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Purpose: Poor sleep quality in chronic obstructive pulmonary disease (COPD) is a result of
oxygen desaturation secondary to compromised lung function. Nitrate supplementation with
dietary beetroot juice is known to elevate plasma nitrate and to increase the efficiency of
oxygen utilization in non-COPD individuals; whether it is of therapeutic benefit for sleep
quality in COPD has not been reported.

Patients and Methods: In a counterbalanced within-subjects design involving 15 COPD
patients as subjects, the subjects consumed either beetroot juice containing nitrate (BJ; ~6.2
mmol NO;") or placebo (NO;  -depleted juice) immediately before a night of polysomno-
graphic monitoring. Nitrate was measured in plasma collected immediately after waking.
Results: While BJ consumption had no effect on the amount of time spent in any sleep
stages, wake-to-N2 transitions and direct wake-to-rapid eye movement sleep (REMS) transi-
tions, hallmarks of disordered sleep, were less frequent on the BJ night than on the placebo
night. In the last two hours of the BJ night, percent time in REMS increased and delta power
during deep (N3) non-REMS decreased, relative to the placebo night. Collectively, the
reduced frequency of atypical transitions and the normalization of non-REMS/REMS
dynamics after BJ are indicative of an improvement of sleep quality. BJ also resulted in
sustained elevation of peripheral oxygen saturation (SpO,), during episodes of wake after
sleep onset. Plasma nitrate was elevated nearly tenfold on the morning after BJ relative to
placebo.

Conclusion: BJ has a normalizing effect on disordered sleep in COPD, which may be
related to improved oxygen delivery.

Clinical Trial Registration: The activities of the Regional Committees for Medical and
Health Research Ethics (REC) are founded on the Norwegian law on research ethics and
medical research. This study was approved by NTNU/REK midt, Det medisinske fakultet,
Postboks 8905, 7491 Trondheim (REK midt 2016/1360).

Keywords: polysomnography, oxygen saturation, beetroot juice, hypoxia

Plain Language Summary

Chronic obstructive pulmonary disease is characterized by disrupted sleep due to low blood
oxygen levels during sleep. Dr. Wisor and colleagues sought to improve sleep in COPD
patients by giving them a dietary supplement, beetroot juice. Beetroot juice contains nitrate, a
substance that is known to elevate blood oxygen levels and improve oxygen delivery to
tissues. When COPD patients drank beetroot juice at bedtime, their overnight sleep quality
improved. The duration of deep sleep episodes was increased on the night when patients
drank beetroot juice at bedtime. The frequency of events indicative of healthy sleep,
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transitions from sleep of immediate depth to deeper sleep,
increased on the night when patients drank beetroot juice at
bedtime. The electroencephalographic brain waves measured
as part of the study showed an increase in slow oscillatory
activity on the night when patients drank beetroot juice at bed-
time, a sign of increased sleep depth. Additionally, the blood
oxygenation level increased on the night when patients drank
beetroot juice at bedtime, albeit only during periodic intervals of

awakening from sleep.

Introduction

COPD often requires the use of accessory muscles to overcome
inadequate ventilation."* The activity of these voluntary mus-
cles is suppressed during sleep, resulting in insufficient venti-
lation, increased arterial carbon dioxide, oxygen (O,)
desaturation and disruption of sleep® > Sleep efficiency (SE,
percentage of time spent asleep between lights-off and lights-
on), total sleep time (TST) and rapid eye movement sleep
(REMYS) as percent of time spent asleep are all reduced in
COPD patients relative to age-matched controls.>*

Nitric oxide (NO) is a pluripotent signaling radical,
involved in many diverse physiological processes including
vasoregulation, nerve transmission and host defense.® Nitrate
(NOj; ) administered via oral supplementation serves as a
substrate for the systemic generation of NO, which prophy-
lactically supports physiological adaptations to hypoxia,
including vasodilation and changes in aerobic respiration
rate.® Dietary supplementation with beetroot juice (BJ; a
natural source of inorganic nitrate) reduces O, consumption
during exercise in healthy subjects.” Its effects on the perfor-
mance of chronic obstructive pulmonary disease patients in
exercise are equivocal.*'! However, reductions in resting
blood pressure after BJ consumption by COPD patients”"’
indicate potential benefits in the resting state.

The role of NO in cerebral function is complex and has
been described as a double-edged sword since it is involved in
normal physiology as well as in pathophysiological processes.
All three known NO synthase isoforms can be expressed in the
brain. Among many functions NO is involved in learning and
memory,'> cerebral autoregulation'® and neurovascular
coupling14 via modulation of nerve transmission both at the
post- and presynaptic levels. Moreover, from studies using NO
synthase inhibitors or NO donors it has become evident that
NO is implicated in modulation of sleep-wake states.'’
Contrary, NO generation is highly stimulated during excitatory
signaling via the glutamate-NMDA pathway, but the roles of
NO in conditions such as brain ischemia and seizures are still
not clear'® Only a few studies have investigated the effect of

nitrate supplementation on cerebral physiology. It has been

shown that dietary nitrate may increase cerebral blood flow'”-'®

17,19 after

and some studies show improved cognitive function
supplementation with BJ. In a repeated measured experiment
involving 15 COPD patients, we assessed the effect of BJ

containing nitrate on nighttime sleep quality and efficiency.

Materials and Methods

Subjects

From September 2016 to June 2017 15 subjects were recruited
while attending a four-week, in-patient pulmonary rehabilita-
tion program at the LHL-hospital, Glittre, Norway. Prior to
inclusion, a diagnosis of COPD in a stable state was verified by
pulmonary function tests, see Table 1. Most had moderate or
severe COPD—Global Initiative for Chronic Obstructive
Lung Disease (GOLD) severity stage II and IIl—one had
mild COPD (GOLD stage I) and three patients had very severe
COPD (GOLD stage IV). All used inhaler medication in
accordance with the GOLD recommendations. None of the
patients used supplementary oxygen, all were former smokers
except one who was currently smoking with a carboxyhemo-
globin level of 4.3%. All had at least one comorbidity, of which
the most common were arthrosis or rheumatic disease (nine
patients) and hypertension (five patients), none had confirmed
asthma overlap with COPD. Demographic details of the study
population are published elsewhere®® and are replicated here in
Table 1. Exclusion criteria were COPD exacerbation within the
last three weeks, chronic respiratory failure, other diseases
significantly affecting upper and lower airway function, a
prior diagnosis of OSA, non-sinus cardiac arrhythmias,
implanted pacemaker, coronary arterial disease with unstable
angina pectoris or myocardial infarction within the last three
months, uncontrolled hypertension, history of cerebral infarc-
tion, use of nitrate medication. All subjects used prescribed
medication, but no respiratory depressant drugs were taken
from 48 h prior to first PSG-recording until end of study.
Informed consent was obtained from all individual subjects
included. All procedures performed were in accordance with
the 1964 Declaration of Helsinki and its later amendments. The
study was approved by the regional ethics committee (2016/
1360/REK Midt, NTNU/REK midt, Det medisinske fakultet,
Postboks 8905, 7491 Trondheim).

Dietary Beetroot Juice Administration

BJ containing nitrate (70 mL, ~6.2 mmol NOj3 ; James White
Drinks, Ltd) or placebo (70 mL, NO; ™ depleted juice) was
administered orally immediately before bedtime on nights two
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Table | Study Population

N=15 Mean (95%Cl)

Demographic data

Gender female 8 (53)°

Age, years 60.7 (55.8-65.7)

BMI, kg/m? 26.1 (23.2-29.1)
Smoking habit

Former smoker 15 (100)

Current smoker 1 (7)*
Spirometry

FVC, L 3.3 (2.8-3.7)

FEVI, L 1.4 (1.1-1.7)

FEVI/FVC, ratio
DLCO, % pred
RV/TLC, ratio

0.42 (0.35-0.49)
54.1 (43.2-64.9)
0.54 (0.48-0.60)

Clinical data
GOLD stage 2.7 (22-32)
CAT, score 16.5 (12.4-20.7)
MMRC, score 1.8 (1.2-2.4)
6-MWD, meter 426 (364-488)
ESS score 5.0 (3.7-6.3)
Laboratory data
P,O,, kPa 9.13 (8.56-9.71)
P,CO,, kPa 4.98 (4.64-5.32)
COHb," % 1.4 (1.3-1.6)
S.0,,° % 96.1 (95.1-97.2)

Notes: ®N (% of study subjects), instead of mean (95%Cl). °N=12, two missing and
one current smoker excluded from COHb analysis. “N=14, one missing from S,O,.
Abbreviations: BMI, body mass index; FVC, forced vital capacity as liters; FEVI,
forced expiratory volume first second as liters; DLCO, diffusing capacity of the lung
for carbon monoxide as percent of predicted value; RV, residual volume of the
lungs; TLC, total lung capacity; GOLD stage, Global Initiative for Chronic
Obstructive Lung Disease severity stage; CAT, COPD assessment test; MMRC,
Modified Medical Research Council questionnaire; 6MWD, six minutes walking
distance; P,0,, arterial pressure of oxygen; P,CO,, arterial pressure of carbon
dioxide; S,0,, arterial oxygen saturation; COHb, carboxylated hemoglobin.

and three of the study in a double-blind, counterbalanced
design. This dose has been used in several studies to achieve
effects on blood pressure and oxygen cost during exercise.”!
The placebo was prepared from the BJ in a previously
described nitrate-depletion protocol that leaves the liquid iden-

tical in taste to the original BJ.'**'

Polysomnography

Subjects slept three nights semi-unattended in their hospital
room, with PSG recorded online via a bedside computer. The
first night served as an adaptation night, for acquaintance with
the equipment (no recording was done). The second and third
nights were block randomized to nitrate intervention or control
(placebo). Patients were block randomized according to sex

and age. Randomization was performed using a web-based
randomization system developed and administered by the Unit
of Applied Clinical Research at the Norwegian University of
Science and Technology—NTNU in Trondheim, Norway.
Randomization was undertaken in a 1:1 ratio. The nurse
reported time of lights off. PSG was recorded by Embla A10
(Medcare Flaga, Reykjavik, Iceland) according to the 2007
recommendations from the American Academy of Sleep
Medicine (AASM),* including electroencephalogram (F4-
M1, C4-M1, O2-M1), left and right electrooculogram, and
electromyogram submentalis monitoring. In addition, an elec-
tromyography of anterior tibialis, thoracic and abdominal
breathing movements/respiratory effort, nasal airflow pressure,
SpO,, and body position were measured. All signals were
sampled using Somnologica Studio Version 3.3 software
(Medcare Flaga).

Polysomnographic Data Analysis

All subjects spent at least 6.2 h in bed in both treatment
conditions; the data analysis was therefore restricted to the
first six hours in bed. Sleep was classified by trained experts
in 30-second epochs as wake, non-REMS stages 1-3 (N1, N2,
N3) or REMS according to the rules set by the AASM.>* Wake
was further sub-classified as quiet wake or active wake algor-
ithmically: wake epochs in which the root mean square value
of submental muscle tone was less than the thirty-third percen-
tile for all wake epochs was classified as quiet wake (QW);
wake epochs in which the root mean square value of submental
muscle tone was more than the sixty-sixth percentile for all
wake epochs was classified as active wake (AW); epochs fall-
ing between the thirty-third and sixty-sixth percentiles were
referred to as intermediate wake (IW). Fast Fourier transforma-
tion was used to calculate electroencephalographic power for
each stage in 1 Hz bands from 1 to 20 Hz. In addition, power in
the delta (1-4 Hz), theta (5-8 Hz), alpha (9-12 Hz), and beta
(15-35 Hz) ranges was calculated for each stage from each of
two EEG derivations (F4:M1, C4:M1).

Plasma Nitrate and Nitrite Measurement
Plasma nitrate and nitrite measurements were performed
on samples from 14 of the subjects, using methods
described previously.?! Venous blood samples were col-
lected in the morning immediately after termination of the
PSG protocol. Plasma was isolated by centrifugation and
stored at —80°C. Plasma content of nitrate and nitrite were
measured using a HPLC system.>*
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Statistical Analyses

Statistics were performed with Statistica version 13.3. All
variables were assessed for normality using the
Kolmogorov—Smirnov D statistic. In the cases where
P<0.05 for the D statistic, the nonparametric Wilcoxon’s
matched pairs test was applied (eg frequencies of sleep
stage transitions, as noted in the results section). In the
cases where P>0.05 for the D statistic, normality was
assumed and parametric statistics were applied.

Although time X treatment interaction is hypothesized in
the analysis of EEG spectral variables, the statistical power of
time X treatment interaction is limited for EEG analysis
because of missing values. For instance, only six of 15 subjects
entered REMS in the first two hours of both the placebo night
and the nitrate night; repeated measures ANOVA across entire
night on EEG parameters would be restricted to only these six
subjects despite the fact that all 15 exhibited REMS later.
Therefore, we performed separate comparisons of EEG spec-
tral variables independently within each two-hour interval, and
did not incorporate time of night as a repeating variable, to
maximize sample size and statistical power. Time of night
effects were thus inferred, though not statistically quantified
per se, when one two-hour interval but not another exhibited a
treatment effect.

Polysomnographic sleep timing variables known to
be modulated homeostatically as a function of sleep
need/time spent asleep were segmented into three two-
hour intervals. These variables were subjected to nested
repeated measures ANOVA with interval (two-hour
interval) nested within night (BJ vs placebo).

When ANOVA yielded significant effect of night only, data
from the entire six-hour recording interval were subjected to
post hoc Student’s #-test for paired samples. When ANOVA
yielded significant night x interval interaction, data from each
two-hour interval were subjected to post hoc Fisher’s least
significant difference test of BJ vs placebo night data. Other
polysomnographic variables (those that were not subjected to
segmentation during the night) and nitrate/nitrite values were
subjected to Student’s #-test for paired samples.

Alpha values for the threshold of statistical significance
were set at 0.05. Measures of variability reported are
standard error of the mean.

Results

Plasma Nitrate and Nitrite
Morning plasma nitrate (Figure 1A) was elevated nearly
tenfold by BJ (269+17 uM) relative to placebo (2743 uM;

P<0.001, Student’s #-test).
(Figure 1B) was unaffected by BJ relative to placebo.

Morning plasma nitrite

Oxygen Saturation (SpO5,)

SpO, was highly dependent on sleep state (F20=29.6,
P<0.001). SpO, was highest in wake, intermediate in
NREMS sleep stages and lowest in REMS (Figure 2),
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Figure | Morning plasma nitrate (A) and nitrite (B). *P<0.05 beetroot juice (B]) vs
placebo, Student’s t-test.
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Figure 2 Sleep state dependence of oxygen saturation. *P<0.01 vs wake in the
same treatment for both beetroot juice (BJ) and placebo, Fisher’s least significant
difference.

irrespective of treatment. The intra-episode dynamics of
SpO, (Figure 3) demonstrated state-specific temporal pro-
files. There was a significant effects of time on SpO, in
wake (Fg99=2.2, P=0.025), NREMS (Fy;26=3.7, P<0.001)
and REMS (Fg;,7=3.4, P<0.001). In both NREMS (Figure
3B) and REMS (Figure 3C), SpO, declined from the onset
of the episode and remained significantly below the value
at episode onset for at least five minutes. By contrast,
wake onset was characterized by an immediate rise in
SpO, that reversed over time (Figure 3A). The interval
over which SpO, remained elevated above WASO values
was extended 43% by BJ treatment relative to placebo
(P=0.028; Figure 3D).

Waking EEG

The waking EEG was significantly modified in a fre-
quency-specific manner by BJ (treatment X frequency
interaction; Figure 4) in the F4:M1 derivation during the
first two hours of recording (Fj9266=1.7, P=0.037). BJ
also modified the waking EEG in the C4:M1 derivation
during both hours 1-2 (Fy9266=3.6, P<0.001) and hours
three to four (Fi9,171=5.3, P<0.001). These effects of BJ
were predominantly in the slow wave range: post hoc
comparisons at 1 Hz intervals indicated significant
reductions in waking EEG power on the BJ night rela-
tive to the placebo night only at frequencies less than 5
Hz (Figure 4A, B and D).
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Figure 3 Changes in oxygen saturation across episodes of wake, NREMS and
REMS. (A-C) Data are the average value from each 30-second interval of all
episodes of wake (A), NREMS (B) or REMS (C) of at least five-minute duration,
and are normalized as a percentage of the average SpO, value across the entire
night. P-values refer to main effect of time in repeated measured ANOVA. *P<0.05
BJ vs BJ value at episode onset, Fisher’s LSD. **P<0.05 placebo vs placebo value at
episode onset, Fisher’s LSD. (D) Time lapsed until SpO, values dropped below value
at wake onset. P-value in (D) refers to Wilcoxon’s matched pairs test, beetroot
juice (B]) vs placebo.
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Figure 4 EEG spectral power during wake. (A—C) Data from the C4:M| derivation in the first, second, and third two-hour intervals (D—F) Data from the F4:M| derivation
in the first, second, and third two-hour intervals. P-values refer to treatment x frequency interaction in repeated measured ANOVA. *P<0.05 beetroot juice (BJ) vs placebo

value at same frequency, Fisher’s LSD.
Abbreviation: N.S,, not significant.
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Table 2 Time Spent in Wake and Sleep States Across the Entire
Six-hour Recording Session. There Were No Significant Effects of
Treatment on Time Spent in Any State

State Placebo (Min./Six Hours) BJ (Min./Six Hours)

2716
3016
Quiet wake 29+6
NI 4916
N2 14410
N3 3718
REM 4415

27+6
26+6
277
40+5
143x11
4611
515

Active wake

Intermediate wake

Sleep EEG

Polysomnography indicated no effect of BJ on the total
amount of time spent in any sleep stages. For all states
other than REMS, this was true effect whether the data
were considered across the entire night as a main effect
of treatment (Table 2), or segmented into two-hour inter-
vals to observe time-in-bed dependent changes in sleep
(Figure 5). Time spent in REMS exhibited a time x
(F228=7.7, P=0.002). REMS
increased across two-hour intervals in the BJ condition

treatment  interaction
but was reduced in the third two-hour interval relative to
the second in the placebo condition (Figure 5E).

Effects of BJ on sleep architecture were addressed by
measuring the frequencies of sleep stage transitions (Table 3)
and the durations of episodes. Wake-to-N2 transitions were
greater than twofold more frequent after placebo (a total of
21 observed) than BJ (nine observed), resulting in a signifi-
cant effect of treatment (P=0.034, Wilcoxon’s matched pairs
test). Direct wake-to-REMS transitions were observed after
placebo, but did not occur at all on nights when BJ was
administered (P=0.021, Wilcoxon’s matched pairs test;
Table 3). Conversely, transitions from NREMS to REMS
occurred at increased frequency after BJ relative to placebo
(P=0.033, Wilcoxon’s matched pairs test). NREMS bout
duration was increased by approximately 15% on the night
of BJ administration (20.9.842.0 min) relative to the placebo
(18.3£1.6 min; treatment effect F;;;=5.2, P=0.044).
Durations of wake and REMS bouts were not significantly
affected by treatment.

EEG spectral power (1-20 Hz range) was affected by BJ
only during deep slow wave (N3) sleep (main effect of BJ vs
placebo treatment (F, g=6.2, P=0.037) and in no other sleep
state. This effect of BJ on EEG power during N3 was fre-
quency-specific and emerged over time in bed (Figure 6).
Delta (<5 Hz) activity was reduced in the C4:M1 derivation
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Figure 5 Minutes spent in each state across two hour intervals: (A) wake; (B-D)
N1, N2, N3 non-REMS; (E) REMS. P-values refer to treatment x time interaction in
repeated measured ANOVA. ¥P=0.003, beetroot juice (B]) vs placebo value at same
time, Fisher’s LSD.

Abbreviation: N.S., not significant.

during the third two-hour interval (treatment x frequency
interaction Fj935=2.4, P=0.012; Figure 6C). Delta activity
was similarly reduced in the F4:M1 derivation during the
third two-hour interval (Fi935=2.7, P=0.004; Figure OF).
While N3 EEG spectra were equal in the first four hours of
time in bed across nights, the average EEG power during N3
epochs recorded in the third two-hour interval was lower on
the BJ night than the placebo night (Figure 6C and F). Lower
delta power at the end of the BJ sleep session specifically may
be a result of increased rate of slow wave sleep need discharge
in the BJ condition. To address this possibility, we measured
the EEG energy in the delta (1-4 Hz) range: EEG power in N3
(as reported in Figure 6) times number of minutes spent in N3
(as reported in Figure 5D). The cumulative delta energy dis-
charged across the entire six-hour recording was significantly
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Table 3 Wake and Sleep State Transition Counts. The Values in
Last Column are P-values from the Wilcoxon’s Matched Pairs
Test of Beetroot Juice (B)) vs Placebo

Transition Placebo (No. per BJ (No. per Wilcoxon
Night) Night)

W-NI 14.1£2.0 11.3£1.7 NS

W-N2 1.4£0.3 0.6+0.2 0.034
W-N3 0.0 0.0 NS

W-R 0.320.1 0.0 0.021
N2/N3 to REM 2.5+0.3 3.7£0.6 0.023

All NREM to REM | 5.0£0.8 6.4%l.1 0.033

elevated by BJ (43176+8660 pV>minutes) relative to placebo
(31335+5807 quominutes) in the C4:M1 derivation (Tg=
2.31, P=0.049). A similar nonsignificant trend toward eleva-
tion by BJ (3731048457 pVZeminutes) relative to placebo
(2856445834 quominutes) occurred in the F4:M1 derivation
(Tg=2.11, P=0.067).

Discussion
Beetroot juice normalized objective measures of sleep
quality in a cohort of COPD patients. Although BJ was
without effects on total time spent in each of the poly-
somnographically defined sleep states, atypical sequences
of events seen in the placebo condition (direct wake-to-
REMS transitions, transitions from wake to intermediate
depth N2 sleep) were reduced in frequency by BJ. Sleep
state sequences common to healthy sleep (NREMS-to-
REMS) were increased in frequency by BJ. Changes in
sleep that unfold across the night in normal sleep (the
decline in N3 slow wave activity, the increase in REMS
as a percentage of time), were facilitated by BJ consump-
tion. Collectively, the reduced frequency of wake-to-
REMS transitions and the increased frequency of
NREMS-to-REMS transitions after BJ are indicative of
normalization of the sequencing of events within the
sleep cycle.

In addition, O, saturation was elevated by BJ, albeit
only in periods of wakefulness after sleep onset. Because
hypoxia is reported to elevate EEG power in the delta

. 25-2
range during wakefulness,”> >*

we hypothesized that effect
of nitrate on SpO, during wake would result in changes in
the waking EEG spectra. The suppression of delta power
during wakefulness by BJ administration is supportive of
the concept that BJ promotes cerebral oxygenation, at least
during intervals of wakefulness. These data indicate a
potential therapeutic effect for bedtime BJ in the treatment

of disordered sleep in COPD.

The principal challenge to intervention in COPD is to
expel carbon dioxide and to deliver sufficient O, into the
circulation. Increasing accessory muscle tone to increase
airflow, a mechanism used by healthy individuals in the
face of exertion-induced increases in carbon dioxide pro-
duction and O, demand, is a compensatory strategy that
COPD patients employ constitutively during sleep.” Yet
the respiratory challenges associated with recumbency and
the skeletal muscle relaxation that occurs during sleep
compromise accessory muscle function.'** The trade-off
between the need to sleep and the need to employ acces-
sory muscles is likely to negatively impact sleep quality in
COPD: across polysomnographically monitored COPD
subjects, the extent to which accessory muscles are acti-
vated during sleep is proportional to the severity of dis-
ruption of sleep.” Adjunct therapeutic measures that
improve the delivery of circulating oxygen or the effi-
ciency of oxygen utilization may be beneficial to sleep in
COPD.

Orally administered nitrate in BJ undergoes conversion
to nitrite in the digestive tract, which then undergoes
conversion to nitric oxide systemically, resulting in
increased efficiency of oxygen delivery and aerobic
respiration.® BJ elevates plasma nitrate acutely in COPD
patients when administered during the day.*'*'" As shown
here, when BJ is administered at bedtime, the elevation of
plasma nitrate is of sufficient duration to be detected in
plasma samples taken the next morning. However, nitrite
levels were not significantly higher compared to controls.
Since plasma half-life of nitrate is approximately five to
six hours but only 20-30 min for nitrite and the last dose
of BJ was administered the night before and samples taken
the morning after, this may explain the lack of difference
in plasma nitrite between the groups. Moreover, we cannot
fully exclude some oxidation of nitrite to nitrate during
sample handling, which is a known methodological con-
cern when handling these anions.

Previous observations of sleep fragmentation in
COPD** provide a target for therapeutic intervention.
Although we did not compare the COPD population to a
healthy age-matched control group, salient features of
sleep pathology were present in the subjects (transitions
from wake to N2 and vice versa and direct transitions from
wake to REMS). These pathological events were reduced
in frequency by consumption of BJ with nitrate as an
active component. Wake-to-REMS transitions in untreated
COPD may reflect a high REM propensity, as the
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propensity for REMS accumulates during NREMS.** By
analogy, sleep onset REM-sleep periods (SOREMPs)*!
and NREMS fragmentation®® are seen in obstructive
sleep apnea (OSA). In OSA, insufficient O, delivery dur-
ing sleep prevents the normal (typically hour-long)
sequence of states from wake to light non-REMS (N1) to
deeper non-REMS (N2/N3) to REMS. SOREMPs in OSA
are a manifestation of elevated REMS propensity due to
the inability to maintain normal state sequencing. The
wake-to-REMS transitions in untreated COPD are likely
to be analogous in their pathophysiological basis.
Protracted NREMS cannot occur due to insufficient O,
delivery during sleep (possibly exacerbated by increased
carbon dioxide); REMS pressure builds during repeatedly
aborted wake/deep sleep transitions and is then manifested
as wake-to-REMS transitions.

The dynamics of the NREMS EEG across the night,
particularly the decline in EEG delta power in N3 sleep, reflect
a discharge of homeostatic sleep need.* Since per-epoch EEG
power was equivalent in the first two-hour intervals of the BJ
and placebo nights, but lower in the third two-hour interval of
BlJ relative to placebo, there may have been a greater discharge
of sleep need under the influence of nitrate. Increased time
spent in deep sleep, or increased state stability, might explain
accelerated discharge. In the sleep of healthy young adults, it is
typical for the NREMS states to occur sequentially in propor-
tion to their depth (N'1/N2/N3) at sleep onset; transitions from
wake to N2 are less frequent than wake to N1.** Here, wake-
to-N2 transitions were more frequent after placebo (a total of
21 observed) than BJ (nine observed).

Collectively, suppression of slow wave activity in the
wake state, and reduced numbers of both aborted wake-to-
deep sleep transitions and wake-to-REMS transitions in
the BJ condition relative to the placebo led us to hypothe-
size that O, delivery might be improved by BJ, allowing
for more stable maintenance of sleep states. The state-
specific dynamics of SpO, values support this hypothesis
only for episodes of WASO. During wake, accessory mus-
cles can most effectively be put to use for O, delivery; the
loss of this mechanism due to sleep-related atonia may
have nullified the effect of BJ.

Limitations

The study did not include data from non-COPD control
subjects, but the counterbalanced, repeated measures
design incorporated a control (placebo) condition to
which the therapeutic intervention (BJ) could be com-
pared. While it is clear from previous studies that COPD

disrupts sleep,** the absence of data from an age-matched
healthy control population in the current study prevents us
from quantifying the extent to which BJ ameliorates sleep
deficits in COPD relative to the general population. No
measures of daytime sleepiness or daytime performance
on the morning after polysomnography were recorded, so
it cannot be ascertained whether daytime functioning was
positively impacted by this intervention. Furthermore,
given that the O, saturation during sleep was not altered
by the intervention, it is uncertain whether any health
outcomes might benefit in the longer term from this inter-
vention. However, patients underwent a single exposure to
BJ at the start of the night. Peak exposure (as measured by
plasma nitrite) is within two to three hours of administra-
tion in awake, healthy subjects.>**> Repeated exposures
within the night or across nights might have more robust
effects, as the effects of nitrate supplementation do not
attenuate over at least two weeks of daily administration.>*

Given the lack of change in oxygen saturation during
sleep in the BJ condition relative to placebo, it is possible
that the polysomnographic effect of BJ is due not to a
clinically significant change in oxygen utilization or avail-
ability, but rather to a decrease in the awakening response
to sleep-dependent hypoventilation after BJ; subjects may
have continued to undergo NREMS even in the face of
hypoxic conditions after BJ. As a significant percentage of
COPD patients show signs of sleep hypoventilation,”>¢
simultaneous recording of transcutaneous carbon dioxide
and/or carboxyhemoglobin should be considered in future
studies to address this possibility.

Conclusion

Dietary nitrate supplementation induced polysomno-
graphic changes in patients suffering from COPD: (1) It
abolished wake-to-REMS transitions and increased the
likelihood of deep NREMS-to-REMS transitions. (2) It
increased the amount of time spent in REMS in the latter
portion of the night. (3) It precipitated an accelerated
discharge of slow wave activity across the night.
Collectively, these changes in objective sleep parameters
are indicative of improved sleep quality and suggest that
BJ can benefit sleep quality, if not tissue oxygenation, in
COPD.

Abbreviations
AW, active wake; AASM, American Academy of Sleep
Medicine; BJ, beetroot juice containing nitrate; IW,
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oxygen saturation; QW, quiet wake; REMS, rapid eye
movement sleep; SE, sleep efficiency; SOREMPs, sleep
onset REM-sleep periods; N1, N2, N3, stages 1, 2, 3 non-
rapid eye movement sleep; TST, total sleep time; WASO,
wake after sleep onset.
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