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Abstract

Familial dysautonomia (Riley—Day syndrome, hereditary sensory and autonomic neuropathy type
I11) is a rare autosomal recessive characterized by impaired development of primary sensory and
autonomic neurons resulting in a severe neurological phenotype, which includes arterial baroreflex
and chemoreflex failure with high frequency of sleep-disordered breathing and sudden death
during sleep. Although a rare disease, familial dysautonomia represents a unique template to study
the interactions between sleep-disordered breathing and abnormal chemo- and baroreflex function.
In patients with familial dysautonomia, ventilatory responses to hypercapnia are reduced, and to
hypoxia are almost absent. In response to hypoxia, thee patients develop paradoxical
hypoventilation, hypotension, bradycardia, and potentially, death. Impaired ventilatory control due
to chemoreflex failure acquires special relevance during sleep when conscious control of
respiration withdraws. Overall, almost all adult (85%) and pediatric (95%) patients have some
degree of sleep-disordered breathing. Obstructive apnea events are more frequent in adults,
whereas central apnea events are more severe and frequent in children. The annual incidence rate
of sudden death during sleep in patients with familial dysautonomia is 3.4 per 1000 person-year,
compared to 0.5-1 per 1000 person-year of sudden unexpected death in epilepsy. This review
summarizes recent developments in the understanding of sleep-disordered breathing in patients
with familial dysautonomia, the risk factors for sudden death during sleep, and the specific
interventions that could prevent it.
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INTRODUCTION

Familial dysautonomia (FD, Riley—Day syndrome, hereditary sensory and autonomic
neuropathy type I11) is a rare autosomal recessive disease first described in 1949 in children
of Jewish Ashkenazi ancestry (Norcliffe-Kaufmann et al., 2017; Riley et al., 1949). The
disease is caused by a founder mutation in the IkB kinase-associated protein gene
(/IKBKAP) resulting in increased levels of mutant, defective, ELP-1 (IKAP) protein, mostly
in central and peripheral nervous systems. Lack of functional ELP-1 causes impaired
development of primary sensory and autonomic neurons (Blumenfeld et al., 1993; Hunnicutt
etal., 2012; Mezey et al., 2003; Slaugenhaupt et al., 2001) resulting in a severe neurological
phenotype, which includes arterial baroreflex and chemoreflex failure with high frequency
of sleep-disordered breathing and sudden death during sleep (Bernardi et al., 2003; Edelman
etal., 1970; Filler et al., 1965; Guilleminault et al., 1984; McNicholas et al., 1983; Palma et
al., 2017). Although a rare disease with no more than 700 identified cases, FD represents a
unique template to study the interactions between sleep-disordered breathing and abnormal
chemo- and baroreflex function. Here, we review recent developments in the understanding
of sleep-disordered breathing in patients with FD, the risk factors for sudden death during
sleep, and the specific interventions that could prevent it.

THE PHENOTYPE OF FD IS A CONSEQUENCE OF DEAFFERENTATION

ELP-1 deficiency in FD affects the development of primary sensory (afferent) neurons,
resulting in a complex neurological phenotype. Impaired development of primary sensory
nerves results in reduced pain and temperature sensation, absent deep tendon reflexes and
gait ataxia (Macefield et al., 2011), optic neuropathy (Mendoza-Santiesteban et al., 2017),
and neurogenic dysphagia contributing to chronic lung disease (Kazachkov et al., 2018;
Palma et al., 2018). In addition, abnormal development of mechano- and chemosensory
neurons results in baro- and chemoreflex failure with orthostatic hypotension, paroxysmal
hypertension, and abnormal control of heart rate and ventilatory responses to hypoxia and
hypercapnia (Norcliffe-Kaufmann et al., 2010; Norcliffe-Kaufmann et al., 2016). These
contribute to early-onset target organ damage (Goldberg et al., 2018; Norcliffe-Kaufmann et
al., 2017; Palma et al., 2014), and chronic respiratory disease.

CHEMOREFLEX FAILURE IN FD

Physiology of respiration and the chemoreflex

The chemoreceptor reflex is a negative feedback mechanism that regulates ventilatory drive
to maintain arterial pressures of oxygen (O») and carbon dioxide (CO5) and pH within a
narrow range. The afferent part of the chemoreflex includes peripheral multimodal
chemoreceptor cells in the carotid body, and central CO, -H* -sensing chemoreceptor
neurons in the brainstem. Peripheral chemoreceptor cells in the carotid bodies, which derive
from the neural crest, monitor the partial pressure of oxygen (pO,), the pCO,, and pH in
arterial blood. They synapse with nerve terminals of chemoreceptor neurons, with cell
bodies in the petrosal ganglia of the glossopharyngeal nerve, which transmit chemosensory
information to neurons in the nucleus of the solitary tract (NTS) in the medulla. These NTS
neurons project to the pre-Botzinger complex, a group of neurons that generates the
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rhythmic signals underlying the periodic drive for inspiration (Del Negro et al., 2018).
Neurons in the pre-Botzinger complex project to neurons in the dorsal and ventral
respiratory groups in the medulla, which control spinal motoneurons innervating respiratory
muscles (diaphragm, intercostal and abdominal), as well as premotoneurons projecting to
vagal (cranial nerve X) and hypoglossal (cranial nerve XII) motor neurons that control the
tongue and upper airway muscles (Revill et al., 2015; Yang et al., 2018).

Central breathing networks are also modulated by input from mechanoreceptors sensing the
stretch of the respiratory muscles (e.g., diaphragm) and lungs. Stretch receptors (mechano-
sensors) in smooth muscle of bronchi and bronchioles send information via the vagus nerve
to the pre-Botzinger complex and other areas in the brainstem. Lung stretch-receptor
afferents conveying signals to brainstem interneurons rhythmically inhibit the pre-Botzinger
complex and activate the lateral parafacial nucleus when lungs are inflated (inspiratory
termination reflex) and conversely excite the pre-Bétzinger complex and inhibit the lateral
parafacial nucleus when lungs are deflated. This feedback underlies the Breuer-Hering
reflexes, essential in controlling inflation and deflation of the lungs.

In normal individuals, most of the respiratory control is exerted by brainstem neurons -
central chemosensory neurons and glia located in the ventral parafacial nucleus and other
regions respond to changes in partial pressure of CO, (pCO>) and pH in the cerebrospinal
fluid. These neurons project to the pre-Botzinger complex -the primary neurons generating
the essential periodic drive for inspiration- and other sites to coordinate the breathing cycle
(Del Negro et al., 2018).

Breathing in humans is extremely sensitive to changes in the levels of pCO in arterial
blood, as they directly affect acid-base balance. For instance, in healthy subjects, an increase
in arterial pCO» from 40 to 41 mmHg (~2.5%) stimulates central and peripheral
chemoreceptors and increase minute ventilation from 5 to 7 liters (~40%). In contrast, under
normal conditions, breathing is relatively insensitive to changes in levels of pO, in arterial
blood. However, when oxygen levels decrease and arterial pO, is less than ~60 mmHg (e.g.,
high altitude or intense exercise) hypoxia becomes a powerful stimulus increasing
ventilation at any given pCO», level (Hoiland et al., 2018). Decreases in pH (i.e., increases in
H* concentration) stimulate central and peripheral chemoreceptors resulting in
hyperventilation. In healthy subjects, reductions in pO, cause tachycardia and moderate
increases in blood pressure, and both hypoxia and hypercapnia increase ventilatory drive and
central sympathetic outflow. Baroreflex activation normally abolishes the increase in
sympathetic activity induced by hypoxia, but not by hypercapnia (Somers et al., 1991;
Somers et al., 1989a; Somers et al., 1989b).

Cardiorespiratory consequences of chemo- and baroreflex failure

Neurological disorders affecting central or peripheral chemoreceptor neurons can manifest
with hypoxia and hypercapnia due to hypoventilation and most disturbingly episodes of
apnea. In patients with FD, ventilatory responses to hypercapnia are reduced, and to hypoxia
are almost absent. In response to hypoxia, thee patients develop paradoxical hypoventilation,
hypotension, bradycardia, and potentially, death (Bernardi et al., 2003; Edelman et al., 1970;
Filler et al., 1965; Guilleminault et al., 1984; McNicholas et al., 1983). Impaired ventilatory
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control due to chemoreflex failure acquires special relevance during sleep when conscious
control of respiration withdraws. Virtually all patients with FD have some degree of sleep-
disordered breathing (Gadoth et al., 1983; McNicholas et al., 1983; Singh et al., 2018;
Weese-Mayer et al., 2008), which is a risk factor for sudden unexpected death during sleep
(Palma et al., 2017).

In patients with FD cardiorespiratory responses to hypoxia and hypercapnia are markedly
abnormal, likely due to impaired afferent chemo- and baroreflex neurons. Several
investigations have consistently reported these responses (Bernardi et al., 2003; Edelman et
al., 1970; Filler et al., 1965; Guilleminault et al., 1984; McNicholas et al., 1983).
Specifically, in patients with FD (Table 1):

a. Hypercapnia decreases the ventilatory response to progressive hypercapnia
instead of increasing it, as it occurs in normal subjects.

b. Hypoxia results in little or no increase in ventilatory response, rather than the
marked increase seen in normal subjects.

c. During hypoxia and hypercapnia patients with FD experience bradycardia and
hypotension, with some patients experiencing convulsive syncope (frequently
misdiagnosed as “grand mal seizures”), instead of tachycardia and a moderate
increase in blood pressure as in normal subjects.

Studying 6 subjects with FD, Edelman and colleagues (Edelman et al., 1970) described that
sudden relief of hypoxemia (e.g., with the administration of intranasal 100% O5) was
followed by complete apnea of variable duration (10-56 seconds) in 4 of the subjects,
instead of only a mild decrease in ventilation (-40% in tidal volume) as in normal subjects.
The apnea following the abrupt relief of hypoxia in some subjects with FD might be a
consequence of cessation of the hypoxic drive from the peripheral chemoreceptors,
suggesting that, at least in some patients, residual peripheral chemoreceptor function might
remain.

One dramatic clinical consequence of these cardiorespiratory abnormalities is breath-holding
episodes. These are relatively frequent in children with FD after crying or laughing and can
result in severe hypotension, hypoxia, and decerebrate posturing before breathing resumes
(Maayan et al., 2015). In addition, during respiratory infections, patients with FD have no
compensatory tachypnea, and can suffer hypotension and syncope in low oxygen
environments, such as high altitude, airplane travel, and underwater swimming (Kazachkov
etal., 2018).

SLEEP-DISORDERED BREATHING IS ALMOST UNIVERSAL IN FD

Several studies, some performed decades ago, suggested high prevalence of sleep-disordered
breathing in patients with FD (Gadoth et al., 1983; Guilleminault et al., 1984; McNicholas et
al., 1983; Weese-Mayer et al., 2008). All studies had important limitations, including small
sample size, inclusion of subjects before genetic confirmation of the disease was available,
lack of end-tidal CO, (EtCO,) measurements, selection bias due to inclusion of only
symptomatic patients, and inclusion of either adult or pediatric patients only. To overcome
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these limitations we conducted a large comprehensive study reporting the results of in-
hospital polysomnography from 75 consecutive adult and pediatric patients with genetic
confirmation of the /KBKAP mutation, performed regardless of the presence of sleep-related
symptoms (Singh et al., 2018).

Overall, almost all adult (85%) and pediatric (95%) patients had some degree of sleep-
disordered breathing (Singh et al., 2018). Obstructive apnea events were more frequent in
adults, whereas central apnea events were more severe and frequent in children. While the
number of central events decreased with advancing age, the severity of hypoventilation
(average and maximum EtCO- levels) progressively worsened with age, suggesting that the
mechanisms driving central events tended to have less influence as the brain matured. The
amygdala and the hippocampal head are specifically involved in breathing control and the
pathophysiology of central apneas (Lacuey et al., 2017). Because ELP-1 is required for the
normal CNS development and is highly expressed in amygdala and hippocampus (Chaverra
etal., 2017), it is possible that abnormal development and maturation of these regions may
underlie the high frequency of central events during the pediatric years in FD. As these
regions mature with age, central events become less frequent.

Not surprisingly, a higher apnea hypopnea index was associated with increased severity of
hypoxia and hypoventilation. Importantly, in 46% of patients hypoventilation and
hypercapnia occurred with no accompanying apnea (Singh et al., 2018). This finding has key
clinical implications: episodes of hypercapnia not associated with apneas might be missed in
polysomnography studies that do not include EtCO, monitoring. Expert consensus
guidelines now recommend EtCO, monitoring in all sleep studies performed in patients with
FD (Kazachkov et al., 2018).

In addition to chemoreflex failure, additional factors contribute to sleep apnea and the rapid
development of hypoxemia in patients with FD. Patients have craniofacial abnormalities
with large tonsils and adenoids that predispose to upper airway obstruction, and a smaller
thorax and vital capacity due to a physically smaller body habitus and limited chest wall
expansion caused by kyphoscoliosis. Also, if anemia is present, oxygen carrying capacity is
decreased. Finally, gastro-esophageal reflux, frequently present in FD, can cause reflex
laryngeal closure resulting in apnea. This laryngeal closure reflex has been implicated in the
pathogenesis of sudden-infant death syndrome (Cummings, 2016; Horne, 2018), and could
potentially play a role in sleep-disordered breathing in FD. These factors may contribute to
prolonged apnea, as well as poor tolerance of environments with low partial pressure of
oxygen, such as pressurized airplane cabins and high altitude (Kazachkov et al., 2018).

SUDDEN UNEXPECTED DEATH DURING SLEEP IS FREQUENT IN FD

The two most common causes of death in FD are sudden unexpected death during sleep
(SUDS) and respiratory disorders. SUDS is defined as a sudden, unexpected, witnessed or
unwitnessed, nontraumatic, and non-drowning death occurring during sleep, with or without
evidence of a seizure. Until recently, the risk factors for SUDS in FD remained unidentified.
In a recent study we hypothesized that the high incidence of SUDS in patients with FD was
linked to the presence of respiratory abnormalities during sleep. To test this hypothesis, we
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analyzed the clinical features and polysomnography findings of patients with FD who died
suddenly during sleep, and compared them to age- and sex-matched patients with FD who
remained alive at the time of the study.

This study was based on the New York University (NYU) FD Patient Registry, an ongoing,
prospective study of the natural history of patients with FD. The study began in 1970 and
contains clinical and diagnostic data, including cause of death, on 670 patients at the time of
the study. Of these, 327 (49%) remained alive at the time of the study. All patients have
genetic confirmation of FD; more than 99% are homozygous for the same founder mutation
(6T>C change) in the /KBKAP gene. The majority of patients included in the Registry
(above 50%) are from the United States. Patients are followed closely and seen at least once
a year (Norcliffe-Kaufmann et al., 2017).

We found that the annual incidence rate of SUDS in patients with FD is 3.4 per 1000 person-
year, compared to 0.5-1 per 1000 person-year of sudden unexpected death in epilepsy
(SUDEP) (Tomson et al., 2008). The Registry search specifically identified 32 (14 women)
patients with FD and SUDS that had undergone polysomnography in the 18-month period
before death. SUDS occurred most frequently during the 2"d and 3'd decades of life (mean
age at death was 29.3 + 12.4 years old). Autopsy was available in 6 cases. All of them
showed brainstem, spinal cord, and dorsal root ganglia atrophy, which are neuropathological
hallmarks of FD (Cohen et al., 1955; Pearson et al., 1978). These 6 cases showed no
structural cardiac pathology and no structural brain lesions. Most of them had nonspecific
pulmonary congestion or focal hemorrhage, typically seen as a consequence, rather than a
cause, of asphyxia.

Multivariable analysis disclosed that treatment with fludrocortisone, plasma potassium levels
below 4 mEqg/L, and untreated sleep apnea were factors independently associated with
increased risk of SUDS in patients with FD. Conversely, treatment with nocturnal
noninvasive ventilation was associated with a reduced risk of SUDS.

Taken together, these findings indicate that in patients with FD, sleep-disordered breathing
with chemoreflex failure results in episodes of severe hypoxia, hypercapnia, hypotension
and bradycardia. In some patients, hypokalemia is an added factor, potentially contributing
to fatal cardiac arrhythmias. Supporting this hypothesis, Figure 1 shows a polysomnography
tracing of a 19-year-old male with FD and severe sleep-disordered breathing. It highlights
two apnea episodes. During these, O, decreases and EtCO, increases, but in contrast to the
expected tachycardia, the heart rate decreases (R-R interval increases). Note that the
moderate hypercapnia (his highest EtCO2 was 51 mmHg) and mild hypoxia (his lowest O,
was 94%) was associated with a marked decline in heart rate from 75 of 50 bpm.

THERAPEUTIC IMPLICATIONS

Non-invasive ventilation

The finding that untreated sleep apnea and fludrocortisone are independent risk factors for
SUDS in patients with FD has important therapeutic implications. Early identification of
sleep abnormalities with polysomnography and implementation of non-invasive ventilation
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with CPAP or BiPAP when required are now encouraged in expert consensus guidelines for
the diagnosis and management of respiratory disorders in FD (Kazachkov et al., 2018).

Treatment with non-invasive ventilation may not only decrease the risk of apneas, hypopneas
and sudden death during sleep but also improve daytime ventilatory responses, as we
recently showed (Kaufmann et al., 2019) (Figure 2). Indeed, treatment with nocturnal non-
invasive ventilation in patients with FD resulted in a marked reduction in daytime arterial
pCO, suggesting that nocturnal non-invasive ventilation might help maintain arterial pCO,
levels during wakefulness by, perhaps, resetting the chemoreceptor to lower pCO5 levels.

Role of potassium

The finding that potassium levels in the low range of normality and treatment with
fludrocortisone were associated with SUDS was somewhat unexpected. Fludrocortisone
(9a-fluorocortisol) is a synthetic mineralocorticoid that increases renal sodium and water
reabsorption, expands intravascular volume, and increases blood pressure. Fludrocortisone
for the treatment of orthostatic hypotension in patients with FD became widespread in the
1990s, sometimes at very high dosages (up to 0.6 mg/day). Hypokalemia is a very frequent
side effect of fludrocortisone therapy (Chobanian et al., 1979). Thus, it is likely that lower
serum potassium levels in cases with SUDS were the result of fludrocortisone treatment. In
the general population, hypokalemia and plasma potassium levels in the lower range of
normality are independent risk factors for life-threatening arrhythmias and sudden cardiac
death (Kjeldsen, 2010). Interestingly, all drugs proven to reduce mortality and morbidity
rates in patients with cardiovascular disease increase plasma potassium concentration
(Kjeldsen, 2010). Because specific potassium (TASK-1) channels are key components of the
arterial chemoreceptors (Buckler, 2015; Trapp et al., 2008), it is tempting to hypothesize
that, in patients with FD lower potassium levels may worsen chemoreceptor failure. Indeed,
dysfunction of the TASK-1 receptor in mice results in attenuated cardiorespiratory responses
to hypoxia (Trapp et al., 2008), a similar phenotype to that described in patients with FD.

Therefore, reduction or, when possible, discontinuation of fludrocortisone treatment are now
recommended. Frequent monitoring of plasma potassium concentration during the first 2
weeks following discontinuation is recommended as some patients may develop
hyperkalemia. Fludrocortisone discontinuation has other benefits, as long-term treatment
with fludrocortisone is associated with target organ damage, including left ventricular
hypertrophy and renal failure (Norcliffe-Kaufmann et al., 2013).

CONCLUSION

The interactions between sleep disorders and autonomic nervous system abnormalities
inducing potentially fatal cardiovascular consequences are increasingly recognized in a
variety of neurological disorders (Berteotti et al., 2018; Chiaro et al., 2018; Fink et al., 2018;
Palma, 2018). In FD, discoveries in the last decade have defined the phenotype of the
disease, characterized by deafferentation resulting in baroreflex and chemoreflex failure with
a high frequency of sleep disordered breathing and SUDS (Norcliffe-Kaufmann et al., 2017;
Palma et al., 2017; Singh et al., 2018). The recent identification of specific risk factors for
SUDS has resulted in the widespread implementation of non-invasive ventilation and
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reduction or discontinuation of fludrocortisone therapy (Palma et al., 2017). Non-invasive
ventilation in FD may also have the potential of reversing daytime hypercapnia (Kaufmann
etal., 2019).

A number of questions regarding the pathophysiology of sleep-disordered breathing in FD
remain. Chemoreceptor failure should result in central sleep apnea, which is the phenotype
in children, but not in adults with FD who have predominantly obstructive sleep apnea.
Other factors, such as upper airway abnormalities or interactions between the chemoreceptor
signals and upper airway regulation might be responsible and need to be studied. Airway
stretch mechanosensing neurons are imprtant for maintaining normal breathing in adults.
Functional ablation of mechanosensing neurons in mice abolishes Breuer-Hering reflexes,
causes apnea, respiratory failure, and death (Goridis, 2017; Nonomura et al., 2017), not
unlike the phenotype of FD. It is likely that mechanical signals from airway-innervating
sensory neurons are also impaired in FD, but this has not been specifically studied neither in
patients nor in animal models of FD (Heras-Garvin, 2017; Lefcort et al., 2017). Further
investigation of the ventilatory responses during sleep in patients with FD and elucidation of
the role of potassium in chemoreceptor function may prove valuable to identify novel
therapeutic approaches.
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Figure 1. Polysomnography of a 19-year-old patient with FD and severe sleep-disordered
breathing.
The tracing shows two apnea episodes (airflow tracing flattening). During these, O,

saturation (SatO») decrease and EtCO» increase, as expected, but the R-R interval increases,
i.e., heart rate decreases (see arrows). This is in contrast to the expected tachycardia that
typically accompanies hypoxia in patients with typical sleep apnea. Note that the patient had
relatively moderate hypercapnia (his highest EtCO2 was 51 mmHg) and mild hypoxia (his
lowest O, was 94%) but his heart rate declined from 75 of 50 bpm during the apneas. It is
conceivable that more pronounced hypoxia and/or hypercapnia episodes could result in more
severe bradycardia, arrhythmias and cardiac arrest.
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Figure 2. Arterial pCO2 concentration during wakefulness (daytime) before and during non-

invasive ventilation.

Treatment with non-invasive ventilation in patients with familial dysautonomia resulted in
reduced arterial pCO, concentration during daytime, suggesting that nocturnal use of non-
invasive ventilation could reset the chemoreceptor, even during wakefulness time. Adapted

from (Kaufmann et al., 2019).
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Cardiorespiratory responses to different setups of hypoxia and hypercapnia in patients with familial

dysautonomia compared to healthy subjects.

Table 1.

Healthy subjects | Familial dysautonomia
Isocapnic hypoxia V: M i =
(Bernardi et al., 2003) HR: 11 HR: =/\
Hyperoxic hypercapnia VM A
(Bernardi et al., 2003; Edelman et al., 1970) HR: 1 HR: 1
Hypoxic hypercapnia AV V:=/1
(Edelman et al., 1970) HR: 11 HR: =

V: Ventilation; HR: heart rate; 1: increase; |: decrease; =: no change.
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