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beneﬁts of this approach to mechanical ventilation extend beyond
just those with acute lung injury (15). Lastly, elucidating the
mechanisms of brain injury in survivors of cardiac arrest that can be
modiﬁed by tidal volume (or other aspects of intensive care) may be a
critical step in identifying the most effective approaches to improving
cognitive outcomes after critical illness. A randomized trial of low tidal
volume ventilation in cardiac-arrest survivors, for example, would
ideally be designed with speciﬁc mechanisms of beneﬁt in mind. Thus,
prospective studies are now needed to examine potential mechanisms,
including inﬂammation, changes in PaCO2, and intrathoracic pressure
shifts, before large, deﬁnitive trials are undertaken. Until such data are
available, these important preliminary data suggest that low tidal
volume ventilation should be considered whenever possible, including
during the care of many patients recovering from cardiac arrest. n
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Not Just Oxygen? Mechanisms of Beneﬁt from High-Flow Nasal
Cannula in Hypoxemic Respiratory Failure
Supplemental inhaled oxygen has been used as a therapeutic agent
since the late eighteenth century and was used to treat acute
hypoxemia as early as 1887 (1). In the modern era, it is administered to
increase the alveolar partial pressure of oxygen (PO2) in the face of
impaired matching of pulmonary ventilation and perfusion. In nonintubated patients with acute hypoxemic respiratory failure (AHRF),
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the effect of supplemental oxygen may be limited if the patient’s
inspiratory ﬂow rate exceeds the ﬂow of delivered oxygen, resulting in
entrainment of ambient air.
Enter delivery of oxygen via a high-ﬂow nasal cannula (HFNC).
This newer mode of delivering supplemental oxygen at high ﬂows
(40–60 L/min) permits high FIO2; the gas is heated and humidiﬁed
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to avoid mucosal injury and patient discomfort, overcoming the
key problems of past use of high ﬂow rates. Since its recent entry into
clinical practice, HFNC has proven remarkably successful. In a
landmark trial of patients with AHRF, HFNC (compared with either
standard oxygen therapy or noninvasive ventilation [NIV]) was
associated with reduced mortality risk, higher ventilator-free days, and
reduced risk of intubation in the subset of patients with moderate or
severe hypoxemia (PaO2:FIO2 ,200 mm Hg) (2). Subsequent large
clinical trials have found that HFNC can prevent post-extubation
respiratory failure (3) and may be superior to NIV in managing acute
respiratory failure in immunocompromised patients (4). Because of its
remarkable apparent clinical beneﬁt, considerable attention has been
devoted to understanding the mechanisms of action of HFNC.
There are a number of mechanisms by which HFNC could
improve clinical outcomes (Figure 1): (1) washout of anatomic dead
space and improved gas mixing in large airways (5); (2) heating and
humidiﬁcation of inhaled gas (6); (3) high nasal inspiratory ﬂow; (4)
generation of positive airway pressure (2–4 cm H2O) that results in
increased end-expiratory lung volume (7); and (5) increased alveolar
PO2 (as discussed previously). Consistent with these ﬁndings, HFNC
improves oxygenation and reduces respiratory rate and inspiratory
effort in patients with AHRF (2, 8, 9). Positive pressure may also reduce

expiratory diaphragm loading (10), possibly preventing injurious
eccentric diaphragm contractions (11). Based on these mechanisms, it is
reasonable to hypothesize that HFNC improves patient outcomes by
increasing oxygenation and acting on mechanisms believed to cause
acute lung injury and/or diaphragm injury (Figure 1).
This hypothesis is supported by important new observations
of the physiological effects of HFNC described by Mauri and
colleagues (pp. 1207–1215) in this issue of the Journal (12). In a
rigorously designed crossover trial comparing HFNC (40 L/min) to
“standard” oxygen therapy (12 L/min) in patients with acute
hypoxemia, they found that HFNC was associated with reduced
inspiratory effort, lower respiratory rates and prolonged
expiratory times, reduced minute ventilation with stable arterial
PaCO2, and improved oxygenation. They also reported that HFNC
improved dynamic compliance, raised end-expiratory lung
volume in both dependent and nondependent lung regions,
and increased transpulmonary pressures while reducing
transpulmonary driving pressure. These latter ﬁndings suggested
that HFNC might reduce stress and strain within injured lungs.
This study did not precisely deﬁne how HFNC exerts these
effects, and certain limitations to interpretation should be noted.
As the authors pointed out, the reduction in respiratory rate and

Figure 1. Mechanisms of action of high flow nasal cannula (HFNC) in acute hypoxemic respiratory failure. HFNC exerts a range of important and
interdependent physiological effects on a variety of factors that may determine clinical outcomes for patients with acute respiratory failure. VILI = ventilatorinduced lung injury; V/Q = ventilation/perfusion; WOB = work of breathing. Illustration by Jacqueline Schaffer.
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minute ventilation might be attributable to more efﬁcient CO2
clearance or reduced respiratory muscle metabolism, or both. The
improvement in dynamic compliance might arise from improved
lung mechanics (possibly consequent to lung recruitment)
or from the inspiratory pressure support derived from high
inspiratory ﬂow, or both. We cannot deﬁnitively conclude that the
increased end-expiratory lung volume and higher transpulmonary
pressures signiﬁed recruitment of collapsed alveolar units rather
than mere inﬂation of previously open alveolar units.
The observed improvement in gas exchange was consistent
with alveolar recruitment, but the higher PaO2 might have been
due to less entrainment of room air. Because of the potential
mechanistic importance of alveolar recruitment in AHRF, it
would have been helpful to work out how much the increased FIO2
contributed to improved oxygenation. For example, this might have
been accomplished by titrating the FIO2 to ensure that pharyngeal
PO2 was similar in both groups before measuring PaO2. These
limitations do not detract from the signiﬁcance of the ﬁndings. It is
possible that all of the mechanisms listed in Figure 1 are important
to varying degrees among patients.
Are the physiological effects of HFNC documented by
Mauri and colleagues responsible for its putative impact on
clinical outcomes? It is impossible to know for sure; mechanistic
studies, however beautifully conducted, generally delineate the
mechanisms that the investigator sets out to study, not the whole
range of potential mechanisms of beneﬁt. Nevertheless, these ﬁndings
are in accord with the growing appreciation for the importance of
ventilation-induced lung injury and load-induced diaphragm injury in
spontaneously breathing patients with AHRF. The stress and strain
applied to the lung by the strenuous exertions of the respiratory
muscles—recently delineated as patient self-inﬂicted lung injury
(13)—and the potentially injurious respiratory load applied to the
fragile septic diaphragm (14, 15) may result in injury to the patient
before intubation. A number of physiological effects of HFNC would
intervene on both of these mechanisms to prevent injury and
accelerate recovery (Figure 1).
Why are studies that examine physiological mechanisms
underlying treatment effects important? First, by advancing our
understanding of how a treatment works, they help us better
understand the disease process itself. If HFNC improves outcomes,
then at least one of the mechanisms affected by HFNC has an
important impact on outcome (possibly all). Second, mechanistic
studies may suggest approaches to improve the therapy. For example, if
decreased entrainment of room air is the key mechanism, then other
approaches, such as helmet NIV or other innovative methods, may
prove useful. Third, as described by Mauri and colleagues, the effect
of HFNC varies considerably among patients. A better understanding
of the underlying mechanisms may help identify patient subgroups
most likely to beneﬁt from HFNC. In these patients, HFNC should
perhaps be initiated early in the clinical course. Similarly, such insights
may help identify patients most likely not to respond to HFNC. This is
important because outcomes in patients in whom HFNC fails are poor
(possibly due to delayed intubation) (16). Perhaps the monitoring tools
used by Mauri and colleagues (esophageal pressure, electrical
impedance tomography) may prove useful to help with such clinical
decisions.
The authors of this study have shown how much may be
learned from the careful, rigorous application of physiological tools
at the bedside. In this age of molecular medicine, big data, and
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genomics, there is still a major role for physiology in the care of our
most critically ill patients. n
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Elementary, My Dear Watson! The Accumulating Evidence for the Lung
Clearance Index in Monitoring Early Cystic Fibrosis Lung Disease
With the advent of universal newborn screening for cystic ﬁbrosis
(CF) and the development of CF transmembrane conductance
regulator (CFTR) modulator therapies, the focus of disease
management in young children with CF has turned toward primary
prevention—arresting disease before signiﬁcant symptoms or
deterioration have occurred (1). With this shift has arisen a need
for more sensitive and feasible measures of pulmonary function in
the infant and preschool age group. Interest in the lung clearance
index (LCI), measured by multiple-breath washout (MBW) testing,
has surged in recent years. LCI is more sensitive than FEV1 in
identifying children with CF, better correlates with bronchiectasis
on chest computed tomography scan and inﬂammation on
bronchoalveolar lavage (2, 3), and preschool LCI correlates with both
LCI and FEV1 at school age (4, 5). The majority of studies performed
using LCI to date have been in older children and involved crosssectional measures. In this issue of the Journal, Stanojevic and
colleagues (pp. 1216–1225) have taken a simple, elegant approach to
investigating the utility of LCI as a longitudinal measure of disease
progression in preschool children (6). Their results strongly support
the use of LCI as a clinical trial endpoint in preschool children with
CF and further the case for its use in clinical care as well.
Stanojevic and colleagues enrolled 78 preschool children with
CF and, critically, 72 healthy control subjects in a multicenter study,
performing MBW and spirometry at enrollment and 1, 3, 6, 9, and
12 months, to mimic both common time points in clinical research
and routine visit schedules in CF clinical practice (6). Conﬁrming
prior cross-sectional studies, both LCI and FEV1 were signiﬁcantly
different in children with CF compared with healthy control
subjects at enrollment, though LCI was far more likely to be in the
abnormal range. The critical new ﬁnding from this longitudinal
study was that LCI signiﬁcantly worsened over time in the CF
group but did not change in the healthy control subjects, whereas
FEV1 did not decline signiﬁcantly in either group. These results
indicate that LCI can track disease progression in young patients
with mild disease, and FEV1 cannot. The slope of LCI with age
remained signiﬁcant even when measures in the CF group were
restricted to those children asymptomatic at the time of testing.
Furthermore, older age at enrollment, history of growth of
Staphylococcus aureus, chronic use of inhaled antibiotics (a proxy
for infection with Pseudomonas aeruginosa), and history of
multiple hospitalizations for pulmonary exacerbation were
associated with elevated (worse) LCI at enrollment. LCI and FEV1
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z score were weakly correlated at each study visit, although FEV1
z score remained within normal limits for the majority of children
with CF throughout the study.
The second major ﬁnding from the study was that LCI was
elevated in patients who were experiencing a pulmonary
exacerbation, reﬂecting acute worsening of lung disease. Among
patients with CF but not healthy control subjects, both cough and
pulmonary exacerbations (deﬁned as cough plus treatment with
oral antibiotics) were associated with a worse LCI; nasal symptoms
alone were not. In contrast, both upper and lower airway symptoms
were associated with a lower FEV1 in both patients with CF and
healthy control subjects, suggesting that FEV1 is less discriminatory
than LCI in detecting acute worsening in lung disease. Further
study is needed to investigate the role LCI might play in the
management of respiratory infections in preschool children with
CF, particularly in determining need for antibiotics for pulmonary
exacerbation. Interestingly, among children with CF, occurrence
of pulmonary exacerbation and higher baseline LCI were
signiﬁcant predictors of an elevated LCI, but an elevated LCI did
not predict future pulmonary exacerbations.
This study adds to the growing body of literature supporting the
use of LCI as an outcome measure in research studies, particularly in
young children and those with mild disease. As CFTR modulators
begin to be studied in preschool children, such outcome measures
are of paramount importance. This study provides an estimate of the
slope of LCI over time, its between- and within-subject variability,
and the effect of pulmonary exacerbations on the measure,
providing invaluable data for the planning of future clinical trials.
Feasibility of both MBW and spirometry was high and improved
with subsequent testing visits; this measure can be considered in
studies of children as young as 2.5 years of age.
Although this study continues to advance the cause for
adoption of MBW in CF, issues still remain, particularly regarding
use of MBW testing in clinical care. Perhaps the most important
limitation to the widespread adoption of MBW testing is the lack of
normative data for LCI, particularly in the pediatric population and
with nitrogen washout. Reference data must be gas- and devicespeciﬁc, if not institution-speciﬁc, as the impact of dead space (and
how to account for this in calculations of LCI and FRC) and syncing
of ﬂow and gas signals have yet to be fully answered (7–11). The
authors of this study modiﬁed commercially available supplies to
minimize dead space, limiting generalizability. The Exhalyzer D
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