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Background

Respiratory Mechanics and Sleep Disordered Breathing

“Sleep-disordered breathing” is a term that encompasses a broad spectrum of
conditions, all of which can affect sleep, a central aspect of a person’s life. For effective
respiration during sleep, a person must have an unobstructed airway so that breathing
allows sufficient oxygen to be delivered into the lungs.

During inhalation, the diaphragm contacts and moves downward, increasing the
intrathoracic space in the chest cavity. This allows the rib cage and the lungs to expand
and also creates negative pressure in the space via Boyle’s Law. The negative
intrathoracic pressure drives inspiration because it draws the breath of fresh air into the
lungs. When the diaphragm relaxes, the intrathoracic space decreases, which causes
areas of higher pressure in the lungs. This facilitates air’s exhalation from the body, as it
moves from the lungs, an area of higher pressure, into the atmosphere, which has
comparatively lower pressure.

When a breath of air is taken, it follows a specific pathway by which it travels
into the lungs. First, air is inhaled through the nose or the mouth, and then travels
through either the nasopharyx or the oropharynx into the laryngopharynx. From the
laryngopharynx, the air travels down the glottis, and through the trachea, which splits into
the right and left lungs. Inside the lungs, the breath of oxygenated air travels through
multiple bronchi, which then branch into the bronchioles. The bronchioles terminate in
clusters of alveoli, which are small air sacs with adjacent capillaries, which together
allow for gas exchange. Via diffusion, the oxygen is unloaded into the blood stream

through the capillaries adjacent to the alveoli, and the carbon dioxide diffuses from the



blood stream into the alveoli. During exhalation, carbon dioxide (the by-product of
cellular respiration) follows the reverse of the same pathway to leave the body.

The process of breathing is essential for the human body to function. Oxygen is a
requirement for cellular aerobic respiration, by which cells convert sugar to energy for
the body, and carbon dioxide is produced as a byproduct. Red blood cells carry oxygen
through the bloodstream to where it is needed.

Sleep-Disordered Breathing Spectrum

In instances of sleep-disordered breathing, the body struggles with a lack of
adequate oxygen delivery during sleep. In the United States, 9% of women and 24% of
men have sleep-disordered breathing (1). It has been estimated that 82% of men and 93%

of women with sleep-disordered breathing are not diagnosed (2).
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Figure 1: Spectrum of Sleep-Disordered Breathing



As seen in Figure 1, there are a wide range of issues on the sleep-disordered
breathing spectrum. At the mild end of the spectrum, beyond normal breathing, is
sporadic snoring. Snoring is a noise that occurs as a result of irregular airflow during
sleep (Figure 2). The airflow can be irregular through the upper airway for a variety of
reasons. There may be a nasal passageway obstruction. The jaw may be misaligned due
to muscular tension. The upper airway may be narrowed due to an anatomic abnormality
such as a large tongue, tonsils, or uvula; swollen nasal turbinates or nasal passages;
compression of the airway by adjacent structures; or the existence of loose or relaxed
tissue, which can be caused by aging, excess neck fat, or neuromuscular conditions that
cause throat muscle weakness and excessive relaxation. The snoring sound is generated
from the partially obstructed airway’s loose tissue vibrations. These vibrations cause the
typical snoring noise, which can range from soft to loud.

By nature, it is difficult to quantify the percentage of the population that snores.
In the United States, 28% of women and 44% of men between the ages of 30 and 60
admit to regular snoring (3). Possible explanations for the discrepancy between genders
include the fact that women tend to underreport snoring, and the tendency for men to gain
weight in their abdomen, upper torso, and neck, while women have a tendency to gain
weight in their lower body, in their hips and thighs (4).

Intermittent snoring is considered normal and typically does not have any
negative effects. Primary snoring is snoring that occurs on a regular basis, but it is not
fully obstructive and is not so severe that it is associated with an accompanying
syndrome, such as Upper Airway Resistance Syndrome or Obstructive Sleep Apnea

Syndrome. Some signs that snoring has become severe include increased snoring volume



and excessive daytime sleepiness, as normal sleep architecture has been disrupted and
sleep has become more fragmented (5). Habitual snoring has also been found to increase

a person’s risk of developing hypertension, regardless of age or body mass index (6) (7).

oy
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Normal obstruction obstruction
breathing of the airway of the airway

Figure 2: Mechanics of Airway Obstruction (8)

Next on the spectrum of sleep-disordered breathing is Upper Airway Resistance
Syndrome, which is considered a severe form of snoring. In Upper Airway Resistance
Syndrome, the airway is severely narrowed, requiring the chest muscles and diaphragm to
exert extra effort to bring in breaths of air (9). The amount of airflow entering the body
is similar to the amount allowed during primary snoring, but there is an increase in
physical effort exerted to bring in each breath (10). When Upper Airway Resistance
Syndrome patients enter periods of rapid eye movement (REM) sleep, their throat
muscles relax further, requiring even more effort for each breath (11) (12). The greater
the degree of narrowing, the lower the airflow, and the greater the inspiratory effort the
upper airway muscles must exert to overcome the narrowing. At times, transient
“snoring arousals” occur due to the large physical strain exerted by the body in an
attempt to bring air into the lungs (13). It is important to note that these arousals do not

occur as a result of dipping oxygen levels within the blood, because those levels remain



constant during Upper Airway Resistance Syndrome. The arousals occur only due to the
excess effort the body is exerting to inhale. After the person has an arousal from sleep,
they take a few deep breaths, and then return to sleep. This process disrupts their ability
to have periods of REM sleep, which is critical for preventing daytime sleepiness.
Consequently, Upper Airway Resistance Syndrome patients characteristically experience
frequent awakenings and excessive daytime sleepiness (14).

While Upper Airway Resistance Syndrome requires extra physical effort to take
breaths, the oxygen level in the bloodstream remains relatively stable. This differs for
hypopnea and apnea events, which are also instances of reduced airflow, but usually
result in lowered oxygen levels in the bloodstream. Therefore, patients with Upper
Airway Resistance Syndrome would experience very few hypopnea and apnea events
throughout a night of sleep.

Both hypopneas and apneas involve narrowed airways and increased effort
exerted to take breaths, due to obstruction of the upper airway or extreme relaxation of
throat muscles/tissues. Hypopneas are the less severe of the two because they are only
partial blockages of the airway — they typically involve a 30-50% reduction in airflow
amplitude for at least ten seconds, and either >3-4% oxygen desaturation or an arousal
(15). Apneas, on the other hand, are defined as a >90% reduction in airflow for a
minimum of ten seconds (15). Both apneas and hypopneas can cause arousals from
sleep. Typically, apneas and hypopneas are also associated with an
electroencephalogram arousal, as the brain responds to the lack of oxygen in the body
with excessive inspiratory effort (9). Apneas and hypopneas are quantified using the

“Apnea-Hypopnea Index,” or the number of events that occur per hour of sleep. The



Apnea-Hypopnea Index is calculated by dividing the total number of apneas and
hypopneas by total sleep time.

Obstructive sleep apnea is a condition that involves both hypopneas and apneas.
The most common definition of Obstructive Sleep Apnea Syndrome is having an Apnea-
Hypopnea Index of >5 (16). A key aspect of obstructive sleep apnea is that the sleep
events that occur at night are associated with the occurrence of negative cardiovascular
effects within the body that persist into the daytime (17). Obstructive sleep apnea is a
chronic condition but may be exacerbated in instances of weight gain or pregnancy.

Next on the spectrum of sleep disordered breathing is Central Sleep Apnea.
Central Sleep Apnea is associated with decreased airflow accompanied with a lack of
breathing effort. However, the lack of inspiration is not necessarily a result of a physical
airway obstruction. In Central Sleep Apnea, there are intermittent losses in respiratory
drive during sleep, in which the brain does not send the proper signals to the muscles that
would signal the body to breathe. Thus, the body’s muscles do not make an effort to
inhale air. Eventually, the lack of inspiration results in sympathetic activation and
arousal from sleep. When the body has regained consciousness, inhalation resumes, and
the blood stream becomes re-oxygenated. Central Sleep Apnea can be caused by a
variety of factors, including severe obesity, heart failure, brainstem damage, or as a side
effect of certain medications (18) (19).

On the most severe end of the sleep-disordered breathing spectrum is Pickwickian
Syndrome. Pickwickian Syndrome is characterized by extreme hypoventilation during
sleep, involving progressively slower and shallower breaths. Breathing motions are

restricted as a result of excess fat and quickly-fatigued chest breathing muscles (20). The



hypoventilation leads to hypercapnia, a state of increased pCO, and lowered pO; in the
bloodstream (21). Untreated Pickwickian Syndrome can lead to severe consequences,
and it is associated with a high morbidity and mortality rate (22).

Overall, there are a wide range of issues of varying severity that are on the sleep-
disordered breathing spectrum. This research project will be specifically focusing on
obstructive sleep apnea.

Obstructive Sleep Apnea Epidemiology

Obstructive sleep apnea is very prevalent in the United States of America. It has
been estimated that 33.9% of Americans between the ages of 30 and 70 years old have
obstructive sleep apnea (23). It has also been found that men are more likely to have
obstructive sleep apnea and are also more likely to be diagnosed than women. Further,
9% of men and 4% of women qualified as having moderate sleep apnea with an Apnea-
Hypopnea Index >15 (3). Over 12 million people have undiagnosed obstructive sleep
apnea (24). In one study, 93% of women and 82% of men that had moderate-severe sleep
apnea syndrome had not been diagnosed (25).

A study found that a 10% body weight increase over a period of four years results
in a six-fold increased risk for the development of obstructive sleep apnea (26). Other
risk factors for obstructive sleep apnea include smoking, male gender, hypertension, and
genetic predisposition, independent of obesity (3) (27) (28) (29) (30). Additionally, it is
thought that the obesity epidemic and aging population in the United States has
contributed to an increase in the prevalence of obstructive sleep apnea over the last
twenty years, and it is expected to rise further in the future (23) (31).

Systemic Effects of Obstructive Sleep Apnea




Although obstructive sleep apnea is commonly thought of as a respiratory
condition, it has systemic effects. When air is prevented from entering the body through
the airway, it causes a subsequent bodily response that involves a cascade of events to
attempt to re-oxygenate the blood. Initially, when there is an occurrence of decreased
airflow entering the body, hypoxemia and hypercapnia in the bloodstream result. While
inspiratory effort is typically accompanied by a slight negative pleural pressure swing, in
instances of obstructive sleep apnea, the blockage of air inhalation results in large
negative pleural pressure swings. When subsequent arousal and gasping for air occurs,
the bloodstream is rapidly re-oxygenated.

Heart rate and blood pressure vary throughout apnea events due to sympathetic
nervous system alterations (32). During the initial part of an apnea event, the heart rate
decreases as the Miillerian Maneuver is performed (33). When the oxygen content of the
blood remains low for a prolonged period of time due to lack of inspiration, the
sympathetic nervous system becomes activated, causing arterial vasoconstriction,
increased blood pressure and heart rate, and frequently culminates in sleep arousal (32)
(34) (35).

As sleep is typically associated with parasympathetic system dominance, the
repetitive intermittent episodes of hypoxemia and re-oxygenation associated with
obstructive sleep apnea contribute to excessive daytime sleepiness and poor
neurocognitive performance via sleep disruption, a lack of REM sleep, and persistent
sympathetic activation (3) (36). Additionally, the presence of obstructive sleep apnea,
especially when combined with hypertension, prevents the typical slight blood pressure

drop during sleep due to the persistent sympathetic activation (37) (38) (39). The



absence of this blood pressure drop is associated with increased sleep fragmentation (39).
Other studies attribute the daytime sleepiness observed in obstructive sleep apnea patients
to the repetitive electroencephalogram arousals that correspond with apneic events (9).
Sleep deprivation has also been associated with an increase in sympathetic tone, which
can contribute to the development of cardiovascular disease (40).

The intermittent episodes of hypoxemia in obstructive sleep apnea also contribute
to endothelial dysfunction, in which the vasculature is unable to maintain homeostasis
(41). This occurs because the endothelium becomes unable to synthesize nitric oxide
appropriately. Nitric oxide is necessary for growth and repair, and for allowing the
vasculature to change back and forth from a restricted to a relaxed state (42). Effective
obstructive sleep apnea treatment has been found to reverse endothelial dysfunction (41)
(43).

High Apnea-Hypopnea Indices have also been linked with overall lowered heart
rate variability (44). Heart rate variability is associated with autonomic function of the
heart. During breathing, a phenomenon called “respiratory sinus arrhythmia” occurs, in
which the heart rate varies consistently with each breath, increasing slightly during
inhalation and decreasing slightly during exhalation (45). Due to the sympathetic
stimulation associated with obstructive sleep apnea events, the heart rate is persistently
increased, causing a decrease in the typical variability seen in normal breathing (46).
Immediately after an apnea event, heart rate variability is especially lowered in
conjunction with an increased heart rate (47). A lowered heart rate variability is linked

with higher associated cardiovascular risk factors (48).



It is thought that the persistent hypoxemic stress present in obstructive sleep
apnea patients may cause the release of endogenous vasoactive substances, or substances
able to affect heart rate and/or blood pressure (49). They also may potentially contribute
to the development of hypertension in obstructive sleep apnea patients due to persistent
vasoconstriction (49).

Obstructive sleep apnea is also associated with a mild inflammatory state due to
the oxidative stress from respiratory events and a lack of adequate sleep (50) (51). Pro-
inflammatory cytokines become activated as part of the body’s inflammatory response to
the repetitive instances of hypoxemia (50) (52). Over time, prolonged inflammation,
persistent sympathetic activation, and chronic vasoconstriction can cause endothelial
dysfunction, which can contribute to future development of cardiovascular diseases such
as hypertension, atherosclerosis, and stroke (51) (53).

Insulin resistance has also been independently associated with obstructive sleep
apnea (54). It has been previously established that obesity is a primary determinant for
development of insulin resistance. However, even when controlling for obesity, a study
found that a patient’s Apnea-Hypopnea Index and minimum oxygen saturation levels
were significant determinants of their fasting insulin levels and HOMA-IR scores
(Homeostatic model assessment for Insulin Resistance) (54). Multiple mechanisms may
be responsible for this phenomenon, including an increase in catecholamine production as
a result of persistent sympathetic activation, an increase in cortisol as a result of
hypothalamic-pituitary-adrenal axis shifts, an increase in the production of reactive

oxygen species as a result of oxidative stress, an increase in interleukin-6 and tumor
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necrosis factor-a as a result of inflammation pathway activation, and an increase in leptin
and decrease in adiponectin as a result of changes in adipokines (55).

Obstructive sleep apnea has also been found to cause greater platelet activation,
increased plasma fibrinogen levels, and erythrocyte adhesiveness and aggregation (56)
(57) (58). The combination of these factors can predispose obstructive sleep apnea
patients to develop thrombosis (59).

Obstructive Sleep Apnea and the Cardiovascular System

Obstructive sleep apnea patients experience a large amount of negative
intrathoracic pressure within the chest cavity, which creates large transmural pressure
gradients across the ventricles, atria, and aorta (60) (61). These large transmural pressure
gradients can have harmful effects on the functionality of the heart, including an
increased afterload, systolic and diastolic dysfunction, excessive venous return to the
right ventricle, left and right ventricular hypertrophy, and an increase in mass of the atria
(62) (63).

While there is typically a slight decrease in blood pressure during inhalation and a
slight increase in blood pressure upon exhalation, the large amount of negative
intrathoracic pressure within the chest cavity during apnea events can cause “pulsus
paradoxus,” an excessive decrease in systolic blood pressure during inhalation and an
overcompensation of raised systolic blood pressure upon arousal and gasping for air (64).
The wide amplitude of blood pressure changes that repeatedly occur throughout the night
in obstructive sleep apnea patients can contribute to the development of hypertension

(65).
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Overall, obstructive sleep apnea causes a wide variety of pathological effects,
including negative intrathoracic pressure swings, persistent sympathetic nervous system
stimulation, daytime sleepiness, lowered heart rate variability, chronic vasoconstriction,
atrial fibrillation, inflammation, endothelial dysfunction, insulin resistance, thrombosis,
and left ventricular dysfunction, which can contribute to the development of
cardiovascular disease (26) (66) (67) (68) (69). A large number of studies have made the
association between sleep-disordered breathing and cardiovascular disease (69) (70) (71).
However, it has not yet been established whether obstructive sleep apnea independently
causes cardiovascular disease. Regardless, as cardiovascular disease can have serious
consequences, it is very important to address and treat obstructive sleep apnea in patients.

Hypertension frequently exists as a comorbidity to obstructive sleep apnea, and is
considered a strong risk factor for the development of further cardiovascular disease.
About 50% of obstructive sleep apnea patients have arterial hypertension, and 30% of all
hypertensive patients also have obstructive sleep apnea syndrome (26). The severity of a
patient’s sleep apnea is correlated with the severity of their hypertension; specifically,
their systolic, diastolic, and mean blood pressure values (72). Typically, a person’s blood
pressure decreases at night during sleep (39). However, many obstructive sleep apnea
patients, especially those that also have hypertension, do not experience this decrease;
this places them at increased risk for developing cardiovascular and vascular issues (73)
(74). Over time, hypertension can cause organ damage and severe cardiovascular events,
such as stroke or heart failure (75).

Obstructive sleep apnea has also been associated with myocardial ischemia and

congestive heart failure (76). However, while obstructive sleep apnea is associated with
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factors such as increased body mass index, heightened sympathetic activity, and
hypertension, all of which can contribute to developing heart failure, a direct link has not
yet been established (77). In addition, because hypertension and heart disease are both
risk factors for stroke, obstructive sleep apnea as a risk factor for stroke is considered
inferential (67). Some studies suggest that obstructive sleep apnea itself is a direct risk of
stroke (78).

Obstructive sleep apnea is also a risk factor for coronary artery disease due to its
pathophysiological mechanisms including atherosclerosis, thrombosis, and potentially
myocardial ischemia (79). In one study, it was found that 37% of patients with coronary
artery disease also had Apnea-Hypopnea Indices >10 (80). Multiple studies found a
greater prevalence of coronary artery disease in both male and female patients with sleep-
disordered breathing (80) (81) (82).

Obstructive sleep apnea patients have also been observed to have more frequent
cardiac arrhythmias, or irregular heartbeats. A variety of types of arrhythmia are found in
obstructive sleep apnea patients, and their frequency increases with both the Apnea-
Hypopnea Index and with the severity of the resulting hypoxemia (83).

Another potential cardiovascular complication of obstructive sleep apnea is
pulmonary arterial hypertension. Pulmonary arterial hypertension is induced by the
intermittent episodes of hypoxemia, which damage the synthesis of nitric oxide (84).
Nitric oxide is essential to endothelial function, and without it, vascular remodeling
occurs, which can cause pulmonary vascular disease (85). It has been estimated that
between 20% and 40% of obstructive sleep apnea patients also have pulmonary

hypertension (86).
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Last, end-stage renal disease can occur because the proteinuria and chronic blood
pressure elevation that occur with obstructive sleep apnea can damage the kidneys,
among other organs (87). Sixty percent of end-stage renal disease patients are also
diagnosed with obstructive sleep apnea (88).

Sleep-Disordered Breathing and Pregnancy

Just over six million women become pregnant each year in the United States of
America (89). Many physiological changes occur with pregnancy, some of which
negatively affect a woman’s quality of sleep. This is further evidenced by the fact that
excessive daytime sleepiness is frequently observed during pregnancy, and worsens as
the woman nears term (90).

As stated previously, a weight gain of 10% has been associated with a six-fold
increase in the development of sleep-disordered breathing (91). This observation is
particularly relevant, as weight gain of >10% of body weight occurs routinely in
pregnancy (92). In addition, it has been found that nearly half of women of childbearing
age (20-44) are either overweight or obese — 24.5% overweight, and 23.0% obese — a fact
that predisposes them to the development of sleep-disordered breathing (93).

Pregnancy also severely impairs the functional residual capacity of the lungs and
decreases total lung capacity (94) (95). This may affect the upper airway’s patency and
increase the risk of collapse (96). To compensate, pregnant women frequently exhibit
increased tidal volume and minute ventilation (94).

In addition, the pharynx size becomes constricted during pregnancy. Its amount
of constriction corresponds with the woman’s increase in body weight (97). Upper

airway edema is also common in pregnancy due to physiological alterations in the airway
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mucosa (98). In cases of preeclampsia in pregnancy, excess fluid retention in the upper
airway is frequently observed (96).

All of these physiological changes that occur with pregnancy can contribute to a
narrowed airway and difficulty breathing at night, predisposing pregnant women to the
development of sleep-disordered breathing. Additionally, many studies have found that
the severity of sleep-disordered breathing increases as the pregnancy progresses (99).
One study found that 4% of women reported snoring prior to becoming pregnant, and in
their third trimester, 23% of women reported snoring nightly (100). Another study
demonstrated that 35% of women reported snoring in the 3™ trimester and 25% reported
excessive daytime sleepiness (101) (102). A different study found that almost 37% of
women in their last trimester reported loud snoring, gasping, or apnea events, all
symptomatic of sleep-disordered breathing (103). It has also been verified that diagnoses
of obstructive sleep apnea increase in prevalence as pregnancy progresses, as well. It was
found that overall obstructive sleep apnea prevalence in the first trimester is 8.4%, and
the prevalence in the third trimester is 19.7% (104).

Sleep-Disordered Breathing and Pregnancy Outcomes

The presence of sleep-disordered breathing in pregnancy can cause negative
outcomes for both the mother and the fetus/newborn. The frequent sleep disturbances
characteristic of obstructive sleep apnea can cause sleep deprivation, which increases the
risk of preterm delivery and postpartum depression (105).

It is also possible that a diagnosis of obstructive sleep apnea can be associated
with abnormalities of the placenta, due to the oxidative stress and persistent sympathetic

stimulation and inflammation that results from periods of airflow limitation and recurrent
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hypoxia (106) (107). In addition, the poor vascularization of the placenta can cause fetal
growth restriction and smaller neonatal size (108) (109). Placental effects of obstructive
sleep apnea remain an active area of investigation.

New data proposes that the onset of sleep-disordered breathing during pregnancy
causes increased production of red blood cells due to the instances of hypoxia; the
heightened levels of nucleated red blood cells in the umbilical cord can cause uterine
growth restriction and maternal hypertension (103).

Additionally, the onset of snoring during pregnancy can also confer significant
risks to maternal cardiovascular health (103). A pregnant woman with sleep-disordered
breathing is about two and a half times more likely to develop hypertensive disorders of
pregnancy, including gestational hypertension and preeclampsia (101). An association
exists between obstructive sleep apnea and the development of gestational hypertension
and preeclampsia, as well (110) (111). The development of preeclampsia has been linked
to obstructive sleep apnea via pathogenic mechanisms including endothelial dysfunction,
oxidative stress, inflammation, and persistent sympathetic stimulation (103) (112). These
mechanisms are exacerbated by the fact that the vascular inflammatory response is very
strong during pregnancy (113).

Gestational hypertension is defined as blood pressure elevation that develops after
twenty weeks of gestation, and typically occurs in 10% of pregnancies (114) (115).
Preeclampsia involves proteinuria along with blood pressure elevation after twenty weeks
of gestation. It occurs in up to 7.5% of pregnancies, most commonly in nulliparous
women in their third trimester (116) (117). Preeclampsia is thought to develop when the

placenta implants irregularly, causing abnormal vascular development (103). This causes
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inflammation and oxidative stress, which results in endothelial dysfunction and the
release of anti-angiogenic factors (103).

Obesity is considered a major risk factor for preeclampsia and gestational
hypertension (103) (115). As obesity is also a risk factor for sleep-disordered breathing,
the association between gestational hypertensive disorders and obstructive sleep apnea is
expected (115). Additionally, excess weight gain throughout gestation has been found to
be predictive of gestational hypertension and preeclampsia development, and is also
linked with the development of obstructive sleep apnea (103).

Gestational hypertension and preeclampsia are associated with a variety of
negative outcomes for the mother and the fetus/newborn. Pregnant mothers with either of
these conditions were found to have higher rates of neonatal intensive care unit
admission, lengthier neonatal stay than normotensive pregnancies, smaller neonatal size
for gestational age than normal pregnancies, and higher rates of maternal intensive care
unit admission (118) (119). Gestational hypertensive disorders, including preeclampsia,
are linked with maternal and infant morbidity and mortality (120) (121). In addition,
preeclampsia has been found to cause increased risk of developing cardiovascular and
metabolic diseases later in life (122).

When preeclampsia is present with sleep-disordered breathing, it can alter the
intrauterine environment, cause fetal growth restriction, and cause impaired in-utero
movement (106) (108). Studies have shown that managing sleep-disordered breathing
during pregnancy can help relieve preeclampsia’s symptoms (111). It is unique that the
mechanisms of sleep-disordered breathing which cause cardiovascular disease in non-

pregnant patients exhibit many similarities with the side effects of preeclampsia,
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specifically oxidative stress, endothelial dysfunction, inflammation, and sympathetic
nervous system activation (103).

Together, gestational hypertension and preeclampsia cost billions of dollars
annually to treat (103). There are a variety of pharmacotherapeutic options for
preeclampsia treatment. However, for diagnosis at 38 weeks of gestation or later, the
only effective treatment is delivery (123). Doctors attempt to minimize the risk of
preeclampsia’s effect on the pregnant mother and her baby by controlling its side effects.
Because obstructive sleep apnea and preeclampsia are linked, and because obstructive
sleep apnea’s pathogenesis is better understood and more easily prevented than
preeclampsia, it may be beneficial to further explore their connection. One study
suggested that, when the Population Attributable Risk is calculated, treating snoring and
associated sleep-disordered breathing would relieve about 12-19% of hypertensive
disorders during pregnancy (103).

Diagnosis / Screening for Obstructive Sleep Apnea

There are a multitude of reasons obstructive sleep apnea is frequently
undiagnosed. First, there is a general lack of awareness surrounding obstructive sleep
apnea as a disease. Many people are unaware whether they consistently snore, especially
if they do not have a bed partner. Furthermore, people may assume that chronic snoring
is normal. People may not know that sleep-disordered breathing could be the reason why
they are tired during the day. It has also been found that medical professionals are
unlikely to add patients’ sleep concerns to their medical records (124). Additionally,
screening for obstructive sleep apnea is inconvenient for patients and expensive due to

the necessary overnight stay in a sleep facility and the time required for the interpretation
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of results. It has been found that there is a lack of access to sleep testing due to a limited
number of sleep facilities in existence (125). For these reasons, obstructive sleep apnea is
often undiagnosed and untreated.

Presently, the gold standard method of diagnosing obstructive sleep apnea is
polysomnography, which involves an in-laboratory overnight sleep analysis. The testing
uses equipment that takes a variety of measures using both electrophysiological and
respiratory monitoring, including brain activity, blood oxygen content, heart rate,
breathing, REM latency, and leg movements (126) (127). It is useful for not only
detecting obstructive sleep apnea, but a variety of other sleep disorders as well, including
insomnia, narcolepsy, idiopathic hypersomnia, periodic limb movement disorder, REM
behavior disorder, parasomnias, and Upper Airway Resistance Syndrome (128).

Additionally, home sleep apnea monitors are available, and are used as a first-line
study in many states in the diagnosis of sleep apnea. At-home sleep apnea monitors do
not typically measure sleep and cannot, therefore, measure arousals. However, these
monitors can measure airflow, snoring, oxygen saturation, and body position — all
essential measurements for the detection of apneas and hypopneas during later analysis
by a technician.

During polysomnography testing, esophageal pressure monitoring is an additional
measurement that can be done. Studies in the past have found that esophageal pressure
correlates with the amount of negative pleural pressure (129). Excess negative pleural
pressure, as stated previously, is correlated with airflow limitations and thus, can detect

the degree of inspiratory effort.
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Esophageal pressure monitoring involves the placement of a catheter into the
airway, and pressure measurements are taken throughout the night. The catheter is
inserted through the nostrils and ends in the lower third of the esophagus, and at its end,
there can be either a small transducer or, more commonly, a balloon for recording the
pressure (129) (130) (131). When pressure changes occur, they are recorded at the
proximal end of the catheter with a pressure transducer (132). The intrathoracic pressure
has been found to correlate with the pressure in the lower third of the esophagus (132).

The reason esophageal pressure monitoring is considered to be the gold standard
method of measuring airway resistance is because it is a very sensitive measure that can
identify sleep disorders, including obstructive sleep apnea and upper airway respiratory
syndrome, and can also detect sleep events. While only basic equipment is needed to
identify an obstructive apneic event, esophageal pressure monitoring is able to correctly
identify obstructive hypopneas (which involve low degrees of airway resistance) and
other instances of minor upper airway resistance, including microarousals and other
events that do not necessarily qualify as an apnea/hypopnea but still elicit reactions from
the sympathetic nervous system (32).

Although esophageal pressure monitoring is very precise and gives a clear picture
of what is occurring, there are a few drawbacks associated with this method. First, it is
very invasive and uncomfortable for patients. It also involves an overnight stay in a sleep
center — it cannot be done with a home sleep test. In addition, movement during sleep
can knock the esophageal pressure monitor out of place, causing inaccurate readings.
Some say that esophageal pressure monitoring may modify the upper airway dynamics,

affecting the polysomnography results (133). Esophageal pressure monitoring is also
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expensive, so it is not frequently used during overnight sleep testing (134). Due to its
invasive nature and the inconvenience of the overnight laboratory stay necessary for
esophageal pressure monitoring, it is no longer routinely used in clinical laboratories.

Pulse Transit Time and Respiratory Events

Pulse transit time measurements are an alternative to esophageal pressure
monitoring. “Pulse transit time” is the length of time, typically measured in milliseconds,
it takes a pulse pressure wave of blood to travel from the left ventricle to an arterial site
on a periphery, usually a fingertip or a toe. Each time the heart beats, there is a new pulse
transit time value.

Pulse transit time is measured using electrodes and a pulse oximeter. The
electrodes are necessary in order to produce an electrocardiogram, which tracks the
heartbeat. In an electrocardiogram (Figure 3), the “R wave” represents the depolarization
of the ventricles, which corresponds to the left ventricular ejection of oxygenated blood.
Pulse transit time is measured from the peak of the R wave to a constant level within the

oxygen saturation tracing from the fingertip pulse oximeter (135).
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Figure 3: Electrocardiogram Waveform (136)

Pulse transit time is inversely related to blood pressure and provides continuous
estimation of blood pressure changes (35) (137). A rise in blood pressure is the result of
arterial wall stiffening and increased vascular tone. This increases pulse wave velocity to
extremities, and hence, lowers the pulse transit time (32). While pulse transit time
values, individually, are not able to predict blood pressure at a given moment, they
become valuable when analyzing their changes as part of a whole. For example, at night,
there is typically a blood pressure dip of 10 - 20% compared to the diurnal blood pressure
(138). Pulse transit time measurements would be able to demonstrate any deviations
from the baseline nocturnal blood pressure.

Pulse transit time is useful for detecting respiratory events, as well. During

normal breathing, inhalation usually corresponds with a slight decrease in systolic blood
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pressure of about 10 mmHg and exhalation corresponds with a slight increase in systolic
blood pressure of about 10 mmHg (139). However, during sleep apnea events, the blood
pressure initially dips more than 10 mmHg due inhalation against an obstructed airway
(140). The negative pleural pressure becomes exaggerated as the body attempts to bring
in a new breath, and the respiratory effort increases (32). Pulse transit time is able to
reveal the acute blood pressure changes generated by high pleural pressure swings during
these incidences of pulsus paradoxus (141). Pulse transit time oscillations during
respiratory events have been found to be correlated with the degree of intensity of the
negative pleural pressure swings (32). For these reasons, pulse transit time is considered
a viable alternative to esophageal pressure monitoring in quantifying inspiratory effort
(142) (143) (144).

During the second part of a respiratory event, as time passes and the body is
unable to bring in oxygen, eventually the blood pressure increases as the sympathetic
nervous system is activated (145). Ultimately, the sleep event culminates in arousal and
gasping for air (140). Thee blood pressure changes associated with this part of sleep
events are also accurately reflected in pulse transit time measurements.

Due to the significant blood pressure variations that occur during apnea events,
patients with obstructive sleep apnea have greater blood pressure variability during sleep
than patients without obstructive sleep apnea (146). Pulse transit time is able to quantify
these alterations because it acts as a surrogate marker for blood pressure changes. Pulse
transit time values and averages will vary between patients due to their individual blood
pressures and anatomy. However, the changes in each patient’s pulse transit time values

throughout a night of sleep is what is helpful in scoring respiratory events.
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Another aspect of respiratory events is changes in heart rate. The heart rate
typically decreases with the Miillerian maneuver that occurs at the initial part of an apnea
event and then increases at apnea termination when the sympathetic nervous system
becomes activated (32) (33). Assessing heart rate fluctuations alone is not considered to
be a sensitive measure of respiratory events, but monitoring the changes in heart rate
using pulse transit time measurements is considered to be a more ideal method (35).

Pulse Transit Time versus Esophageal Pressure Monitoring

A close relationship has been demonstrated between the increase in esophageal
pressure and the progressive rise in the amplitude of pulse transit time oscillations which
frequently result from inhalation efforts during sleep events (141). Pulse transit time is
known to be almost as accurate as esophageal pressure monitoring for distinguishing
respiratory events (apneic and non-apneic) during sleep (147). Additionally, pulse transit
time can distinguish between obstructive and central respiratory events (141). In one
study, when differentiating between central and obstructive sleep apnea events,
polysomnographers analyzing esophageal pressure monitoring measurements and pulse
transit time measurements produced results that matched 94.6% of the time (141).

Unlike esophageal pressure monitoring, pulse transit time does not have to be
done in a sleep lab — it can be done using a home sleep apnea test using electrodes (for
electrocardiogram) and a fingertip pulse oximeter. Additionally, pulse transit time
measurements are less expensive to obtain than esophageal pressure monitoring (32).

Pulse transit time is able to accurately detect microarousals, but esophageal
pressure monitoring is less precise in this regard (32). Although microarousals do not

necessarily result in arousal from sleep, they still cause sympathetic nervous system
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activation, thus they can be sensed using pulse transit time measurements (147). This is
because microarousals have associated blood pressure increases, though there may not be
a significant change in the intrathoracic pressure changes (32).

During typical sleep events, there will be brain activity as part of the body’s
response to the lack of oxygen. Electroencephalographic arousals usually occur when
there is inspiratory effort against a closed airway, even without an apnea or hypopnea
event (9) (12). Electroencephalographic arousals can be detected using an
electroencephalogram, and pulse transit time changes have been shown to be reflective of
electroencephalogram arousal (35). Drops in pulse transit time have also been observed
during subcortical arousals, when there was no evident change in the
electroencephalogram (35). So, there are some subtle events that may not be disclosed by
analyzing electroencephalogram measurements alone; in these instances, pulse transit
time measurements are a more sensitive measure because they are able to demonstrate
subcortical arousals.

In addition, pulse transit time is an especially useful measure because there are
many previously established correlations between pulse transit time measurements and
cardiovascular outcomes.

Pulse transit time is thought to be potentially useful as a screening tool for
hypertension (148). Pulse transit time is also considered a potential useful measurement
for predicting the development of preeclampsia (149). A study found a negative
correlation between venous pulse transit time and hepatic vein impedance index, which is
known to influence cardiac output. Both pulse transit time and hepatic vein impedance

index correlate with maternal cardiac output, which correlates with neonatal birth weight
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percentiles (150). Last, pulse transit time is thought of as a valuable clinical tool for
assessment of vascular abnormality and autonomic nervous response (151).

Overall, pulse transit time is an ideal non-invasive method of measuring sleep
apnea and events, and it can be done using a home sleep apnea test. It is especially
advantageous for studying children and pregnant women, or any patient who may be
reluctant to spend the night in a sleep lab.

Drawbacks of Pulse Transit Time Measurements

Although pulse transit time has many merits, it is not without drawbacks. First,
there is always a possibility of motion artifact. Patient movement during sleep may
disrupt the placement of the electrocardiogram leads or the pulse oximeter, which could
alter the measurements taken. This could be incorrectly interpreted as a shift in amount
of inspiratory effort, or a change in the baseline pulse transit time (32). Next, it is not
capable of differentiating various kinds of respiratory events (apneas, hypopneas,
episodes of minor upper airway resistance, etc.) by itself. An additional layer of analysis
is needed, such as a nasal cannula to track airflow (32). Another disadvantage is that it
may be slightly uncomfortable for the patient to sleep with a device on.

Another large problem with the use of pulse transit time measurements is the fact
that REM sleep inherently involves large variations in respiratory drive (32). Therefore,
the pulse transit time measurements taken during this time, in addition to esophageal
pressure measurements, would make it difficult to judge whether there is a respiratory
event or if the increased inspiratory effort is just a normal part of the patient’s REM sleep
phase (32). In these cases, it would be necessary to interpret respiratory effort separately

from the arousal aspects in order to adequately assess respiratory events during this

26



period (32). This is a fairly significant drawback for the use of pulse transit time, because
periods of REM sleep are found to have more instances of respiratory events than periods
of non-REM sleep and an overall increased upper airway resistance (32).

In addition, pulse transit time is not completely accurate in assessing beat-to-beat
changes in blood pressure (152). Rather, it is most useful for analyzing trends of blood
pressure fluctuation throughout sleep. It must be used in conjunction with other
measurements, such as those already taken by typical home sleep apnea testing devices,
to give an accurate representation of changes occurring during sleep.

Last, pulse transit time is ineffective for analyzing the sleep patterns of some
patients with existing cardiovascular disease (32). For example, it would be difficult to
analyze patients with cardiac arrhythmias (such as atrial fibrillation), impacted isometric
contraction time (such as left ventricular dysfunction or cardiac conduction defects), and
those with cardiac pacemakers or on vasoactive medication. These conditions would
cause changes in the pulse transit time that would be difficult to distinguish from those
associated with respiratory events (32).

Presently, pulse transit time is not fully endorsed for clinical practice, though it is
frequently used (32). In the future, pulse transit time has the potential to be used in
conjunction with other standard home sleep apnea tests as a less expensive and less
invasive option than overnight esophageal pressure monitoring in a sleep laboratory (32).
Additional studies with larger populations are needed to fully elucidate the merits of
pulse transit time as a tool for the study of sleep-disordered breathing in patients.

Obstructive Sleep Apnea Treatments
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There are various treatment options for obstructive sleep apnea, including nasal
passage dilators, myofunctional therapy, oral appliances, surgeries, or Continuous
Positive Airway Pressure (CPAP) machines.

Blockages in the nasal passage have been shown to contribute to snoring and
obstructive sleep apnea events (153). A variety of methods exist to dilate the nasal
passages, including nasal surgery, expiratory positive airway pressure devices, and
nasopharyngeal airway stenting devices (154).

Next, myofunctional therapy is also a potential treatment option for obstructive
sleep apnea (155). Myofunctional therapy can consist of a range of exercises meant to
strengthen or re-train the oral and oropharyngeal structures and muscles that affect
breathing (156) (157).

Oral appliances can also be used as a method for treating both snoring and
obstructive sleep apnea. There are a wide variety of oral appliances that can be used,
with the purpose of most of them to keep the mouth only partially opened and advance

the mandible to a “forward” position (158).

Figure 4: Mandible Forward versus Mandible Back (159)

28



Positioning the lower jaw in a forward position using oral appliances can help the
front wall of the throat be held forward, maintaining an open airway (Figure 4).
However, the use of CPAP machines has been found to be more effective than mandible-
forward oral appliances (160).

Other alternative, more invasive treatment options for obstructive sleep apnea are
surgeries. A variety of surgeries exist which could alter the anatomy of the airway to
allow more airflow, including uvulopalatopharyngoplasty (with or without
tonsillectomy), uvulopalatopharyngoglossoplasty, midline glossectomy, nasal septal
reconstruction, lingualplasty, and genioglossal advancement, depending on each patient’s
individual circumstance (161). Other surgical remedies for obstructive sleep apnea
include bariatric surgery, or an implanted “Upper Airway Stimulation” device to
stimulate the breathing muscles (162) (163).

Last, Continuous Positive Airway Pressure is considered the gold standard
treatment for obstructive sleep apnea (164). CPAP machines consist of a face mask
placed over the mouth, attached to a machine that generates a continuous flow of
oxygenated air during sleep, which helps to prevent airway collapse. It has been shown
to help eliminate apnea events during sleep that occur as a result of obstruction of the
upper airway (165) (166). When patients are compliant with their CPAP treatment, they
show improved arterial stiffness, endothelial function, cardiovascular outcomes, and
decreased insulin resistance (164) (167) (168) (169). In normotensive patients, CPAP
lowered systolic blood pressure by 2-3 mmHg, and in hypertensive patients, it lowered

systolic blood pressure by 6-7 mmHg (170). Overall, effective treatment of obstructive
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sleep apnea can help to prevent some of the associated negative outcomes and can

improve overall sleep quality for patients.
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Methods

Participants and Setting

Patients were recruited from obstetric-gynecology practices throughout Rhode
Island and southern Massachusetts. Inclusion criteria included a singleton pregnancy,
less than fourteen weeks of gestation, acknowledging loud snoring 3-4 or more times per
week, and a body mass index greater than 27 kg/m”. These criteria correspond with risk
factors for the development of obstructive sleep apnea. Women were followed until
delivery. Women with atrial defibrillation were excluded due to the fact that an irregular
heartbeat makes the pulse transit time measurements inaccurate.

Women with risk factors for obstructive sleep apnea were recruited because the
research project tests the effectiveness of pulse transit time measurements for evaluating
sleep-disordered breathing and seeks to potentially predict hypertensive outcomes of
pregnancy.

Demographic information was collected from each patient at her baseline visit.
Medical records were accessed after delivery to analyze medical history and gestational
medical information. Patients were asked about any current medications they are taking
or have taken prior to the pregnancy, any vitamins they are taking (including prenatal
vitamins), and any sleep aids or medications they use. Patients were then asked specific
questions about their medical history. They were asked if they have received any
diagnoses or treatment for hypertension and specific cardiovascular conditions, including
coronary artery disease, cardiomyopathy, congestive heart failure, and arrhythmia. The
patients were also asked if they have a history of consuming alcohol or smoking

cigarettes, e-cigarettes, or marijuana. Last, the patients were asked a variety of questions
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about their pregnancy, including any complications they are experiencing or have
experienced in the past.

As the study progressed, it was noted that some patients did not have a record for
giving birth at Women and Infant’s Hospital. Thus, not all relevant data and outcomes
values could be collected, so they were excluded from the study.

Sample Groups

Various groupings of these patients were assembled for this study. When
analyzing differences in pulse transit time variables depending on obstructive sleep apnea
status, first the whole sample was analyzed, then a group of patients negative for
obstructive sleep apnea, and then a group of obstructive sleep apnea positive patients.
When pulse transit time measurements were correlated with blood pressure
measurements, the whole sample was analyzed, and then a group of 23 patients positive
for obstructive sleep apnea and 12 patients that were negative for obstructive sleep apnea
were analyzed. (These were all of the patients that had completed ambulatory blood
pressure monitoring testing.) When pulse transit time measurements were analyzed as a
potential predictive measure for hypertensive outcomes of pregnancy, obstructive sleep
apnea negative patients were studied. Last, when analyzing the ability of the pulse transit
time drop index variable of predicting pregnancy-associated hypertension, the whole
sample, obstructive sleep apnea positive, and obstructive sleep apnea negative groups
were analyzed separately.

Pregnancy Outcomes

Gestational hypertension and preeclampsia diagnoses were arbitrated using each

patient’s medical record. Definitions for gestational hypertension and preeclampsia were
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taken from the American College of Obstetricians and Gynecologists’ Clinical Guidelines
(Figure 5).

The Guidelines state that gestational hypertension is defined as having blood
pressure readings of 140 mmHg or greater for the systolic measurement and 90 mmHg or
greater for the diastolic measurement greater than four hours apart. The elevation in
blood pressure must occur after at least 20 weeks of gestation (114).

The Guidelines state that preeclampsia has two components — a rise in blood
pressure and proteinuria, which must both present after 20 weeks of gestation (114). The
elevated blood pressure must include readings of 140 mmHg or greater for the systolic
measurement and 90 mmHg or greater for the diastolic measurement greater than four
hours apart (114). Proteinuria is defined as a protein/creatinine ratio greater than or equal
to 0.3 mg/dL, a dipstick reading of 1+, or >300 mg/24-hour urine collection (114). If
there has been a blood pressure elevation after 20 weeks of gestation, but no proteinuria,
there are a few other testing options that can still allow for a diagnosis of preeclampsia,
including a platelet count of less than 100,000 per microliter, liver transaminases at
double the typical blood concentration, or serum creatinine concentrations >1.1 mg/dL

(114).
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TABLE 2-1. Diagnostic Criteria for Preeclampsia <

Blood pressure ¢ Greater than or equal to 140 mm Hg systolic or greater than or equal to 90 mm Hg
diastolic on two occasions at least 4 hours apart after 20 weeks of gestation in a
woman with a previously normal blood pressure

¢ Greater than or equal to 160 mm Hg systolic or greater than or equal to 110 mm Hg
diastolic, hypertension can be confirmed within a short interval (minutes) to facilitate
timely antihypertensive therapy

and

Proteinuria ¢ Greater than or equal to 300 mg per 24 hour urine collection (or this amount
extrapolated from a timed collection)

or
e Protein/creatinine ratio greater than or equal to 0.3*

e Dipstick reading of 1+ (used only if other quantitative methods not available)

Or in the absence of proteinuria, new-onset hypertension with the new onset of any of the following:

Thrombocytopenia e Platelet count less than 100,000/microliter

Renal insufficiency e Serum creatinine concentrations greater than 1.1 mg/dL or a doubling of the serum
creatinine concentration in the absence of other renal disease

Impaired liver function e Elevated blood concentrations of liver transaminases to twice normal concentration

Pulmonary edema

Cerebral or visual
symptoms

* Each measured as mg/dL.
Figure 5: Diagnostic Criteria for Preeclampsia (114)

Physical Exam Measurements

Next, a physical exam is done. Blood pressure measurements are taken using a
sphygmomanometer with a cuff of appropriate size for the patient. After resting for a
period of five minutes, the blood pressure measurement is taken with the patient in a
seated position. Anthropometric measures are also taken, including height
measurements, weight measurements, and body mass index measurements.

At-Home Sleep Apnea Monitor

All patients recruited for the study will do a home sleep apnea test using the Nox
T3 Sleep Device, a level III recording device (Carefusion, San Diego, CA, USA).

Studies have been done which have validated the accuracy of the Nox T3 device. It has
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been found to correctly identify 100% of obstructive sleep apnea negative subjects and
88% of obstructive sleep apnea positive subjects when compared with in-laboratory
polysomnography testing, and the Apnea-Hypopnea Index that the Nox T3 device
calculated strongly correlated with the Apnea-Hypopnea Index that was calculated during
in-laboratory polysomnography testing (r=0.93) (171).

The home sleep apnea testing device consists of two plethysmography belts that
are secured around the chest and abdomen, three electrocardiogram leads, a nasal
cannula, a microphone, and a fingertip pulse oximeter device. The nasal cannula records
airflow, snoring, and nasal pressure using a pressure transducer. The microphone records
any snoring sounds that occur. A sensor within the device is able to record bodily
positioning and movements throughout the night. The plethysmography belts are able to
measure thoracic and abdominal movements, and therefore inspiratory effort. The pulse
oximeter measures oxygen saturation in the bloodstream, and communicates those
measurements to the Nox T3 device wirelessly using Bluetooth.

The home sleep apnea test will be scored by an experienced polysomnographer,
who will classify the patient’s sleep events and will also determine whether to make a
diagnosis of obstructive sleep apnea. Additionally, the Nox T3 device will calculate an
Apnea-Hypopnea Index for each patient.

A diagnosis of obstructive sleep apnea was defined as having an Apnea-
Hypopnea Index of greater than or equal to five events per hour. Definitions for apnea
and hypopnea will be based on the recommendations from the American Academy of
Sleep Medicine (172). The Nox T3 device is also able to allow for the identification and

analysis of clinically significant airflow limitations that do not necessary meet the criteria
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for being classified as an apnea or a hypopnea by using an automated method and also by
allowing a visual inspection of relevant data. The automated method uses an algorithm
that is able to calculate an average breath’s airflow threshold on the nasal pressure signal,
and records breath attempts that fall below this threshold as “airflow limitations.” The
European Sleep Research Society defines flattening indices in which a result of 0.3
indicates a perfect breathing pattern, while a result of 0.0 indicates a “flat” breath (173).
The results from the algorithm for flattening indices will be analyzed in conjunction with
a visual inspection of the results from the sleep test as a whole (174) (175).

Pulse Transit Time Measurements

The at-home sleep apnea monitor is also able to collect pulse transit time data
using the fingertip pulse oximeter in combination with electrocardiogram recordings.
Although a typical electrocardiogram uses ten electrodes, the at-home sleep apnea test is
able to collect heartbeat information using just three. Electrodes are placed on the right
shoulder, right hip, and on the left side of the body, underneath the heart. The electrodes
measure the heart’s electrical activity, which allows the tracking of each heartbeat and
allows analysis of the function of the heart. The pulse oximeter probe is placed on the
index fingertip. It is able to measure blood oxygen saturation levels using
plethysmography.

Pulse transit time measurements are taken from the peak of the R wave for each
heartbeat in the electrocardiogram to the pulse wave rising 50% from nadir to its peak by
plethysmograph (Figure 6, Figure 7). Using this method, the device’s software is able to
calculate a variety of pulse transit time variables throughout the night of sleep. These

include:
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* Pulse transit time drops count / index

* Pulse transit time drops with apnea count / index

* Pulse transit time drops with hypopnea count / index

* Pulse transit time drops with desaturation count / index

Pulse transit time “drops” include variables that able to be adjusted by the study
administrators within the Nox T3 software. It this study, a pulse transit time “drop” was
defined as a minimum of a 10 millisecond decrease of a 4 second “moving average
duration” from the average pulse transit time in the 60 seconds immediately prior. For the
purposes of this study, it was defined that the “drop” must remain 10 milliseconds below
the background moving average for a minimum of 4 seconds. The pulse transit time drop

index is defined as the number of “drops that occur per hour of sleep” (135).

PTT Measurement

The PTT value is calculated from the R-top of the EKG until the PTT has risen 50% from its lowest
value. The percentage value is chosen by the user during the PTT creation. The images below show
how the PTT is calculated and how this percentage value comes into play.

PTT Noxturnal - Copyright © 2012 Nox Medical 30f5
Figure 6: Calculating Pulse Transit Time - 1 (135)
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a R-top on the EKG

b Pleth nadir for a single pulse

c 50% rise of the PTT from its nadir

d 80% rise of the PTT from its nadir

B Pleth maximum for a single pulse

ptt:1 The ptt duration for measurement point a to ¢ (50%)
ptt:2 The ptt duration for measurement point a to d (50%)

Figure 7: Calculating Pulse Transit Time - 2 (135)

Blood Pressure Measurements

Ambulatory blood pressure monitoring will also be done on all patients that were
found to be positive for obstructive sleep apnea in their first trimester and on a limited
number of obstructive sleep apnea negative patients. Patients will wear an ambulatory
blood pressure monitor on their arm for a period of 24 hours, and blood pressure
measurements will be taken at fifteen minute-intervals throughout the day. These
measurements will allow quantification and comparison of nocturnal and diurnal systolic
and diastolic blood pressures.

Blood pressure measurements taken by the ambulatory blood pressure monitor
will allow correlation of pulse transit time measurements with nocturnal blood pressure
measurements, diurnal blood pressure measurements, and whole-day blood pressure
measurements. These blood pressure measurements can also be averaged to allow more
straightforward analysis. These measurements are essential to this study because
elevated blood pressure is linked to the outcomes studied, including gestational
hypertension and preeclampsia.

Research Aims

38



Overall, the purpose of this study is to assess the effectiveness of pulse transit
time measurements for evaluating sleep-disordered breathing and for predicting
gestational hypertensive outcomes.

The specific aims of this research project were three-fold: First, pulse transit time
variables will be analyzed and compared between pregnant women with obstructive sleep
apnea and pregnant women without obstructive sleep apnea. Both groups include
patients that exhibited risk factors for the development of obstructive sleep apnea;
potentially, pulse transit time measurements can reveal differences between the patients
that have obstructive sleep apnea and why some do not. Next, pulse transit time variables
will be correlated with nocturnal and diurnal blood pressure in pregnant women with and
without obstructive sleep apnea, all exhibiting risk factors for obstructive sleep apnea.
Last, pulse transit time variables will be associated with the development of gestational
hypertension in pregnant women with and without obstructive sleep apnea with risk
factors for sleep apnea. In this aim, women with chronic hypertension were removed due
to the fact that their pulse transit time measurements may be affected by it.

Statistical Analysis

Statistical analysis will be use to analyze differences, correlations, and
associations. To compare the pulse transit time differences in pregnant women with and
without obstructive sleep apnea, a t-test will be performed, and then statistically
significant correlations will be analyzed. P<0.05 will be considered significant. In
addition, Spearman correlations will be done to analyze the relationship between each
patient’s various pulse transit time variables and their Apnea-Hypopnea Index.

Specifically, a correlation will be run between Average Pulse Transit Time Drops and
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average Apnea-Hypopnea Index in the sample as a whole, in groups with obstructive
sleep apnea, and in groups without obstructive sleep apnea.

Next, a Spearman correlation will be performed to analyze the relationship
between each patient’s pulse transit time variables and her Average Nocturnal Blood
Pressure (systolic), Average Diurnal Blood Pressure (systolic and diastolic), and Average
Whole-day Blood Pressure.

Last, when analyzing pulse transit time variables as a predictor of hypertensive
disorders of pregnancy, a univariate analysis of variance will be done to test between-
subject effects, including adjusting for height, in order to analyze the influence of each on
hypertensive outcomes. The American College of Obstetricians and Gynecologists’
Guidelines on Gestational Hypertension were used to adjudicate diagnoses of gestational
hypertension and preeclampsia by looking at patient’s medical records.

Throughout the statistical analysis, pulse transit time values were normalized for
height to account for the fact that pulse transit times will be different depending on each

patient’s limb length.
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Results

Whole sample OSA+ mean / SD OSA- mean / SD
mean / SD
AHI Score 2.77 £6.30 12.39+11.58 1.23 +2.86
PTT Drops 29242 +246.14 272.93 +£250.34 295.28 +246.56
Count
PTT Drops 43.34 +33.81 38.92 +31.74 43.99 +34.19
Index
PTT Drops with | 3.93 +£11.63 14.5 +29.09 2.38 £4.34
Apnea Count
PTT Drops with | .56 +1.56 2.0+ 3.80 35+.66
Apnea Index
PTT Drops with | 8.32 £27.92 42.19 £ 67.83 3.35+7.84
Hypopnea
Count
PTT Drops with | 1.15+3.62 5.68 +8.59 48 +1.14
Hypopnea
Index
PTT Drops with | 9.56 +£32.02 41.94 +79.46 481+11.05
Desaturation
Count
PTT Drops with | 1.32 £4.19 5.55+10.21 70 £ 1.62
Desaturation
Index
Average PTT 227.30 £139.33 167.56 + 96.31 235.42 £ 142.61
Drop
Maximum PTT | 726.16 £ 104.94 657.26 £ 130.89 735.53 £97.97
Drop
Average PTT 335.84 £136.60 383.06 = 149.93 329.48 +134.22
Average PTT 338.05 £ 138.97 37239+ 147.77 333.43 £136.05
(supine)
Average PTT 338.73 £143.42 411.36 +£178.05 328.76 £ 136.05
(non-supine)
Maximum PTT | 838.57 +8.51 839.24 +10.82 838.48 +£8.22
Maximum PTT | 831.05+13.44 831.76 +13.92 830.96 £ 13.44
(supine)
Maximum PTT | 834.37+11.81 834.1+£12.03 834.41 £11.84
(non-supine)
Minimum PTT | 25.83 &+ 29.54 30.71 +£36.63 25.18 + 28.60
Minimum PTT | 55.18 £ 57.62 60.35 + 59.56 54.49 + 57.62
(supine)
Minimum PTT | 46.64 +56.23 97.52 £ 106.23 39.66 +41.70

(non-supine)
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Table 1: Pulse Transit Time Variables Collected using the Home Sleep Apnea Test in the
Whole Sample, Obstructive Sleep Apnea Positive group, and Obstructive Sleep Apnea
Negative Group

OSA+ Mean / Standard
Deviation

Nocturnal systolic 117.05+ 14.14

blood pressure
Nocturnal diastolic | 66.86 + 12.22
blood pressure
Diurnal systolic 12443 +£11.04
blood pressure
Diurnal diastolic 75.00 £9.31
blood pressure
Whole-day systolic | 121.81 +11.35
blood pressure
Whole-day diastolic | 72.05 + 9.83
blood pressure
Table 2: Ambulatory Blood Pressure Monitor Values in Obstructive Sleep Apnea

Positive Group

Aim 1 Results: Pulse transit time differences in pregnant women with obstructive
sleep apnea versus pregnant women without obstructive sleep apnea

There were 128 patients in the total sample; 20 were diagnosed with obstructive
sleep apnea (OSA+) and 108 were negative for obstructive sleep apnea (OSA-).
Descriptive statistics are presented in Table 3. The obstructive sleep apnea positive
group was slightly older, taller, and heavier than the obstructive sleep apnea negative
group, with a higher body mass index, on average. All patients were studied in their first
trimester when they were approximately ten weeks pregnant. A greater percentage of the
obstructive sleep apnea positive group had been diagnosed with chronic hypertension
outside of pregnancy (22.22%) than the non-obstructive sleep apnea group (9.48%).

Similar percentages of both groups were nulliparous, about 33% for each.
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Whole sample
mean (n=128)

OSA+ mean / SD
(n=20)

OSA-mean/SD
(n=108)

Age 29.26 years + 6.32 33.22 years + 5.88 28.97 years + 5.65
Height 63.86 inches £ 3.11 | 64.86 inches +2.39 | 63.73 inches + 3.19
Weight 201.55 Ibs = 47.73 229.67 Ibs = 37.00 198.93 Ibs + 47.85
BMI 34,74 kg/m” + 7.98 | 38.46 kg/m” + 6.50 | 34.16 kg/m” + 8.06
Gestational age at | 10.64 weeks £ 1.90 | 10.26 weeks +=2.02 | 10.69 weeks + 1.89
study visit

% of women with 11.19% 22.22% 9.48%

chronic

hypertension

% of nulliparous 33.58% 33.33% 33.62%

women

Diabetes (outside 2.24% 0% 2.24%

of pregnancy)

Table 3: Demographics/Comorbidities Table for Aim 1

There were no significant differences between OSA+ and OSA- groups observed for the

Average Pulse Transit Time (p=.391), Minimum Pulse Transit Time (p=.926), or

Maximum Pulse Transit Time (p=.184). However, as shown in Figure 8, there were

significant differences between OSA+ and OSA- groups for the following variables:

Pulse Transit Time Drops with Apnea Count (p=.007), Pulse Transit Time Drops with

Apnea Index (p=.007), Pulse Transit Time Drops with Hypopnea Count (p=.000), Pulse

Transit Time Drops with Hypopnea Index (p=.000), and Pulse Transit Time Drops with

Desaturation Count (p=.000), Pulse Transit Time Drops with Desaturation Index

(p=.000). Overall, there were significantly greater numbers of pulse transit time drops

associated with sleep events (apneas and hypopneas) and oxygen desaturations in the

OSA+ patients. This was expected, as apneas, hypopneas, and oxygen desaturations are

more common in obstructive sleep apnea positive patients, so it makes sense that they

would have more pulse transit time drop measurements than obstructive sleep apnea

negative patients. In addition, significant differences between OSA+ and OSA- were
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found for Average Pulse Transit Time Drop (p=.007) and Maximum Pulse Transit Time

Drop (p=.008).

Significant Pulse Transit Time Differences between
OSA+ and OSA- Groups
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Sample size: 128
Figure 8: Significant Pulse Transit Time Differences between OSA+ and OSA- Groups

As shown in Figure 9, the average pulse transit time was not found to be significantly

different in the hypertension positive versus the hypertension negative group (p=.924).
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Pulse Transit Time Differences in Pregnant Women
with and without Chronic Hypertension

Average Pulse Transit Time

50 -

Hypertension - Hypertension +

Sample size = 108
p=-924
Figure 9: Pulse Transit Time Differences in Pregnant Women with and without Chronic
Hypertension
In addition, as shown in Figure 10, there were no significant differences between

hypertension groups for maximum pulse transit time values (p=.840) or minimum pulse

transit time values (.117).
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Pulse Transit Time Differences between Hypertension

Groups
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Figure 10: Pulse Transit Time Differences between Hypertension Groups

As shown in Figure 11, there was no significant correlation between obstructive sleep
apnea status and average number of pulse transit time drops per hour in the total sample
(p=.089, r=.154), in the obstructive sleep apnea positive group (p=.418, r=.182), or in the

obstructive sleep apnea negative group (p=.337 and r=-.097).
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Average Pulse Transit Time Drops per Hour according to OSA
Status
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Figure 11: Average Pulse Transit Time Drops per Hour according to OSA Status
Additionally, there was no correlation of the Apnea-Hypopnea Index and the number of

Pulse Transit Time Drops per hour, as demonstrated in Figure 12 (p=.089, R?=.00082)

and Figure 13.
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Figure 12: Correlation of Apnea-Hypopnea Index and PTT Drop Index
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Classification of Obstructive Sleep Apnea based on
Apnea-Hypopnea Index and Pulse Transit Time
Drops per Hour
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Figure 13: Classification of Obstructive Sleep Apnea based on Apnea-Hypopnea Index
and Pulse Transit Time Drops per Hour
Figure 13 specifically demonstrates the large discrepancies amongst each value range,
suggesting the fact that the number of pulse transit time drops per hour do not necessarily
correlate with the number of apneas and hypopneas occurring per hour. This was

interesting because it would be assumed that a greater number of apneas or hypopneas

per hour of sleep would correspond with a greater number of pulse transit time drops.
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Aim 2 Results: Correlation of pulse transit time variables with nocturnal and
diurnal blood pressure in pregnant women with obstructive sleep apnea

For the second study aim, associations were examined among pulse transit time
measurements and blood pressure variables. These analyses were performed in a sample
of 35 women who had complete blood pressure data. Descriptive statistics for this
sample are presented in Table 4. On average, women were 31.59 years old, 224.07 Ibs,

had a 37.63 kg/m” body mass index, and had a gestational age of 10.50 weeks.

Whole sample 23 Obstructive
mean (all patients | Sleep Apnea
who had a positive patients
screening visit) and 12 Obstructive
Sleep Apnea
negative patients
(in the first
trimester) Mean /
Standard
Deviations
Age 29.26 years + 6.32 31.59 years + 6.22
Height 63.86 inches £ 3.11 | 64.90 inches + 2.48
Weight 201.55 Ibs = 47.73 224.07 Ibs = 41.05
BMI 34,74 kg/m” +7.98 | 37.63 kg/m” + 7.75
Gestational age at | 10.64 weeks £1.90 | 10.50 weeks = 2.11
study visit
% of women with 11.19% 6.06%
chronic
hypertension
% of nulliparous 33.58% 21.21%
women
Diabetes (outside 2.24% 3.03%

of pregnancy)

Table 4: Demographics/Comorbidities Table for Aim 2

The correlation analyses that were performed revealed that there was a significant
negative correlation between Maximum Pulse Transit Time and multiple blood pressure
variables, including Average Diurnal Systolic (p=.003, r=-.566) and Diastolic (p=.034,

r=-.426) Blood Pressure, Average Nocturnal Systolic (p=.014, r=-.484) and Diastolic

50



(p=.040, r=-.413) Blood Pressure, Average Whole-day Systolic (p=.007, r=-.529) and
Diastolic (p=.043, r=-.408) Blood Pressure (Table 5). In addition, there was a significant
negative correlation between Average Pulse Transit Time and Average Nocturnal

Systolic Blood Pressure (Table 5).

Average Maximum Pulse | Minimum
Pulse Transit | Transit Time Pulse Transit
Time Time
Average -318 -.566 -.248

Diurnal Systolic
Blood Pressure:
Pearson
Correlation
Significance 21 003 232
(2-tailed)
Average .089 -426 -.106
Diurnal
Diastolic Blood
Pressure:
Pearson
Correlation
Significance .672 034 .613
(2-tailed)
Average -479 -.484 -.141
Nocturnal
Systolic Blood
Pressure:
Pearson
Correlation
Significance 015 014 501
(2-tailed)
Average -.155 -413 -.069
Nocturnal
Diastolic Blood
Pressure:
Pearson
Correlation
Significance 460 040 743
(2-tailed)
Average Whole- | -.379 -.529 -.213
Day Systolic
Blood Pressure:
Pearson
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Correlation
Significance .061 007 306
(2-tailed)
Average Whole- | .019 -.408 -.112
Day Diastolic
Blood Pressure:
Pearson
Correlation
Significance 928 043 593
(2-tailed)
All Day Systolic | -.039 -.061 .017
Blood Pressure:
Pearson
Correlation
Significance .667 .500 .852
(2-tailed)
All Day -.012 -.048 -.036
Diastolic Blood
Pressure:
Pearson
Correlation
Significance (2- | .896 .596 .695
tailed)
Table 5: Correlation of Pulse Transit Time Measurements and Blood Pressure Variables

Figure 14 illustrates one of the significant correlations from Table 5, showing that
Maximum Pulse Transit Time is negatively correlated with Whole-day Systolic Blood
Pressure (r=-.529, p=.007). The trend line demonstrates that, in general, higher blood
pressures correlate with lower maximum pulse transit times. There were no significant
associations found between Whole-day Systolic or Diastolic Blood Pressure and

Average, Maximum, or Minimum Pulse Transit Time.
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Correlating Maximum PTT and Average Whole-Day Systolic
Blood Pressure
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Correlation coefficient = -.529
p =.007
Figure 14: Correlating Maximum PTT and Average Whole-Day Systolic Blood Pressure

Aim 3 Results: Association of pulse transit time variables with gestational
hypertension in women without obstructive sleep apnea

For the third aim, a sample of 88 obstructive sleep apnea negative women who
had given birth were studied to analyze the ability of pulse transit time measurements to
predict outcomes of pregnancy including gestational hypertension of preeclampsia.

Descriptive statistics are presented in Table 6.

Whole sample Obstructive sleep
mean and standard | apnea negative
deviations group means and
standard
deviations
Age 29.26 years + 6.32 28.97 years + 5.65
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Height 63.86 inches £3.11 | 63.73 inches &+ 3.19
Weight 201.55 Ibs = 47.73 198.93 Ibs + 47.85
BMI 34.74 kg/m” + 7.98 | 34.16 kg/m” + 8.06
Gestational age at | 10.64 weeks £ 1.90 | 10.69 weeks + 1.89
study visit

% of women with 11.19% 9.48%

chronic

hypertension

% of nulliparous 33.58% 33.62%

women

Diabetes (outside 2.24% 2.24%

of pregnancy)

Table 6: Demographics/Comorbidities Table for Aim 3

The results presented in Table 7 reveal that the pulse transit time variables were not able

to predict the development of gestational hypertension or preeclampsia.

Pulse Transit Time Variables df F Significance
Average PTT 1 965 .330
Minimum PTT 1 1.492 226
Maximum PTT 1 276 .601
PTT with Apnea Count 1 .04 258
PTT with apnea Index 1 .006 938
PTT with Hypopnea Count 1 423 518
PTT with Hypopnea Index 1 393 533
PTT with Desaturation Count 1 173 .679
PTT with Desaturation Index 1 .140 709
Average PTT Drop 1 .01 915
Maximum PTT Drop 1 .000 984
PTT Drops Index 1 .100 753

Table 7: Pulse Transit Time Variables as Predictors for Development of Hypertensive

Disorders of Pregnancy (Gestational Hypertension and Preeclampsia)
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Discussion

The main findings of the first aim of this research project were that: 1) the pulse
transit time drop index may be detecting more subtle obstructive events during sleep than
the more conventional parameters of obstructive sleep apnea (apneas and hypopneas); 2)
pulse transit time may classify disease severity differently in women with and without
obstructive sleep apnea; and 3) pulse transit time drop index may identify a significantly
higher number of women with obstructive sleep apnea than the conventional scoring. In
addition, Aims 2 and 3 showed that: 1) pulse transit time measures correlate with
nocturnal and diurnal blood pressure numbers suggesting that the nocturnal insult carries
into the daytime; and 2) pulse transit time in early pregnancy does not seem to predict the
later development of hypertensive disorders of pregnancy.

Demographics/Comorbidities Table

The obstructive sleep apnea positive group is older, heavier, slightly taller, and
has a higher average body mass index than the obstructive sleep apnea negative group.
This was expected, as obesity is a risk factor for obstructive sleep apnea development. A
much higher percentage of women in the obstructive sleep apnea positive group have
hypertension than the obstructive sleep apnea negative group, most likely because
hypertension and obstructive sleep apnea commonly exist as comorbidities.

Aim 1: Obstructive Sleep Apnea Status versus Pulse Transit Time Values

When comparing obstructive sleep apnea positive versus overweight and obese
snorers without sleep apnea, it was found that there were no significant differences in
their Average Pulse Transit Time, Minimum Pulse Transit Time, and Maximum Pulse

Transit Time.

55



However, when comparing obstructive sleep apnea positive versus negative
groups, significant differences were observed in the Pulse Transit Time Drops with
Apnea Index, Pulse Transit time Drops with Hypopnea Index, and Pulse Transit Time
Drops with Desaturation Index. This could be explained by the fact that obstructive sleep
apnea positive patients would be experiencing more frequent respiratory events than
obstructive sleep apnea negative patients, and therefore would exhibit a greater number
and frequency of events during sleep. As pulse transit time drops typically correspond
with respiratory events, logically there would be higher numbers of drops in obstructive
sleep apnea positive than negative.

When comparing obstructive sleep apnea positive versus negative groups, it was
found that the Average Pulse Transit Time Drop and Maximum Pulse Transit Time Drop
values were significantly different between groups. The Mean Average Pulse Transit
Time Drop in the obstructive sleep apnea negative group was much greater than the Mean
Average Pulse Transit Time Drop in the obstructive sleep apnea positive group. This
suggests that the obstructive sleep apnea positive patients experience less of a pulse
transit time drop because their sympathetic nervous systems are chronically stimulated,
thus their arterial stiffness is high all the time. So, their pulse transit time baseline is
already very low; thus, there is little change in value when the sympathetic nervous
system is stimulated. However, patients without obstructive sleep apnea have arteries
that exist in a more “relaxed” state because their sympathetic nervous systems are not
chronically activated. Thus, there is a great difference in their pulse transit time during
sleep events, when their sympathetic nervous systems become activated, as compared to

their normal pulse transit time values. Thus, they exhibit a larger drop value.

56



There were no significant findings observed when correlations of Apnea-
Hypopnea Index and Average, Maximum, and Minimum Pulse Transit Time values were
done. This suggests that pulse transit time is a variable that is independent from Apnea-
Hypopnea Index.

Additionally, the fact that the Pulse Transit Time Drops Index values are
consistently higher than the Apnea-Hypopnea Index suggests that subtle obstructive sleep
events that are not defined by the conventional definition of “apnea” or “hypopnea” are
occurring and resulting in either cortical arousals (detected by electroencephalography) or
sub-cortical microarousals that are the result of sympathetic activation and changes in
vascular tone and blood pressure. Therefore, they would not be reflected in the Apnea-
Hypopnea Index, but the pulse transit time measurements are able to detect and record
them through the sympathetic stimulation. These smaller flow limitations are still very
important to analyze because they can cause blood pressure elevation or persistent
sympathetic activation which, over time, can have a negative effect in pregnant women.
These findings would be consistent with past studies where it was observed that pregnant
women are prone to have subtle airflow limitations that aren’t necessarily detected by
typical sleep study scoring methods.

Assuming that pulse transit time measurement devices are extremely accurate and
that measurements are interpreted correctly, these findings could prove very helpful in
assessing clinically significant airflow limitations in pregnant women. Pregnant women
may have previously been dismissed as obstructive sleep apnea negative after a sleep test
returned a low Apnea-Hypopnea Index. However, perhaps with pulse transit time

measurements in the future, additional subtle airflow limitations may be identified by

57



pulse transit time measurements beyond those recognized from a typical sleep test. This
is especially relevant for the pregnant population, as diagnoses of obstructive sleep apnea
are not extremely common, but the presence of sleep-disordered breathing can still cause
negative outcomes in the pregnancy for both the mother and fetus.

Last, it was found that the average pulse transit time values were not significantly
different between groups based on chronic hypertension status. This suggests that either
average pulse transit time values are not able to differentiate between hypertension
groups, or that the patients that were not diagnosed with chronic hypertension may also
be at a high risk for developing chronic hypertension.

Aim 2: Pulse Transit Time Correlated with Blood Pressure Measurements

There was a significant negative correlation between the Maximum Pulse Transit
Time value and a variety of blood pressure values, including Average Diurnal Systolic
and Diastolic Blood Pressure, Average Nocturnal Systolic and Diastolic Blood Pressure,
and Average Whole-day Systolic and Diastolic Blood Pressure. This is most likely
because blood pressure values directly affect arterial stiffness, thus directly affect pulse
transit time. The Maximum Pulse Transit Time variable reflects the amount of time it
takes blood to travel from the heart to an extremity when the arteries are at their most
relaxed state. Greater elasticity in the arteries causes a greater pulse transit time, as it
takes blood longer to travel to the peripheries when the arteries are lax.

Patients with persistent sympathetic activation, high blood pressure, and chronic
arterial stiffness would exhibit lower Maximum Pulse Transit Time values than patients
with normal blood pressures. Thus, these results illustrate that higher blood pressure

values correlate with lower Maximum Pulse Transit Time measurements.
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It is also noted that blood pressure measurements that occur during the daytime
correlate with pulse transit time measurements that are taken at night. This provides
further evidence that changes in sympathetic activation that occur with sleep may persist
into the daytime, and be reflected in higher diurnal blood pressure values.

Next, a significant negative correlation was found between Average Pulse Transit
Time and Average Nocturnal Systolic Blood Pressure, and there was almost a significant
correlation between Average Pulse Transit Time and Average Whole-day Systolic Blood
Pressure. This signifies that higher blood pressures correspond with lower pulse transit
times. This, again, is the result of persistent sympathetic activation and high blood
pressures causing chronic arterial stiffness. So, a low pulse transit time is observed at
night during sleep, and as seen with the close Whole-day Systolic Blood Pressure
correlation, sympathetic activation may persist into the daytime in terms of heightened
blood pressure. Additionally, heightened nocturnal blood pressure is known to be
associated with negative cardiovascular outcomes (176).

Overall, although pulse transit time measurements are recorded during sleep, it
appears that these measurements carry to the daytime and correlate with both nocturnal
and daytime measurements. This implies that changes in sympathetic activation that
occur with sleep may persist into the daytime.

Aim 3: Pulse Transit Time as a Predictor of a Composite Outcome of Hypertension
of Pregnancy and Preeclampsia

Both preeclampsia and gestational hypertension are considered composite
outcomes for this Aim. Previous studies combine preeclampsia, gestational hypertension,
and reduced fetal growth. Both gestational hypertension and preeclampsia are placental

syndromes.
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In the results obtained in this study, it was found that pulse transit time
measurements in early pregnancy were not able to determine which women would later
develop hypertensive disorders of pregnancy. This may be because only 58 women were
studied, and only 16 had preeclampsia. Results were limited due to the fact that many
women in the total sample had not delivered at the time of data collection, so could not
have their pregnancy outcomes analyzed at that time. The results may have been stronger
with a greater statistical power, had more patients been studied. Or, the fact that pulse
transit time measurements in early pregnancy were not able to predict later development
of hypertensive disorders of pregnancy could be because obstructive sleep apnea negative
women are almost as likely to develop these outcomes as positive women. Since pulse
transit time drops occur quite frequently in women without obstructive sleep apnea, the
high likelihood of the sleep apnea negative group developing gestational hypertensive
outcomes would make it difficult to detect significant differences.

Because there are no previous studies that analyze gestational hypertension as a
predictor for the development of obstructive sleep apnea, it is difficult to determine how

much change should be considered significant as a predictive model.
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Conclusion and Future Directions

In summary, these findings suggest that pulse transit time is capable of identifying
obstructive events beyond the conventional apneas and hypopneas. This is especially
relevant for pregnant women, as oxygen desaturations do not appear to play a large role
in the disease, and arousals and airflow limitations are more likely, and because women
who snore, but do not necessarily have obstructive sleep apnea, appear to be at risk to
develop complications such as hypertensive disorders of pregnancy. This study
demonstrated objective physiological alterations in women who snore but do not meet
criteria for obstructive sleep apnea, setting the stage for future studies evaluating the
impact of interventions in this subset of women. The correlation of pulse transit time
measurements with nocturnal and diurnal blood pressure measurements further confirms
the impact of these measurements on clinically measured hemodynamic variables. Future
studies can examine the question of whether pulse transit time measures have the ability
to predict the development of gestational hypertension outcomes in a larger sample that

includes low risk controls.
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