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Introduction: Patients with COPD have increased respiratory loads and altered blood gases, 

both of which affect vascular function and sympathetic activity. Sleep, particularly rapid eye 

movement (REM) sleep, is known to exacerbate hypoxia and respiratory loads. Therefore, we 

hypothesize that nasal high flow (NHF), which lowers ventilatory loads, reduces sympathetic 

activity during sleep and that this effect depends on COPD severity.

Methods: We performed full polysomnography in COPD patients (n=17; FEV
1
, 1.6±0.6 L) 

and in matched controls (n=8). Participants received room air (RA) at baseline and single night 

treatment with O
2
 (2 L/min) and NHF (20 L/min) in a random order. Finger pulse wave amplitude 

(PWA), a measure of vascular sympathetic tone, was assessed by photoplethysmography. 

Autonomic activation (AA) events were defined as PWA attenuation $30% and indexed per 

hour for sleep stages (AA index [AAI]) at RA, NHF, and O
2
).

Results: In COPD, sleep apnea improved following O
2
 (REM-apnea hypopnea index [AHI] 

with RA, O
2
, and NHF: 18.6±20.9, 12.7±18.1, and 14.4±19.8, respectively; P=0.04 for O

2
 and 

P=0.06 for NHF). REM-AAI was reduced only following NHF in COPD patients (AAI-RA, 

21.5±18.4 n/h and AAI-NHF, 9.9±6.8 n/h, P=0.02) without changes following O
2
 (NHF-O

2
 

difference, P=0.01). REM-AAI reduction was associated with lung function expressed as FEV
1
 

and FVC (FEV
1
: r=-0.59, P=0.001; FEV

1
/FVC: r=-0.52 and P=0.007).

Conclusion: NHF but not elevated oxygenation reduces peripheral vascular sympathetic 

activity in COPD patients during REM sleep. Sympathetic off-loading by NHF, possibly related 

to improved breathing mechanics, showed a strong association with COPD severity.

Keywords: COPD, sleep, nasal high flow, oxygen therapy, sympathetic activity, pulse wave 

amplitude

Introduction
Although sleep in normal individuals provides a restful period for both the pulmo-

nary and cardiovascular systems, COPD patients often exhibit marked worsening of 

breathing, arterial blood gases, and hemodynamic function during sleep, particularly 

during rapid eye movement (REM) sleep.1–4 These changes resemble those seen during 

acute exacerbation and worsening of hyperinflation and are associated with increased 

morbidity and mortality.2,5,6 Thus, the assessment of breathing and vascular function 

during sleep may provide an opportunity to identify patients at risk for exacerbation 

and to determine treatment effects targeting prevention of disease progression.

Long-term O
2
 therapy (LTOT) is the standard therapy for chronic respiratory 

failure in patients with advanced COPD.7 LTOT improves survival and health-related 

quality of life. However, O
2
 has not been proven successful in patients with mild to 
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moderate COPD and isolated nocturnal hypoxia.8 Possible 

explanations include the inability of supplemental O
2
 to 

reduce sympathetic nerve activity in patients with stable heart 

failure9 or vascular stiffness in awake patients with stable 

COPD.10 In contrast, nasal high flow (NHF) therapy improves 

breathing mechanics by dead space clearance, resolution of 

mild upper airway obstruction, and reduction of dynamic 

hyperinflation.11 Outcome studies addressing the effects of 

NHF in COPD are sparse, but limited data indicate positive 

effects of NHF in patients with acute and chronic respiratory 

failure.12–14 In addition, studies evaluating possible mecha-

nisms by which NHF may provide benefit in COPD patients, 

such as improvement in cardiovascular or autonomic factors, 

are lacking. The lack of data is partially explained by the 

methodological challenges in reliably assessing autonomic 

vascular parameters in this patient group.

Finger vascular tone assessed by pulse wave amplitude 

(PWA) changes has been shown to highly correlate with sym-

pathetic activation of vascular sympathetic alpha receptors.15 

Vascular tone is sensitive to autonomic changes induced by 

sleep stages,16 and both local and systemic changes pharma-

cologically induced by alpha receptor blockade.17,18 Assess-

ment of vascular tone has been used to identify increased 

sympathetic activity in chronic cardiovascular diseases such 

as systemic hypertension and cardiac failure.19 Recently, fin-

ger vascular tone obtained during sleep has been shown to be 

an independent predictor for cardiovascular risk in patients 

with sleep disordered breathing.20 Therefore, we opted to use 

digital pulse wave analysis as a non-invasive, continuous 

measure for the assessment of autonomic vascular function 

during sleep in COPD patients.

In the current study, we examined vascular tone during 

sleep in response to O
2
 and NHF. We conducted a randomized 

controlled trial in mild to moderate COPD patients and 

controls matched for age, sex, and smoking status. We 

hypothesized that 1) NHF but not O
2
 reduces sympathetic 

activity and that 2) improvements in sympathetic activity are 

dependent on lung function and therefore 3) effects of NHF 

on sympathetic activity is more pronounced in patients with 

COPD than controls.

Methods
Study settings
This single-center study was conducted at the Johns Hopkins 

Clinical Research Unit in conjunction with the Division of 

Pulmonary and Critical Care Medicine. The study was per-

formed according to the Declaration of Helsinki. Written and 

oral informed consent was obtained from each participant for 

this study, which was approved by the Johns Hopkins Medical 

Institution Human Investigations Review Board. The study 

was registered at ClinicalTrials.gov (NCT01764165).

Study participants and procedures
Subjects were recruited from the community. A total of 

26 subjects met inclusion criteria for the current study and 

accepted a 4-day (three nights) stay at the research unit. COPD 

patients (n=18) had spirometry confirmed airway obstruc-

tion according to the GOLD criteria (post-bronchodilator 

FEV
1
/FVC, ,0.7). One COPD patient did not meet the 

signal quality criteria during all three experimental condi-

tions and was excluded from the final analysis. Additional 

inclusion criteria were age .40 years, smoking .10 pack 

years, body mass index (BMI) ,40 kg/m2, and an apnea 

hypopnea index (AHI) of ,10 events/hour. Exclusion criteria 

included impaired renal function, acute illness including 

COPD exacerbation within the past 6 weeks, unstable car-

diovascular disease, sleep efficacy ,30%, respiratory failure 

with daytime O
2
 saturation (SaO

2
) level of #88%, and use 

of sedative/hypnotic medication. Controls were defined by 

normal spirometry data at rest (FEV
1
/FVC, .0.8) and were 

matched with a ratio of 2:1 for age, BMI, and smoking sta-

tus with history of at least 10 pack years (n=8). Blood gases 

analysis were assessed at baseline in both COPD patients 

and controls.

During the study, patients and controls performed three 

polysomnographic (PSG) sleep recordings: one at room 

air (RA; baseline), one during single night treatment with 

NHF, and one with supplemental O
2
 (2L/min via nasal tube). 

Supplemental O
2
 was used as a control to NHF because we 

expect COPD patients to develop REM-related hypoxia. 

Treatment order was randomized using a computer-generated 

coding system performed by a unit within the hospital not 

linked to the study. NHF was applied with a commercially 

available device (MyAirvo2; F&P Healthcare, Auckland, 

New Zealand) using a flow rate of 20 L/min and air tempera-

ture of 34°C–37°C. Adaptation to NHF and supplemental O
2
 

was performed during wakefulness in the evening prior to 

the study night.

Assessment of sleep
A standard PSG study was performed including the assess-

ment of sleep (electrooculogram, electromyogram, and 

electroencephalogram), breathing (air flow by thermis-

tors and nasal pressure, thorax, and abdominal efforts by 

respiratory plethysmography), and blood oxygenation/

CO
2
 content (saturation, transcutaneous partial pressure of 

carbon dioxide [pCO
2
]). A minimum recording length of 8 

hours including at least 6 hours of treatment (O
2
 or NHF) 
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was obtained. Sleep stages and breathing events were scored 

according to the American Academy of Sleep Medicine 

criteria (AASM)21 including the alternative hypopnea cri-

teria. Intermittent hypoxia was assessed as O
2
 desaturation 

index of 3% or more. In patients with borderline reduc-

tions in SaO
2
, periodic breathing and hypopneas often 

are associated with a desaturation of 3% or more even in 

the absence of an arousal. On RA, these events would be 

counted, while on O
2
, these events do not meet the criteria 

of the AASM and thus would not constitute the respiratory 

disturbance index (RDI). For consistency of scoring, we 

did not consider modifying the AASM criteria accordingly.

Analysis of the digital pulse wave
A standard pulse oximeter was applied during PSG (Embla 

N7000; Natus, Pleasanton, CA, USA). Overnight photopl-

ethysmography (oximeter probe) was used for the assessment 

of the pulse wave signal (AC-signal component, sampling 

frequency 100 Hz). Comparable to the previously published 

methodology,22 PWA was calculated for each pulse curve, 

and amplitude attenuations of at least 30% from the preceding 

baseline (20 s) in wave amplitude were automatically calcu-

lated using default software (REMlogic; Natus). Amplitude 

attenuations were indexed per hour of actual sleep time as 

autonomic activation index (AAI) for different sleep stages: 

REM sleep; non-REM (NREM) stages 1, 2, and 3 (N1, N2, and 

N3, respectively); as well as during wakefulness (wake).

Statistics
Descriptive statistics are presented as mean±SD. Statistical 

significance was set at P,0.05, two tailed. Between-group 

differences were tested by Student’s t-test, Kruskal–Wallis 

test, or the chi-squared test (for equally/not equally distrib-

uted data and distributions). After the exclusion of significant 

carryover or sequence effects between the different experi-

mental conditions (P.0.1, respectively), within-group dif-

ferences were tested by means of the paired Student’s t-test. 

Pearson’s correlation analysis assessed associations between 

changes in AAI by treatment and lung function parameters at 

baseline. Analyses were performed using SPSS (version 22.0; 

IBM Corporation, Armonk, NY, USA).

Results
Baseline
The mean age of COPD patients was 55.5±6.4 years and 

of controls was 58.1±7.4 years, and participants were 

predominantly female. Spirometry tests and arterial blood gas 

analysis demonstrated mild to moderate COPD in the patient 

group and normal findings in the controls. Demographics and 

anthropometric data did not differ between COPD and control 

subjects according to the matching procedure (Table 1).

Sleep quality and the degree of sleep disordered breathing 

did not differ between COPD patients and controls (Table 2). 

Sleep apnea indices during REM sleep increased slightly 

without significant differences between groups. Overnight 

saturation and transcutaneous pCO
2
 during NREM sleep 

did not differ.

Effect of NHF and O2 on sleep quality 
and quantity
Sleep latency was significantly longer during the night on O

2
 

compared to NHF and RA in the COPD group (20.4±28.9 

minutes vs 14.3±24.0 vs 14.9±20.7 minutes, P=0.01; 

Table 3). There was no difference in other standard sleep 

quality indices, and % distribution of sleep stages did not 

differ within and between groups.

Effect of NHF and supplemental O2 on 
nocturnal hypoxia and sleep disordered 
breathing
Supplemental O

2
 increased mean overnight saturation com-

pared to baseline and NHF in both COPD patients and controls 

Table 1 Anthropometric data and pulmonary function (patients 
and controls)

Variable Control 
(n=8), 
mean±SD

COPD 
(n=17), 
mean±SD

Statistics

Age (years) 55.5±6.4 58.1±7.4 ns

Female sex (%) 87 65 ns

Height (in) 63.9±3.9 66.1±3.9 ns

Weight (lbs) 155.5±35.8 163.9±43.1 ns

BMI (kg/m2) 26.8±6.1 26.2±5.9 ns

Systolic BP 124.5±11.1 127.0±20.3 ns

Diastolic BP 73.2±4.5 74.8±13.7 ns

FVC (L) 2.9±0.7 2.8±0.7 ns

FEV1 (L) 2.2±0.4 1.6±0.6 0.009

FEV1 %PRED 86.7±18.2 56.8±18.1 0.001

FEV1/FVC 77.9±7.0 55.3±10.5 ,0.001

DLCO (mL/min/mmHg) 17.8±5.3 16.0±6.0 ns

pCO2 (mmHg)a 40.7±2.7 40.6±4.9 ns

PO2 (mmHg)a 80.5±15.6 80.4±23.4 ns

HCO3 (mmol/L)a 25.0±2.0 25.7±2.2 ns

O2 saturation (%)a 95.9±1.3 94.3±3.9 ns

Base excess (mmol/L)a 0.7±1.9 1.5±1.8 ns

Note: aBlood gases available in 7 controls and 13 COPD patients.
Abbreviations: BMI, body mass index; BP, blood pressure; DLCO, diffusing 
capacity of the lungs for carbon monoxide; ns, not significant; pCO2, partial pressure 
of carbon dioxide; PO2, partial pressure of O2; PRED, predicted.
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(Table 3). No changes in transcutaneous CO
2
 were observed 

following O
2
 and NHF treatments. In both groups, the RDI was 

comparable between the baseline and NHF treatment nights 

in NREM and REM sleep. In contrast, the RDI was reduced 

during O
2
 treatment, which could be explained by the scoring 

rules as mentioned above in “Methods” section (Table 3).

Effect of NHF and O2 on sympathetic 
vascular tone
Overnight PWA variability at baseline did not differ between 

the COPD patients and the controls (Table 3). During NREM 

sleep, NHF and O
2
 therapy did not systematically change 

PWA attenuations. In addition, the duration of PWA events 

was similar in all three conditions (data not shown). In con-

trast, NHF treatment decreased AAI during REM sleep sig-

nificantly in the COPD patients but not in controls (Table 4). 

NHF reduced AAI significantly better than O
2
 during REM 

sleep in COPD patients (Table 4; Figure 1 [example in a 

single patient] and Figure 2 [pooled data]).

In REM sleep the reduction in AAI was associated with 

the degree of lung function impairment captured as FEV
1
 and 

FEV
1
/FVC ratio (r=−0.59, P=0.002, and r=0.52, P=0.007, 

respectively; Figure 3) with those with greater lung func-

tion impairment showing a greater change in autonomic 

vascular activation in response to NHF. Individuals with a 

FEV
1
,1.65 L showed a significant reduction in AAI com-

pared to those with intermediate and normal lung function 

(FEV
1
 .2 L; ANOVA: P=0.005; Figure 4).

Discussion
In this study of representative patients with COPD, we pro-

vide several novel findings related to NHF, a novel treatment 

option for COPD patients. First, NHF, but not O
2
, reduced 

vascular sympathetic activity during sleep. Second, reduc-

tions in sympathetic activity were sleep state dependent, 

with greatest reductions seen in REM sleep. Third, reduc-

tions in sympathetic activity were seen in patients with 

COPD but not in smoking controls. Finally, the reductions 

in sympathetic activity correlate with decline in lung func-

tion, and a FEV
1
 of ,1.65 L appears to be the threshold at 

which NHF reduces sympathetic load during REM sleep. 

All in all, our data indicate that COPD patients may have 

increased sympathetic activity during REM sleep that can 

be reduced by NHF.

PWA as a marker for sympathetic activity 
during sleep
PWA of the finger arteries is a composite measure of temper-

ature regulation and vascular and autonomic functions.23–27 

Digital PWA is influenced by endothelial vascular properties 

and blood flow, proximal arteriovenous shunts, and local 

environmental factors (pH, metabolites, and circulating 

humoral factors). However, rapid changes of PWA are 

determined by the degree of sympathetic nerve activity24 or 

by hypoxic and arousal responses to sleep apnea.28,29 Indeed, 

increased sympathetic activity caused by arousals from sleep 

apnea markedly decreases PWA due to sympathetic activa-

tion of the vascular alpha receptors.17 In the same study, 

nocturnal supplemental O
2
 was not able to modify the PWA 

response similar to the findings in our study. Rapid changes 

in PWA during sleep in a population-based sample were 

also positively associated with elevations in daytime blood 

pressure and the diagnosis of hypertension, both known 

to be linked to increased sympathetic activity.19 Finally, 

the treatment of hypertension with systemic pharmaco-

logical sympathetic blockade of alpha receptors significantly 

reduced both PWA and blood pressure swings related to 

sleep apnea.18 Although PWA analysis was performed for 

the first time in the COPD patient population, there is no 

Table 2 Sleep quality and sleep disordered breathing at baseline

Variable Control 
(n=8), 
mean±SD

COPD 
(n=17), 
mean±SD

Statistics

Total sleep time (minutes) 396.3±39.8 376.6±87.7 n.s.

Sleep efficiency (%) 84.6±4.3 79.6±17.9 n.s.

Sleep latency (minutes) 15.8±16.9 14.9±20.7 n.s.

REM sleep latency (minutes) 89.2±33.6 99.3±59.5 n.s.

WASO (minutes) 55.4±15.4 79.4±67.4 n.s.

Sleep stage N1 (%) 11.1±6.0 13.9±9.0 n.s.

Sleep stage N2 (%) 50.2±14.7 52.0±9.0 n.s.

Sleep stage N3 (%) 16.7±11.5 15.7±11.7 n.s.

Sleep stage REM (%) 21.9±8.5 18.4±6.2 n.s.

Arousal index (n/h) 10.3±6.6 11.0±5.3 n.s.

Arousal index NREM (n/h) 9.4±5.4 10.0±6.6 n.s.

Arousal index REM (n/h) 9.3±7.8 12.2±10.4 n.s.

RDI (n/h) 10.9±9.6 8.0±7.8 n.s.

RDI NREM (n/h) 9.5±8.2 5.9±7.1 n.s.

RDI REM (n/h) 17.0±19.4 18.6±20.9 n.s.

Average SaO2 (%) 95.2±1.8 93.9±2.9 n.s.

tcCO2 mean awake (mmHg) 39.6±6.3 42.4±6.1 n.s.

tcCO2 mean NREM (mmHg) 43.0±7.0 43.7±5.5 n.s.

tcCO2 mean REM (mmHg) 50.6±12.9 53.0±12.5 n.s.

Abbreviations: n/h, numbers/hour; n.s., not significant; N1–N3, non-rapid eye 
movement sleep stages 1–3; RDI, respiratory disturbance index; NREM, non-REM; 
REM, rapid eye movement sleep; SaO2, O2 saturation; tcCO2, transcutaneous carbon 
dioxide; WASO, wakefulness after sleep onset.
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Table 3 Treatment effects of NHF and supplemental O2 on sleep, oxygenation, and sleep disordered breathing

Variable Controls COPD

Condition Room air O2 NHF Room air O2 NHF

Sleep quality

TST (minutes) 396.3±39.8 371.0±68.3 362.1±65.0 376.6±87.7 347.9±94.9 361.0±50.6

Sleep efficiency (%) 84.6±4.3 81.8±15.0 79.1±13.1 79.6±17.9 74.4±19.4 78.4±11.6

S-latency (minutes) 15.8±16.9 12.5±11.0 18.8±22.9 14.9±20.7 20.4±28.9a 14.3±24.0

REM latency (minutes) 89.2±33.6 104.1±81.0 117.1±50.7 99.3±59.5 138.8±79.6 158.8±89.8

WASO (minutes) 55.4±15.4 71.2±62.8 77.6±50.2 79.4±67.4 97.5±77.8 87.0±52.6

N1 (%) 11.1±6.0 9.9±5.1 12.6±5.2 13.9±9.0 14.2±9.3 13.6±11.3

N2 (%) 50.2±14.7 56.7±15.9 56.7±12.2 52.0±9.0 51.7±14.4 57.6±14.4

N3 (%) 16.7±11.5 14.1±11.6 12.1±10.5 15.7±11.7 15.4±14.5 13.4±9.7

REM (%) 21.9±8.5 19.4±8.5 18.7±7.6 18.4±6.2 18.6±6.4 15.3±8.7

Arousal index 10.3±6.6 9.2±6.1 11.1±12.2 11.0±5.3 10.5±6.4 14.6±10.5

ARI NREM (n/h) 9.4±5.4 10.8±8.6 11.4±13.0 10.0±6.6 11.6±12.0 15.1±12.1

ARI REM (n/h) 9.3±7.8 7.8±4.3 7.5±7.1 12.2±10.4 10.4±7.8 11.1±11.4

Respiration during sleep

RDI (n/h) 10.9±9.6 3.7±2.2b 13.7±16.9 8.0±7.8 6.0±6.2b 7.5±8.0

RDI NREM (n/h) 9.5±8.2 3.1±2.3 14.0±20.8 5.9±7.1 5.2±6.3 6.3±7.1

RDI REM (n/h) 17.0±19.4 8.3±9.2b 15.4±18.0 18.6±20.9 12.7±18.1c 14.4±19.8

3% desaturation index 14.3±13.1 4.3±2.7b 18.2±22.6 10.1±8.8 6.7±6.9c 8.6±8.3

Average SaO2 (%) 95.2±1.8 97.8±1.0d 95.3±1.9 93.9±2.9 97.2±1.8d 93.7±3.7

tcCO2 awake 39.6±6.3 38.3±3.7 41.4±7.6 42.4±6.1 41.6±5.0 44.9±9.5

tcCO2 NREM 43.0±7.0 40.3±4.3 42.0±6.7 43.7±5.5 44.5±5.1 46.2±9.6

CO2max NREM 50.6±12.9 46.5±5.3 46.7±8.1 53.0±12.5 52.4±7.9 53.6±13.0

Note: aP,0.01, bP,0.05, cP,0.1, dP,0.001.
Abbreviations: ARI, arousal index; NHF, nasal high flow; NREM, non-REM; n.s., not significant; N1–N3, NREM sleep stages 1–3; RDI, respiratory disturbance index; REM, 
rapid eye movement; SaO2, O2 saturation; S-latency, sleep latency in minutes; tcCO2, transcutaneous carbon dioxide in mmHg; TST, total sleep time; WASO, wakefulness 
after sleep onset.

Table 4 AA indices during REM sleep, NREM sleep, and the NREM sleep stages N1, N2, and N3

Variable Controls COPD

Condition Room air O2 NHF Room Air O2 NHF

AAI-REM 28.2±18.4 37.0±21.3 35.6±29.6 21.5±18.4 22.7±19.8 9.9±6.8a

AAI-NREM 17.5±10.4 16.2±14.1 17.4±14.6 11.4±11.1 13.4±12.7 12.4±12.9

AAI-N1 23.7±15.1 18.5±14.2 25.5±18.0 12.8±8.2 13.6±9.3 14.3±10.3

AAI-N2 18.8±11.5 16.1±15.0 17.4±14.8 11.9±12.5 13.4±12.2 12.0±13.4

AAI-N3 9.8±8.5 14.6±16.3 8.6±8.8 7.1±12.6 11.4±17.2 9.0±17.6

Notes: aP=0.01. The AAIs are given as means±SD for the different sleep stages. P-values are listed for between-group (COPD and controls) and within-group differences 
(three treatment conditions). REM sleep of at least 15 minutes duration was observed in 15 of 17 COPD patients and all eight controls.
Abbreviations: AA, autonomic activation; AAI, autonomic activation index; NHF, nasal high flow; NREM, non-REM; N1–N3, NREM sleep stages 1–3; REM, rapid eye 
movement.

indication that physiology of finger pulse wave is different 

in this patients population. Indeed, previous studies studied 

vascular stiffness as an indirect measure of sympathetic 

activity in COPD patients. Pulse wave analysis showed a 

strong association with applanation tonometry as the gold 

standard,34 and increased vascular stiffness during REM sleep 

was documented in COPD patients but not in controls.35 

In summary, experimental data during sleep strongly link 

PWA attenuations with sympathetic activity, suggesting 

that the reduction of AAI events after NHF treatment seen in 

the current study can be interpreted as a marker of modified 

sympathetic nervous system output.
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Effect of O2 and NHF on sympathetic 
activity
COPD is frequently associated with alterations in gas 

exchange and ventilatory control during sleep.1,2 The preva-

lence of isolated nocturnal hypoxemia has been reported in 

up to 70% of COPD patients, even in patients with normal 

daytime SaO
2
.30,31 Although clinical trials did not demonstrate 

survival benefits of nocturnal O
2
 therapy, it is commonly 

prescribed to prevent the development of pulmonary hyper-

tension and reduce hypoxic cardiovascular stress particularly 

during REM sleep.7,32 However, the effects of O
2
 on cardio-

vascular stress during sleep have not been examined.

As mentioned above, we measured the sympathetic activ-

ity via finger plethysmography, which has been demonstrated 

to be a sensitive marker for activation of the alpha sympa-

thetic nervous system. Although supplemental O
2
 improved 

SaO
2
 during sleep, it was not associated with a reduction in 

alpha sympathetic activity during both NREM and REM 

sleep. Thus, restoration of arterial blood gases during NREM 

and REM sleep appears not to protect the arterial vascular 

system during sleep. In contrast, NHF was associated with 

a significant reduction in sympathetic activity during REM 

Figure 1 Example of changes in PWA during REM sleep in one COPD patient on three different conditions: RA, O2 supplementation, and NHF treatment.
Notes: Autonomic activation events were defined as a reduction in PWA of 30% or more compared to a prior baseline period. Automatically scored autonomic activation 
events are highlighted in the pulse wave tracings.
Abbreviations: AAI, autonomic activation index; EEG, electroencephalogram; EMG, electromyogram; EOG, electrooculogram; NHF, nasal high flow; PWA, pulse wave 
amplitude; RA, room air; REM, rapid eye movement.

Figure 2 Modification of vascular AAI with nasal high flow and supplemental O2 
compared to the room air condition during REM sleep.
Note: AAI values (mean ± SD) are shown for COPD patients during REM sleep.
Abbreviations: AAI, autonomic activation index; RA, room air; REM, rapid eye 
movement.

Figure 3 Correlation between the reduction of vascular AAI during REM sleep 
by NHF compared with the room air condition (y-axis) and impaired lung function 
assessed as FEV1 (x-axis).
Note: Note that a reduction of REM-AAI during NHF treatment translates to a 
positive value on the y-axis and vice versa.
Abbreviations: AAI, autonomic activation index; NHF, nasal high flow; REM, rapid 
eye movement.
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sleep compared to baseline and supplemental O
2
. The reduc-

tions in sympathetic activity compared to baseline suggest 

that COPD patients have a modifiable component of sym-

pathetic activity during REM sleep. This is in line with the 

data reporting increased muscle sympathetic activity during 

wakefulness in COPD patients.33 The beneficial effects of 

NHF on sympathetic activity suggest that mechanical offload-

ing of the respiratory system by this intervention rather than 

increase in oxygenation may also affect peripheral alpha 

sympathetic activity. Although we did not determine the 

precise mechanisms of NHF on respiratory mechanics, it is 

likely that NHF reduced ventilatory loads such as reducing 

dead space ventilation or ventilatory demand according to the 

previous data.11,13,36 Further evidence is given by our findings 

that sympathetic offloading during NHF treatment correlated 

strongly with the degree of lung function impairment. This 

finding supports the hypothesis that loading of respiratory 

mechanics in COPD patients is associated with adverse 

effects on autonomic and vascular functions.

Strength and limitations
Several strengths of our study need to be mentioned. First, 

to our knowledge, this is the first study reporting the effect 

of NHF on sympathetic activity during sleep. Our state-of-

the art study protocol combined both a case–control and a 

randomized treatment design to evaluate both disease- and 

treatment-specific effects on nocturnal sympathetic activity. 

Furthermore, our PWA analysis method as a surrogate marker 

of sympathetic activity is well established and supported by 

a number of experimental and interventional data.15,17,18,25 

Limitations of our study include the limited number of patients 

and controls investigated. Reduced sample size increases the 

possibility of a type II error, particularly in the control group. 

However, our findings on reduced sympathetic activity dur-

ing REM sleep after NHF treatment are very robust, and the 

results can be verified when other thresholds for PWA-related 

autonomic activations are defined (eg, AA threshold defined 

as .10% or .50% PWA attenuation from baseline; data 

not shown). Treatment duration was limited to 1 night in a 

group of mild to moderate COPD, which clearly limits any 

conclusion to be drawn on the overall clinical significance of 

our findings. Indeed, our data clearly indicate that the use of 

NHF may have even stronger beneficial effects on sympathetic 

activity during sleep in patients with more compromised lung 

function seen in COPD patients stage III and IV. Finally, our 

results could be confounded by age, smoking status, and gen-

der. The limited number of subjects did not allow to strengthen 

our correlation by doing some multivariate regression models. 

However, the current pilot study was designed to evaluate 

short-term effects to design long-term studies properly by 

addressing the effects of NHF and O
2
 on both ventilator 

and cardiovascular parameters. Those studies may include 

outcome parameters such as frequency of acute exacerba-

tions and death. Moreover since a majority of death is due to 

cardiovascular morbidity, reductions in autonomic function 

may become a specific treatment target for NHF therapy to 

improve cardiovascular outcome of COPD patients.

Clinical implications
Our data suggest for the first time that NHF may not only 

have beneficial effects on respiratory stability during sleep 

but also reduces sympathetic activity during REM sleep in 

COPD patients. The observed association between reduction 

in sympathetic activity with NHF and the degree of impaired 

lung function suggests that worsening COPD disease severity 

is associated with increased sympathetic activity during 

sleep and that NHF may be used to mitigate cardiovascular 

burden of COPD patients. A FEV
1
 of ,1.65 L appears to be 

the threshold for significant reductions in sympathetic activity. 

Thus, our data support the initiation of clinical trials address-

ing long-term effects of NHF in patients with the entire dis-

ease spectrum of COPD. Similarly, the findings of this study 

may be applicable to patients with other chronic disorders 

who may benefit from reductions in sympathetic activity.

Conclusion
In this study, we could demonstrate that improved breath-

ing mechanics with single night treatment of NHF but not 

Figure 4 Relation between FEV1 (tertiles I–III) and the difference in sympathetic 
activity (AAI) between the room air condition and NHF during REM sleep.
Notes: All 25 subjects have been included in this analysis. FEV1 was grouped 
according to tertiles. Note that a reduction of REM-AAI during NHF treatment 
translates to a positive value on the y-axis. Individuals with the lowest lung function 
(0.7-,1.65L) showed a significant reduction in AAI compared to those with 
intermediate (1.65-,2.04L) and normal (2.04-,3.14L) lung function.
Abbreviations: AAI, autonomic activation index; NHF, nasal high flow; REM, rapid 
eye movement.
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elevated oxygenation through supplemental O
2
 reduces 

vascular sympathetic activity in COPD patients during REM 

sleep. Sympathetic off-loading by NHF showed a strong 

association with the degree of COPD severity. The results 

encourage further research on the long-term efficacy of NHF 

in patients with different COPD diseases severities.
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