apnea. Respir. Physiol. Neurobiol. 151,
44–60.

Macey, P.M., 2012. Is brain injury in obstructive sleep apnea reversible? Sleep 35,
9–10.

Manoliu, A., Meng, C., Brandl, F., Doll, A., Tahmasian, M.,  Scherr, M., Schwerthoffer,
D., Zimmer, C., Forstl, H., Bauml, J., Riedl, V., Wohlschlager, A.M., Sorg, C., 2013.
Insular dysfunction within the salience network is associated with severity of
symptoms and aberrant inter-network connectivity in major depressive
disorder. Front. Hum. Neurosci. 7, 930.

Marshall, N.S., Barnes, M.,  Travier, N., Campbell, A.J., Pierce, R.J., McEvoy, R.D., Neill,
A.M., Gander, P.H., 2006. Continuous positive airway pressure reduces daytime
sleepiness in mild to moderate obstructive sleep apnoea: a meta-analysis.
Thorax 61, 430–434.

McDaid, C., Griffin, S., Weatherly, H., Duree, K., van der Burgt, M.,  van Hout, S.,
Akers, J., Davies, R.J., Sculpher, M.,  Westwood, M.,  2009. Continuous positive
airway pressure devices for the treatment of obstructive sleep
apnoea-hypopnoea syndrome: a  systematic review and economic analysis.
Health Technol. Assess. 13  (1–119), 143–274 (iii–iv, xi–xiv).

McGaugh, J.L., McIntyre, C.K., Power, A.E., 2002. Amygdala modulation of memory
consolidation: interaction with other brain systems. Neurobiol. Learn. Mem.
78, 539–552.

McIntyre, C.K., Power, A.E., Roozendaal, B., McGaugh, J.L., 2003. Role of the
basolateral amygdala in memory consolidation. Ann. N. Y. Acad. Sci. 985,
273–293.

Menon, V., 2011. Large-scale brain networks and psychopathology: a  unifying
triple network model. Trends Cogn. Sci. 15  (October (10)), 483–506.

Moher, D., Liberati, A., Tetzlaff, J., Altman, D.G., Group, P., 2009. Preferred reporting
items for systematic reviews and meta-analyses: the PRISMA statement. PLoS
Med. 6, e1000097.

Moon, Y., Moon, W.J., Kim, H., Han, S.H., 2014. Regional atrophy of the insular
cortex is associated with neuropsychiatric symptoms in Alzheimer’s disease
patients. Eur. Neurol. 71, 223–229.

Morrell, M.J., Glasser, M.,  2011. The brain in sleep-disordered breathing: a vote for
the chicken? Am.  J. Respir. Crit. Care Med. 183, 1292–1294.

Morrell, M.J., Twigg, G., 2006. Neural consequences of sleep disordered breathing:
the role of intermittent hypoxia. Adv. Exp. Med. Biol. 588, 75–88.

Morrell, M.J., Jackson, M.L., Twigg, G.L., Ghiassi, R., McRobbie, D.W., Quest, R.A.,
Pardoe, H., Pell, G.S., Abbott, D.F., Rochford, P.D., Jackson, G.D., Pierce, R.J.,
O’Donoghue, F.J., Corfield, D.R., 2010. Changes in brain morphology in patients
with obstructive sleep apnoea. Thorax 65, 908–914.

Mukai, T., Nagao, Y., Nishioka, S., Hayashi, T., Shimizu, S., Ono, A., Sakagami, Y.,
Watanabe, S., Ueda, Y., Hara, M., Tokudome, K., Kato, R., Matsumura, Y., Ohno,
Y., 2013. Preferential suppression of limbic Fos expression by intermittent
hypoxia in obese diabetic mice. Neurosci. Res. 77, 202–207.

Muller, V.I., Cieslik, E.C., Laird, A.R., Fox, P.T., Eickhoff, S.B., 2013. Dysregulated left
inferior parietal activity in schizophrenia and depression: functional
connectivity and characterization. Front. Hum. Neurosci. 7,  268.

Nachev, P., Kennard, C., Husain, M., 2008. Functional role of the supplementary and
pre-supplementary motor areas. Nat. Rev. Neurosci. 9,  856–869.

Nagai, M.,  Kishi, K., Kato, S., 2007. Insular cortex and neuropsychiatric disorders: a
review of recent literature. Eur. Psychiatry 22, 387–394.

Namburi, P., Beyeler, A., Yorozu, S., Calhoon, G.G., Halbert, S.A., Wichmann, R.,
Holden, S.S., Mertens, K.L., Anahtar, M.,  Felix-Ortiz, A.C., Wickersham, I.R., Gray,
J.M., Tye, K.M., 2015. A circuit mechanism for differentiating positive and
negative associations. Nature 520, 675–678.

Netzer, N.C., Hoegel, J.J., Loube, D., Netzer, C.M., Hay, B., Alvarez-Sala, R., Strohl,
K.P., 2003. Sleep in primary care international study, G. Prevalence of
symptoms and risk of sleep apnea in primary care. Chest 124, 1406–1414.

O’Donoghue, F.J., Briellmann, R.S., Rochford, P.D., Abbott, D.F., Pell, G.S., Chan, C.H.P.,
Tarquinio, N., Jackson, G.D., Pierce, R.J., 2005. Cerebral structural changes in
severe obstructive sleep apnea. Am.  J. Respir. Crit. Care Med. 171, 1185–1190.

Osorio, R.S., Gumb, T., Pirraglia, E., Varga, A.W., Lu, S.E., Lim, J., Wohlleber, M.E.,
Ducca, E.L., Koushyk, V., Glodzik, L.,  Mosconi, L., Ayappa, I., Rapoport, D.M., de
Leon,  M.J., 2015. Alzheimer’s disease neuroimaging, I. Sleep-disordered
breathing advances cognitive decline in the elderly. Neurology 84, 1964–1971.

Palomero-Gallagher, N., Eickhoff, S.B., Hoffstaedter, F., Schleicher, A., Mohlberg, H.,
Vogt, B.A., Amunts, K., Zilles, K., 2015. Functional organization of human
subgenual cortical areas: relationship between architectonical segregation and
connectional heterogeneity. NeuroImage 115, 177–190.

Pare, D., 2003. Role of the basolateral amygdala in memory consolidation. Prog.
Neurobiol. 70, 409–420.

Pasquini, L.,  Scherr, M., Tahmasian, M., Meng, C., Myers, N.E., Ortner, M.,  Muhlau,
M.,  Kurz, A., Forstl, H., Zimmer, C., Grimmer, T., Wohlschlager, A.M., Riedl, V.,
Sorg,  C., 2015. Link between hippocampus’ raised local and eased global
intrinsic connectivity in AD. Alzheimers Dement. 11, 475–484.

Paxinos, G., 2004. The Rat Nervous System, 3rd ed. Elsevier Academic Press,
Amsterdam; Boston.

Peng, D.C., Dai, X.J., Gong, H.H., Li, H.J., Nie, X., Zhang, W., 2014. Altered intrinsic
regional brain activity in male patients with severe obstructive sleep apnea: a
resting-state functional magnetic resonance imaging study. Neuropsych. Dis.
Treat. 10, 1819–1826.

Polli, F.E., Wright, C.I., Milad, M.R., Dickerson, B.C., Vangel, M.,  Barton, J.J., Rauch,
S.L., Manoach, D.S., 2009. Hemispheric differences in amygdala contributions
to  response monitoring. Neuroreport 20, 398–402.

Prilipko, O., Huynh, N., Schwartz, S., Tantrakul, V., Kim, J.H., Peralta, A.R., Kushida,
C., Paiva, T., Guilleminault, C., 2011. Task positive and default mode networks
during a  parametric working memory task in obstructive sleep apnea patients
and healthy controls. Sleep 34, 293–301A.

Robinson, J.L., Laird, A.R., Glahn, D.C., Lovallo, W.R., Fox, P.T., 2010. Metaanalytic
connectivity modeling: delineating the functional connectivity of the  human
amygdala. Hum. Brain Mapp. 31, 173–184.

Robinson, J.L., Barron, D.S., Kirby, L.A., Bottenhorn, K.L., Hill, A.C., Murphy, J.E., Katz,
J.S., Salibi, N., Eickhoff, S.B., Fox, P.T., 2015. Neurofunctional topography of the
human hippocampus. Hum. Brain Mapp.

Rosen, H.J., Perry, R.J., Murphy, J., Kramer, J.H., Mychack, P., Schuff, N., Weiner, M.,
Levenson, R.W., Miller, B.L., 2002. Emotion comprehension in the temporal
variant of frontotemporal dementia. Brain 125, 2286–2295.

Rosenzweig, I., Williams, S.C., Morrell, M.J., 2013a, CrossTalk opposing view: the
intermittent hypoxia attending severe obstructive sleep apnoea does not lead
to  alterations in brain structure and function. The Journal of physiology 591,
383–385; discussion 387, 389.

Rosenzweig, I., Kempton, M.J., Crum, W.R., Glasser, M.,  Milosevic, M.,  Beniczky, S.,
Corfield, D.R., Williams, S.C., Morrell, M.J., 2013b. Hippocampal hypertrophy
and sleep apnea: a role for the ischemic preconditioning? PLoS One 8,  e83173.

Rosenzweig, I., Williams, S.C., Morrell, M.J., 2014. The impact of sleep and hypoxia
on  the brain: potential mechanisms for the effects of obstructive sleep apnea.
Curr. Opin. Pulm. Med. 20, 565–571.

Rosenzweig, I., Glasser, M.,  Polsek, D., Leschziner, G.D., Williams, S.C., Morrell, M.J.,
2015. Sleep apnoea and the brain: a complex relationship. Lancet Respir. Med.
3,  404–414.

Rosenzweig, I., Glasser, M.,  Crum, W.R., Kempton, M.J., Milosevic, M.,  McMillan, A.,
Leschziner, G.D., Kumari, V., Goadsby, P., Simonds, A.K., Williams, S.C.R.,
Morrell, M.J., 2016a. Changes in neurocognitive architecture in patients with
obstructive sleep apnea treated with continuous positive airway pressure.
EBioMedicine.

Rosenzweig, I., Weaver, T.E., Morrell, M.J., 2016b. Obstructive sleep apnea and the
central nervous system: neural adaptive processes, cognition and performance.
In: Kryger, M.H., Roth, T., Dement, W.C. (Eds.), Principles and Practice of Sleep
Medicine. ,  sixth edition. Elsevier/Saunders, Philadelphia, PA, p. 1154-1156.

Rottschy, C.,  Caspers, S., Roski, C., Reetz, K., Dogan, I., Schulz, J.B., Zilles, K., Laird,
A.R., Fox, P.T., Eickhoff, S.B., 2013. Differentiated parietal connectivity of frontal
regions for what and where memory. Brain Struct. Funct. 218, 1551–1567.



156 M. Tahmasian et al. /  Neuroscience and Biobehavioral Reviews 65  (2016) 142–156

Sala-Llonch, R., Pena-Gomez, C.,  Arenaza-Urquijo, E.M., Vidal-Pineiro, D., Bargallo,
N.,  Junque, C., Bartres-Faz, D., 2012. Brain connectivity during resting state and
subsequent working memory task predicts behavioural performance. Cortex
48,  1187–1196.

Salimi-Khorshidi, G., Smith, S.M., Keltner, J.R., Wager, T.D., Nichols, T.E., 2009.
Meta-analysis of neuroimaging data: a comparison of image-based and
coordinate-based pooling of studies. NeuroImage 45, 810–823.

Santarnecchi, E., Sicilia, I., Richiardi, J., Vatti, G., Polizzotto, N.R., Marino, D., Rocchi,
R.,  Van De Ville, D., Rossi, A., 2013. Altered cortical and subcortical local
coherence in obstructive sleep apnea: a functional magnetic resonance
imaging study. J. Sleep Res. 22, 337–347.

Seeley, W.W., Crawford, R.K., Zhou, J., Miller, B.L., Greicius, M.D., 2009.
Neurodegenerative diseases target large-scale human brain networks. Neuron
62, 42–52.

Sforza, E., Roche, F., 2012. Sleep apnea syndrome and cognition. Front. Neurol. 3, 87.
Sharafkhaneh, A., Giray, N., Richardson, P., Young, T., Hirshkowitz, M.,  2005.

Association of psychiatric disorders and sleep apnea in a  large cohort. Sleep 28,
1405–1411.

Shiota, S., Inoue, Y., Takekawa, H., Kotajima, M.,  Nakajyo, M.,  Usui, C., Yoshioka, Y.,
Koga, T., Takahashi, K., 2014. Effect of continuous positive airway pressure on
regional cerebral blood flow during wakefulness in obstructive sleep apnea.
Sleep Breath. 18, 289–295.

Strange, B.A., Witter, M.P., Lein, E.S., Moser, E.I., 2014. Functional organization of
the  hippocampal longitudinal axis. Nat. Rev. Neurosci. 15, 655–669.

Tahmasian, M.,  Knight, D.C., Manoliu, A., Schwerthoffer, D., Scherr, M., Meng, C.,
Shao, J., Peters, H., Doll, A., Khazaie, H., Drzezga, A., Bauml, J., Zimmer, C., Forstl,
H.,  Wohlschlager, A.M., Riedl, V., Sorg, C.,  2013. Aberrant intrinsic connectivity
of  hippocampus and amygdala overlap in the fronto-insular and
dorsomedial-prefrontal cortex in major depressive disorder. Front. Hum.
Neurosci. 7,  639.

Tahmasian, M.,  Shao, J., Meng, C., Grimmer, T., Diehl-Schmid, J., Yousefi, B.H.,
Förster, S., Riedl, V., Drzezga, A., Sorg, C., 2016. Based on the network
degeneration hypothesis: separating individual patients with different
neurodegenerative syndromes in a  preliminary hybrid PET/MR study. J.  Nucl.
Med. 57  (March(3), 410–415.

Tahmasian, M.,  Bettray, L.M., van Eimeren, T., Drzezga, A., Timmermann, L.,
Eickhoff, C.R., Eickhoff, S.B., Eggers, C., 2015a. A systematic review on the
applications of resting-state fMRI in Parkinson’s disease: does dopamine
replacement therapy play a role? Cortex 73, 80–105.

Tahmasian, M.,  Pasquini, L., Scherr, M.,  Meng, C., Forster, S., Bratec, S.M., Shi, K.Y.,
Yakushev, I., Schwaiger, M., Grimmer, T., Diehl-Schmid, J., Riedl, V., Sorg, C.,
Drzezga, A., 2015b. The lower hippocampus global connectivity, the higher its
local metabolism in Alzheimer disease. Neurology 84, 1956–1963.

Talairach, J., Tournoux, P., 1988. Co-planar Stereotaxic Atlas of the Human Brain:
3-dimensional Proportional System: An Approach to  Cerebral Imaging. Georg
Thieme, Stuttgart; New York.

Torelli, F., Moscufo, N., Garreffa, G., Placidi, F., Romigi, A., Zannino, S., Bozzali, M.,
Fasano, F., Giulietti, G., Djonlagic, I., Malhotra, A., Marciani, M.G., Guttmann,
C.R.G., 2011. Cognitive profile and brain morphological changes in obstructive
sleep apnea. NeuroImage 54, 787–793.

Turkeltaub, P.E., Eden, G.F., Jones, K.M., Zeffiro, T.A., 2002. Meta-analysis of the
functional neuroanatomy of single-word reading: method and validation.
NeuroImage 16, 765–780.

Turner, J.A., Laird, A.R., 2012. The cognitive paradigm ontology: design and
application. Neuroinformatics 10, 57–66.

Twigg, G.L., Papaioannou, I., Jackson, M.,  Ghiassi, R., Shaikh, Z., Jaye, J., Graham, K.S.,
Simonds, A.K., Morrell, M.J., 2010. Obstructive sleep apnea syndrome is
associated with deficits in verbal but not visual memory. Am.  J.  Respir. Crit.
Care  Med. 182, 98–103.

Uddin, L.Q., 2015. Salience processing and insular cortical function and
dysfunction. Nat. Rev. Neurosci. 16, 55–61.

Wager, T.D., Lindquist, M.A., Nichols, T.E., Kober, H., Van Snellenberg, J.X., 2009.
Evaluating the consistency and specificity of neuroimaging data using
meta-analysis. NeuroImage 45, S210–221.

Wang, Y., Fontanini, A., Katz, D.B., 2006. Temporary basolateral amygdala lesions
disrupt acquisition of socially transmitted food preferences in rats. Learn.
Mem. 13, 794–800.

T.E. Weaver C.F.P. George Cognition and Performance in Patients with Obstructive
Sleep Apnea 2011. M.H. Kryger T. Roth W.C. Dement Principles and Practise of
SLEEP MEDICINE, 5th Elsevier Saunders Canada, pp. 1194–1205.

Wellman, L.L., Yang, L.H., Ambrozewicz, M.A., Machida, M.,  Sanford, L.D., 2013.
Basolateral amygdala and the regulation of fear-conditioned changes in sleep:
role of corticotropin-releasing factor. Sleep 36, 471–480.

Weng, H.H., Tsai, Y.H., Chen, C.F., Lin, Y.C., Yang, C.T., Tsai, Y.H., Yang, C.Y., 2014.
Mapping gray matter reductions in obstructive sleep apnea: an  activation
likelihood estimation meta-analysis. Sleep 37, 167–175.

Whalen, P.J., Phelps, E.A., 2009. The Human Amygdala. Guilford Press, New York;
London.

Yadav, S.K., Kumar, R., Macey, P.M., Richardson, H.L., Wang, D.J., Woo, M.A., Harper,
R.M.,  2013. Regional cerebral blood flow alterations in obstructive sleep apnea.
Neurosci. Lett. 555, 159–164.

Yadav, S.K., Kumar, R., Macey, P.M., Woo, M.A., Yan-Go, F.L., Harper, R.M., 2014.
Insular cortex metabolite changes in obstructive sleep apnea. Sleep 37,
951–958.

Yaffe, K., Laffan, A.M., Harrison, S.L., Redline, S., Spira, A.P., Ensrud, K.E.,
Ancoli-Israel, S., Stone, K.L., 2011. Sleep-disordered breathing, hypoxia, and
risk of mild cognitive impairment and dementia in older women. JAMA 306,
613–619.

Yaffe, K., Falvey, C.M., Hoang, T., 2014. Connections between sleep and cognition in
older adults. Lancet Neurol. 13, 1017–1028.

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

Zhang, Q., Wang, D., Qin, W., Li, Q., Chen, B., Zhang, Y., Yu, C., 2013. Altered
resting-state brain activity in obstructive sleep apnea. Sleep 36, 651–659B.

Zhang, Q., Qin, W., He, X., Li, Q., Chen, B., Zhang, Y., Yu, C.,  2015. Functional
disconnection of the right anterior insula in obstructive sleep apnea. Sleep
Med.


