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Abstract: Respiration rate (RR) dynamics entrains brain neural networks. RR differences between
mild cognitive impairment (MCI) and Alzheimer’s disease (AD) in response to oral appliance therapy
(OAT) are unknown. This pilot study investigated if RR during stable sleep shows a relationship
to pathological severity in subjects with MCI and AD who snore and if RR is influenced following
stabilization of the upper airway using OAT. The study cohort was as follows: cognitively normal
(CN; n = 14), MCI (n = 14) and AD (n = 9); and a sub-population receiving intervention, CN (n = 5),
MCI (n = 7), AD (n = 6) subjects. The intervention used was an oral appliance plus a mouth shield
(Tx). RR maximum (max) rate (breaths/minute) and RR fluctuation during 2116 stable sleep periods
were measured. The Montreal cognitive assessment (MoCA) was administered before and after
4 weeks with Tx. Baseline data showed significantly higher RR fluctuation in CN vs. AD (p < 0.001)
but not between CN vs. MCI (p = 0.668). Linear mixed model analysis indicated Tx effect (p = 0.008)
for RR max. Tx after 4 weeks lowered the RR-max in MCI (p = 0.022) and AD (p < 0.001). Compared
with AD RR max, CN (p < 0.001) and MCI (p < 0.001) were higher with Tx after 4 weeks. Some MCI
and AD subjects improved executive and memory function after 4 weeks of Tx.

Keywords: oral appliance therapy; Alzheimer’s disease; mild cognitive impairment; snoring;
airway management

1. Introduction

Alzheimer’s disease (AD) accounts for up to 75% of all dementia cases. In the U.S.A.,
associated AD deaths increased by 71% between 2000 and 2013. AD is now ranked as the
sixth leading cause of death in the U.S.A. [1]. Typically, AD respiratory dysfunction mani-
fests as sleep disordered breathing (SDB) [2]. The neural network involved in sleep and
respiration regulation is complex with known brainstem controlling nuclei. However, there
is a growing body of evidence indicating that synchronization of these neural connections
might be organized by the entry of air into the nostrils during slow respiration [3]. Fur-
thermore, airflow through the nose is critical for respiratory entrainment of delta and theta
rhythms involved in cortical excitability, synchronized activity within cellular networks
and coordination of signaling for shaping sensory coding, memory and behavior [4,5].
Time frequency analysis of inspiratory nasal and mouth respiration showed that nasal
breathing entrainment has greater spectral power between the olfactory cortex, amygdala

Geriatrics 2021, 6, 107. https://doi.org/10.3390/geriatrics6040107 https://www.mdpi.com/journal/geriatrics

https://www.mdpi.com/journal/geriatrics
https://www.mdpi.com
https://orcid.org/0000-0002-7166-7481
https://orcid.org/0000-0001-5183-6578
https://doi.org/10.3390/geriatrics6040107
https://doi.org/10.3390/geriatrics6040107
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/geriatrics6040107
https://www.mdpi.com/journal/geriatrics
https://www.mdpi.com/article/10.3390/geriatrics6040107?type=check_update&version=2


Geriatrics 2021, 6, 107 2 of 12

and hippocampus regions, demonstrating a three-way directional interaction among the
route of breathing, emotion and respiratory phase [4].

It is well known that emotional states, including stress, anxiety and grief, are linked
to limbic system involvement. Emotional states can also modify the rate and depth of
breathing. Animal studies show that respiration-locked slow-wave oscillations are ampli-
tude modulated and associated with slow-wave sleep (SWS) [5,6]. These reports indicate
that respiratory rhythms can modulate some slow-wave oscillatory patterns throughout
the brain.

SWS is reduced, and sleep continuity is often fragmented in patients with SDB. SDB
is abnormal breathing during sleep. It is often associated with repetitive upper-airway
collapse. In mild forms, it manifests as snoring. More severe forms present as apneas,
defined as an absence of breathing occurring for ≥10 s or hypopneas—shallow breathing
associated with a 30% decrease in airflow for ≥10 s. Apneas and hypopneas are time-linked
with oxygen desaturation (hypoxia), electroencephalogram arousals, hypercapnia, and
increases in blood pressure, heart rate and tachypnea.

SDB is a stressor that can cause two fundamental physiological and well-documented
responses to the associated sleep deprivation: reduced alertness and cognitive perfor-
mance [7–10]. The spectrum of SDB ranges from upper airway flow limitation and snoring
to obstructive sleep apnea (OSA). Evidence indicates that the snoring SDB subtype presents
with the highest hypercapnia state (112%), compared with stable breathing (108.4%) and
OSA (105.8%) subtypes [11]. Hypercapnia presenting during snoring periods may be
more important than hypoxia implication in neurocognitive impairment [12]. Cognitive
impairment reversibility was shown in AD patients with mild to moderate OSA treated
for 3 weeks with continuous positive airway pressure, resulting in improved executive
functioning and psychomotor speed measured with the Mini Mental State Examination
(MMSE) [13–16].

Furthermore, SDB-related brainstem tauopathy can be detected in postmortem brain-
stems younger than 20 years old [17], suggesting that this important public health issue
starts earlier than its categorization as an ‘old age’ risk factor. Additional evidence of SDB-
related brain pathology is provided from a report that showed that gray matter volume
reductions were present in prefrontal, frontal, and mid-brain as well as in the brainstem
through the midline pons into the medulla in 16 children (6.9 ± 2.8 years) with severe
OSA [18]. Since nasal airflow and brainstem nuclei influence respiration, cognition and
autonomic nervous system regulation of sleep–wake oscillations [19], it is likely that res-
piration activity during sleep might be a more suitable area for investigation of selective
vulnerability in the AD process. Our hypotheses are based on observations that respiration
rate (RR; breaths/minute, bpm) changes occurring during stable sleep periods might reflect
neural integrity, functioning and differentiate cognitively normal (CN) from AD and mild
cognitive impairment (MCI) pathophysiology.

We used an intervention (Tx) that included (1) a midline traction oral appliance that
advances the mandible anteriorly to increase upper airway patency, and (2) a mouth shield,
to facilitate nasal breathing. Tx allowed us to test three inter-related hypotheses about
breathing, sleep and cognition. The first hypothesis was RR during stable sleep periods
differs between CN, AD and MCI subjects who snore. Second, RR fluctuation would differ
in all three groups in response to Tx after 4 weeks of use. The third hypothesis was that
RR response to Tx would influence Montreal cognitive assessment (MoCA) [20] test scores.
Stable sleep is dominated by stable respiration, elevated arousal thresholds and disconnect
from olfactory cortex activity [19]. RR changes during this critical period has not been fully
elucidated nor has any published research assessed whether RR differences occur between
AD and MCI subjects or in response to Tx during sleep.
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2. Materials and Methods
2.1. Study Design

This study was designed as an interventional controlled pilot study (Clinical Trials.gov.
ID: NCT03929302). Subject randomization was not considered due to the pilot study’s
exploratory nature and small group sizes and because categorization or diagnoses of
all subjects was confirmed during the screening process by neurocognitive testing, or
in the case of AD subjects, based on a neurologist’s clinical diagnosis. The screening
process and detailed inclusion and exclusion criteria are described in Appendix A. The
Institutional Review Boards (IRBs) at the University of Texas Southwestern Medical Center
(UTSW), the University of Texas at Dallas (UTD) and Texas A&M University College of
Dentistry (TAMUCOD; IRB2018-0785) approved the study protocol. Informed consent
was provided and signed by all eligible participants in approved guidelines with UTSW,
UTD and TAMUCOD IRBs. A detailed description of the neurocognitive tests used was
published [21].

2.2. Subjects

A total of 41 intention-to-treat subjects [CN (n = 15), MCI (n = 15), and mild AD
(n = 11)] were considered for inclusion based on Alzheimer’s disease neuroimaging initia-
tive criteria. The number of intention-to-treat subjects who discontinued the study due
to inability to adhere to the protocol schedule of events or were lost to follow-up after
initial assessments are as follows: CN (n = 10 (not included due to temporomandibular
joint (TMJ) issue, n = 2), MCI (n = 8, not included due to prior OAT use, n = 1), and AD
(n = 5 (not included due to TMJ issue = 1)). The intention-to-treat group baseline sleep
recordings were collected and analyzed for variables of interest from 37 subjects (90.2%;
CN = 14, MCI = 14, AD = 9). From the 37 subjects, a sub-population of 5 (5) CN controls,
7 (7) MCI and 6 (6) Alzheimer’s disease (total n = 18; 48.6%) completed neurocognitive
tests, pre- (baseline, BL) and Tx assessment, including sleep recordings after 4 weeks. The
sub-population demographic data are presented in Table 1. All subjects were invited to un-
dergo neurocognitive tests, at-home sleep recordings and trial Tx for 4 weeks during sleep.
Inclusion criteria required subjects to be between 50 and 85 years old, have a minimum
of 12 years of education, be native English speakers, and be right-handed. A history and
confirmation of snoring (≥5 snore events/hour), which is the accepted symptom of upper
airway resistance during sleep and precursor to OSA, was required. All subjects completed
the MMSE [22], Geriatric Depression Scale [23], and the Wide Range Achievement Test
4 [24] as part of the screening. All subjects passed visual and auditory test requirements.
No one was excluded based on race or ethnicity. Subject data were de-identified. Dental
clinicians and sleep specialist were blind to subject status.

Table 1. Participants’ baseline characteristics receiving oral appliance therapy plus mouth shield.

Group
(n = 18)

CN
(n = 5)

MCI
(n = 7)

AD
(n = 6)

Age (years)
Mean ± SD (Range) 67.67 ± 6.68 65.60 ± 7.30

(56–75)
68.57 ± 7.55
(58–80)

68.33 ± 6.12
(62–75)

Gender (M/F) (9/9) (2/3) (2/5) (5/1)
Education (years)
Mean ± SD (Range) 17.31 ± 2.83 18.0 ± 2.45

(16–22)
16.93 ± 3.68
(12–24)

17.17 ± 2.13
(14–19)

MMSE
Mean ± SD (Range) 27.39 ± 2.07 29.20 ± 1.30

(27–30)
28.14 ± 1.35
(26–30)

25.00 ± 2.82
(21–28) *

Geriatric depression scale
Mean ± SD (Range) 5.61 ± 4.74 3.20 ± 3.35

(0–8)
8.71 ± 5.47
(2–17)

4.00 ± 3.40
(0–9)

There were no significant differences among the groups except * AD Mini Mental Status Examination (MMSE)
was lower than MCI (p = 0.013) and CN (p = 0.023); CN, cognitively normal; MCI, mild cognitive impairment; AD,
Alzheimer’s disease.
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2.3. Neurocognitive Testing

Under a clinician’s supervision at Center for BrainHealth, a division of UTD, eligible
participants completed a 4 h testing protocol. The measures assessed the individual’s
cognitive domains of memory (episodic and short-term memory), executive function
(working memory, inhibition, verbal fluency (language), and reasoning), and attention
(visual attention and selective attention). All neurocognitive test data were collected,
summarized and transferred to a database spreadsheet by ND. For this manuscript, we
investigated the mean change in MoCA test scores collected prior to intervention initiation
and after 4 weeks of using Tx.

2.4. Dental Assessment and Oral Appliance Intervention

Standard clinical periodontal exams were performed at BL to assess oral health
and teeth stability for supporting the oral appliance. The myTAP oral appliance (AMI,
Carrollton, TX, USA) is a dentist-fitted, midline traction design oral appliance (OA) applied
chair-side requiring no laboratory services. It utilizes an upper and lower tray made of
thermacryl coupled at a single-point midline mechanism that allows adjustment by 0.3 mm
incremental advancement. The OA is forward adjusted to a starting position of the lower
jaw at 60% of maximum protrusion based on our published work [25]. The mouth shield
uses a silicone sleeve fitted over the OA midline mechanism to retain its position in the
oral vestibule, providing comfort with OA use while facilitating nasal breathing.

Participants were instructed to use Tx for 4 weeks during sleep for >5 h/night. Subjects
could advance the jaw 0.3 mm every 2 nights if snoring persisted (less frequently if needed
to minimize transient discomfort) without causing discomfort at the TMJ, masticatory
muscles or teeth that lasts more than 1 h after removing Tx in the morning. All dental
assessment data were collected, summarized and transferred to a database spreadsheet
by PS.

2.5. Sleep Data Collection

Each participant and/or caregiver received instructions on how to self-apply the
FDA-cleared SleepImage recorder (MyCardio, LLC, Denver, CO, USA) to collect home
sleep recorded data. The recorder collects the electrocardiogram (ECG) signal, actigraphy,
body position, snore vibration and ECG-derived respiration (EDR). The collected ECG data
are automatically analyzed using up-sampled 600 Hz data with frequency- and time-based
cardiopulmonary coupling (CPC) algorithms that divide sleep states into “stable sleep”
(0.1–0.4 Hz) that is respiration dependent and “unstable sleep” (0.01–0.1 Hz), driven by
heartrate variability [26]. The apnea hypopnea index was not measured in this study
because the recorder does not collect nasal airflow data.

The first eight stable sleep periods within each recording (study total = 2116 periods)
having a duration of >10 min were used to obtain the RR at the period’s start (RR start)
and maximum (RR max). Five recordings had <8 stable sleep periods meeting the >10 min
criteria (BL: CN 2 (7 periods) and 1 (6 periods), AD 1 (6 periods); Tx: CN 1 (4 periods). The
RR fluctuation from RR start to RR max was calculated, using ImageJ (version 1.52a) soft-
ware and are reported here in pixel units. A minimum of 5 recorded hours without artifact
was considered acceptable. All sleep data were collected, summarized and transferred to a
database spreadsheet by PS.

2.6. Statistical Analysis

A linear mixed model with nested random effects parameters (restricted maximum
likelihood estimates) and fixed effects parameters (maximum likelihood estimates) for
each condition and condition differences (interaction effects) for each group was used. The
analysis compared groups against CN, conditions and interactions. All standard errors
used for the tests were functions of the restricted maximum likelihood estimates.

Normally distributed variables were summarized with means and standard deviations.
Analysis of variance (ANOVA) followed by Bonferroni-corrected Wilcoxon signed rank
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tests were used for testing differences among and between time points, respectively;
Pearson correlation analysis was used to evaluate the relationships to RR measures. RStudio
Statistical package (version 1.4.1103) was used for computations [27]. An alpha level
of ≤0.05 was used. Since it is a small exploratory study, tendencies toward significant
results of 0.05 < p ≤ 0.20 were also reported.

3. Results

There were no significant differences with regards to age, education and gender among
the subjects (n = 18), who completed BL and Tx assessments. MMSE scores in the AD
group were significantly lower than MCI (p = 0.013) and CN (p = 0.023) (Table 1).

3.1. Intention-to-Treat Group

ANOVA followed by post hoc Bonferroni-correction of intention-to-treat group base-
line data (CN-MCI and CN-AD) showed: no significant RR start bpm differences between
groups (MCI, p = 0.737; AD, p = 0.223); a tendency toward higher RR max in CN com-
pared with MCI (p = 0.143); and AD (p = 0.073); significantly greater RR fluctuation in CN
(46.89 ± 19.58 pixels), compared with AD (38.81 ± 18.52 pixels; p < 0.001) but not between
CN and MCI (p = 0.668) (Table 2).

Table 2. Intention-to-treat groups: ANOVA results of baseline Respiration rate-start, -maximum and
-fluctuation between CN, MCI and AD.

Mean ± SD Contrasts (p Value)

Variable CN
(n = 14)

MCI
(n = 14)

AD
(n = 9) MCI-CN AD-CN

RR start (bpm) 13.56 ± 2.13 13.44 ± 2.17 13.87 ± 2.24 0.737 0.223
RR max (bpm) 20.95 ± 3.18 20.46 ± 3.95 20.32 ± 3.22 0.143 0.073
RR fluctuation

(pixels) 46.89 ± 19.58 45.77 ± 17.65 38.81 ± 18.52 0.668 <0.001

Abbreviations: CN, cognitively normal; MCI, mild cognitive impairment; AD, Alzheimer’s disease;
Mean ± Standard Deviation); bpm, breaths per minute; RR, respiration rate.

3.2. RR-Start of Stable Sleep Period and Response to Tx after 4 Weeks

At baseline, no significant differences were observed from the linear mixed model
analysis within groups. Under Tx conditions, AD RR start was significantly lower, com-
pared with CN (13.62 ± 3.19 vs. 14.52 ± 3.51 bpm; p < 0.001). The RR start Group x Tx
interaction between AD (∆) and CN (∆) showed a tendency toward significance (p = 0.190)
(Table 3).

Table 3. Comparison of intervention group respiration rate start, maximum and fluctuation during stable sleep periods.

Contrasts

BL Tx Within
Group p Value Between

Group p Value Change (∆)
from Mean p Value

RR start (bpm) Tx-BL (∆) BL Tx Tx-BL (∆) 0.763
CN 14.30 ± 3.40 14.52 ± 3.51 0.22 ± 0.31 0.968

MCI 14.06 ± 5.53 14.34 ± 3.47 0.28 ± 0.25 0.156 MCI-CN 0.820 0.948 MCI(∆)-
CN(∆) 0.875

AD 13.96 ± 2.18 13.62 ± 3.19 −0.34 ± 0.29 0.844 AD-CN 0.513 <0.001 AD(∆)-
CN(∆) 0.190

RR max (bpm) Tx-BL (∆) 0.008
CN 20.77 ± 3.40 20.62 ± 3.51 −0.15 ± 0.50 0.963

MCI 21.88 ± 5.53 21.13 ± 3.47 −0.75 ± 0.41 0.269 MCI-CN 0.533 0.738 MCI(∆)-
CN(∆) 0.279

AD 20.37 ± 2.18 18.86 ± 3.19 −1.51 ± 0.46 0.005 AD-CN 0.429 <0.001 AD(∆)-
CN(∆) 0.081
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Table 3. Cont.

Contrasts

BL Tx Within
Group p Value Between

Group p Value Change (∆)
from Mean p Value

RR fluctuation (pixels) Tx-BL (∆) 0.080
CN 37.31 ± 5.71 39.87 ± 5.80 2.56 ± 2.84 0.963

MCI 50.62 ± 4.86 43.75 ± 4.87 −6. 87 ± 2.36 0.003 MCI-CN 0.258 0.790 MCI(∆)-
CN(∆) 0.012

AD 37.67 ± 5.22 33.94 ± 5.32 −3.73 ± 0.46 0.593 AD-CN 0.718 0.692 AD(∆)-
CN(∆) 0.109

Abbreviations: CN (n = 5), cognitively normal; MCI (n = 7), mild cognitive impairment; AD (n = 6), Alzheimer’s disease; BL, baseline; Tx,
oral appliance plus mouth shield; Change (∆), Change from Mean; RR, respiratory rate; Mean ± Standard Error.

3.3. RR Max during Stable Sleep Period and Response to Tx after 4 Weeks

The linear mixed model analysis results indicated a Tx-BL (∆) effect (F (1109) = 7.337;
p = 0.008). Within the group RR max, the comparison indicated a lower RR max (p = 0.005)
with Tx after 4 weeks in the AD group, compared with BL. No significant BL RR max
differences were observed, compared with Tx after 4 weeks in the CN and MCI groups.
Comparisons between groups at BL showed no significant differences. Tx RR-max was
lower in AD, compared with CN (p < 0.001) but not in MCI compared with CN (p = 0.738).
The AD group change (∆) from the mean showed a tendency toward significance (p = 0.081),
compared with CN. No significant change (∆) from the mean was observed between MCI
and CN (p = 0.279) (Table 3).

3.4. RR Fluctuation during Stable Sleep Period: Baseline and Tx after 4 Weeks

Results of the linear mixed model analysis showed a significant group x Tx effect (F
(2114.2) = 3.268; p = 0.042) and trended toward being different ((F (1114.1) = 3.123; p = 0.080)
for a Tx-BL (∆) effect on RR fluctuation. With Tx, MCI RR fluctuation decreased significantly
(50.62 ± 4.86 vs. 43.75 ± 4.87 pixels, p = 0.003). Tx RR fluctuation did not significantly
change (∆) from baseline within CN and AD groups and between groups (MCI-CN, AD-
CN). The change (∆) from mean RR fluctuation at baseline to Tx response was significantly
greater in MCI (∆), compared with CN (∆) (−6. 87 ± 2.36 vs. 2.56 ± 2.84 pixels; p = 0.012).
We observed a tendency toward greater change (∆) from mean RR fluctuation at baseline
to Tx response in AD (∆), compared with CN (∆) (−3.73 ± 0.46 vs. 2.56 ± 2.84 pixels;
p = 0.109). No statistical differences in change (∆) from mean RR-fluctuation were observed
by group at baseline (MCI–CN, p = 0.258; AD-CN, p = 0.718) or at Tx (MCI-CN, p = 0.790;
AD-CN, p = 0.692). (Table 3)

3.5. Snore Count Response to Tx after 4 Weeks

Tx after 4 weeks significantly decreased the snore count (BL, 278.74 ± 325.80 vs.
Tx, 90.25 ± 143.97, snore count mean ± SD; p < 0.001) in all participants receiving
OAT. Within each group, BL versus Tx showed significant decreases in snore count
(CN-BL, 390.41 ± 346.48 vs. Tx, 149.36 ± 177.64; p = 0.036; MCI-BL, 267.61 ± 207.26
vs. Tx, 72.49 ± 74.80; p = 0.010; AD-BL, 163.56 ± 87.31 vs. Tx, 72.47 ± 71.15 snore count
mean ± SD; p = 0.011).

3.6. Compliance to Tx

Based on the snore count (∆), one (14%) MCI and two (40%) AD subjects had < 20%
difference after 4 weeks Tx from baseline, suggesting that Tx was not titrated (16.7%;
3/18 subjects). Our Tx compliance rate was 83.3% (15/18 subjects).

3.7. Montreal Cognitive Assessment (MoCA) Test Score—Response to Tx

MoCA test scores (normal range >26–30) decreased significantly in the CN group
(28.60 ± 1.52 vs. 26.4 ± 1.52; p = 0.050), showed an increased tendency in the MCI group
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(25.86 ± 2.41 vs. 27.43 ± 1.90; p = 0.20), and did not change in the AD group (20.8 ± 3.11
vs. 20.6 ± 1.95; p = 0.642) with Tx after 4 weeks. Between group comparisons, BL showed
higher MoCA test scores in CN compared with MCI (p = 0.049) and AD (p = 0.001). The
MCI MoCA scores were higher than AD at BL (p = 0.009). Tx after 4 weeks increased
MCI MoCA test scores such that they no longer differed significantly from CN at 4 weeks
(p = 0.341). The AD group MoCA test scores remained lower, compared with those of CN
and MCI (p < 0.001 and p < 0.001, respectively). At the individual level, after 4 weeks of
Tx, 5 of 7 (71%) of MCI and 3 of 6 (50%) of AD subjects improved their MoCA test scores
(Figure 1).
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Figure 1. Box plots of medians and interquartile ranges (25th–75th percentiles) for Montreal cognitive
assessment (MoCA) responses to oral appliance therapy (OAT) after 4 weeks in cognitively normal
(CN), mild cognitive impairment (MCI) and Alzheimer’s disease (AD). Pre-OAT (baseline, BL); after
4 weeks (Tx, with OAT). p-values for within-group changes for CN, MCI and AD samples were 0.05,
0.20 and 0.642, respectively. MoCA normal range: >26–30. Colors and symbols identify individuals
within group at baseline and their response to Tx. (Example: CN_BL ‘black circle’ subject (MoCA
score = 27) increased their MoCA score to 28 with Tx).

3.8. Intervention Related Adverse Events

No major adverse events related to Tx use and titration were reported.

4. Discussion

The results of this pilot study suggest that RR max and RR fluctuation during stable
sleep periods demonstrate potential as biomarkers to differentiate CN from AD and MCI
subjects comorbid with snoring. Furthermore, both variables detected an overall Tx
response after 4 weeks in our sub-population receiving OAT, although the differences
observed trended toward significance with RR fluctuation. These differences may be
ascribable in part to snoring attenuation and nasal breathing facilitation with Tx. Future
investigation will need to determine the impact each has on these outcome measures.
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RR measurements before and after Tx during stable sleep periods is a simple approach
to determine whether RR differs between CN, AD and MCI subjects who snore. For
targeted upper airway management efficacy in AD and MCI with OAT for snoring, the
earliest symptom in sleep apnea remains to be elucidated in larger populations. The
consequences of sleep apnea, cognitive and quality of life responses to CPAP were reported
in adults with AD [13–16,18]. The traditional approach to assess AD using episodic brain
scans are expensive, time-consuming and unable to capture the dynamic nature of AD
processes. RR max and RR fluctuation utilized for tracking health status, using sleep as a
‘window of health’ may provide a dynamic view of disease processes.

RR start did not differentiate the three groups and might be due to influences from
faster frequencies dominating respiration modulation [5]. RR max during stable sleep peri-
ods could be the optimal time-linking of respiration-locked sensory activity to modulate
delta oscillatory neuronal activity in the neocortex [5]. This potential link between respi-
ration influences, cortical activity, and airflow through the nose was reported to entrain
human limbic oscillations and modulation of cognitive function [4]. RR max could be a
potential biomarker to identify different levels of cognitive decline, based on our findings
from the intention-to-treat groups. Furthermore, in the treated sub-population, there was a
marginally significant trend toward greater change in RR max in AD with Tx, compared
with CN (p = 0.081). Overall, the Tx change in mean RR max demonstrated an order of
AD > MCI > CN (Figure 2). If this order is replicated in a larger, adequately powered
sample, RR max may be a tool to objectively differentiate AD and MCI neuropatholog-
ical levels. Furthermore, after 4 weeks of Tx, RR fluctuation was significantly reduced
(p = 0.012) in MCI, compared with CN, suggesting that Tx had slowed respiration delta
frequency oscillations.
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Figure 2. Respiratory rate maximum response change to oral appliance therapy after 4 weeks in cog-
nitively normal (CN), mild cognitive impairment (MCI) and Alzheimer’s disease (AD) (Mean ± SE).

RRmax (∆ mean) with Tx was smallest in the CN group suggesting that homeostatic
regulation of cardio-respiration dynamic equilibrium during sleep was conserved. The
mean RR max (∆ mean) was almost two times greater in AD, compared with MCI. We spec-
ulate that this shift might represent some plasticity remaining within the neuronal network.

Among the MCI group, the lower MoCA scores at BL compared with CN, increased
in 71% (5/7) of MCI subjects and were not statistically different from CN after 4 weeks
of Tx. The observed decrease in CN MoCA scores is within normal variation limits, and
Tx remained >26, the cognitively normal cutoff for this instrument. The MCI increased
MoCA score >26, which is noteworthy because this group was shown to consistently score



Geriatrics 2021, 6, 107 9 of 12

below 26 [28]. It is very encouraging to observe cognitive improvement in MCI after
4 weeks with Tx. Future research will need to determine the amount of time required to
achieve an improvement threshold in MCI. The AD group did not show improved MoCA
scores although individually, 50% (3/6) of AD subjects had higher MoCA scores with Tx
after 4 weeks. Longer periods of Tx use with follow-up cognitive testing might find that
AD subjects need additional time to demonstrate a meaningful cognitive improvement
response, if any.

Compared with CN, the differences in RR during stable sleep in MCI and AD could
be related to selective loss or dysfunction and allostasis among specific brainstem neuronal
populations or subpopulations, which likely impacts physiological homeostasis. It is
possible that the AD-related changes seen in brainstem nuclei are associated with neuronal
dysfunction and increased rates of somatic morbidity and mortality [29,30]. The change in
RR max with Tx was 48.5% in AD. Brainstem scans may help elucidate if this difference
in RR between the two groups could be related to the degree of brainstem neuronal loss
or dysfunction.

The findings of our pilot study should be interpreted with caution, due to the small
intention-to-treat sample, Tx sub-population size and absence of randomization. One of
its strengths is its design that includes a CN control group. Another strength is that the
dental clinicians’ and RR assessments were blind to subject grouping. To minimize the
complexity and increase compliance of at-home sleep recordings in our study population,
we did not collect nasal airflow, thoracic and abdominal respiratory effort and oximetry
or invasive esophageal pressure measures to determine an apnea hypopnea index. We
relied on a history of snoring that was confirmed to be associated with autonomic nervous
system arousals (i.e., increases in heart rate) from baseline sleep recordings and support
using this approach by a study of snoring children who had “normal” polysomnography
findings yet presented with low cognitive function [31]. We did not conduct an interrater
reliability test for subject diagnosis but relied on the diagnosis and experience of the
referring clinician’s assessments of our subjects’ cognitive statuses. The baseline MoCA
scores suggest that the subjects were clinically well characterized. The relationship between
RR fluctuation, RR max and the Tx response and its clinical significance remains to be
further investigated. In our statistical analysis, medications were not included as covariants,
due to the small sample sizes. It is important to note here that all AD, but no MCI subjects,
were prescribed anticholinergic medication. Previous experience with anticholinergic’s
impact on sleep architecture suggests that the AD group should have faster rather than
slower RR max [32,33]. Our work highlights the importance in approaching treatment
alternatives for MCI and AD snorers through other perspectives, such as upper airway
stabilization and nasal breathing facilitation, particularly because of the significant public
health concerns associated with AD.

Nasal respiration entrains human limbic oscillations and modulates cognitive func-
tion [4]. When breathing is diverted from the nose to the mouth, oscillation power respira-
tion peak dissipates [4]. In addition to organizing neuronal population activity across brain
regions to orchestrate complex behaviors affiliated with orofacial sensation [33], breathing
enhances memory retrieval [4]. This functional property may have been established early
in the evolution of cerebral cortical circuitry when olfaction was a dominant sense and
likely formed the tight connections between the olfactory cortex, hippocampus, neocortex
and forebrain [34]. Neural networks increase or impede signal transmission in given fre-
quencies and constitute the main framework for neural signal processing [35]. The degree
of oscillation synchrony and amplitude vary continuously with several functions. For ex-
ample, one purpose is to act as coding for brain functional activity (i.e., respiration-related
slow oscillations, <1.5 Hz) [5]. Our observation of distinct RR max frequencies between
MCI and AD suggests that the neural networks within each group are operating differently.
The recent finding of Lucke et al. reporting an association between impaired cognition
with increased respiratory rate and oxygen saturation <95% from wake vital signs lends
support to our results [36].



Geriatrics 2021, 6, 107 10 of 12

Additionally, our findings are supported by a recent report that found a significantly
slower decline in MMSE scores in AD patients with severe OSA at 3-year follow-up,
who had been treated with CPAP [16]. The individual outcomes of improved cognitive
impairment in 71% of MCI and 50% of AD snorers supports the 3-year follow-up study, but
also adds to the literature by demonstrating that with Tx attenuation of snoring, a category
of SDB that is considered a pre-mild OSA state with a prevalence of 16–89% in the general
U.S.A. population [37] can improve cognitive functioning. Since snoring occurs early in
the spectrum of OSA, preventative intervention measures should be implemented early
and given clinical importance in order to mitigate progression to cognitive impairment.
This study supports the use of OAT to attenuate snoring in MCI and AD subjects and
demonstrates the potential to improve some executive and memory function after 4 weeks
of use. Future well-powered long-term studies will be required to confirm if Tx sustains,
continues to improve, delays or prevents MCI subjects from transitioning to AD.

5. Conclusions

Our pilot study findings showed after 4 weeks of Tx, some MCI and AD subjects im-
proved their MoCA test scores. We also observed that snoring was significantly attenuated
in all groups with Tx after 4 weeks. The salient contribution of our results adds to the
growing body of evidence that emphasizes the importance in treating SDB and, in this case,
snoring in these populations.
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Appendix A

Appendix A.1. Inclusion Criteria

Subject recruitment applied a 2-step phone screen process using the Alzheimer’s dis-
ease Neuroimaging Initiative criteria (ADNI), followed by neurocognitive assessment and
magnetic resonance spectroscopy (MRS) scan. Inclusion criteria included MCI diagnosis
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that was confirmed by research clinicians, cognitive neuroscientist, and speech-language
pathologist. Mild AD subjects’ diagnoses was based on medical records from their neu-
rologists. Additional study inclusion criteria included, passing the visual and auditory
test requirements and meeting the following ADNI criteria: (1) MCI and AD with or CN
without subjective memory complaints; (2) Clinical Dementia Rating (CDR) scale : A score
of zero (0) for normal, <50% (<0.5) for MCI, and ≥50% (0.5)–100% (1.0) for mild AD (CDR,
Morris, 1993); (3) MMSE cut-off levels: 24–30, normal; 19–23, MCI and <18–10 mild AD and;
(4) objective memory status measured by logical memory subtest from Wechsler Memory
Scale-III (WMS-III, Wechsler, 1997b) with delayed memory recall scores of ≥9–11; ≥5–9
and ≥3–6 for ≥16, 8–15, and 0–7 years of education, respectively in CN and early MCI or
scores of ≤8, ≤4 and ≤2 for ≥16, 8–15, and 0–7 years of education in late MCI and mild
AD. Both early and late MCI participants were grouped as MCI.

All participants were assessed for signs of depression using the long geriatric depres-
sion scale (GDS, Brink TL, Yesavage JA, et al., 1982) and only participants with no (0–4) or
mild (5–8; controlled pharmacologically) depression participated in the study.

Appendix A.2. Exclusion Criteria

Exclusion criteria included left-handedness, unable to speak, read, and write English,
CDR value >1, history of neurological disorders (i.e. stroke, brain tumor, cerebral hemor-
rhage); autoimmune diseases (i.e. fibromyalgia, systemic lupus erythematosus, multiple
sclerosis; rheumatoid arthritis); uncontrolled metabolic disturbances (i.e. uncontrolled
diabetes mellitus, thyroid disorders); psychiatric disorders (i.e. bipolar disorder, major de-
pressive disorder, pervasive developmental disorder, schizophrenia, and anxiety disorder);
history of substance abuse; head injuries, cancer patients with a history of radiation or
chemotherapy. Participants with implanted metallic objects, medical devices and perma-
nent makeup. Participants using sedatives, anxiolytics, and neuroleptics medications were
also excluded from the study.

References
1. Wang, C.; Holtzman, D.M. Bidirectional relationship between sleep and Alzheimer’s disease: Role of amyloid, tau, and other

factors. Neuropsychopharmacology 2020, 45, 104–120. [CrossRef] [PubMed]
2. Ebel, D.L.; Torkilsen, C.G.; Ostrowski, T.D. Blunted Respiratory Responses in the Streptozotocin-Induced Alzheimer’s Disease

Rat Model. J. Alzheimer’s Dis. 2017, 56, 1197–1211. [CrossRef] [PubMed]
3. Fontanini, A.; Bower, J.M. Slow-waves in the olfactory system: An olfactory perspective on cortical rhythms. Trends Neurosci.

2006, 29, 429–437. [CrossRef] [PubMed]
4. Zelano, C.; Jiang, H.; Zhou, G.; Arora, N.; Schuele, S.; Rosenow, J.; Gottfried, J.A. Nasal Respiration Entrains Human Limbic

Oscillations and Modulates Cognitive Function. J. Neurosci. 2016, 36, 12448–12467. [CrossRef]
5. Heck, D.H.; McAfee, S.S.; Liu, Y.; Babajani-Feremi, A.; Rezaie, R.; Freeman, W.J.; Wheless, J.W.; Papanicolaou, A.C.; Ruszinkó, M.;

Sokolov, Y.; et al. Breathing as a Fundamental Rhythm of Brain Function. Front. Neural. Circuits 2017, 10, 115. [CrossRef]
6. Ito, J.; Roy, S.; Liu, Y.; Cao, Y.; Fletcher, M.L.; Lu, L.; Boughter, J.D.; Grün, S.; Heck, D.H. Whisker barrel cortex delta oscillations

and gamma power in the awake mouse are linked to respiration. Nat. Commun. 2014, 5, 3572. [CrossRef]
7. Johnson, D.A.; Lane, J.; Wang, R.; Reid, M.; Djonlagic, I.; Fitzpatrick, A.L.; Rapp, S.R.; Charles, L.E.; O’Hara, R.; Saxena, R.; et al.

Greater Cognitive Deficits with Sleep-disordered Breathing among Individuals with Genetic Susceptibility to Alzheimer Disease.
The Multi-Ethnic Study of Atherosclerosis. Ann. Am. Thorac. Soc. 2017, 14, 1697–1705. [CrossRef]

8. Osorio, R.S.; Gumb, T.; Pirraglia, E.; Varga, A.W.; Lu, S.-E.; Lim, J.; Wohlleber, M.E.; Ducca, E.L.; Koushyk, V.; Glodzik, L.; et al.
Sleep-disordered breathing advances cognitive decline in the elderly. Neurology 2015, 84, 1964–1971. [CrossRef]

9. Liguori, C.; Maestri, M.; Spanetta, M.; Placidi, F.; Bonanni, E.; Mercuri, N.B.; Guarnieri, B. Sleep-disordered breathing and the risk
of Alzheimer’s disease. Sleep Med. Rev. 2021, 55, 1–16. [CrossRef]

10. Terpening, Z.; Lewis, S.J.; Yee, B.J.; Grunstein, R.R.; Hickie, I.B.; Naismith, S.L. Association between Sleep-Disordered Breathing
and Neuropsychological Performance in Older Adults with Mild Cognitive Impairment. J. Alzheimers Dis. 2015, 46, 157–165.
[CrossRef]

11. Rimpilä, V.; Hosokawa, K.; Huhtala, H.; Saaresranta, T.; Salminen, A.V.; Polo, O. Transcutaneous carbon dioxide during
sleep-disordered breathing. Resp. Physiol. Neurobi. 2015, 219, 95–102. [CrossRef]

12. Wang, D.; Thomas, R.J.; Yee, B.J.; Grunstein, R.R. Hypercapnia is more important than hypoxia in the neuro-outcomes of
sleep-disordered breathing. J. Appl. Physiol. 2016, 120, 1484. [CrossRef]

http://doi.org/10.1038/s41386-019-0478-5
http://www.ncbi.nlm.nih.gov/pubmed/31408876
http://doi.org/10.3233/JAD-160974
http://www.ncbi.nlm.nih.gov/pubmed/28106557
http://doi.org/10.1016/j.tins.2006.06.013
http://www.ncbi.nlm.nih.gov/pubmed/16842864
http://doi.org/10.1523/JNEUROSCI.2586-16.2016
http://doi.org/10.3389/fncir.2016.00115
http://doi.org/10.1038/ncomms4572
http://doi.org/10.1513/AnnalsATS.201701-052OC
http://doi.org/10.1212/WNL.0000000000001566
http://doi.org/10.1016/j.smrv.2020.101375
http://doi.org/10.3233/JAD-141860
http://doi.org/10.1016/j.resp.2015.10.002
http://doi.org/10.1152/japplphysiol.01008.2015


Geriatrics 2021, 6, 107 12 of 12

13. Cooke, J.R.; Ancoli-Israel, S.; Liu, L.; Loredo, J.S.; Natarajan, L.; Palmer, B.S.; He, F.; Corey-Bloom, J. Continuous positive
airway pressure deepens sleep in patients with Alzheimer’s disease and obstructive sleep apnea. Sleep Med. 2009, 10, 1101–1106.
[CrossRef] [PubMed]

14. Ancoli-Israel, S.; Palmer, B.W.; Cooke, J.R.; Corey-Bloom, J.; Fiorentino, L.; Natarajan, L.; Lui, L.; Ayalon, L.; He, F.; Loredo, J.S.
Cognitive effects of treating obstructive sleep apnea in Alzheimer’s disease: A randomized controlled study. J. Am. Geriatr. Soc.
2008, 56, 2076–2081. [CrossRef]

15. Cooke, J.R.; Ayalon, L.; Palmer, B.W.; Loredo, J.S.; Corey-Bloom, J.; Natarajan, L.; Liu, L.; Ancoli-Israel, S. Sustained use of
CPAP slows deterioration of cognition, sleep, and mood in patients with Alzheimer’s disease and obstructive sleep apnea: A
preliminary study. J. Clin. Sleep Med. 2009, 5, 305–309. [CrossRef] [PubMed]

16. Troussière, A.C.; Charley, C.M.; Salleron, J.; Richard, F.; Delbeuck, X.; Derambure, P.; Pasquier, F.; Bombios, S. Treatment of sleep
apnoea syndrome decreases cognitive decline in patients with Alzheimer’s disease. J. Neurol. Neurosurg. Psychiatry 2014, 85,
1405–1408. [CrossRef] [PubMed]

17. Braak, H.; Del Tredici, K. The pathological process underlying Alzheimer’s disease in individuals under thirty. Acta Neuropathol.
2011, 121, 171–181. [CrossRef]

18. Philby, M.F.; Macey, P.M.; Ma, R.A.; Kumar, R.; Gozal, D.; Gozal, L. Reduced Regional Grey Matter Volumes in Pediatric
Obstructive Sleep Apnea. Sci. Rep. 2017, 7, 44566. [CrossRef]

19. Berridge, C.W.; Schmeichel, B.E.; España, R.A. Noradrenergic modulation of wakefulness/arousal. Sleep Med. Rev. 2012, 16,
187–197. [CrossRef]

20. Nasreddine, Z.S.; Phillips, N.A.; Bédirian, V.; Charbonneau, S.; Whitehead, V.; Collin, I.; Cummings, J.L.; Chertkow, H. The
Montreal Cognitive Assessment, MoCA: A brief screening tool for mild cognitive impairment. J. Am. Geriatr. Soc. 2005, 53,
695–699. [CrossRef]

21. Das, N.; Ren, J.; Spence, J.S.; Rackley, A.; Chapman, S.B. Relationship of Parieto-Occipital Brain Energy Phosphate Metabolism
and Cognition Using 31P MRS at 7-Tesla in Amnestic Mild Cognitive Impairment. Front. Aging Neurosci. 2020, 12, 222. [CrossRef]

22. Folstein, M.F.; Folstein, S.E.; McHugh, P.R. “Mini-mental state”: A practical method for grading the cognitive state of patients for
the clinician. J. Psychiatr. Res. 1975, 12, 189–198. [CrossRef]

23. Yesavage, J.A.; Brink, T.L.; Rose, T.L.; Lum, O.; Huang, V.; Adey, M.; Leirer, V.O. Development and validation of a geriatric
depression screening scale: A preliminary report. J. Psychiatr. Res. 1982, 17, 37–49. [CrossRef]

24. Wilkinson, G.S.; Robertson, G.J. Wide Range Achievement Test, 4th ed.; Professional manual; Psychological Assessment Resources:
Lutz, FL, USA, 2006.

25. Schneiderman, E.; Schramm, P.; Hui, J.; Wilson, P.D.; Moura, P.; German, Z.; McCann, A.; Newton, M. Randomized Trial of 2
Self-Titrated Oral Appliances for Airway Management. J. Dent. Res. 2021, 100, 155–162. [CrossRef] [PubMed]

26. Thomas, R.J.; Mietus, J.E.; Peng, C.K.; Goldberger, A.L. An electrocardiogram based technique to assess cardiopulmonary
coupling during sleep. SLEEP 2005, 28, 1151–1161. [CrossRef] [PubMed]

27. R Core Team. R: A Language and Environment for Statistical Computing; R Foundation for Statistical Computing: Vienna, Austria,
2013. Available online: http://www.R-project.org/ (accessed on 1 April 2021).

28. Nasreddine, Z.S.; Patel, B.B. Validation of Montreal Cognitive Assessment, MoCA, Alternate French Versions. Can. J. Neurol. Sci.
2016, 43, 665–671. [CrossRef]

29. Baril, A.A.; Gagnon, K.; Brayet, P.; Montplaisir, J.; De Beaumont, L.; Carrier, J.; Lafond, C.; L’Heureux, F.; Gagnon, J.; Gosselin, N.
Gray Matter Hypertrophy and Thickening with Obstructive Sleep Apnea in Middle-aged and Older Adults. Am. J. Respir. Crit.
Care Med. 2017, 195, 1509–1518. [CrossRef]

30. Parvizi, J.; Van Hoesen, G.W.; Damasio, A. The selective vulnerability of brainstem nuclei to Alzheimer’s disease. Ann. Neurol.
2001, 49, 53–66. [CrossRef]

31. O’Brien, L.M.; Mervis, C.B.; Holbrook, C.R.; Bruner, J.L.; Klaus, C.J.; Rutherford, J.; Raffield, T.J.; Gozal, D. Neurobehavioral
Implications of Habitual Snoring in Children. Pediatrics 2004, 114, 44–49. [CrossRef]

32. McCracken, J.T.; Poland, R.E.; Lutchmansingh, P.; Edwards, C. Sleep electroencephalographic abnormalities in adolescent
depressives: Effects of scopolamine. Biol. Psychiatry 1997, 42, 577–584. [CrossRef]

33. Rao, U.; Lin, K.M.; Schramm, P.; Poland, R.E. REM sleep and cortisol responses to scopolamine during depression and remission
in women. Int. J. Neuropsychopharmacol. 2004, 7, 265–274. [CrossRef] [PubMed]

34. Kleinfeld, D.; Deschênes, M.; Wang, F.; Moore, J.D. More than a rhythm of life: Breathing as a binder of orofacial sensation. Nat.
Neurosci. 2014, 17, 647–651. [CrossRef]
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