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Prolonged Apnea Supported by High-Frequency
Noninvasive Ventilation: A Pilot Study

To the Editor:

Respiratory movements cause motion artifacts during image
acquisition of the thorax and upper abdomen, which limit the
clinical use of magnetic resonance imaging in the visualization of
lung parenchyma and thoracic vascular structures (1, 2), reduce the
accuracy of positron emission tomography (3, 4), and increase the
toxicity of radiation therapy, directly influencing the amount of
normal tissue included in the irradiated volumes (5, 6).

Suppressing respiratory movements during imaging
acquisition and radiation therapy may, therefore, improve image
quality and reduce healthy tissue irradiation while maximizing
radiation dose to the tumor. The suppression of thoracic movement
has been previously obtained in invasively ventilated subjects
under general anesthesia using high-frequency ventilation (HFV),
which ensures oxygen delivery and carbon dioxide (CO2)
clearance (7–9).

We performed an interventional, crossover, randomized, open-
label study, applying for the first time HFV using a noninvasive
interface (HF-NIV) to obtain prolonged apnea (absence of
thoracoabdominal respiratory movements) in 10 nonsedated
healthy adults with normal spirometry and no known
cardiopulmonary disease (median age, 30 yr; range, 26–56 yr;
6/10 men). The study was conducted in accordance with the
Declaration of Helsinki and the local ethics committee (Protocol
225/14 CHUV-DO-PART).

HF-NIV was performed using a Monsoon III ventilator
(Acutronic Medical Systems, Hirzel, Switzerland) and a noninvasive
patient interface (Phasitron; Percussionaire, Sagle, ID). This setting
allowed constant monitoring of airway pressures and the application
of ventilation with an open airway, protecting against overpressure,
and allowing the resumption of spontaneous breathing at any
moment during HFV. Each participant performed three breath hold
attempts after 1 minute of self-induced hyperventilation: a maximal
spontaneous (unassisted) apnea and two HF-NIV–assisted attempts
with respiratory rate (RR) of 250/min and 500/min, in a
randomized sequence. The working pressure of the ventilator was
set to obtain a lung volume between the end-inspiratory lung
volume and the total lung capacity, and a mean airway pressure of
15 to 20 cm H2O, adapted according to volunteers’ comfort. To
minimize the risk of barotraumas, the ventilator safety pressure
relief valve was set at 40 cm H2O. Inspired oxygen fraction was
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100%. The test was interrupted on resumption of spontaneous
breathing or after 20 minutes of apnea. Chest and abdominal
motion bands were applied to obtain respiratory inductive
plethysmography, and a pneumotachograph and a pressure
transducer were inserted in the ventilator circuit (Embla N7000;
Embla Systems, Reykjavik, Iceland) to record ventilator’s flow and
pressure. Continuous transcutaneous capnography (TcCO2

) and
oxygen saturation (SpO2

) were recorded using a Digital Monitoring
System (SenTec, Therwil, Switzerland).

The duration of apnea was considered as the primary end
point, defined as a reduction of the respiratory inductive
plethysmography–derived flow (X flow) by 90% or more compared
with spontaneous breathing. Artifacts secondary to swallowing
movements, which briefly interrupt the ventilation delivery, were
excluded from the analysis. We used paired Wilcoxon tests to
compare measurements. The amplitude of the thoracic and abdominal
movements during each test were assessed computing the coefficient
of variation—defined as the ratio of the SD to the mean—of the values
measured by the thoracoabdominal motion bands.

HF-NIV with an RR of 250/min resulted in a median
apnea duration of 20:00 minutes (interquartile range [IQR],

11:16–20:00 min; in 7/10 participants the attempt was interrupted
after 20:00 minutes according to the study protocol), which was
significantly longer than the value obtained during unassisted
apnea (median, 2:16 min; IQR, 1:41–2:45 min; P = 0.002) and using
HF-NIV with RR 500/min (median, 5:16 min; IQR, 3:57–6:48 min;
P = 0.002) (Figure 1). The efficacy of HF-NIV at 250/min was
explained by an effective CO2 clearance, with median TcCO2

at the
end of the RR 250/min apnea trial being 0.8 mm Hg (IQR, 21.1 to
4.4 mm Hg) higher than the baseline value during spontaneous
breathing (P = 0.232). In fact, the delivered tidal volume of HFV
depends on the respiratory rate and was 54 ml (IQR, 52–57 ml) for the
RR 250/min trial. Contrarily, the tidal volume was 26 ml (IQR, 26–27
ml) during the RR 500/min test, and TcCO2

increased by 6.2 mm Hg
(IQR, 5.4–9.0 mm Hg; P, 0.01 compared with the baseline
value during spontaneous breathing), leading to respiration
resumption by the participant. SpO2

remained greater than or equal to
97% during all the HF-NIV tests. The very small tidal volumes
resulted in a significant reduction of the thoracic and abdominal
movements compared with spontaneous breathing (Figure 2).

In this pilot study, the application of HFV using a noninvasive
interface allowed a significant prolongation of apnea time in
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Figure 1. Apnea duration in the three test settings. Statistical analysis by paired Wilcoxon test; the horizontal dashes represent the median value. HF-NIV
250 = high-frequency noninvasive ventilation with respiratory rate at 250/min; HF-NIV 500 = high-frequency noninvasive ventilation with respiratory rate at
500/min; unassisted =maximal unassisted (spontaneous) apnea.
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Figure 2. Thoracic and abdominal movements according to the test settings. Boxes represent the interquartile ranges, the horizontal lines inside the
boxes represent the medians, and whiskers represent the 5th and 95th percentiles. *P, 0.01 versus thoracic coefficient of variation during spontaneous
breathing (SB) by paired Wilcoxon test; #P, 0.01 versus abdominal coefficient of variation during SB by paired Wilcoxon test. HF-NIV 250 = high-
frequency noninvasive ventilation with respiratory rate at 250/min; HF-NIV 500 = high-frequency noninvasive ventilation with respiratory rate at 500/min;
unassisted =maximal unassisted (spontaneous) apnea.
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awake healthy subjects compared with spontaneous apnea,
while preserving normal oxygen and carbon dioxide levels. The
technique was safe and well tolerated by all the study participants,
with dryness of the upper airways being the main reported
discomfort.

This present work, a systematic efficacy and safety evaluation
of the technique, enriches our group’s experience showing some
potential important clinical applications of HF-NIV in the fields of
thoracic magnetic resonance imaging and radiotherapy (3, 5). The
main finding is the relationship between PCO2 control and apnea
duration, both influenced by the set respiratory rate and the
resulting tidal volume. According to the HFV characteristics,
decreasing the RR resulted in an increase in tidal volume, which
increased the efficiency of ventilation. In fact, HF-NIV with an
RR of 250/min allowed us to obtain an apnea and a stable PCO2

lasting 20 minutes in 7 of 10 participants, whereas the remaining
3 participants showed an increasing PCO2 during the test and
resumed spontaneous breathing after 5:26 to 8:22 minutes. We
found no clinical characteristics allowing us to identify these
subjects in advance. An individual titration of the RR would
probably result in a better PCO2 control, but this was not planned in
our protocol.

Although very promising, our data should be considered
as preliminary, because we selected healthy subjects in this pilot
study. Furthermore, the use of HF-NIV is time consuming and
needs a team experienced with the technique, although the
participants did not require prior training to use the technique. The
use of HF-NIV in patients suffering from lung diseases and its
application during thoracic imaging and radiotherapy require
further research.

In conclusion, we demonstrate the safety, feasibility,
and good tolerability of HF-NIV to suppress respiratory motion
in nonsedated subjects. This work represents the basis for subsequent
studies, which should define its potential benefits in the different
thoracic imaging and treatment application fields. n

Author disclosures are available with the text of this letter at
www.atsjournals.org.

Acknowledgment: We thank Jean-William Fitting and Kathleen Grant for
their scientific support and constructive feedback.

Adam Ogna, M.D.
Maurizio Bernasconi, M.D.
Bastien Belmondo, Msc.P.T.
Olivier Long, Bs.P.T.
Julien Simons, Msc.P.T.
Nicolas Peguret, M.D.
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Eucapnic Voluntary Hyperpnea Testing in Athletes

To the Editor:

The recent letter from Price and colleagues (1) reporting on
their finding from a cross-sectional analysis of a cohort of
asymptomatic athletes undergoing eucapnic voluntary hyperpnea
(EVH) testing was of great interest. However, the authors’
definition of their cohort as “healthy” may not be completely
accurate. Despite acknowledging previous data on the lack of
correlation between self-reported symptoms and objective
testing, they chose to rely on symptoms as their gold standard for
diagnosis of exercise-induced bronchoconstriction (EIB) to refute
the positive EVH test (2). They provide no data on markers of
inflammation or other mechanistic studies to support either the
presence or absence of EIB in their population. Therefore, it is
difficult to know if their cohort was in fact “healthy” or not (2). The
study design also limits their interpretations, as there was no follow-
up information after treatment of EVH-positive athletes who may
underestimate their baseline symptoms or have other more subtle
manifestations of EIB than classic cough and dyspnea. They claim a
drop in EVH in athletes may be a “normative” airway response,
which is not consistent with previously published cross-sectional
data on negative EVH testing in athletes, which found only 4 of 144
positive EVH tests among a cohort of collegiate athletes, with many
exhibiting bronchodilation (3). Their recommendation to interpret
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