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Abstract

The neural damage accompanying the hypoxia, reduced perfusion, and other consequences of

sleep-disordered breathing found in obstructive sleep apnea, heart failure (HF), and congenital

central hypoventilation syndrome (CCHS), appears in areas that serve multiple functions,

including emotional drives to breathe, and involve systems that serve affective, cardiovascular,

and breathing roles. The damage, assessed with structural magnetic resonance imaging (MRI)

procedures, shows tissue loss or water content and diffusion changes indicative of injury, and

impaired axonal integrity between structures; damage is preferentially unilateral. Functional MRI

responses in affected areas also are time- or amplitude- distorted to ventilatory or autonomic

challenges. Among the structures injured are the insular, cingulate, and ventral medial prefrontal

cortices, as well as cerebellar deep nuclei and cortex, anterior hypothalamus, raphé, ventrolateral

medulla, basal ganglia and, in CCHS, the locus coeruleus. Raphé and locus coeruleus injury may

modify serotonergic and adrenergic modulation of upper airway and arousal characteristics. Since

both axons and gray matter show injury, the consequences to function, especially to autonomic,

cognitive, and mood regulation, are major. Several affected rostral sites, including the insular and

cingulate cortices and hippocampus, mediate aspects of dyspnea, especially in CCHS, while

others, including the anterior cingulate and thalamus, participate in initiation of inspiration after

central breathing pauses, and the medullary injury can impair baroreflex and breathing control.

The ancillary injury associated with sleep-disordered breathing to central structures can elicit

multiple other distortions in cardiovascular, cognitive, and emotional functions in addition to

effects on breathing regulation.
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Introduction

As is the case for many biological processes, insights into mechanisms of breathing can be

revealed by pathology, and sleep-disordered breathing has been especially useful in

providing such insights into respiratory regulation. Sleep normally exerts profound effects

on breathing patterning, altering both rate, variability of rate, volume of efforts, and

chemosensitivity, with differing states within sleep greatly modifying respiratory

characteristics (Douglas et al. 1982; Skatrud & Dempsey 1983). Normal variations in

breathing during sleep have done much to reveal contributions of neural structures leading to

control of respiration, and disordered breathing induced by sleep offers even further insights.

Sleep disordered breathing

Several of the pathologies of breathing during sleep result from exaggerations of normal

physiological changes that occur with routine transitions in sleep states, adding to even

modest alterations in airway morphology or other condition that can exacerbate a breathing

condition. An example of such a circumstance gives rise to perhaps the most common of

sleep-disordered breathing, obstructive sleep apnea (OSA). Obstructive sleep apnea is

characterized by collapse of the upper airway from atonia of the upper airway muscles,

especially the genioglossal fibers of the tongue, in the presence of continued diaphragmatic

efforts. The origins of the condition may arise from a combination of the normal loss of tone

of all of the respiratory muscles, except for portions of the diaphragm, during rapid eye

movement (REM) sleep, which leads to an enhanced potential for airway collapse

(Sauerland & Harper 1976). Any added circumstance, such as airway restriction by enlarged

tonsillar tissue, fat infiltration in the oropharynx, micrognathia, or deviated nasal septum,

increases airflow speed with inspiratory efforts, leading to collapse from the Bernoulli

principle. In the disorder, the loss of phasic inspiratory bursts in the upper airway muscles

continues, inappropriately, even during quiet sleep to block airflow. The processes

underlying that loss of upper airway muscle activation during quiet sleep likely arise from

initial injury to respiratory patterning circuitry damaged with early obstruction, which

presumably include cerebellar circuitry responsible for coordinating upper airway and

diaphragmatic action. In some cases, it appears that initial central nervous system injury,

especially in cerebellar coordination areas, resulting from developmental injury or stroke,

provides the originating circumstances for OSA (Chokroverty, Sachdeo & Masdeu 1984).

The repeated airway blockade in OSA leads to successive intermittent periods of hypoxia,

with perhaps even more damaging rapid reperfusion with O2 after release of obstruction.

Additional contributions to the injurious processes can develop from the excessive transient

blood pressure elevations and release with the thoracic pressure changes accompanying

OSA.

One general principle of breathing influences during sleep is the concept of the

“wakefulness” stimulus (Orem 1990). The influence of waking is considered facilitatory to

breathing, and is especially shown in a pathological condition, congenital central

hypoventilation syndrome (CCHS), a condition accompanied by mutations of the paired

homeobox (PHOX2B) gene which targets autonomic nervous system development (Patwari

et al. 2010). The condition is characterized by a loss of drive to breathe during sleep (and,
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with more-severe mutations, even during waking), and a loss of ventilatory sensitivity to

CO2 and O2. Survival in this syndrome requires nocturnal ventilatory support, with

inevitable lapses in that support leading to multiple exposures to hypoxia. That exposure

continues to induce further injury, as demonstrated by structural magnetic resonance

imaging (MRI) studies collected at different times in the development of the condition

(Kumar et al. 2012b).

A variation of central apnea is periodic, or Cheyne-Stokes breathing, common in heart

failure (HF) patients (Francis et al. 2000), and often found together with OSA. This pattern

of breathing, with incremental respiratory efforts, followed by periods of cessation of both

upper airway and diaphragmatic activation, appears to result from multiple physiological

factors, including enhanced chemoreflex gain and aberrant timing of central vs. peripheral

chemoreception, perhaps compounded by prolonged circulation time in conditions with low

cardiac output or chronically high sympathetic tone, such as OSA or HF; both conditions

modify vascular tone, and thus, circulation time. The consequences of breathing cessation

for sustained periods, followed by resumption of breathing lead to epochs of intermittent

hypoxia, followed by rapid O2 uptake, as in OSA, although without the extreme thoracic and

associated cardiovascular pressure changes of obstructed events. The intermittent hypoxia

sequences, however, have the potential to induce serious brain injury.

Injury in sleep disordered breathing

Procedures for assessing injury and function

Magnetic resonance imaging (MRI) techniques have been useful for assessing central

nervous system injury in sleep-disordered breathing; the procedures incorporate many

variations for demonstrating tissue changes that accompany damage, generically called

“structural imaging,” or alterations in blood flow to tissue which provide indications of local

neural activity, called “functional magnetic resonance imaging (fMRI). In addition,

determination of spectral signatures of metabolic components associated with cellular

function, which differ by health of tissue, called magnetic resonance spectroscopy, can be

used.

The earliest procedures to evaluate injury in sleep-disordered breathing were variations of

volume changes in tissue. Those procedures involve collecting high resolution anatomical

images (“T1-weighted”) of the entire brain, removing extraneous material outside the brain,

separating gray and white matter (based on intensity differentiation of white and gray

matter), evaluating mean values of tissue across a group of healthy controls, and comparing

those values at each measurement point in a brain volume (“voxel”) against average values

of the breathing-disordered group. The technique is termed “voxel-based morphometry,”

and has been used extensively despite multiple difficulties in variation of tissue morphology

across even healthy subjects, and concerns of multiple comparisons with the very large

number of voxels in the brain. Nevertheless, the procedures have been invaluable in

demonstrating the first indications of injury in OSA (Macey et al. 2002). The technique has

been expanded to assess other aspects of tissue, including density. More precise

morphometry analyses have been used for subcortical structures, and include manual tracing

of high resolution T1-weighted images, incorporating those tracings into mathematical maps
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that can be averaged across healthy subjects, and statistical comparisons of surface maps

with the patient groups (Narr et al. 2004; Thompson, Schwartz & Toga 1996). We have used

such procedures for hippocampal surface mapping (Macey et al. 2009; Harper et al. 2012)

and basal ganglia structures (Kumar et al. 2009a; Kumar et al. 2011b). Other procedures

involve simple manual measurements to assess volumes of small structures, such as the

mammillary bodies and fornix fibers (Kumar et al. 2008a; Kumar et al. 2009b; Kumar et al.

2009e).

Determining tissue changes from high-resolution T1 images and automated or manual

measures provides an intuitive advantage for inferring injury, but cannot readily assess white

matter damage, and is not useful where injury results in little change in tissue volume, but

leaves tissue with membrane or other changes in which ionic flow is greatly disturbed. For

those reasons, T2 relaxometry, which can assess free water content, and diffusion imaging

procedures, which assess diffusion of water in tissue, have provided significant insights.

Among the structural MRI techniques, a focus has been on the presence and movement or

diffusion of water molecules. Neurodegenerative processes typically show loss of neurons or

myelin, leaving increased free water; measurement of this water content with a procedure

called T2 relaxometry has been useful in assessment of pediatric sleep disordered breathing,

HF, and other neurological disorders (Woo et al. 2009; Kumar et al. 2005; Mueller et al.

2007). Water movement is especially valuable for defining integrity of nervous tissue, since

such diffusion is normally constrained by membrane boundaries, and when those

membranes are damaged by injury, more water movement results. Assessment of the ease of

diffusion in any direction, or “mean diffusivity” thus can provide an index of injury.

Diffusion imaging has other implementations; if the direction of movement is assessed using

a procedure called “diffusion tensor” imaging, procedures for displaying direction, tracking,

and integrity of nerve fibers can be evaluated. Nerve fibers are typically wrapped in myelin,

constraining fluid movement in parallel with the fiber; assessing such restrained movement

can display fiber direction, and can enable tracking of nerve fibers through defined regions

of interest. Moreover, since water movement within myelinated axons is constrained

principally along the path of the fiber, breakdowns in myelin will allow ionic movement

outside of those constraints, and can be measured using a technique called fractional

anisotropy (FA). Derivatives of diffusion tensor imaging procedures can be used to evaluate

that movement perpendicular or along the path of the fiber; those procedures are called

radial and axial diffusion procedures, respectively, and can assess myelin or axonal integrity.

Evidence of neural injury accompanying sleep-disordered breathing includes impaired

physiological responses during spontaneous changes in behavior or sleep and waking states,

and evoked responses to autonomic or ventilatory challenges that are mediated through

central nervous processes. These chronic state-related changes are substantial in affected

individuals, and include sustained hypertension, marked sympathetically-mediated sweating,

and altered hormonal and glucose levels in OSA, HF, and CCHS (Harsch et al. 2003;

Pallayova et al. 2006; Tamura et al. 2012; Agapitou et al. 2013). The dysfunctional steady-

state physiological patterns extend to dynamic actions as well, with heart rate and breathing

responses altered in magnitude and timing, especially during recovery periods, to blood

pressure challenges in OSA (Harper et al. 2003; Henderson et al. 2003).
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Insights into the effects of the structural changes in tissue can be obtained by examining

central nervous system responses to challenges using MRI techniques by inferring such

responses to changes in oxygenation of the vasculature to the tissue (Ogawa et al. 1990).

Other means of inferring such changes are available or under investigation, such as inferring

fluid changes across cellular membranes with neural activity (Le Bihan 2003), but the most

common means is determination of blood oxygen level dependent (BOLD) contrast, and its

coupling to neural activity. The procedure depends on assessment of changes in blood

volume and magnetization between oxygen-rich and relatively deoxygenated blood during

changes in oxygenation in the course of perfusing activated tissue. The technique is widely

used to assess brain function, to show interconnectivity between brain areas, and to indicate

disturbances in brain area activity. The BOLD technique also provides indications of

cerebral hemodynamics, and has been used to evaluate large changes in whole-brain cerebral

vasculature and blood oxygenation, such as those that occur in CCHS to hypercapnia,

hyperoxia, or hypoxia (Macey et al. 2003a).

An evolving technology, termed “arterial spin labeling” allows non-invasive quantification

of cerebral blood flow by using magnetization of blood as contrast. While this procedure

shows altered cerebral blood flow in CCHS (Macey et al. 2010a), the technique is still being

refined.

The consequences to brain tissue of repeated intermittent hypoxia and breathing resumption,

or sustained hypoxia in other forms of sleep disordered breathing, are severe, with injury

possibly exacerbated by perfusion and blood pressure changes that accompany apnea. The

injury appears as loss of tissue in essential central nervous system areas for cardiovascular

and breathing control, affective regulation, and cognitive processes. In addition, injury is

expressed as changes in the extent of water content or diffusion in tissue, and in the number

and integrity of fibers (axonal and myelin integrity) between essential regulatory areas.

Hypoxia and reduced perfusion influences associated with sleep-disordered breathing

presumably mediates the damage, with hypoxic effects on glial support tissue likely

participating in that injury (Alix et al. 2012). Excitotoxic injury from hypoxia may

contribute to damage in structures receiving long-axon projections, such as cerebellar

Purkinje neurons receiving input from climbing fibers of the inferior olive, and CA1 neurons

of the hippocampus receiving Schaffer collaterals from CA3 neurons. The Purkinje cells

often see injury from excitoxic injury (Welsh et al. 2002), and excessive excitation of

Schaffer collaterals in temporal lobe epilepsy may underlie the sclerosis found in the fascia

dentata, CA1 and CA4 hippocampal fields (Babb & Brown 1987). Attempts to model the

OSA experience by exposing rodent models to intermittent hypoxia, a principal feature of

OSA, results in injury patterns that remarkably parallel sites of injury in humans, with

cerebellar (Pae, Chien & Harper 2005), and limbic, including hippocampal, injuries

especially noted (Veasey et al. 2004); the cognitive deficits shared between the animal and

human conditions are also particularly noteworthy (Row et al. 2003). The impact is not

confined to structural changes; diminished or exaggerated, and time-shifted functional

magnetic resonance imaging (fMRI) responses appear to pressor and ventilatory challenges

in all three types of sleep-disordered breathing (Figure 8) (Woo et al. 2007; Henderson et al.

2003; Macey et al. 2006; Woo et al. 2005a; Macey et al. 2005b; Macey et al. 2005a; Harper
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et al. 2005; Macey et al. 2004; Macey et al. 2003b; Harper et al. 2003; Ogren et al. 2010;

Ogren et al. 2012).

The affected brain areas are widespread, ranging from the medulla and cerebellum to

cortical and limbic sites, and especially involve regions mediating affect and sympathetic

drive. Remarkably, the extent of injury varies with sex, with females showing significantly

more damage in selected areas over males (Macey et al. 2012a); the mechanisms underlying

the gender-based differences in injury remain unclear.

Damage in affective areas

A remarkable aspect of HF, OSA, and CCHS patients is that all three groups show

significant injury in central areas that mediate affect, assist in cardiovascular regulation, or

contribute to integration of breathing and cardiovascular control. These structures include

limbic cortical areas classically associated with cardiovascular regulation in addition to

affect, such as the insular and cingulate cortices, the ventral medial prefrontal cortex, and the

hippocampus and closely-related fornix and mammillary bodies (Figures 1, 2, and 6). In

addition, cerebellar cortex and deep nuclei also were injured (Figure 3); although

traditionally ignored in consideration of respiratory control despite well-known roles in

muscle coordination, these cerebellar areas now are known to mediate cardiovascular,

chemoreceptor, and respiratory somatic stimuli (Moruzzi 1940; Xu & Frazier 2002; Xu &

Frazier 1997; Reis & Golanov 1997), The injury is expressed as loss of regional tissue

volume, or changes in water content or diffusion within a region (Kumar et al. 2012a;

Macey et al. 2002).

The contributions of affect to breathing are frequently overlooked in respiratory control,

despite the obvious inputs revealed by the shortness of breath experienced during extreme

excitement, gasps occurring during sudden fright, and the difficulty found in voice pitch and

volume control during grief. All of those characteristics indicate descending influences from

negative affective perceptions onto pontine respiratory phase switching and medullary sites,

and are mediated by limbic structures following recognition of the threat or condition, as

interpreted by cortical areas.

Affective roles are often more easily revealed in pathologies accompanying disease, and are

especially illustrated by dyspnea, the sensation of air hunger with high CO2 exposure or

extreme exertion at maximal cardiac output. The insula, as well as the cingulate cortex and

hippocampus, plays a significant role in mediating the perception of dyspnea, as indicated

by multiple fMRI studies (Peiffer et al. 2001; Banzett et al. 2000). The perception of air

hunger provides a significant drive to breathe, triggering gasping or major inspiratory efforts

in anyone subjected to high CO2 or to extreme exercise. Loss of the perception of air

hunger, which occurs in individuals with CCHS, contributes to a breathing failure beyond

mere loss of CO2 or O2 sensitivity in the syndrome. The loss is often accompanied with

even more widespread lack of affect, which leads to risk-taking respiratory behaviors, such

as challenging each other or unaffected playmates to underwater breath-holding games,

sometimes with fatal consequences. The absence of sense of dyspnea and loss of

chemosensitivity places extreme demands on caregivers who must be aware when their
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charges fail to breathe when placed in quiet circumstances, such as TV watching. The lack

of affect which contributes to high-risk behaviors has sometimes been compared with

adolescents with Type 1 diabetes who also show injury in similar limbic regions; such

children will often compromise survival with insulin use to modify body weight for esthetic

reasons rather than maintenance of appropriate glucose levels. The lack of affect in CCHS

becomes a special concern in teenage years, where affected children engage in high-risk

behavior, and begin disregarding nocturnal ventilation without parental oversight; those

circumstances are the principal cause of death in affected adolescents.

Dyspnea is a serious accompaniment of HF and chronic obstructive pulmonary disease, to

the extent that even very mild exercise of short walks is avoided because of the dread of an

inability to obtain sufficient air for the task, in contrast to CCHS children who have no

sensitivity to even extraordinary high levels of CO2 and do not perceive breathlessness to

excessive exercise. HF, OSA, and CCHS are all accompanied by insular and cingulate

cortex and hippocampal injury, principal structures involved in mediating dyspnea, although

the precise subregions vary with condition (Macey et al. 2012b; Kumar et al. 2012a; Kumar

et al. 2011c; Kumar et al. 2011b; Kumar et al. 2011a; Kumar et al. 2010; Woo et al. 2009;

Macey et al. 2009; Kumar et al. 2009c; Macey et al. 2008; Kumar et al. 2006; Kumar et al.

2005; Woo et al. 2003; Macey et al. 2002; Kumar et al. 2008a; Kumar et al. 2008b).

Damage in those areas apparently contributes to enhancing or inhibiting that sensation. The

extent of injury in the insula can be seen in Figures 1 and 2, which show loss of tissue,

preferentially in the right insula in HF, increased mean diffusivity, an index of injury, in

OSA, and axial and radial diffusivity changes in the insula, anterior cingulate, and ventral

medial prefrontal cortex in CCHS. The injury in brain areas involved in dyspnea is

widespread in all three sleep-disordered breathing conditions studied here, and the MRI

procedures used to describe the damage do not have the spatial resolution to discriminate

sub-areas that specifically underlie enhancing or inhibiting the sensation of dyspnea, which

likely lie in close proximity. A demonstration of the proximity of differing fMRI responses

in the insula can be found to autonomic challenges (Macey et al. 2012c). In addition to

differential responses of subregions within a damaged area, projections to other areas

mediating dyspnea may be separately affected in CCHS vs HF, thus resulting in a failure of

dyspnea to develop, or, conversely, very enhanced perceptions.

The laterality of the injury is significant for roles in sympathetic regulation. HF, OSA, and

CCHS are all characterized by high sympathetic tone (Narkiewicz & Somers 2003; Patwari

et al. 2010; Burch 1978). The right anterior insula plays a significant role in baroreflex

regulation, as demonstrated by a range of stimulation and stroke evidence (Oppenheimer et

al. 1992; Zhang, Dougherty & Oppenheimer 1998; Cechetto & Hachinski 1997;

Oppenheimer & Hachinski 1992). The insula is topographically organized for particular

afferents (Macey et al. 2012c; Ture et al. 1999), with functional interactions with the

hypothalamus modified in OSA (Wu et al. 2010). The range of afferent projections covers a

vast array of inputs; pain is represented in a major fashion on the insula (Henderson, Rubin

& Macefield 2011), but the sensory input also includes kinesthetic and other intereoceptive

sensations, with that cortical structure serving a major integrative role in modifying

autonomic and other activity (Craig 2011). Injury to the insula, as appears in all three sleep-

disordered breathing conditions, would interfere with sensory integration in that cortical
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region, influences to the hypothalamus and other limbic areas; those insular-related njuries

have the potential to modify contributions to breathing.

Rostral affective, thermal and hormonal sites

Although the circuitry for respiratory oscillatory timing lies primarily in medullary sites,

with lung and other peripheral afferent influences acting on pontine phase-switching areas to

modify that timing, much of the integrative emotional influences that regulate breathing

patterning are sited in more-rostral areas. These rostral sites are principally limbic regions,

and neural circuitry within those areas is closely integrated with cardiovascular and other

autonomic roles. The respiratory influences of some of those sites have been known for

decades; the central nucleus of the amygdala, for example, which shows state-dependent

discharge with the respiratory cycle (Zhang, Harper & Frysinger 1986; Frysinger & Harper

1986), has major projections to parabrachial timing regions (Hopkins & Holstege 1978;

Holstege, Bandler & Saper 1996). The structure paces inspiratory onset to single pulse

electrical stimulation, a relationship which disappears with functional dissolution of that

projection by onset of sleep (Harper et al. 1984). The amygdala is damaged in all three

sleep-disordered breathing conditions (Ogren et al. 2012; Macey et al. 2012a; Ogren et al.

2010; Woo et al. 2007; Woo et al. 2005b; Woo et al. 2005a; Macey et al. 2005b; Harper et

al. 2005; Macey et al. 2003b), and a major projection path, the median forebrain bundle, is

injured in HF (Kumar et al. 2011c); Figure 3).

A significant drive to breathe is provided by thermal sources, with the anterior

hypothalamus underlying that influence on ventilation. The extent of that influence varies

with sleep state, with REM sleep largely removing that drive, as demonstrated by warming

of the hypothalamus during waking, quiet, or REM sleep (Ni et al. 1994). Although, strictly

speaking, temperature is not an “emotional” drive, the anterior hypothalamus contains

substantial circuitry that contributes to regulation of autonomic and endocrine action

associated with affect.

All three diseases with compromised breathing during sleep show significant hypothalamic

injury. In CCHS, the injury is substantial, extending from the anterior hypothalamus

caudally through posterior regions (Figure 3A-a); in OSA, the injury is primarily in anterior

regions (Figure 3B-I), but in HF, damage also extends throughout the entire rostral-caudal

extent (Figure 3C-c). In all three sleep disordered conditions of OSA, HF, and CCHS, injury

includes the raphé system (Woo et al. 2009; Kumar et al. 2011c; Kumar et al. 2008b), which

contains serotonergic neurons that play a significant role in pain and modulation of upper

airway musculature (Brink et al. 2006; Kubin et al. 1992). The consequences to raphé injury

in CCHS are notable in the vasculature, with exceptionally dilated basilar arteries (Kumar et

al. 2009d).

The implications for temperature regulation, hormone release, and autonomic control with

hypothalamic injury are significant, and almost certainly contribute to the exaggerated

sympathetic tone and symptoms characteristic of impaired hormone release in all three

conditions. The loss of temperature regulation is especially apparent in CCHS; such children

have a great deal of trouble remaining warm at night, even during summer months, show
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cool extremities, and have difficulty with breathing at high temperatures (Vanderlaan et al.

2004).

Hormonal regulation is especially a concern with the hypothalamic injury in sleep-

disordered breathing conditions. Over 86% of obese male diabetic patients show moderate to

severe levels of OSA (Tasali, Mokhlesi & Van Cauter 2008; Foster et al. 2009), suggesting

significant links between the two conditions. The hypothalamic injury in OSA likely

contributes to the impaired glucagon and sympathetic influences on pancreatic hormones

found in diabetic patients. CCHS children are often hypoglycemic (Vanderlaan et al. 2004),

and HF patients show reduced growth hormone and insulin-like growth factor 1 levels,

among other hormones, including testosterone (Kontoleon et al. 2003), and increased atrial

natriuretic peptide and brain natriuretic peptide. Although the release sites of some of these

hormones may rest with peripheral structures, hypothalamic influences exert influences on

those sites. In some of these conditions, the presence of diabetes in addition to the primary

breathing disordered condition, such as OSA, gives rise to even further injury in limbic and

other areas typically affected in the breathing disorder (Harper et al. 2009).

Affective disorders; depression and anxiety

Among the brain areas affected by sleep-disordered breathing are sites within the insula,

anterior cingulate, and medial frontal cortices, hippocampus, fornix, mammillary bodies,

amygdala and cerebellum. All of those structures are altered in individuals with depressive

signs, even without sleep disordered breathing (Sprengelmeyer et al. 2011; Neumeister,

Charney & Drevets 2005; Cross et al. 2008; Akashiba et al. 2002; Saunamaki & Jehkonen

2007). The structural findings are a concern, because OSA and HF are both accompanied by

very high levels of depressive signs, with nearly half of each patient group showing higher

than normal symptoms (Macey et al. 2010b; Akashiba et al. 2002; Murberg et al. 1998;

Vaccarino et al. 2001). In addition, a slightly smaller proportion of OSA patients show high

levels of anxiety symptoms (Saunamaki & Jehkonen 2007). OSA patients with depression

and anxiety show significant structural injury, compared to OSA patients without those

affective symptoms, with very prominent injury in the anterior cingulate (Cross et al. 2008;

Kumar et al. 2009c) (Figure 4).

The cingulate cortex, especially the anterior cingulate portion, has also been implicated in

both cardiovascular and breathing roles by a range of stimulation and recording evidence.

Single neuron discharge in humans recorded for reasons related to epileptic seizure focus

localization shows relationships with respiratory and cardiovascular patterning (Frysinger &

Harper 1986). Several structures, including cerebellar cortical regions and the anterior

cingulate are synchronized to onset of inspiratory bursts in periodic breathing, as

demonstrated by fMRI signals at onset of breathing bursts, Figure 5). Signals in the anterior

cingulate cortex decline to onset of those inspiratory bursts. The anterior cingulate is

severely injured in all three sleep disordered breathing conditions (Macey et al. 2012b;

Macey et al. 2012a; Kumar et al. 2012b; Kumar et al. 2012a; Kumar et al. 2011c; Ogren et

al. 2010; Kumar et al. 2010; Macey et al. 2008; Kumar et al. 2005; Woo et al. 2003; Macey

et al. 2002), and some of the injury is shown in Figures 2 and 4; that injury may contribute
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to failed resumption of inspiration in periodic breathing, sustained central apnea, and

perhaps failed onset of upper airway activation in OSA.

Among the areas showing changes in sleep-disordered breathing is the hippocampus-fornix-

mammillary body system. The fornix projections from the hippocampus to the mammillary

bodies, and the subsequent projections to the anterior thalamus and more-caudal projections

form an essential system for short-term memory and for processing spatial orientation

(Buckley et al. 2004; Paredes et al. 2000; Santin et al. 1999). The hippocampus shows injury

in all three sleep conditions, reflected as hippocampal surface depressions or tissue loss; the

fornix fibers are fewer in CCHS and HF, and the mammillary bodies have reduced volumes,

preferentially on one side, in all three sleep-disordered breathing conditions; in HF, some of

the mammillary bodies are nearly absent (Kumar et al. 2008a; Kumar et al. 2009b; Kumar et

al. 2009e); Figure 6. Assessment of certain aspects of this system, including mammillary

body volume and fornix fiber count, also directly relate to the severity of depression and

anxiety symptoms (Cross et al. 2008; Kumar et al. 2009c).

Axonal Injury

The influences of rostral structures on brainstem respiratory patterning circuitry must be

conveyed by axonal systems. All of the sleep-disordered breathing conditions are

accompanied by significant axonal injury, and that injury especially appears in limbic

structures that convey signals related to affective processes, but also appears in essential

motor and blood pressure regulatory fibers, such as pontine projections to the cerebellum.

The extent of axonal injury is also prominent in CCHS, which also shows extensive corpus

callosum injury, particularly in areas mediating language and ocular control (Kumar et al.

2011a; Kumar et al. 2008b; Kumar et al. 2010). The integrity of the anterior cingulate cortex

in mediating affective disorders, blood pressure, and in triggering onset of inspiration is

important for function, but actions within those structures must be conveyed to other

structures for ultimate influence on respiratory patterning. The integrity of the principal

axons within the anterior cingulate cortex, the cingulum bundle, is reduced in OSA, CCHS,

and HF (Macey et al. 2008; Kumar et al. 2010; Kumar et al. 2011c) (Figure 7). The fornix

fibers, as noted earlier, are especially compromised in CCHS and HF. The fiber injury

appears to be preferentially lateralized; for example, pontocerebellar fibers are injured, but

are principally lost on one side (Figure 7). The injury in all three conditions extends to the

midline raphé system, significant for serotonergic and thyrotropin-releasing hormone (TRH)

contributions to function (both serotonin and TRH are generated within the raphé system

(Barnes et al. 2010), and fiber loss in HF additionally occurs prominently in the medial

forebrain bundle (Figure 3).

Any evaluation of axonal or neuronal cell body integrity which may result from hypoxia or

from perfusion deficiencies must be concerned with the processes of injury, and mechanisms

which interfere with glial function likely contribute to that damage. Assessment of processes

that interfere with ATP production, the energy source for Na and K ion pumps, should be

part of that examination, since the loss of tissue in structures such as the mammillary bodies

has classically been associated with deficiencies in those energy sources for neurons within

those structures. Loss of those energy sources most frequently stems from low thiamine and
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magnesium levels through nutritional deficiencies, interference with enzymatic processes in

producing thiamine, or high fluid losses which flush these water-soluble nutrients

(Thornalley 2005; Harper 2006; Read 1978). All three of the sleep-disordered breathing

conditions considered here show the potential for interference with these processes. HF is

accompanied by intestinal malabsorption and typically, very high fluid loss (through

diuresis), and thiamine deficiency has been well-demonstrated in this condition (Seligmann

et al. 1991; da Cunha et al. 2002; Hanninen et al. 2006). OSA is characterized by profuse

sweating with accompanying fluid loss, and CCHS is accompanied by malabsorption and

profuse sweating. Although outcomes need to be validated with larger samples, we found at

least a subset of OSA adult patients and CCHS children show low thiamine and/or low

magnesium levels. The protective effect of thiamine against cell death induced by hypoxia

and reperfusion injury, a pattern expected by intermittent hypoxia followed by reperfusion

with restoration of breathing following apnea, has been demonstrated in cell culture studies

(Shin et al. 2004; Sheline & Wei 2006).

Functional impairment of central structures

The substantial plasticity and redundancy in neural circuitry have the potential to minimize

the functional consequences of the structural injury found in sleep-disordered breathing.

However, there is now an abundance of evidence that the injury to the central areas result in

functionally distorted outcomes of central action in addition to the marked memory,

cognitive, affective, and autonomic disturbances found in the condition. The evidence arises

from functional magnetic resonance imaging (fMRI) responses to imposed autonomic or

ventilatory challenges. FMRI responses to three sequential Valsalva maneuvers show muted

and time-distorted responses in the insular cortex and cerebellum in OSA, CCHS, and HF

(Henderson et al. 2003; Ogren et al. 2010; Ogren et al. 2012), Figure 8). Impaired cerebellar

and limbic responses also appear to cold pressor, CO2, and hypoxic responses in CCHS or

OSA subjects (Macey et al. 2005b; Harper et al. 2005; Harper et al. 2003).

Pons and medulla

Although affective influences on breathing mainly stem from limbic and other rostral

structures, pontine and medullary areas are also affected in all three sleep-disordered

breathing conditions. The final common path for much of the control of breathing and blood

pressure includes particular medullary nuclei, and especially includes the dorsal and

ventrolateral medulla. The ventrolateral medulla in OSA and CCHS, a large extent of the

raphé in CCHS, the locus coeruleus in CCHS (Kumar et al. 2008b); verified in CCHS

autopsy material (Tomycz et al. 2010), and the dorsal medulla and raphé in HF show injury,

as indicated by diffusion tensor imaging measures (Figure 9). The locus coeruleus provides

adrenergic innervation and important components of arousal and attention selection (Aston-

Jones & Cohen 2005), while the raphé, in addition to its mood and temperature roles, also

assists in modulation of upper airway muscle tone (Kubin et al. 1992). The medullary injury

in OSA and CCHS is principally unilateral, which poses unique concerns for conditions of

high sympathetic tone, since asymmetric sympathetic drive predisposes to certain forms of

cardiac arrhythmia (Oppenheimer 2006).
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At least in developmental animal models, intermittent hypoxia injury can appear in

peripheral neural structures, such as vagal afferent innervation of the aortic arch (Ai et al.

2009). The impact of such injury in human conditions has yet to be explored.

Asymmetry of injury

A remarkable aspect of both the functional and structural impairments found in sleep-

disordered breathing was the asymmetrical nature of the injuries, an unexpected outcome, if

one assumes that hypoxia/ischemia from sleep-disordered breathing conditions exerts effects

uniformly across all neural regions. However, that assumption ignores evidence of structural

asymmetry in the brain (for review and hypothesis, see: (Vallortigara & Rogers 2005), noted

in several pathological conditions, e.g., autism (Escalante-Mead, Minshew & Sweeney

2003), Parkinson’s Disease (Toth, Rajput & Rajput 2004), and schizophrenia (Li et al.

2007), functional lateralization in such actions as sympathetic regulation in the right insular

cortex (Oppenheimer 2006), or the well-known primary sensory, motor, and language

lateralization in cortical sites, or lateralization of portions of the vasculature; the verterbral

arteries, for example, often differ in size, a relationship independent of handedness (Cagnie

et al. 2006). Structural insular and medial frontal cortex injuries were preferentially right-

sided, mammillary body volume loss was principally left-sided, OSA ventrolateral

medullary injury was right-sided, and cerebellar injury showed both unilateral and bilateral

representation, depending on sleep-disordered breathing condition (e.g., bilateral in HF of

Figure 3C inset, right sided in OSA patients in Figure 9A); an example of the unilaterally-

injured axonal projection data in OSA is shown in Figure 7B. Left and right cerebellar

responses to a Valsalva challenge were asymmetric in both CCHS and HF (Ogren et al.

2012; Ogren et al. 2010). However, CCHS insular responses to a Valsalva challenge were

bilateral (Figure 8), despite the asymmetrical structural injury to that cortical area. The

lateralization of responses may arise from several sources, since, as noted, components of

the vascular supply to the brain are often asymmetric, with more-perfused sites perhaps

being more affected in selected structures with extreme changes in perfusion accompanying

apnea. The mechanisms underlying the asymmetry remain speculative, but the very high

degree of damage to sympathetic areas, preferentially on the right side (right insula, right

ventromedial prefrontal cortex) suggest that evaluation of that autonomic lateralization may

provide insights into potential vascular contributions to processes of injury in the condition.

Conclusions

Sleep-disordered breathing is accompanied by significant central nervous system injury; the

damaged sites are localized in both rostral and brainstem regions, and especially affected are

limbic structures that mediate mood, cognition, and cardiovascular action. The injury

appears in both neurons and fibers, and also involves damage to myelin support for fibers.

The injury appears to be mediated by intermittent and chronic hypoxia and processes

associated with restoration of oxygen to tissue, perhaps assisted by loss of essential nutrients

responsible for maintaining ATP in conditions of excitotoxic damage. A commonality of

injured structures appears across three sleep-disordered breathing conditions of OSA,

CCHS, and HF; impaired functional responses with altered extent and timing of signals

confirm the significance of structural damage. The injury likely underlies the impaired
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autonomic, memory, and executive processing, as well as dyspnea, depression, and anxiety

behaviors found in the conditions.
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Figure 1.
A: Insular cortex injury in 9 HF vs 27 healthy control subjects, expressed as tissue loss,

occurring preferentially on the right side; B: insular cortex (arrow) injury, expressed as

mean diffusivity changes, in 23 OSA vs 23 healthy control subjects (Derived from Woo et

al. 2003, and Kumar et al. 2012a).
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Figure 2.
Increased axial and radial diffusivity in 12 CCHS vs. 30 control subjects; rostral areas.

Injury appears in anterior and sub-genu cingulate, ventral medial prefrontal cortex (a,b,c),

insular cortex (f), and basal ganglia (e). (From Kumar et al. 2010).
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Figure 3.
Injury in A: 12 CCHS vs 28 age-and gender- matched healthy control subjects, shown by

T2-relaxometry in hypothalamus (a); B: injury in OSA shown by fractional anisotropy, n=3

OSA vs 3 control subjects, I=hypothalamus, II= cerebellum and midbrain; and C: injury in

16 HF vs 26 control subjects, with axial diffusivity, showing damage from the midline raphé

to the cerebellum (a), within the hypothalamus (c), and along the medial forebrain bundle

(d), and midbrain (e). (A from Kumar et al. 2005, C from Kumar et al. 2011c).
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Figure 4.
A: Areas of injury, assessed with T2-relaxometry techniques in OSA patients with

depressive signs (Beck Depression Inventory II >10) (n = 13) vs. OSA patients without

depression (n = 27). B: Injured areas of anxious OSA patients (Beck Anxiety Inventory > 9,

n = 16) vs. non-anxious OSA (n = 30). The insula A-a,b,c,d; B-i,j,l, and anterior and sub

genu cingulate Ag,h,; Ba,b,c are consistently affected in both depression and anxiety. Other

regions are also affected, and include the prefrontal cortex Ai, lateral temporal cortex, Aj,

lateral parietal cortex (Al) and basal forebrain, Bg. (A from Cross et al. 2008; B, from

Kumar et al. 2009c).
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Figure 5.
Brain areas recruited on resumption of breathing after periodic cessation (Cheyne-Stokes

breathing). Whole-brain BOLD fMRI signals triggered by onset of inspiratory efforts at the

burst of breathing patterns (vertical red lines) in two OSA patients who also experienced

Cheyne-Stokes breathing were collected. Signals emerging above baseline included activity

of the anterior cingulate, dorsal medial thalamus, and portions of the hippocampus and

cerebellum which responded to the respiratory burst onsets; in some structures, the

responses were an increase in signal (thalamus, precentral cortex, cerebellar cortex,

hippocampus; warm colors), in others, a decrease (cingulate; cool colors) (From Henderson

et al. 2006).
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Figure 6.
A: Left, Mammillary bodies from a male control subject and Right, an age- and gender-

matched HF patient. B: Left, One control male and Right, an age- and gender-matched

CCHS patient. (C) Scattergram of mammillary body volumes in 43 OSA and 66 control

subjects showing substantially reduced volumes in OSA. (A from Kumar et al. 2009e, B

from Kumar et al. 2009b, C from Kumar et al. 2008a).
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Figure 7.
A: Fractional anisotropy measures in 41 OSA vs 69 control subjects indicating injury in the

cingulum bundle fibers and corpus callosum; B: Fiber tracking of pontocerebellar fibers in

an OSA subject through identical regions of interest (ROI) (left; purple circle ROI; Right,

orange circle ROI) on the left and right side showing the preferential loss of fibers on the left

side. ACC= anterior cingulate cortex; CC= corpus callosum, CB= cingulum bundle (A, from

Macey et al. 2008).
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Figure 8.
A: BOLD functional MRI responses in the fastigial nucleus of the cerebellum and

responsive portions of the insular cortices (arrows) in OSA (n = 8) and control (n = 15)

subjects to three sequential Valsalva pressor challenges, relative to baseline values. B: Left

(yellow highlight) and right (yellow highlight) insular cortex responses over the entire

insular cortical regions during three averaged Valsalva maneuvers in CCHS (n = 9) and

control (n = 25) subjects. CCHS subjects show muted responses relative to marked drops

during the Valsalva challenge and recovery periods shown by controls. SI= signal intensity.

% Change = Change in signal from mean baseline values. (A, from Henderson et al. 2003;

B, from Ogren et al. 2010).
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Figure 9.
A: Ventrolateral medulla injury (a) in 23 OSA vs 23 control subjects, based on mean

diffusivity; cerebellar injury also appears on right side. B&C: Lateral medullary injury in 12

CCHS vs 26 controls, based on axial diffusivity (b, c). (A from Kumar et al. 2012a, B&C

from Kumar et al. 2008b).
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