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Aims Increased chemosensitivity to carbon dioxide (CO2) is an important trigger of central apnoeas (CA) in heart failure
(HF), with negative impact on outcome. We hypothesized that buspirone, a 5HT1A receptor agonist that inhibits
serotonergic chemoreceptor neuron firing in animals, can decrease CO2 chemosensitivity and CA in HF.
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Methods
and results

The BREATH study was a randomized, double-blind, placebo-controlled, crossover study (EudraCT-code
2015-005383-42). Outpatients with systolic HF (left ventricular ejection fraction <50%) and moderate-severe
CA [nocturnal apnoea-hypopnoea index (AHI)≥15 events/h] were randomly assigned to either oral buspirone
(15 mg thrice daily) or placebo for 1 week, with a crossover design (1 week of wash-out). The primary effectiveness
endpoint was a decrease in CO2 chemosensitivity >0.5 L/min/mmHg. The primary safety endpoint was freedom from
serious adverse events. Sixteen patients (age 71.3± 5.8 years, all males, left ventricular ejection fraction 29.8± 7.8%)
were enrolled. In the intention-to-treat analysis, more patients treated with buspirone (8/16, 50%) had a CO2

chemosensitivity reduction >0.5 L/min/mmHg from baseline than those treated with placebo (1/16, 6.7%) (difference
between groups 43%, 95% confidence interval 14–73%, P = 0.016). Buspirone compared to baseline led to a 41%
reduction in CO2 chemosensitivity (P = 0.001) and to a reduction in the AHI, central apnoea index and oxygen
desaturation index of 42%, 79%, 77% at nighttime and 50%, 78%, 86% at daytime (all P< 0.01); no difference was
observed after placebo administration (all P> 0.05). No patient reported buspirone-related serious adverse events.
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Conclusions Buspirone reduces CO2 chemosensitivity and improves CA and oxygen saturation across the 24 h in patients with HF.
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Keywords Buspirone • Central apnoeas • Cheyne–Stokes respiration • Chemoreflex •
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Introduction
Central apnoeas (CA) are observed in about 50% of patients with
heart failure (HF), both during the day and at night.1,2 Considering
the epidemiological prevalence and strong contribution of CA
to HF mortality,2,3 several therapeutic approaches have been
attempted: supplemental oxygen (O2) and/or carbon dioxide
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.. (CO2) administration,4,5 respiratory stimulants,6 drugs altering
pH,7 pacemakers,8 non-invasive mechanical ventilation,9,10 and
phrenic nerve stimulation.11 Currently, no treatment has shown
a prognostic benefit in HF,9,10 with adaptive servo-ventilation
actually showing an increased risk of harm, despite being effective
in reducing CA at night.10 Some authors have hypothesized that
CA may be compensatory, at least in a subset of patients with
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HF.12 Alternatively, adaptive servo-ventilation may cause some
negative effects on feedbacks/cardiac haemodynamics or cause a
rebound in daytime CA, which were invariably associated with
detrimental outcome in HF.2,13

Notably, most treatments were evaluated only at night, without
targeting daytime CA or the chemoreflex, a major pathophysiolog-
ical trigger of CA in HF.14,15 Considering the prognostic significance
of increased chemosensitivity14,15 in HF, treatments that directly
act on the chemoreflex could represent an effective approach,
even beyond the effects on CA. The surgical removal of periph-
eral chemoreceptors, albeit promising in animal models of HF,16

resulted in hypoventilation and worsening of O2 profile in some
humans, consistent with their key role as hypoxia sensors.17

Central chemoreceptors, which are only sensitive
to hypercapnia,18 are an alternative target. Serotonin
(5-hydroxytryptamine, 5-HT) neurons play an important role
in central chemoreception.19,20 Buspirone is a 5-HT1A receptor
agonist long and safely used in general anxiety disorder. Some
5-HT1A receptors are found as autoreceptors on 5-HT neu-
rons, and their activation leads to inhibition of firing of 5-HT
neurons. Interestingly, in a mouse model of CA induced by
hypoxia/reoxygenation, intraperitoneal injection of buspirone
decreased central chemosensitivity to CO2 in a dose-dependent
fashion, leading to ventilatory stability and CA disappearance.21

Based on this premise, we designed the BREATH study, a
randomized, double-blind, placebo-controlled phase II trial with a
crossover design to test the safety and efficacy of buspirone on
CO2 chemosensitivity and CA in patients with systolic HF.

Methods
From December 2016 to March 2018, stable ambulatory patients
with systolic HF and CA were enrolled at the Fondazione Toscana
Gabriele Monasterio (FTGM), Pisa, Italy. The study protocol con-
forms to the 1975 Declaration of Helsinki, was approved by the
Institution’s human research committee (Comitato Etico Area Vasta
Nord-Ovest, Pisa, Italy) and registered at EU Clinical Trials (EudraCT
code 2015-005383-42). Written informed consent was obtained from
each patient.

Inclusion criteria were: age between 18 and 80 years; echocardio-
graphic evidence of left ventricular ejection fraction (LVEF) <50% and
moderate-severe CA [nocturnal apnoea-hypopnoea index (AHI) ≥ 15
events/h and >50% of apnoeas being central].

Exclusion criteria were: New York Heart Association (NYHA)
class IV, acute coronary syndrome or HF, coronary artery revascu-
larization, cardiac resynchronization therapy within 3 months before
examination; severe renal dysfunction [estimated glomerular filtration
rate (eGFR) <30 mL/min/1.73 m2 by the Modification of Diet in Renal
Disease equation]; liver failure; severe chronic obstructive pulmonary
disease; obstructive sleep apnoeas; treatments acting on ventilation;
pregnancy/no contraception in premenopausal women; alcohol/drug
abuse; allergies to buspirone/drug components; myasthenia gravis;
tight angle glaucoma and active neoplasia.

Randomization and masking
The galenic preparation (tablets with identical appearance) of the
experimental drugs (buspirone or placebo) was performed at the ..
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.. Galenic Laboratory of FTGM, Massa, Italy, by a hospital pharma-
cist, who created a computerized randomization list (0 = placebo,
1 = buspirone) and delivered to the study staff the masked complete
treatments (I and II) in sealed opaque envelopes. The randomization list
remained hidden from patients and investigators (double blind) until the
conclusion of the study.

Procedures
Eligible patients received, on top of optimal medical therapy, either
buspirone or placebo in random order for 1 week, then underwent
1 week of wash-out before crossing over to the other treatment arm
for another week. The week of treatment was chosen to achieve the
drug steady-state (usually reached by day 7)22 minimizing the overall
duration of the study and thus the risk of period effect. The week of
wash-out was based on the drug half-life (2–3 h up to 11 h) to avoid
the risk of carryover effect.23

To minimize adverse reactions, the cumulative dose was titrated
every 2 days from 15 mg/day (5 mg thrice daily), to 30 mg/day
(10 mg thrice daily), to 45 mg/day (15 mg thrice daily) in patients
with an eGFR ≥70 mL/min/1.73 m2. For patients with an eGFR
50–69 mL/min/1.73 m2 or 30–49 mL/min/1.73 m2, the drug was
titrated to a maximum dose of 30 mg/day or kept at 15 mg/day,
respectively. To maintain masking, similar procedures related to drug
titration were used for placebo.

At baseline and at the end of each week of treatment, patients
underwent: 24 h cardiorespiratory monitoring for detection of CA2,24;
evaluation of chemosensitivity to O2 and CO2

14 (also re-evaluated at
the end of wash-out to exclude the period effect); neuro-hormonal
evaluation14; cardiopulmonary exercise testing14; arterial blood gas
analysis; 24 h Holter electrocardiographic recording; self-evaluation of
anxiety, depression and diurnal sleepiness, by means of the Hamilton
Anxiety Scale (HAM-A), the Inventory of Depressive Symptomatology
(IDS), Quick Inventory of Depressive Symptomatology (QIDS) scales
and the Epworth Sleepiness Scale (ESS), respectively.

The description of the 24 h cardiorespiratory monitoring and
chemoreflex assessment is reported in detail in the online supplemen-
tary Methods S1.

Study endpoints
The pre-specified primary effectiveness endpoint was a reduction in
CO2 chemosensitivity or hypercapnic ventilatory response (HCVR)
>0.5 L/min/mmHg.

Secondary effectiveness endpoints were reductions in nocturnal and
diurnal AHI, central apnoea index (CAI) and oxygen desaturation index
(ODI), and effects on cardiopulmonary function, neurohormones,
arrhythmias, arterial blood gas analysis, anxiety, depression and diurnal
sleepiness.

The primary safety endpoint was freedom from serious drug-related
adverse events.

All endpoints were evaluated at 1 week after treatment adminis-
tration.

Statistical analysis
Statistical analysis was performed with the SPSS 21.0 program
(1989–2012, LEAD Technologies Inc., Charlotte, NC, USA). Values
are presented as mean± standard deviation (SD) or median and
interquartile range (IQR) according to normal/skewed distribution.
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From pilot data, considering a SD of 0.36 L/min/mmHg (repeated
intra-subject measures) and >0.5 L/min/mmHg (>25% reduction from
baseline) as a clinically significant (from mathematical models)25 reduc-
tion in CO2 chemosensitivity, recruitment of eight patients was needed
to obtain 90% power with a two-sided 𝛼 error rate of 0.05. To ensure
robustness of our findings, we recruited 16 patients.

Considering the crossover design, we tested the period effect and
the carryover effect using the Wilcoxon signed rank test.26

The primary effectiveness endpoint was evaluated in all patients
who were randomized to either placebo or buspirone in the
intention-to-treat (ITT) analysis. Patients randomized without
chemoreflex data (intolerance to the test) or who withdrew from the
study were imputed as treatment failures. A per-protocol (PP) analysis
was also performed for the primary outcome. Finally, imputation
analysis by median substitution was also performed. In order to test
the primary endpoint, a two-sided McNemar’s exact test was used
with a type I error rate of 0.05.

The statistical analysis plan specified that each secondary endpoint
would be evaluated by ITT analysis only if the primary effectiveness end-
point was significant. All patients were included in the safety analysis.

Differences from baseline between placebo and buspirone treat-
ments were evaluated using the McNemar’s test for categorical data, or
the Wilcoxon signed-rank test for quantitative data [95% confidence
interval (CI) by Hodges–Lehmann estimator], with a two-sided P-value
set at 0.05. Mean differences among groups (baseline, placebo and
buspirone) were evaluated through the Friedman test, with post-hoc
Bonferroni correction, and a two-sided P-value set at 0.017.

Results
A total of 16 consecutive HF patients were enrolled (age 71.3 ±
5.8 years, all males, 50% ischaemic aetiology, LVEF 29.8± 7.8%, 38%
in NYHA class III) and showed moderate-severe CA at nighttime,
despite optimal treatment (Figure 1, Table 1). No patient withdrew
from the study, two patients were intolerant to the chemoreflex
test, while all other measurements were available in all patients
(Figure 1).

Due to the crossover design, period and carryover effects were
excluded before data analysis [all P> 0.05 for both HCVR and
hypoxic ventilatory response (HVR)].

In ITT analysis, more patients treated with buspirone (8/16, 50%)
had a CO2 chemosensitivity reduction >0.5 L/min/mmHg from
baseline than those treated with placebo (1/16, 6.7%) (difference
between groups 43%, 95% CI 14% to 73%, P = 0.016; Table 2,
Figure 2A). Similar findings were observed in the PP population
(8/14, 57.1% vs. 1/14, 7.1%; difference between groups 50%, 95%
CI 18% to 82%, P = 0.016) and by using imputation analysis (10/16,
63% vs. 1/16, 6.7%; difference between groups 56%, 95% CI 32% to
81%, P = 0.004). Buspirone decreased the HCVR by 41% and 40%
compared to baseline (P = 0.001) and placebo (P = 0.006) with a
difference from baseline between treatments of −0.6 (IQR −1.1 to
−0.2) L/min/mmHg (P = 0.006; Table 2, Figure 2A).

In contrast, buspirone did not significantly affect the HVR
compared to baseline and placebo [both P> 0.017; difference
from baseline between treatments 0.0 (IQR −0.2 to 0.1) L/min/%,
P = 0.8; Table 2, Figure 2B].

Similarly, no significant effect was observed after buspirone
administration on baseline ventilation or arterial blood gas analysis ..
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.. parameters (all P> 0.05; Table 2), apart from a non-statistically
significant trend toward an increase in the partial pressure of CO2

(P = 0.09).
Buspirone was associated with a significant improvement in ven-

tilatory stability across the 24 h with a 42% (P = 0.001) and 40%
(P = 0.002) reduction in nighttime AHI [difference from baseline
between treatments −12.0 (IR −16.5 to −4.3) events/h, P = 0.002;
Table 2, Figure 3A] and a 50% (P = 0.01) and 36% (P = 0.006) reduc-
tion in daytime AHI [difference from baseline between treatments
−3.5 (IQR −6.8 to −1.3) events/h, P = 0.006] compared to base-
line and placebo (Table 2, Figure 3B). Buspirone was associated with
a 79% (P = 0.001) and 68% (P = 0.002) reduction in nighttime CAI
[difference from baseline between treatments −5.0 (IQR −8.0 to
−0.5) events/h, P = 0.016; Table 2, Figure 3C] and a 78% (P = 0.01)
and 75% (P = 0.009) reduction in diurnal CAI compared to baseline
and placebo [difference from baseline between treatments −1.5
(IQR −5.5 to 0.0) events/h, P = 0.01; Table 2, Figure 3D].

These changes were accompanied by improvement in O2 sat-
uration after buspirone administration, as expressed by a 78%
(P = 0.004) and 77% (P = 0.005) reduction in nighttime ODI [differ-
ence from baseline between treatments −8.9 (IQR −20.0 to −0.2)
events/h, P = 0.005; Table 2], as well as an 86% (P = 0.005) and
90% (P = 0.006) reduction in daytime ODI compared to baseline
and placebo [difference from baseline between treatments −1.9
(IQR −4.1 to −0.4) events/h, P = 0.006; Table 2]. No difference
in the effect of buspirone on AHI, CAI and ODI were observed
at sensitivity analysis between the whole population (n = 16) and
the subgroup of patients with chemoreflex data available (n = 14)
(online supplementary Table S2).

No statistically significant effect on neurohormonal status (apart
from a slight decrease in aldosterone levels, P = 0.04), arrhythmic
profile, or exercise performance was observed after buspirone
administration (all P> 0.05; online supplementary Table S1). Bus-
pirone had neutral effect also on anxiety (HAM-A), depression (IDS
and QIDS) and daytime sleepiness (ESS) (all P> 0.05; online supple-
mentary Table S3).

None of the patients complained of any major side effects.
Only three patients with eGFR between 30 and 50 mL/min/1.73 m2

reported mild and transient buspirone-related side effects (online
supplementary Table S3), including lower limb tingling (n = 1) and
dizziness (n = 2). One patient reported dizziness during both
placebo and buspirone administration. Notably, no significant varia-
tion in troponin levels, renal and liver function was found after bus-
pirone administration (all P> 0.05; online supplementary Table S4).

Discussion
In this single-centre, double-blind, randomized, placebo-controlled
crossover trial, modulation of CO2 chemosensitivity was docu-
mented in patients with systolic HF by using buspirone, a 5-HT1A

receptor agonist. To our knowledge, this is the first proof of
concept study to suggest that a pharmacological treatment might
decrease central chemoreflex sensitivity in humans, showing at the
same time potential beneficial effects on both nighttime and day-
time apnoeas, which have, similarly to chemoreflex sensitization,14

a prognostic role in HF2,3,27.
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4 A. Giannoni et al.

Figure 1 Trial profile. AHI, apnoea/hypopnoea index; CKD, chronic kidney disease; COPD, chronic obstructive pulmonary disease; ITT,
intention to treat; LVEF, left ventricular ejection fraction; NYHA, New York Heart Association; OSA, obstructive sleep apnoea; PP, per-protocol.

After one week of treatment with buspirone, CO2 chemosensi-
tivity was decreased by 41%, with no effect on O2 chemosensitivity.
This translated in a 24 h CA stabilization, with nighttime AHI and
CAI decrease by 42% and 79% and daytime AHI and CAI by 50%
and 78%, and improvement in the O2 saturation profile, with a
77% and 86% reduction in nighttime and daytime ODI. Of note, no
major buspirone-related adverse reactions did occur.

Central apnoeas can be observed in up to 60% of HF patients at
night and 30% during the day.2 Despite the well-established prog-
nostic impact and ease of diagnosis with ambulatory devices,2,27

no proposed treatment has ever targeted diurnal CA. Likewise,
no treatment has specifically targeted the overactive chemoreflex
system, a main pathophysiological trigger of CA and a prognostic
determinant in HF.1,12,13

The surgical removal of peripheral chemoreceptors has led to
promising results in animal models of HF,14 but led to hypoventi-
lation and need for ventilatory support in one patient in humans, ..
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. given their key role in hypoxia sensing and tonic maintenance of
ventilation.15 Therefore, targeting central chemoreceptors may be
a safer and similarly effective option, given their role in response
to hypercapnia but not hypoxia.

Among the several groups of central chemoreceptors,16 sero-
tonergic neurons of the raphe system possess several character-
istics that make them excellent targets for treatment: they are
required for 30% to 50% of the chemoreflex response to CO2,
they are sensitive to changes in CO2 around the ventilatory equi-
librium, and their firing rate can be modulated by a number of
well-characterized serotonergic medications.18–21,28,29

Buspirone is a 5-HT1A receptor agonist used in general anxiety
disorder with an excellent safety profile. It does not cause seda-
tion, tolerance, or physical dependence. Buspirone decreases CO2

chemosensitivity in a mouse model of hypoxia-induced apnoeas,
and decreases CA.21 Similar results were also obtained with
8-hydroxy-2-(di-n-propylamino)tetralin, another 5-HT1A receptor

© 2020 European Society of Cardiology
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Table 1 Demographics and baseline clinical
characteristics of patients (n = 16)

Age (years) 71.3± 5.8
Male sex (%) 100
BMI (kg/m2) 27.4± 4.2
Creatinine (mg/dL) 1.3± 0.4
eGFR (mL/min/1.73 m2) 63.6± 24.6
Ischaemic/idiopathic/other (%) 50/31/19
NYHA class I/II/III (n) 2/8/6
Blood pressure (mmHg) 120/60± 25.9/12.9
Heart rate (bpm) 66.5± 6.9
Atrial fibrillation (%) 31

LVEF (%) 29.8± 7.8
Diastolic dysfunction, grade 1–2/3 (%) 62/38
Mitral regurgitation, grade 0–2/3 (%) 62/38
SPAP (mmHg) 41.0±18.6
TAPSE (mm) 20.4± 2.6
FAC (%) 39.9±10.2
Norepinephrine (ng/L) 613.0 (438.5–1018.3)
Direct plasma renin (μU/mL) 104.2 (14.6–500.0)
Aldosterone (ng/L) 104.2 (67.3–131.5)
BNP (ng/L) 631.5 (269.5–1411.3)
NT-proBNP (ng/L) 2947.0 (1125.8–4491.3)
Beta-adrenergic receptor blockers (%) 94
ACE inhibitors or ARBs (%) 81

ARNI (%) 19
MRAs (%) 100
Diuretics (%) 94
Digoxin (%) 25
CRT-ICD (%) 75

ACE, angiotensin-converting enzyme; ARB, angiotensin receptor blocker; ARNI,
angiotensin receptor–neprilysin inhibitor; BMI, body mass index; BNP, B-type
natriuretic peptide; CRT, cardiac resynchronization therapy; eGFR, estimated
glomerular filtration rate (Modification of Diet in Renal Disease equation);
FAC, fractional area change; ICD, implantable cardioverter-defibrillator; LVEF,
left ventricular ejection fraction; MRA, mineralocorticoid receptor antagonist;
NT-proBNP, amino terminal pro-B-type natriuretic peptide; NYHA, New York
Heart Association; SPAP, systolic pulmonary artery pressure; TAPSE, tricuspid
annular plane systolic excursion.

agonist, in rats and piglets.30,31 Indeed, the activation of 5-HT1A

inhibitory autoreceptors on serotonin neurons leads to inhibi-
tion of their firing, and this consequently is expected to decrease
their response to hypercapnia. These data were confirmed by
the current study in which buspirone was effective in decreasing
CO2 chemosensitivity and stabilizing breathing in patients with HF
and CA.

Our findings were in discordance with the data of Rapoport
et al.,32 who found no effect on CO2 chemosensitivity of buspirone
in healthy individuals (n = 9, all males). Potential explanations
for this discrepancy may be the use of the lower dose (10
vs. 45 mg), the shorter duration of treatment (a single dose vs.
1 week of treatment) and different effects of the drug on normal
vs. overactive chemoreceptors. The dose is particularly relevant
considering that the bioavailability of oral buspirone is significantly
reduced by hepatic first-pass metabolism.33 However, several active
metabolites are generated including 1-(2-pyrimidinyl)-piperazine, ..
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.. buspirone N-oxide, and 3, 5 and 6-hydroxybuspirone, with 1-PP
and 6-hydroxibuspirone showing the highest plasma concentrations
in humans.33 While 1-PP effect on 5-HT1A receptor seems trivial,34

6-hydroxibuspirone is likely to mediate part of the buspirone effects
(similar potency/affinity to the receptor).33

After buspirone administration there was a trend toward a
non-statistically significant reduction in plasma norepinephrine lev-
els, that might be explained by the ability of buspirone to decrease
the chemoreflex gain. Indeed, the chemoreflex also has an adren-
ergic output,14,35 as documented by the increase in norepinephrine
plasma levels observed after stimulating the chemoreflex with con-
stant elevation of CO2.

5 It is likely that higher doses/longer admin-
istration of buspirone may further decrease the sympathetic drive
due to either central chemoreflex desensitization, or indirectly by
decreasing CA or O2 desaturations (thus reducing stimulation of
peripheral chemoreceptors).

Administration of buspirone does not require monitoring of
plasma concentrations, as opposed to theophylline,6 and has an
overall safer profile, especially on arrhythmias. Compared to aceta-
zolamide, which reduces exercise capacity and ventilatory effi-
ciency during cardiopulmonary stress testing,7 buspirone shows
neutral effects on exercise performance.

Moreover, buspirone is effective throughout the 24 h period,2

with positive effects on CA not only at nighttime, but also during
the daytime. Considering the prevalence/prognostic significance
of daytime apnoeas2,27 also in the upright position,36 this may
represent a benefit over previous treatments of CA such as
gas delivery,4,5 non-invasive mechanical ventilation9,10 and phrenic
nerve stimulation,11 which are designed to work only at nighttime,
for compliance reasons. Buspirone might be effective also on awake
patients in freely moving conditions.

When given orally buspirone has negligible effect of the cardio-
vascular system even using doses (up to 10 mg/kg) much higher
than those currently used for anxiety disorders, but seems to be
associated with positive renal effects including increased urinary
volume and electrolyte (especially sodium) excretion.37 Further-
more, BALB/c knock-in mice with dilated cardiomyopathy pre-
sented reduced cardiac enlargement and improved systolic function
after buspirone administration.38

Although buspirone administration may initially increase
REM sleep latency by post-synaptic 5HT1A (less than other
azapirones),39 in the long term, the decrease of serotonin in the
synaptic cleft due to the pre-synaptic action, and the positive
effects on CA (associated with fragmented sleep and arousals) are
likely to improve sleep quality.

Study limitations
The present study should be interpreted as a proof of concept
considering the single-centre nature and the sample size (similar
to previous studies based on theophylline, n = 15, or acetazo-
lamide, n = 12),6,7 suggesting caution when interpreting negative
findings (i.e. exercise performance, neurohormonal status and side
effects). The efficacy and safety of the drug should be evaluated
in larger/longer multicentre trials, before considering buspirone a
reasonable treatment option in patients with HF and CA. While

© 2020 European Society of Cardiology
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Figure 2 Effects of buspirone (Bus) on the chemoreflex. Effects of Bus on hypercapnic ventilatory response (HCVR, A) and hypoxic ventilatory
response (HVR, B). Bus effectively reduced HCVR compared to baseline (Bas) and placebo (Pla), but had no effect on HVR.

Figure 3 Effects of buspirone (Bus) on ventilatory stability. Bus decreased the apnoea-hypopnoea index (AHI, A and B) and central apnoea
index (CAI, C and D) at nighttime and daytime, when compared to baseline (Bas) and placebo (Pla).

© 2020 European Society of Cardiology
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tolerance/adaptation might occur with time, other potential ben-
eficial effects may also be observed (sympathetic drive and sleep)
considering the slower onset of the drug compared to other anxi-
olytic medication.

Our study population included only male patients, due to the
higher prevalence of CA in men with systolic HF (80–90% in our
population).2 Therefore, its efficacy/safety should be confirmed
also in women, according to gender-specific differences,18 as well
in patients with HF and preserved ejection fraction.

Conclusions
In patients with HF, oral administration of buspirone reduced the
chemoreflex sensitivity to CO2, the number of CA and hypop-
noeas, and improved the O2 saturation profile during both the day
and at night. The safety profile of the drug and the pathophysio-
logically based mechanism of action make buspirone a reasonable
treatment of CA in HF to be tested in larger phase III randomized
controlled trials. We believe the results of this study will extend
beyond HF, fostering research on chemoreflex modulation in other
respiratory/neurological disorders, including other forms of sleep
apnoea, sudden unexpected death in epilepsy and sudden infant
death syndrome.16,18,23

Supplementary Information
Additional supporting information may be found online in the
Supporting Information section at the end of the article.
Methods S1. Supplementary methods.
Table S1. Neurohormones, Holter ECG and cardiopulmonary
exercise testing following buspirone administration.
Table S2. Sensitivity analysis.
Table S3. Anxiety, depression and diurnal sleepiness after bus-
pirone administration.
Table S4. Buspirone safety profile.

Acknowledgements
We thank the nurses (Assunta Agazio, CN and Eleonora Benelli,
CN) and sleep technicians (Francesca Bramanti, MT and Giovanni
Iudice, MT) of Fondazione Toscana G. Monasterio, Pisa, Italy for
their technical support, as well as the members of Pharmacy of Fon-
dazione Toscana G. Monasterio, Massa, Italy (Stefania Biagini, MSc,
Giuseppa Lo Surdo, MSc, and Elisabetta Volpi, MSc) for their assis-
tance in the preparation of placebo and randomization procedures.

Funding
G.B.R. received funding from the US NIH U01NS090414.
Conflict of interest: none declared.

References
1. Javaheri S. Sleep-related breathing disorders in heart failure. In Mann DL, ed.

Heart Failure: A Companion to Braunwald’s Heart Disease, 1st ed. Philadelphia, PA:
Saunders; 2004. pp 471–487. ..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

.. 2. Emdin M, Mirizzi G, Giannoni A, Poletti R, Iudice G, Bramanti F, Passino C.
Prognostic significance of central apneas throughout a 24-hour period in patients
with heart failure. J Am Coll Cardiol 2017;70:1351–1364.

3. Oldenburg O, Wellmann B, Buchholz A, Bitter T, Fox H, Thiem U, Horstkotte D,
Wegscheider K. Nocturnal hypoxaemia is associated with increased mortality in
stable heart failure patients. Eur Heart J 2016;37:1695–1703.

4. Staniforth AD, Kinnear WJ, Starling R, Hetmanski DJ, Cowley AJ. Effect
of oxygen on sleep quality, cognitive function and sympathetic activity in
patients with chronic heart failure and Cheyne-Stokes respiration. Eur Heart J
1998;19:922–928.

5. Andreas S, Weidel K, Hagenah G, Heindl S. Treatment of Cheyne-Stokes
respiration with nasal oxygen and carbon dioxide. Eur Respir J 1998;12:414–419.

6. Javaheri S, Parker TJ, Wexler L, Liming JD, Lindower P, Roselle GA. Effect
of theophylline on sleep-disordered breathing in heart failure. N Engl J Med
1996;335:562–567.

7. Fontana M, Emdin M, Giannoni A, Iudice G, Baruah R, Passino C. Effect of
acetazolamide on chemosensitivity, Cheyne-Stokes respiration, and response to
effort in patients with heart failure. Am J Cardiol 2011;107:1675–1680.

8. Garrigue S, Bordier P, Jaïs P, Shah DC, Hocini M, Raherison C, Tunon De Lara M,
Haïssaguerre M, Clementy J. Benefit of atrial pacing in sleep apnea syndrome.
N Engl J Med 2002;346:404–412.

9. Bradley TD, Logan AG, Kimoff RJ, Sériès F, Morrison D, Ferguson K, Belenkie I,
Pfeifer M, Fleetham J, Hanly P, Smilovitch M, Tomlinson G, Floras JS; CANPAP
Investigators. Continuous positive airway pressure for central sleep apnea and
heart failure. N Engl J Med 2005;353:2025–2033.

10. Cowie MR, Woehrle H, Wegscheider K, Angermann C, d’Ortho MP, Erd-
mann E, Levy P, Simonds AK, Somers VK, Zannad F, Teschler H. Adaptive
servo-ventilation for central sleep apnea in systolic heart failure. N Engl J Med
2015;373:1095–1105.

11. Costanzo MR, Ponikowski P, Javaheri S, Augostini R, Goldberg L, Holcomb R,
Kao A, Khayat RN, Oldenburg O, Stellbrink C, Abraham WT; remedé System
Pivotal Trial Study Group. Transvenous neurostimulation for central sleep apnoea:
a randomised controlled trial. Lancet 2016;388:974–982.

12. Naughton MT. Cheyne-Stokes respiration: friend or foe? Thorax
2012;67:357–360.

13. Emdin M, Passino C, Giannoni A. After the SERVE-HF trial, is there still a need
for treatment of central apnea? J Card Fail 2015;21:903–905.

14. Giannoni A, Emdin M, Bramanti F, Iudice G, Francis DP, Barsotti A, Piepoli M,
Passino C. Combined increased chemosensitivity to hypoxia and hypercapnia as
a prognosticator in heart failure. J Am Coll Cardiol 2009;53:1975–1980.

15. Ponikowski P, Chua TP, Anker SD, Francis DP, Doehner W, Banasiak W,
Poole-Wilson PA, Piepoli MF, Coats AJ. Peripheral chemoreceptor hypersen-
sitivity: an ominous sign in patients with chronic heart failure. Circulation
2001;104:544–549.

16. Del Rio R, Marcus NJ, Schultz HD. Carotid chemoreceptor ablation improves
survival in heart failure: rescuing autonomic control of cardiorespiratory function.
J Am Coll Cardiol 2013;62:2422–2430.

17. Niewinski P, Janczak D, Rucinski A, Tubek S, Engelman ZJ, Piesiak P,
Jazwiec P, Banasiak W, Fudim M, Sobotka PA, Javaheri S, Hart EC, Paton
JF, Ponikowski P. Carotid body resection for sympathetic modulation in sys-
tolic heart failure: results from first-in-man study. Eur J Heart Fail 2017;19:
391–400.

18. Nattie E, Li A. Central chemoreceptors: locations and functions. Compr Physiol
2012;2:221–254.

19. Richerson GB. Serotonergic neurons as carbon dioxide sensors that maintain pH
homeostasis. Nat Rev Neurosci 2004;5:449–461.

20. Teran FA, Massey CA, Richerson GB. Serotonin neurons and central res-
piratory chemoreception: where are we now? Prog Brain Res 2014;209:
207–233.

21. Yamauchi M, Dostal J, Kimura H, Strohl KP. Effects of buspirone on posthypoxic
ventilatory behavior in the C57BL/6J and A/J mouse strains. J Appl Physiol (1985)
2008;105:518–526.

22. Marathe PH, Shen F, Markham P, Greene DS. Pharmacokinetics of bus-
pirone following oral administration to rhesus monkeys. J Pharm Pharmacol
1999;51:601–607.

23. Mahmood I, Sahajwalla C. Clinical pharmacokinetics and pharmacodynamics of
buspirone, an anxiolytic drug. Clin Pharmacokinet 1999;36:277–287.

24. Kapur VK, Auckley DH, Chowdhuri S, Kuhlmann DC, Mehra R, Ramar K, Harrod
CG. Clinical practice guideline for diagnostic testing for adult obstructive sleep
apnea: an American Academy of Sleep Medicine clinical practice guideline. J Clin
Sleep Med 2017;13:479–504.

25. Khoo MC, Kronauer RE, Strohl KP, Slutsky AS. Factors inducing periodic
breathing in humans: a general model. J Appl Physiol 1982;53:644–659.

26. Koch GG. The use of nonparametric methods in the statistical analysis of the
two-period change-over design. Biometrics 1972;28:577–584.

© 2020 European Society of Cardiology



Effect of buspirone on chemoreflex and central apnoeas in HF 9

27. Brack T, Thüer I, Clarenbach CF, Senn O, Noll G, Russi EW, Bloch KE. Daytime
Cheyne-Stokes respiration in ambulatory patients with severe congestive heart
failure is associated with increased mortality. Chest 2007;132:1463–1471.

28. Hodges MR, Tattersall GJ, Harris MB, McEvoy SD, Richerson DN, Deneris ES,
Johnson RL, Chen ZF, Richerson GB. Defects in breathing and thermoregulation
in mice with near-complete absence of central serotonin neurons. J Neurosci
2008;28:2495–2505.

29. Ray RS, Corcoran AE, Brust RD, Kim JC, Richerson GB, Nattie E, Dymecki SM.
Impaired respiratory and body temperature control upon acute serotonergic
neuron inhibition. Science 2011;333:637–642.

30. Taylor NC, Li A, Nattie EE. Medullary serotonergic neurones modulate the
ventilatory response to hypercapnia, but not hypoxia in conscious rats. J Physiol
2005;566:543–557.

31. Messier ML, Li A, Nattie EE. Inhibition of medullary raphe serotonergic neurons
has age-dependent effects on the CO2 response in newborn piglets. J Appl Physiol
(1985) 2004;96:1909–1919.

32. Rapoport DM, Greenberg HE, Goldring RM. Differing effects of the anxiolytic
agents buspirone and diazepam on control of breathing. Clin Pharmacol Ther
1991;49:394–401.

33. Zhu M, Zhao W, Jimenez H, Zhang D, Yeola S, Dai R, Vachharajani N, Mitroka J.
Cytochrome P450 3A-mediated metabolism of buspirone in human liver micro-
somes. Drug Metab Dispos 2005;33:500–507. ..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
.. 34. Zuidevald KP, Rusic-Pavletic J, Maas HJ, Peletier LA, Van der Graaf PH,

Danhof M. Pharmacokinetic-pharmacodynamic modeling of buspirone and its
metabolite 1-(2-pyrimidinyl)-piperazine in rats. J Pharmacol Exp Ther 2002;303:
1130–1137.

35. Toledo C, Andrade DC, Lucero C, Schultz HD, Marcus N, Retamal M,
Madrid C, Del Rio R. Contribution of peripheral and central chemoreceptors
to sympatho-excitation in heart failure. J Physiol 2017;595:43–51.

36. Giannoni A, Gentile F, Sciarrone P, Borrelli C, Pasero G, Mirizzi G, Vergaro G,
Poletti R, Piepoli MF, Emdin M, Passino C. Upright Cheyne-Stokes respiration and
prognosis in systolic heart failure. J Am Coll Cardiol 2020 (in press).

37. Hanson RC, Braselton JP, Hayes DC, Snyder RW, White JB, Deitchman D.
Cardiovascular and renal effects of buspirone in several animal models. Gen
Pharmacol 1986;17:267–274.

38. Li L, Morimoto S, Take S, Zhan DY, Du CK, Wang YY, Fan XL, Yoshi-
hara T, Takahashi-Yanaga F, Katafuchi T, Sasaguri T. Role of brain serotonin
dysfunction in the pathophysiology of congestive heart failure. J Mol Cell Cardiol
2012;53:760–767.

39. Wilson SJ, Bailey JE, Rich AS, Nash J, Adrover M, Tournoux A, Nutt DJ. The use
of sleep measures to compare a new 5HT1A agonist with buspirone in humans.
J Psychopharmacol 2005;19:609–613.

© 2020 European Society of Cardiology


