Sleep and Breathing (2021) 25:705-717
https://doi.org/10.1007/s11325-020-02159-1

SLEEP BREATHING PHYSIOLOGY AND DISORDERS - ORIGINAL ARTICLE m

Check for
updates

Effects of nasal high flow on sympathovagal balance, sleep,
and sleep-related breathing in patients with precapillary
pulmonary hypertension

Jens Spiesshoefer ' - Britta Bannwitz' - Michael Mohr? - Simon Herkenrath* - Winfried Randerath® -
Paolo Sciarrone® « Christian Thiedemann' - Hartmut Schneider® - Andrew T. Braun’ - Michele Emdin?> -
Claudio Passino?® - Michael Dreher® - Matthias Boentert'® - Alberto Giannoni>>

Received: 17 March 2020 /Revised: 9 July 2020 / Accepted: 1 August 2020 / Published online: 22 August 2020
© The Author(s) 2020

Abstract

Background In precapillary pulmonary hypertension (PH), nasal high flow therapy (NHF) may favorably alter sympathovagal
balance (SVB) and sleep-related breathing through washout of anatomical dead space and alleviation of obstructive sleep apnea
(OSA) due to generation of positive airway pressure.

Objectives To investigate the effects of NHF on SVB, sleep, and OSA in patients with PH, and compare them with those of
positive airway pressure therapy (PAP).

Methods Twelve patients with PH (Nice class I or IV) and confirmed OSA underwent full polysomnography, and noninvasive
monitoring of SVB parameters (spectral analysis of heart rate, diastolic blood pressure variability). Study nights were randomly
split into four 2-h segments with no treatment, PAP, NHF 20 L/min, or NHF 50 L/min. In-depth SVB analysis was conducted on
10-min epochs during daytime and stable N2 sleep at nighttime.

Results At daytime and compared with no treatment, NHF20 and NHF50 were associated with a flow-dependent increase in
peripheral oxygen saturation but a shift in SVB towards increased sympathetic drive. At nighttime, NHF20 was associated with
increased parasympathetic drive and improvements in sleep efficiency, but did not alter OSA severity. NHF50 was poorly
tolerated. PAP therapy improved OSA but had heterogenous effects on SVB and neutral effects on sleep outcomes.
Hemodynamic effects were neutral for all interventions.
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Conclusions In sleeping PH patients with OSA NHF20 but not NHF50 leads to decreased sympathetic drive likely due to
washout of anatomical dead space. NHF was not effective in lowering the apnea-hypopnoea index and NHF50 was poorly

tolerated.

Keywords Pulmonary hypertension - Sympathovagal balance - Sleep - Sleep apnea - Nasal high flow

Introduction

Alteration of autonomic nervous system function with in-
creased sympathetic drive due to right ventricular dysfunction
is frequently observed in patients with precapillary pulmonary
hypertension (PH) and relates to both poor functional status
and prognosis [1-5]. Furthermore, pharmacological treatment
of PH may partially restore sympathovagal balance (SVB), as
documented by a 20% decrease in heart rate variability (HRV;
a surrogate marker of sympathetic drive) after sildenafil ad-
ministration [6]. Electrical stimulation of the vagal nerve in a
rat model of PH was shown to decrease sympathetic drive
(again by ~ 20%), translating into a reduction in mean pulmo-
nary arterial pressure and amelioration of pulmonary vascular
remodeling, right ventricular function, and survival [7].
Sleep-disordered breathing (SDB), especially obstructive
sleep apnea (OSA), is highly prevalent in patients with PH,
affecting as many as one in four patients and may lead to an
undesirable increase in sympathetic drive [8-10]. The thera-
peutic gold standard for OSA is the application of positive
airway pressure (PAP) [11]. In patients with normal cardiac
function without PH, PAP therapy has been shown to improve
sleep and decrease sympathetic drive through reversal of ob-
structions that are otherwise associated with sympathetic
surges, negative intrathoracic pressure, and arousals [12—14].
However, in patients with heart failure and reduced ejection
fraction (HFrEF), PAP treatment of SDB has been shown to
have hypotensive effects [15]. These might be deleterious in
PH because right ventricular systolic dysfunction makes pa-
tients dependent on sufficient venous return and right ventric-
ular preload, both of which are reduced by the increase in
intrathoracic pressure associated with PAP [15]. This could
outweigh the positive effects derived from reversal of upper
airway obstructions, with overall neutral effects or undesired
increases in sympathetic drive [15, 16]. Nasal high flow ther-
apy (NHF) has been shown to build up flow-dependent posi-
tive airway pressure leading to a reduction of OSA, at least in
children [17-19], but it remains to be determined whether the
PAP generated by NHF is sufficient to impact on OSA sever-
ity and whether this would be accompanied by a beneficial
decrease in sympathetic drive in patients with PH [17-19].
NHF may have favorable effects on nocturnal ventilation
and sympathetic drive in patients with PH even in the absence
of effective sleep apnea reduction. Increased dead space ven-
tilation is known to play an important pathophysiological role
in PH [20], leading to overcompensatory chronic
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hyperventilation. It has been previously shown that such
“wasted ventilation” contributes to continued distress in PH
patients and correlates to worse prognosis [21]. By using scin-
tigraphy with *'™Krypton (*'™Kr) gas in healthy volunteers
and tracheotomized patients, Mdller and coworkers showed
that NHF (15, 30, and 45 L/min) decreased the ®'™Kr gas
clearance half-time in the upper airway (volumes calculated
by magnetic resonance imaging [MRI]), including nasal cav-
ities, the pharynx, and the trachea, resulting in a flow- and
time-dependent decrease in dead space and rebreathing, there-
by improving ventilatory efficiency [22]. Recently, NHF was
shown to reduce peripheral vascular sympathetic activity dur-
ing sleep in patients with chronic obstructive pulmonary dis-
ease, which might also be attributed to favorable effects on
SVB by reduction of dead space ventilation [23].

Given that sympathetic drive is markedly increased in PH,
we hypothesized that nocturnal administration of NHF in pa-
tients with PH and SDB would improve SVB during sleep,
alleviate OSA, and decrease daytime sympathetic drive.

Materials and methods
Study design

Patients with Nice class I pulmonary arterial hypertension or
class IV chronic thromboembolic PH (collectively referred to
as precapillary PH) were consecutively recruited from
May 2018 to April 2019. The study protocol conforms to
the 1975 Declaration of Helsinki and was approved by the
institution’s human research committee (Ethikkommission
der Arztekammer Westfalen Lippe und der Medizinischen
Fakultit der Westfilischen Wilhelms-Universitdt Miinster).
All participants gave written informed consent to participate
in the study. The project has been registered and updated
prospectively under the German Clinical Trials Registry
(drks.de Identifier: DRKS00013907 and DRKS00013907).

Study participants

Both males and females participated in the study. Participants
had to be at least 18 years of age and able to consent.
Diagnosis of precapillary PH was established according to
the most recent Guidelines of the European Society of
Cardiology (ESC) [24]. Inclusion criteria comprised diagnosis
of precapillary PH at least 12 weeks before recruitment and no
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hospitalization for heart failure (HF) within 4 weeks prior to
enrolment. Patients had to have had optimal medical therapy
in accordance with the most recent ESC guidelines [24] with
combination therapy and no change in medication in the last 4
weeks. If patients were not treated with combination therapy,
the reason was documented. PH patients had to be diagnosed
with sleep-disordered breathing (SDB) with predominant
OSA (apnea-hypopnea index > 10/h; > 50% of apneic events
being obstructive).

Exclusion criteria were as follows: secondary
(postcapillary) pulmonary hypertension (mean pulmonary ar-
terial hypertension > 25 mm Hg; PCWP > 15 mm Hg); chron-
ic obstructive pulmonary disease; insulin-dependent diabetes;
severe renal impairment; severe neurological preexisting con-
ditions including prior stroke; intake of opioids; severe mental
disease. Detailed inclusion and exclusion patient criteria are
available in the German Clinical Trials Registry ID
DRKS00013906 and DRKS00013907.

Baseline assessments

All study participants underwent standard 2-dimensional
Doppler echocardiography (LOGIQ S8-XD clear™, GE
Healthcare, London, United Kingdom) [25, 26]. Patients with
PH also underwent a 1.5 Tesla MRI scan (IngeniaTM, Philips
Healthcare, Best, The Netherlands) to quantify right ventricu-
lar systolic function [27], which was classified as normal or
impaired based on age- and gender-specific reference values
[27]. Patients also underwent noninvasive hemodynamic and
respiratory monitoring in the afternoon in the sleep laboratory,
and then spent a diagnostic night (night 1) and a study night
(night 2) during attended polysomnography (PSG), as ex-
plained below (Fig. 1).

Study protocol: effects of NHF at nighttime

To ascertain SDB with predominant OSA, patients underwent
full diagnostic PSG (Somno HD™, Somnomedics,

Fig. 1 Experimental setup
showing a patient connected to
the respiratory,
polysomnography, and
noninvasive autonomic nervous
system monitoring systems

Randersacker, Germany) in the academic sleep laboratory at
Miinster University Hospital. Respiratory recordings included
nasal airflow (TemimedTM, Bielefeld, Germany), thoracic and
abdominal effort, and peripheral oxygen saturation (SpO,).
Respiratory events were scored according to the guidelines
of the American Academy of Sleep Medicine (AASM) [28].
Apnea was defined as a reduction in nasal airflow by > 90% of
baseline for > 90% of the event’s duration and > 10 s. Apneas
were classified as obstructive, if there was a continued or
increased inspiratory effort throughout the entire period of
absent airflow. If this was not the case, apneas were classified
as central. Hypopnea was defined as @ > 30% fall from base-
line in airflow signal for 90% of the event’s duration of at least
10 s and 3% desaturation from the preevent baseline. The
oxygen desaturation index (ODI) was based on decreases in
peripheral oxygen saturation of 3% at least.

Sleep stages were recorded and analyzed using a twelve-
lead electroencephalography (EEG) in accordance with the
most recent AASM guidelines [28-35].

During the next night, full PSG was combined with trans-
cutaneous carbon dioxide (CO,) monitoring (SenTec,
Therwil, Switzerland). The night was split into four parts of
2-h duration each. The first part was recorded without treat-
ment of SDB (with some patients requiring oxygen), then
PAP, NHF at 20 L/min (NHF20), and NHF 50 L/min
(NHF50) were given for 2 h each in a randomized order.
NHF (PrismaVent 50™, Lowenstein Medical, Bad Ems,
Germany) was administered using a nasal cannula
(OptiﬂowTM, Fisher & Paykel, Schorndorf, Germany), and
flow rates were chosen based on previous studies showing
differential effects on ventilation and oxygenation [17, 20,
21]. Automatic PAP (5-12 cm H,0) was delivered through
a nasal mask. Noninvasive hemodynamic monitoring (de-
tailed below) was performed throughout the second night.
All measurements were fully attended (B. B. and J. S.), and
sleep stages, respiration, and SVB were evaluated online and
on a “beat-to-beat” basis. Four 10-min sleep segments for each
patient (one each from the NT, PAP, NHF20, and NHF50
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treatment periods) were chosen by visual identification. Each
segment had to be characterized by stable N2 (nonrapid eye
movement stage 2) sleep and sinus rhythm with fewer than
5% ectopic beats.

Study protocol: effects of NHF during daytime

The acute daytime effects of NHF therapy on SVB and hemo-
dynamics were assessed in the late afternoon with the patient
awake. Initially, subjects were asked to breathe spontaneously
for 10 min to obtain baseline parameters. Thereafter, patients
were exposed to 10 min each of NHF20 and NHF50 in a
random order, separated by periods of spontaneous breathing
until heart rate, blood pressure, transcutaneous carbon diox-
ide, and oxygen saturation had returned to baseline. Patients
were asked to rate their subjective well-being at baseline and
after each NHF intervention using a visual analogue scale
ranging from 0 to 10 (0 = worst overall wellbeing imaginable;
10 = best wellbeing imaginable).

Noninvasive hemodynamic monitoring

SVB and hemodynamics were measured using a noninvasive
monitor device (Task Force Monitor™, CNSystems, Graz,
Austria), as previously validated [29-31]. For assessment of
SVB, diastolic blood pressure variability (BPV) and heart rate
variability (HRV) were analyzed using the continuous nonin-
vasive arterial blood pressure signal (CNAP™ technology,
sampling rate 100 Hz) and a 3-lead electrocardiogram (sam-
pling rate 1000 Hz), both implemented in the Task Force
Monitor™. Diastolic BPV (measured in mm Hg?) and HRV
(i.e., variability in RR intervals measured in ms?) were both
continuously recorded and then normalized for total power
spectra with the resulting unit being %. Data were computed
by frequency domain analysis (adaptive autoregressive pa-
rameter model) and presented as the high frequency compo-
nent (HF: 0.15-0.40 Hz), low frequency component (LF:
0.04-0.15 Hz), and relative ratio (LF/HF) for both HRV and
diastolic BPV [29-32]. For both measurements, a higher ratio
indicates increased sympathetic drive because the LF compo-
nent is believed to mainly reflect sympathetic drive, and the
HF component is believed to exclusively reflect parasympa-
thetic drive [29-31, 33].

Baroreceptor reflex sensitivity (BRS) was measured using
the sequence method [29-32, 34]. The time-constant of this
stimulus-response relationship primarily reflects, particularly
with respect to the upsequences, vagal but not sympathetic
responsiveness [29-32, 34].

Hemodynamic measurements included beat-to-beat systol-
ic (sBP) and diastolic (dBP) blood pressure; these were re-
corded and validated against periodic measurements obtained
every 15 min by oscillometric recording from the upper con-
tralateral arm. Transthoracic impedance measurements were
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used to estimate cardiac stroke volume index (SVI), cardiac
index (CI), and systemic vascular resistance (SVR), from
which the total peripheral resistance index (TPRI) was calcu-
lated (mean blood pressure divided by CI). Bioimpedance-
based measurements have been previously validated against
invasive hemodynamic monitoring in the catheter laboratory
[29-31].

All signals were simultaneously acquired and displayed in
real time using personal computer running DOMINO 2.9.0
software.

Statistical analysis

All analyses were performed using Sigma Plot™ software
(Version 13.0, Systat Software GmbH, Erkrath, Germany).
Assuming a two-sided significance level of 0.05 (alpha) and
80% power (beta), a sample size of twelve patients per group
was calculated to allow detection of a 20% change in the LF/
HF ratio of HRV [6, 7]. Values for the mean and standard
deviation of the HRV LF/HF ratio during 10 min of N2 sleep
were obtained from previous preliminary data. Furthermore, it
was also known from our previous measurements that
intraindividual variation in the LF/HF ratio component of
HRYV during N2 sleep is ~ 5% at most.

Results were expressed as mean and standard deviation for
continuous variables with a normal distribution, and median
and interquartile range for continuous variables with a skewed
distribution. Categorical variables were expressed as percent-
ages unless otherwise specified. Respiratory parameters,
SVB, and hemodynamic measures recorded during the differ-
ent interventions were compared with baseline values using a
paired ¢ test or Wilcoxon rank sum test, as appropriate. For all
tests a p value < 0.05 was considered statistically significant.

Results

A total of twelve patients with PH were enrolled in the study
(Table 1). Two out of 12 patients had been receiving nocturnal
PAP therapy prior to enrolment. We did not exclude these
patients since long-term adaptation to mask-based treatment
could be assumed in these individuals. PH etiology was con-
nective tissue disease (n = 8), idiopathic pulmonary arterial
hypertension (n = 1), drug-induced PH (n = 1), and chronic
thromboembolic pulmonary hypertension (n = 2). Most pa-
tients were mildly symptomatic, although 33% were in New
York Heart Association class III or IV. All patients had pre-
served left ventricular ejection fraction on presentation, but
four showed right ventricular dysfunction on cardiac MRI
scans. SDB was moderate to severe, with frequent oxygen
desaturations (as shown by the oxygen desaturation index
[ODI]) on the background of chronic hypoxemia (reflected
by the time spent with oxygen saturation below 90% [T90]).
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Table 1 Demographic and clinical characteristics of the study

population at baseline

Patients (n=12)

Male, n (%) 541.7)
Age, years 684+11.1
BMI, kg/m? 30.5+3.5
BSA, m’ 2.0+£0.2
NYHA class I, n (%) 1(8.3)
NYHA class I, n (%) 7 (58.3)
NYHA class IIL, n (%) 3(25)
NYHA class IV, n (%) 1(8.3)
LVEEF, % 60.9+7.0
Impaired LVEF, n (%) 0(0)
RVEF, % 53.5+12.0
Impaired RVEF, n (%) 3 (30)
AHI, /h 21.5(12.2-46.2)
AHI > 10/h, n (%) 12 (100)
Al /h 8.2 (1.5-19.7)
cAl /h 0.6 (0.0-6.8)
0Al, /h 45 (1.4-12.3)
HI, /h 11.5 (4.2-26.4)
T <90%, min 166.2+102.1
Minimum oxygen saturation, % 72.4+104
Mean oxygen saturation, % 89.6+2.7
tcCO,, mmHg 392+58
ODI, /h 14.4 (10.8-32.2)
Medication, n (%) 10 (83.3)
Phosphodiesterase inhibitor 5@41.7)
Direct cyclic guanylate cyclase stimulator 3 (25)
Endothelin receptor antagonist 541.7)
Prostacyclin analog 0 (0)

Values are mean + standard deviation, median (interquartile range), or
number of patients (%)

BMI, Body mass index; BSA, body surface area; NYHA, New York Heart
Association; LVEF, left ventricular ejection fraction; RVEF, right ventric-
ular ejection fraction; AHI, apnea-hypopnea index; A/, apnea index; cAl,
central apnea index; oA/, obstructive apnea index; HI, hypopnea index;
tcCO,; transcutaneous carbon dioxide pressure; ODI, oxygen
desaturation index; Cardiac MRI data were obtained in 10/12 patients
(2 patients did not consent to the procedure)

The majority of patients (10/12) were receiving targeted ther-
apy, as recommended for first-line treatment [24].

Impact of NHF20 on sympathovagal balance, sleep,
and sleep apnea

Compared with no treatment, hemodynamic parameters
remained unchanged during NHF20. There was a shift to-
wards predominance of parasympathetic drive over sympa-
thetic drive during N2 sleep, shown by an increase (~ 15%)

in the HRV HF component and a decrease (by ~ 25%) in the
HRYV LF component, and a decrease (by ~ 40%) in the HRV
LE/HF ratio with delivery of NHF20 during N2 sleep (Table 2
and Fig. 2). There was also a trend towards better sleep effi-
ciency during use of NHF20 (from ~ 58 to ~ 65% (p = 0.076)
(Table 3 and Fig. 3). NHF20 had no significant effects on the
severity of SDB (Table 3 and Fig. 4).

Impact of NHF50 on sympathovagal balance, sleep,
and sleep apnea

NHF50 was poorly tolerated at night, with 6/12 patients re-
fusing therapy and the other six having lower sleep efficiency
(Table 3 and Figs. 3 and 4). Compared with no treatment,
NHF50 had no significant effects on hemodynamics, SVB
(Table 2 and Fig. 2) or OSA severity (Table 3 and Fig. 4).
Similar to NHF20, NHF50 had no significant effects on
markers of nocturnal SDB severity (Table 3 and Fig. 4).

Impact of PAP on sympathovagal balance, sleep, and
sleep apnea

APAP had no effect on hemodynamic parameters compared
with no treatment. The effects of APAP on SVB were heter-
ogenous, with a decrease in the LF/HF ratio of HRV and a
trend towards an increase in the LF/HF ratio of dBPV (Table 2
and Fig. 2). APAP had neutral effects on sleep parameters, but
significantly improved markers of SDB severity (Table 3 and
Figs. 3 and 4).

Acute impact of NHF20 and NHF50 on sympathovagal
balance during daytime

Although NHF20 and NHF50 led to a significant and flow-
dependent decrease in subjective well-being
(Supplemental Table 1), application of NHF20 and
NHF50 during daytime was associated with significant
flow-dependent increases in SpO, and to a nonsignificant
decrease in tcCO, when compared with no treatment
(Supplemental Table 1, Supplemental Figure 1).
Furthermore, NHF20 and NHF50 were associated with
flow-dependent shift of SVB towards increased sympathet-
ic drive (change in median LF/HF ratio from 0.9 to 1.5
with NHF20 and 1.6 NHF50, respectively; all p < 0.05)
(Supplemental Table 1, Supplemental Figure 2). NHF20
and NHF50 were also associated with flow-dependent in-
creased measures of cardiac afterload, as documented by
the observed increase in diastolic blood pressure and by the
slight increase of the total peripheral resistance index
(Supplemental Table 1, Supplemental Figure 2).
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Table 2 Effect of positive airway pressure and nasal high flow therapy on sympathovagal balance and hemodynamics during N2 sleep
No treatment (7=12) NHF20 (n=12) Pvalue" NHF50 (n=6) Pvalue* APAP(#n=12) P value"
Sympathovagal balance parameters
HFnuRRI, % 52.8+25.2 60.1+23.7 0.005 61.0+21.4 0.362 59.6+20.4 0.079
LFnuRRI, % 4724252 39.9+23.7 0.005 39.1+21.4 0.362 40.5+20.4 0.079
LF/HF nu RRI 1.7+2.1 1.0+1.0 0.009 0.9+0.8 0.193 1.0+1.0 0.034
HFnudBPV, % 21.0+38.1 15.4+8.1 0.028 17.9+4.5 0.094 13.6+8.0 0.004
LFnudBPV, % 322+104 282+11.6 0.247 34.1+6.6 0.290 33.0+13.5 0.846
LF/HF nu dBPV 1.8+1.1 23+1.7 0.129 2.0+0.7 0.355 33+£2.7 0.060
BRS slope*
Up event counts 19.0 (17.0-26.0) 21.0 (17.0-39.0)  0.637 11.0 (9.3-12.8)  0.037 16.0 (8.0-24.0)  0.389
Up events, ms/mmHg 6.0 (5.6-14.4) 8.2 (5.9-14.5) 0.570 14.5(9.3-27.6)  0.923 13.4 (4.6-17.7)  0.652
Down event count 17.5 (16.3-30.3) 25.0 (11.3-28.0)  0.978 7.0 (6.0-13.0)  0.248 18.0(7.8-24.0)  0.622
Down events, ms/mmHg 7.6 (5.9-13.4) 8.7 (7.5-12.1) 0.557 11.0 (4.2-12.4)  0.862 10.7 (5.7-17.1) ~ 0.084
Hemodynamic parameters
Heart rate, min ™" 69.7+9.7 65.9+94 0.021 64.3+12.2 0.155 66.5+9.0 0.001
Systolic BP, mmHg 105.9+13.3 99.8+8.7 0.242 104.9+14.9 0.687 106.8+10.4 0.865
Diastolic BP, mmHg 61.5+12.1 59.7+7.0 0.655 62.6+6.0 0.730 62.9+9.8 0.746
Stroke volume index, mL/m*>  25.7+5.0 249+4.5 0.164 233+3.5 0.391 26.5+5.3 0.910
Cardiac index, L/min/ m? 1.8+0.4 1.6+04 0.165 1.5+04 0.191 1.8+04 0.193
TPRI, dyne's m? cm™> 3680.9+1198.6 3808.8+1133.4 0412 4233.5+660.0 0.674 37943+1106.1 0.204
Respiratory parameters
Mean SpO,, % 90.5+3.3 91.0+2.3 0.324 92.0+1.9 0.586 91.5+2.7 0.349
tcCO,, mmHg** 38.5+3.7 39.0+£4.6 0.384 39.6+5.8 0.650 38.1+5.7 0.641

Values are mean + standard deviation or median (interquartile range) for segment of 10 min in duration taken from stable N2 sleep with sinus rhythm.
Italicizised data indicates that the p value is below 0.10

APAP, Automatic positive airway pressure; NHF20, nasal high flow therapy at 20 L/min; NHF50, nasal high flow therapy at 50 L/min; PH, precapillary
pulmonary hypertension; BRS Slope, slope of baroreceptor reflex sensitivity (up events and down events); HFnudBPV, high frequency component of
diastolic blood pressure variability; HFnuRRI, high frequency component of heart rate variability; LFnudBPV, low frequency component of diastolic
blood pressure variability; LF/HEF dBPV, relative ratio of low frequency and high frequency component of diastolic blood pressure variability; LFnuRRI,
low frequency component of heart rate variability; LF/HF RRI, relative ratio of low frequency and high frequency component of heart rate variability; nu,
normalized units (normalized for total power spectra); for both measures a higher ratio reflects increased sympathetic drive as LF component reflects
sympathetic drive and HF component (of both HRV and dBPV) reflects parasympathetic drive [24-26, 29]; TPRI, total peripheral resistance index

* For comparison versus baseline. *Due to the low number of events in a subset of patients analysis of BRS was performed in 9/12 patients with no treatment
and NHF20, and in 4/6 with NHF50, for up events; and in 10/12 patients with no treatment and NHF20, and in 5/6 with NHF50 for down-events. **Due to

artifacts in capnometry recordings, analysis was performed in 9/12 patients with no treatment, NHF20 and APAP, and in 3/6 patients with NHF50

Discussion

This is the first study to address the effects of NHF on SVB,
sleep, and SDB in adult patients with PH in comparison with
PAP therapy. The key findings are as follows: NHF20 was as-
sociated with desirable decreases in sympathetic drive during
sleep, even in the absence of a significant effect on sleep apnea;
PAP therapy slightly improved sleep apnea and significantly
improved oxygenation but this does not translate into improved
sleep, and effects on SVB were heterogenous; and application of
NHF during the day was associated with flow-dependent im-
provements in gas exchange. However, in contrast to our initial
hypothesis, acute application of NHF was associated with flow-
dependent undesirable increases in sympathetic drive and a flow-
dependent decrease in subjective well-being.
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Impact of NHF20 on sympathovagal balance, sleep,
and sleep apnea

Overall, NHF20 decreased indices of sympathetic drive and
increased indices of parasympathetic drive, with a trend to-
wards increased sleep efficiency. However, the level of PAP
generated during NHF20 was not sufficient to reduce obstruc-
tive apneic or hypopneic events in adults with PH. This is
consistent with previous studies showing that every 10 L in-
crease in NHF flow rate generates about 1 cm H,O of positive
airway pressure [36]. Current guidelines recommend treating
adults with OSA with 5-12 cm H,O of PAP, and NHF20
would likely only produce about 2 cm H,O of PAP [11].
However, NHF can have significant effects on obstructive
events on children, who require lower PAP levels [17].
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Table 3 Acute effects of positive airway pressure and nasal high flow therapy on obstructive sleep apnea and sleep

No treatment NHF20 (n=12) P NHF50 (n=6) P APAP (n=12) P
n=12) value* value* value*
Duration of intervention, min 136.8+35.1 130.2 +36.8 0.569 87.2+30.2 0.142  133.2+472 0.856
(%TIB of the entire night) (30.3+7.8) (28.7£17.5) 0.5- (19.5+£6.2) (0.1- (29.4£10.0) (0.8-
69) 35) 37)
Duration asleep (TST), min (% TIB 69.5 (54.9-96.6)  83.0 (71.3-92.6)  0.266  45.5 (27.8-62.9) 0.069  71.0(56.3-93.5)  0.770
of the intervention period) (584+19.4) (65.4+15.5) 0.0- (52.6 +25.3) (0.0- (58.0+21.1) (0.9-
75) 60) 53)
Supine (% TST) 76.8 (31.9-100.0)  97.6 (49.0-100.0) 0.313  56.7 (12.7-91.2) 0.500  85.0 (50.9-100.0) 0.520
Sleep
Awake, min (% of the intervention 51.5 (39.1-81.8)  41.8 (30.5-65.9)  0.077  37.8 (26.6-56.4) 0.985  60.0 (33.1-79.8)  0.869
period) (484 (322 (0.0- (473 (0.0- (40.2 0.9-
(29.8-56.8)) (23.7-45.8)) 61) (37.5-65.1))) 60) (29.3-53.5)) 53)
TST, min (% of the intervention ~ 69.5 (54.9-96.6)  83.0 (71.3-92.6)  0.266  45.5 (27.8-62.9) 0.069  71.0(56.3-93.5)  0.770
period) (58.4+19.4) (65.4+15.5) (0.0- (52.6+£25.3) (0.0- (58.0£21.1) (0.9-
75) 60) 53)
N1, min (% of the intervention 8.8 (7.3-14.1) 6.3 (4.5-10.8) (7.7 0.004 5.0 (3.1-6.1)(11.9 0.127 85 (4.8-14.4) (9.4 0.466
period) (13.6 (5.8-11.1)) (0.0- (8.4-14.2)) (0.9- (6.7-19.8)) 0.2-
(7.7-23.0)) 05) 02) 96)
N2, min (% of the intervention 36.0 (25.0-53.4)  46.5(34.0-59.4)  0.233  20.3 (14.0-31.0) 0.057  40.5(29.8-52.1)  0.813
period) (53.1 (60.5 0.4- (559 (0.8- (55.1 0.4-
(37.4-60.9)) (48.7-69.0)) 87) (33.2-60.3)) 37) (43.1-75.4)) 69)
N3, min (% of the intervention 11.3 (0.8-29.5) 14.3 (8.5-24.0) 0.610 0.0 (0.0-13.9) (0.0 0.313  14.0 (0.8-24.1) 0.610
period) (184 (22.9 (0.8- (0.0-22.7)) (0.5- (154 0.6-
(1.6-42.5)) (11.3-28.8)) 09) 40) (3.5-28.4)) 73)
REM, min (% of the intervention 0.5 (0.0-15.3) (0.9 10.3 (0.0-17.8) 0.668  4.8(0.0-10.3) (15.9 0.445 0.0 (0.0-10.0) (0.0 0.859
period) (0.0-15.8)) (10.7 0.4- (0.0-33.5)) (0.2- (0.0-8.9)) (0.8-
(0.0-20.1)) 36) 95) 06)
Sleep efficiency, % 583+19.6 65.4+15.5 0.076  52.6+253 0.059 57.8+21.0 0.941
Arousal index, /h 19.0 (12.3-30.0) 17.4 (14.8-25.2) 0981 10.3 (6.5-14.6) 0438 17.5(10.1-22.8)  0.453
Respiratory-related arousals, /h 5.7 (2.7-14.3) 11.1 (7.8-13.9) 0.580 2.8 (0.5-23.1) 0.604 3.9 (2.0-13.0) 0.325
PLM-related arousals, /h 5.4 (0.0-16.1) 0.7 (0.0-6.2) 0.098 3.5(0.0-8.4) 0.810 0.6 (0.0-5.2) 0.149
Sleep-related breathing
AHI, /h 20.8 (9.6-38.4) 28.5(17.0-46.8)  0.465 6.5(2.4-49.0) 0.741 6.3 (4.9-32.4) 0.254
Al /h 6.9 (0.9-19.4) 1.1 (0.5-7.1) 0.667 2.4 (0.2-12.7) 0.687 0.5 (0.0-22.5) 0.557
cAl /h 0.0 (0.0-0.3) 0.0 (0.0-0.1) 0.813 1.9 (0.0-7.6) 0.138 0.4 (0.0-9.0) 0.156
oAl /h 6.9 (0.5-14.0) 0.6 (0.0-2.4) 0.266 0.0 (0.0-5.0) 0.125 0.0 (0.0-3.1) 0.322
HI, /h 9.2 (6.6-17.7) 19.7 (3.4-30.9) 0.094 4.2 (2.2-28.0) 0.788 4.0 (0.0-10.1) 0.097
Mean oxygen saturation 88.4+3.8 89.0+2.8 0.455  90.5+1.9 0.718  90.9=+2.5 0.004
Time with oxygen saturation 56.1 (18.9-79.6)  39.5 (24.7-69.8) 1.000 8.9 (5.8-53.6) 0.405 15.0 (5.6-31.5) 0.044
<90%, min
Minimum oxygen, % 799+75 763+11.5 0.733  84.3=+6.1 0.684  83.7+4.7 0.151
OD], /h 10.2 (6.2-17.5) 21.5(11.0-31.0)  0.239 4.7 (0.5-24.8) 0.857 4.8(2.4-17.3) 0.347
tcCO,, mmHg* 39.9+6.2 40.1+6.6 0.662 42.3+84 0417 38.1+49 0.176

Values are mean =+ standard deviation or median (interquartile range) for each intervention of about 2 hours in length at night. Italicizised data indicates
that the p value is below 0.10

PAP, Positive airway pressure; NHF, nasal high flow; PH, precapillary pulmonary hypertension; 715, time in bed; 7S7, total sleep time; N3, N3 sleep;
REM, rapid eye movement sleep; PLM, periodic limb movements; AHI, apnea-hypopnea index; A/, apnea index; 0Al, obstructive apnea index; ODI,
oxygen desaturation index. * For comparison versus baseline. * Due to artifacts in capnometry recordings data analysis was possible in only 5/6 patients
with NHF50

Based on the low levels of PAP delivered, the reduced  space ventilation [20]. It has previously been shown that

sympathetic drive observed in sleeping PH patients treated  wasted ventilation (i.e., dead space ventilation) contributes
with NHF20 can only be explained by the effects on dead  to chronic hyperventilation, dyspnea, and air hunger in
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Fig. 2 Impact of nasal high flow therapy at 20 L/min (NHF 20), nasal
high flow therapy at 50 L/min (NHF50), and automatically titrating pos-
itive airway pressure (APAP) compared with no treatment (NT) on sym-
pathovagal balance. dBP, diastolic blood pressure; HF, high frequency
component; LF, low frequency component; LF/HF, low frequency/high

patients with PH, causing physical exhaustion and sympathet-
ic overactivity [21, 37]. NHF has been shown to reduce dead
space ventilation and make breathing more efficient, as

[al [b]

frequency component ratio; nu RRI, heart rate variability normalized for
total power spectra (normalized units). Bars show mean values with stan-
dard deviation (lines) derived from segments of 10 min taken from stable
N2 sleep with sinus thythm

previously demonstrated in ten healthy volunteers using scin-
tigraphy and directly measuring oxygen (O,) and CO, in the
upper airways [22].
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Fig. 3 Impact of nasal high flow therapy at 20 L/min (NHF 20), nasal
high flow therapy at 50 L/min (NHF50) and automatically titrating pos-
itive airway pressure (APAP) compared with no treatment (NT) during
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periods of awake (a), N1 sleep (b), N2 sleep (¢), N3 sleep (d), rapid eye
movement (REM) sleep (e), and overall sleep efficiency (f). Bars show
mean values with standard deviation (lines)
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Fig. 4 Impact of nasal high flow therapy at 20 L/min (NHF 20), nasal
high flow therapy at 50 L/min (NHF50) and automatically titrating pos-
itive airway pressure (APAP) compared with no treatment (NT) on sleep-
related breathing parameters: apnea-hypopnea index (a), obstructive

Impact of NHF50 on sympathovagal balance, sleep,
and sleep apnea

We found that NHF50 was poorly tolerated by ambulatory
patients with PH. This appears to contradict previous studies
showing marked improvement of respiratory parameters and
subjective well-being during treatment with NHF50 in patients
with chronic obstructive pulmonary disease (COPD), heart fail-
ure, or acute hypercapnic respiratory failure [38-42]. In con-
trast, the patients with stable PH in our study complained about
the noise and uncomfortable nasal sensations during use of
NHF50. This discomfort was so severe that half of all patients
requested to discontinue treatment after several minutes. The
fact that sleep efficiency was reduced in the six patients who
tolerated use of NHF50 for 2 h reinforces the observation that
this flow rate is poorly tolerated at night. However, at a flow
rate of 50 L/min, NHF has the potential to generate up to 5 cm
H,0 of PAP, which is at the lower end of the range of pressured
recommended for PAP therapy of OSA [11]. Unfortunately, the
decreased power resulting from the withdrawal of half the pa-
tients during use of NHF50 means that definitive conclusions
about PAP delivery and treatment of OSA cannot be made.

Impact of PAP on sympathovagal balance, sleep, and
sleep apnea

As expected, use of PAP improved SDB in patients with PH
but did not lead to improved sleep in our study. The effects of

apnea index (b), hypopnea index (c), mean oxygen saturation (d), mean
trans cutaneous carbon dioxide (tcCO,) (e). Bars show mean values with
standard deviation (lines)

PAP therapy on SVB are heterogenous. A previous study in
patients with left-sided heart failure showed that PAP may
have hypotensive effects [15], leading to unwanted increases
in sympathetic drive that may counteract the positive effects
associated with reversal of upper airway obstructions [15].
This complex SVB scenario is covered by our data. On
the one hand, there is a decrease in the LF/HF ratio based
upon HRV analysis (which may reflect the overall picture of
SVB best, showing an overall desired decrease in SVB de-
rived from upper airway stability through PAP). On the other
hand, there is a trend towards an increase in the LF/HF ratio of
dBPV analysis (which may reflect the negative effect of PAP
on the right heart due to decreased venous return) [29-31, 33].
It has been speculated that PAP therapy has hypotensive ef-
fects in patients with right ventricular dysfunction (with in-
creased sympathetic drive as a response) [15]. Olsson and
colleagues showed this in a study on patients with PH [43].
Although the present study did not reveal adverse effects of
PAP on blood pressure, the effects of PAP therapy on blood
pressure may have been there, which was slightly higher dur-
ing PAP compared with no treatment. This may apply to au-
tomatically titrating PAP therapy (as used in the present study)
in particular (compared with continuous PAP therapy, which
delivers a more constant and, on average, probably lower level
of pressure) [44]. As a result, the present study adds to the
growing body of evidence that initiation of PAP therapy in
patients with PH and obstructive sleep apnea should be a
highly individualized decision.
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Short-term effects of NHF on sympathovagal balance
at daytime

Flow-dependent favorable effects of NHF on gas exchange
have been previously described [22]. Flow-dependent im-
provements in oxygenation, reduced anatomical dead space,
improved breathing efficiency and generation of PAP have
been discussed as potential mechanisms [22]. We hypothe-
sized that clearance of anatomical dead space by NHF would
translate into improved wellbeing and a decrease in sympa-
thetic drive in the awake state. In fact, we found the exact
opposite, with SVB parameters showing a relative, flow-
dependent increase in sympathetic activity. Two main mech-
anisms may help explain these results. Firstly, the effects of
NHF on oxygen saturation may differ between daytime and
nighttime. During the day, NHF20 increased mean SpO, from
approximately 91 to 93%, while at nighttime, where hypoxia
has previously been described to be more severe [8, 10], mean
oxygen saturation was approximately 88% in the same pa-
tients. Faster and greater increases in oxygen saturation have
been shown to be associated with increased levels of oxygen
radicals, which in turn are associated with poor functional
status in patients with heart failure [43, 45-47]. It appears that
differences in the effects of NHF20 on oxygen saturation also
account for the unwanted increase in sympathetic drive during
daytime and a beneficial reduction in sympathetic drive at
night in the present study. Additionally, patient frustrations
and lack of tolerance with NHF20 and NHF50 usage during
the day may trigger cortical mechanisms of sympathetic acti-
vation, overcoming the beneficial effects on dead space.
Conversely, this was only true for NHF50 usage at night,
whereas NHF20 was better tolerated and beneficial effects
on dead space did occur.

Study limitations

Despite the comprehensive approach taken, our study has lim-
itations that should be considered. Firstly, the sample size was
small, and although the study was adequately powered to in-
vestigate the effects of NHF and PAP on SVB, it was probably
underpowered for assessment of effects on sleep-related
breathing. This is particularly true for the effects of
NHF50 at night because half of all patients declined treatment.
Also in that sense and taking into account the statistical as-
sumption behind the calculation of the Bonferroni post hoc
corrections for multiple 7 tests actual p values reported in
Tables 2 and 3 and Supplemental Table 1 should be
interpreted with caution, but statistically significant p values
on HRV obtained and reported for HRV were still significant
even taking into account the Bonferroni post hoc correction
Secondly, the duration of interventions was limited to 2 h,
and it is possible that longer periods of NHF may have had
different effects on study outcomes. Future studies with longer

@ Springer

use of NHF are needed to test the hypothesis that NHF20
favorably alters sympathetic drive and improves the functional
status of patients with precapillary PH. Likewise, we do not
know whether longer periods of PAP treatment of OSA in PH
might decrease sympathetic drive.

Thirdly, sympathetic drive was not measured invasively
(e.g., by direct recording of muscle sympathetic nerve activity
[MSNAY]). Noninvasive recording of HRV and BPV can only
provide a general estimation of SVB, which includes the vagal
component. However, close correlation between MSNA and
HRV/BPV measurements (LF/HF ratios in particular) have
previously been shown in healthy volunteers and patients with
heart failure [33, 48, 49], and the use of this methodology
under different breathing and ventilation-related experimental
conditions has previously been established by our group [50].

Fourthly, PAP therapy was not manually titrated to optimal
pressures, which may explain why the pressure range used (5—
12 cm H,0) did not completely normalize the AHI.
Ultimately, the results obtained in the present study in patients
with PH cannot be applied to different patient populations
such as patients with COPD wherein NHF may correct hyp-
oxia and dead space ventilation; the result of which may result
in decreased sympathetic drive [51, 52].

Fifthly, another limitation of the study was that the 10 min
N2 intervals chosen were not adjusted for respiratory rate.
However, as the segments were only 2 h long, it was extreme-
ly difficult to find distinct 10 min recordings of constant stable
N2 with no artifacts and comparable respiratory rates.
Furthermore, in a nighttime setting, it would not have been
possible to additionally adjust for respiratory rate as previous-
ly established by our group [53, 54].

Finally, scoring of PSG raw data was performed using an
unblinded approach regarding the intervention being used (no
treatment, NHF20, NHF50, APAP). Ideally, the scorers
would have been blinded to this information.

Conclusion

In conclusion, the effects of NHF on sleep and sympathetic
drive in ambulatory patients with precapillary PH and OSA
are complex and highly dependent on both the flow rate used
and whether the patient is awake or asleep. Desired decreases
in sympathetic drive during sleep were achieved with NHF20
(but not NHF50), but this was not the case when patients were
awake and fully conscious. The effects of NHF20 on SVB
occurred even in the absence of improvements in OSA and
are most likely to have occured due to washout of anatomical
dead space. In contrast, NHF50 was poorly tolerated by am-
bulatory patients with PH. Future studies applying long-term
use of NHF20 are needed to test whether this intervention
favorably alters sympathetic drive and improves the functional
status of patients with precapillary PH.
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