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Objectives: Reduction of breathing variability is associated with adverse outcome. During
mechanical ventilation, the variability of ventilatory pressure is dependent on the ventila-
tory mode. During neurally adjusted ventilatory assist (NAVA), the support is proportional
to electrical activity of the diaphragm (EAdi), which reflects the respiratory center output.
The variability of EAdi is, therefore, translated into a similar variability in pressures. Con-
trastingly, conventional ventilatory modes deliver less variable pressures. The impact of
the mode on the patient’s own respiratory drive is less clear. This study aims to compare
the impact of NAVA, pressure-controlled ventilation (PCV), and pressure support ventila-
tion (PSV) on the respiratory drive patterns in infants. We hypothesized that on NAVA, EAdi
variability resembles most of the endogenous respiratory drive pattern seen in a control
group.

Methods: Electrical activity of the diaphragm was continuously recorded in 10 infants ven-
tilated successively on NAVA (5 h), PCV (30 min), and PSV (30 min). During the last 10 min
of each period, the EAdi variability pattern was assessed using non-rhythmic to rhythmic
(NRR) index. These variability profiles were compared to the pattern of a control group of
11 spontaneously breathing and non-intubated infants.

Results: In control infants, NRR was higher as compared to mechanically ventilated infants
(p < 0.001), and NRR pattern was relatively stable over time. While the temporal stability
of NRR was similar in NAVA and controls, the NRR profile was less stable during PCV. PSV
exhibited an intermediary pattern.

Perspectives: Mechanical ventilation impacts the breathing variability in infants. NAVA pro-
duces EAdi pattern resembling most that of control infants. NRR can be used to characterize
respiratory variability in infants. Larger prospective studies are necessary to understand
the differential impact of the ventilatory modes on the cardio-respiratory variability and to
study their impact on clinical outcomes.

Keywords: pediatric intensive care, mechanical ventilation, neurally adjusted ventilatory support, diaphragm,
children

INTRODUCTION
Breathing is a cyclic activity with inspiratory and expiratory
phases, which is not monotonous (1–3). Priban (4) has shown
in 1963 that respiration is extremely variable. While it is almost
impossible to observe two spontaneous breaths with exactly the
same characteristics, breathing is not random either. Respiratory
variability is an intrinsic property of breathing and reflects the
degree of freedom of the respiratory control system (5, 6). A low
respiratory variability is associated with pathological conditions
in adults (7, 8) and in infants (9). During mechanical ventilation,

respiratory variability alteration may have an important impact on
alveolar recruitment, oxygenation, and diaphragmatic dysfunction
(10–14). A low respiratory variability is predictive of mechanical
ventilation weaning failure (15–17) and mortality (18).

Neurally adjusted ventilatory assist (NAVA) is a recent ventila-
tory mode (19) during which the assist pressure is proportional
to the electrical activity of the diaphragm (EAdi), which directly
reflects the activity of the neural respiratory command (20, 21).
In contrast to monotonous ventilation delivered by more conven-
tional ventilatory modes, such as pressure-controlled ventilation
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(PCV), pressure support ventilation (PSV), or volume-controlled
ventilation (VCV), the variability of pressure and tidal volume is
higher during NAVA (11, 22–24). NAVA permits to transmit the
variability of the respiratory center demand into pressure (and
volume) variability (11, 22, 23). While different ventilatory modes
have markedly different impact on the variability of the ventila-
tory pressure or flow, the impact of these modes on the patient’s
own breathing activity and variability is not clear (11, 23). In a
study conducted in 10 infants, we observed similar coefficients of
variation of inspiratory EAdi during NAVA ventilation as com-
pared to PCV and PSV, while the coefficients of variation for
ventilatory pressure were strikingly different (23). Assuming that
coefficients of variation may be insufficient to capture the non-
linear properties of the signal at different time scales and hence
fail to discriminate the groups, we sought to investigate the effects
of NAVA on endogenous respiratory drive using more advanced
techniques capturing variability.

The synchrosqueezing transform method, and in particular
the related non-rhythmic to rhythmic (NRR) index, has recently
emerged as a new method to analyze respiratory variability with
a great robustness to noise and to short duration of evaluation
period (25–27).

The aim of this study was to characterize the variability of
the respiratory center activity (reflected by EAdi) in infants using
NRR, and to assess the impact of different ventilatory modes on the
variability pattern. We hypothesized that on NAVA, EAdi variabil-
ity will resemble most the endogenous respiratory drive patterns
seen in the control group.

MATERIALS AND METHODS
This retrospective analysis included patients from two previous
studies performed in the pediatric intensive care unit (PICU) of
Sainte-Justine Hospital, Montreal, Canada. One study was con-
ducted during mechanical ventilation with three different venti-
latory modes (23) and one study was conducted in infants spon-
taneously breathing after tracheal extubation (28). This post hoc
analysis (Number # 3959) and the two previous studies (# 2537 and
3113) were approved by the Ethics Committee of Sainte-Justine
Research Center. Written informed consent was obtained from
the parents or guardian prior to inclusion in the initial studies.

PATIENTS
In the two studies, children <12 months old admitted to the
PICU and requiring invasive mechanical ventilation for more than
24 h were eligible. For both studies, the exclusion criteria were
chronic respiratory insufficiency, tracheostomy, pneumothorax,
degenerative neuromuscular disease, bleeding disorders, vasoac-
tive drug infusion, cyanotic congenital cardiovascular disease,
diagnosed phrenic nerve damage, esophageal perforation, high
frequency oscillatory or jet ventilation, contraindication to change
nasogastric tube, and parental refusal.

STUDY PROTOCOL
Electrical activity of the diaphragm signal was recorded using a
specific nasogastric tube (NAVA catheter, Maquet, Solna, Swe-
den) and a dedicated Servo I ventilator (Maquet, Solna, Swe-
den) as previously described (23, 28–30). The ventilatory pressure

was simultaneously recorded from the ventilator in mechanically
ventilated patients. The sampling rate was 62 Hz for both signals.

In the mechanical ventilation group, infants (n= 10) were
recorded consecutively in three ventilatory modes: NAVA for 5 h,
PCV for 30 min, and PSV for 30 min (23). The last 10 min in
each mode were analyzed; the three consecutive recordings were,
therefore, obtained within a period lasting about 70 min. A longer
phase of ventilation was obtained with NAVA because this was one
of the first studies evaluating NAVA in children, and we wanted to
observe the behavior during this mode for several hours.

In the spontaneously breathing group (control group), infants
(n= 11) who had recovered from a mechanical ventilation period
were recorded during spontaneous ventilation in stable condi-
tions, i.e., in the 2 h prior to PICU discharge, or when the removal
of the EAdi catheter was planned because respiratory status was
normal. The median (interquartile) time between extubation and
recording was 24 [12–36] h. No data on ventilatory pressure were
available in this group, since no ventilatory support was provided.

VARIABILITY ANALYSIS
The NRR index (25) was used to describe the variability of EAdi
and ventilatory pressure signals based on the synchrosqueezing
transform. The power spectrum and its underlying mathematical
model do not take into account the momentary behavior of the
oscillatory pattern of a given signal (31, 32). For example, the vari-
ability of the momentary breathing rate is ignored in the power
spectrum analysis. This fact renders the power spectrum unsuit-
able for analyzing variability of EAdi signals under the control of
different ventilator modes. Synchrosqueezing transform is a mod-
ern signal processing technique aiming to capture this momentary
behavior – the quantities amplitude modulation and instanta-
neous frequency in the model analyzed by the synchrosqueezing
transform capture how large/small and how fast/slow the peri-
odic pattern inside EAdi signals repeats itself at each observation
moment. We call a periodic pattern with slowly varying ampli-
tude modulation and instantaneous frequency rhythmic, and the
other patterns non-rhythmic; in other words, if the periodic pat-
tern changes slowly as time goes by, we call the signal rhythmic.
The NRR index quantifies how rhythmic the signal is; the higher
the NRR index is, the more variable the signal is. We refer the
reader to Ref. (25) for details of NRR and Ref. (26, 33) for the
theoretical derivation of these indices.

As the optimal time window to analyze respiratory signals with
NRR is not established and taking advantage of NRR’s ability to
estimate variability at relatively short time scales, we calculated the
NRR using two time scales: 10 min (the whole recorded period)
and 2 min (rendering 5 intervals per patient). For each patient,
the mean value and the standard deviation (SD) of the five 2 min
period NRRs were calculated. The stability of the 2-min NRR over
time was estimated with intra-patient coefficients of variation (SD
divided by the mean).

STATISTICAL ANALYSIS
Group data are reported as median [25th–75th percentiles] unless
otherwise specified. All statistical analyses were conducted using
SPSS software (Version 22, IBM SPSS Statistics, IBM Corpora-
tion, Armonk, NY, USA). Generalized estimating equations (GEE)
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modeling approach was used to assess the effects of different modes
of ventilation while accounting for time effect and Paw (34). We
used a linear scale response model with time and ventilation group
as predicting factors and pressure variability as a covariate to assess
their main effects and interactions using maximum likelihood
estimate and Type III analysis with Wald Chi-square statistics.
Friedman’s test or Wilcoxon’s test were used to assess differences
between ventilatory modes (non-parametric paired sample). A
p-value below 0.05 was considered significant.

RESULTS
POPULATION CHARACTERISTICS
Ten infants were analyzed in the mechanical ventilation group and
11 infants in the control group. For the entire population, the
median age was 3 [1–5] months and the weight 4.8 [3.7–5.9] kg.
The main characteristics of each group are presented in Table 1.
The baseline characteristics were similar among the groups except
for smaller body weight in the control group (p= 0.04).

Table 1 | Baseline characteristics of the patients in the mechanical

ventilation and the control groups.

Mechanical

ventilation (n = 10)

Control

(n = 11)

Age (months) 4.5 [2.5–4.7] 1.5 [1–3]

Weight (kg) 5.7 [4.8–6.7] 3.9 [3.5–5.0]a

Male gender 4 (40) 4 (36)

Admission FiO2 0.35 [0.30–0.39] 0.35 [0.30–0.35]

Admission diagnosis

Bronchiolitis 3 (30) 5 (45)

Pneumonia 1 (10) 2 (18)

Post surgery 4 (40) 1 (9)

Sepsis 0 (0) 2 (18)

Other 2 (20) 1 (9)

Data are expressed as median [25th–75th percentile] or number (percentage).
ap < 0.05.

The clinical status and the ventilatory settings in the different
recording conditions are detailed in Table 2. The control group
patients had a higher respiratory rate than mechanically venti-
lated infants (p < 0.05). The peak EAdi was significantly lower in
PCV as compared to NAVA and control groups (p < 0.05).

RESPIRATORY VARIABILITY
The NRR indices for EAdi and ventilatory pressure in the different
ventilatory conditions are reported in Figure 1.

Pressure variability
The pressure variability NRR was higher during NAVA than during
PCV (0.36 [0.11–0.58] vs.−0.08 [−0.12–0.04]; p= 0.013), reflect-
ing a higher proportion of NRR components, i.e., an increased
variability. The difference between PSV and NAVA for pressure
variability was not significant (p= 0.11). There was no time scale
effect on the pressure variability analysis with NRR: the NRR
indices calculated from 2-min or 10-min periods were similar.

EAdi variability
On 10-min time scale, the NRR for EAdi signals were higher in
the control group infants as compared to patients with mechan-
ical ventilation (Figure 1, p < 0.0001, with significant differ-
ences between control and each ventilatory mode). No signifi-
cant difference was observed between the three ventilatory modes
(p= 0.40).

On 2-min time scale, the impact of the ventilatory condi-
tion was less apparent (Figure 1). However, the 2-min windows
revealed intra-individual temporal variability of NRR. A represen-
tative example of variability profile and NRR changes over time
for ventilatory pressure and EAdi is illustrated in Figure 2. The
pattern of NRR variability for EAdi for the group is provided in
Figure 3, with statistical summary.

No correlation was observed between the age and NRR calcu-
lated on 10- or 2-min periods in the entire study group, as well as
in the control group only (all R2 < 0.02, all p > 0.7).

Generalized estimating equations showed that the time, the
interaction between ventilatory mode and time, and the inter-
action among ventilatory mode, time, and pressure NRR were

Table 2 | Clinical and ventilatory characteristics during the recordings.

Mechanical ventilation group Control group

NAVA PCV PSV

Clinical parameters

Heart rate, bpm 130 [128–140] 131 [129–143] 126 [118–141] 147 [135–165]

SpO2,% 100 [99–100] 99 [99–100] 100 [100–100] 99 [98–100]

Ventilatory parameters

Inspiratory pressure, cmH2O 18 [14–20] 16 [15–17] 16 [15–20] NA

PEEP, cmH2O 5 [5–5] 5 [5–5] 5 [5–5] NA

Tidal volume, ml/kg−1 8.5 [7.3–11.4] 7.3 [6.9–8.5] 8.3 [6.8–11.5] NA

Peak EAdi, µV 15.6 [5.6–18.2] 7.1 [4.3–10.5]a 6.3 [4.8–15.6] 18.0 [11.6–23.4]

EAdi respiratory rate, bpm 43 [40–49] 38 [37–41] 48 [41–54] 72 [62–80]b

Data are reported as median [25th–75th percentile].

SpO2, Oxygen saturation; PEEP, positive end-expiratory pressure; EAdi, electrical activity of the diaphragm.
aSignificant difference between PCV and control and between PCV and NAVA (p < 0.05).
bSignificant difference between control and each ventilatory mode (p < 0.05).
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FIGURE 1 | Non-rhythmic to rhythmic (NRR) index for electrical activity
of the diaphragm [EAdi (A)] and ventilatory pressure (B) signals,
calculated over 10 min (blue bars) or 2 min (red bars) periods in infants
without ventilatory support (control) and during mechanical ventilation
in neurally adjusted ventilatory assist (NAVA), pressure support

ventilation (PSV), and pressure-controlled ventilation (PCV). Note that
time scale of assessing variability using NRR index has an effect on
estimating EAdi variability (p=0.03), but not on estimating the ventilator
pressure variability (p=0.44). NRR, arbitrary units. Data are presented as
median [25–75%]. *p < 0.01 in pairwise comparison.

significant factors predicting EAdi NRR (p < 0.0001, Table 3;
Figure 3A). The impact of the ventilatory modes in the afore-
mentioned interaction was significant in each case (i.e., NAVA vs.
PSV, NAVA vs. PCV, and PSV vs. PCV, all p < 0.001).

The intra-individual temporal NRR variability was also quan-
tified using coefficients of variation of NRR, which were affected
by the ventilatory condition (p < 0.01, Figure 3B). While the vari-
ability of NRR was low in the control group (CV 22% [13–28])
and during NAVA (28% [27–60], p= 0.33 vs. control), the CVs
were 42% [27–60] during PSV (p= 0.09 vs. control), and 63%
[35–279] during PCV (p= 0.02 vs. control).

DISCUSSION
Our results confirm that the mechanical ventilation influences
the variability of the respiratory command. Normally breathing
infants exhibited relatively high respiratory variability (as assessed
by NRR), but this variability pattern seems rather stable over time.
All ventilatory modes were associated with lower variability as
compared to non-intubated patients. While the stability of NRR
was similar in NAVA as compared to controls, the variability pat-
tern was less stable during PCV, and PSV exhibited an intermediary
pattern. Moreover, this physiological study is the first to evaluate
respiratory variability using NRR in a pediatric population.

Physiological variability is an essential property of living sys-
tems that allows the adaptation to internal and external con-
straints. The variability pattern reflects this adaptability. The loss
of variability usually reflects a loss in the degrees of freedom of
the complex system. Decreased respiratory variability in critically
ill adult patients has been shown to be predictive of poor outcome
(15, 17) and even mortality (18). Variability is not random and
seems to be organized around a physiological balance (11). For
this reason, we decided to compare the respiratory variability of
ventilated children to a control group. This allowed us to appreci-
ate baseline physiological fluctuations in normal breathing pattern
and to evaluate the impact of mechanical ventilation.

The mechanical ventilation has an impact on the patient’s
breathing. In particular, the ventilatory assist can elicit the Her-
ing Breuer reflex resulting in prolonged expiration, or interrupted
inspiratory time (35). The ventilatory support also influences the
magnitude of the patient’s own respiratory effort through a nega-
tive feedback (28, 36, 37). The impact of mechanical ventilation on
the variability pattern of respiration has seldom been studied in
comparison to non-supported patients. We previously observed
in neonates that mechanical ventilation was associated with a
markedly blunted variability of the functional residual capacity
(9). In the present study, we confirm that mechanical ventilation
decreases the respiratory variability,as illustrated by the lower NRR
component in the EAdi signals in the three ventilatory modes as
compared to control infants.

Due to the relatively monotonous ventilatory modes commonly
deployed in intensive care, and in light of the adverse outcomes
associated with decreased respiratory variability, the impact of the
ventilatory modes on the variability has been a matter of con-
cern. Biologically variable ventilation has been developed in order
to artificially reintroduce variability in the ventilatory volumes
and timing. Experimental data suggest that it could permit to
improve lung recruitment and oxygenation, but the experience
in clinical practice is very limited (13, 38). The NAVA mode is a
recently introduced ventilatory mode that also has the potential
to improve variability. Indeed, in NAVA, the ventilator delivers a
pressure support that is synchronized and proportional in ampli-
tude with EAdi. EAdi is a reliable reflection of the ventilatory
demand of the respiratory center, and it contains a natural vari-
ability (20). Under NAVA, the EAdi variability is translated into
variability of ventilatory pressure and timing. This theoretical con-
cept has been confirmed in adults (11, 22) and in infants (23, 24).
While it is clear that the variability in ventilatory pressure and
timing is improved with NAVA as compared to the more monot-
onous ventilatory modes (11, 22–24), the impact on the patient’s
own respiratory pattern is less clear. In critically ill adult patients,
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FIGURE 2 | Representative example of the variability of non-rhythmic
to rhythmic (NRR) index for electrical activity of the diaphragm (EAdi,
left panels) and pressure (right panels) over 5 min in an infant during
mechanical ventilation in neurally adjusted ventilatory assist (NAVA),
pressure support ventilation (PSV), and pressure-controlled ventilation
(PCV), and in a spontaneously breathing infant (control, with only EAdi
signal). In each panel, the original signal is displayed in the upper part of the
box (the signal on the EAdi column is the log 10 of the original EAdi signal),

the time-varying power spectrum (the time–frequency representation
determined by synchrosqueezing transform) is continuously represented on
a vertical axis (gray distribution), and the piecewise constant blue dotted
lines represent the NRR shifted up by 1.3 for the corresponding 2 min
intervals. Note that the more rhythmic the oscillation is, the smaller the NRR
value becomes. Also note the change in power spectra of both pressure and
EAdi at the end of the PCV recording, which is translated into an increase in
NRR.
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FIGURE 3 | (A) Variation of non-rhythmic to rhythmic (NRR) index during
the five consecutive 2-min periods for electrical activity of the diaphragm
(EAdi) signal in infants without ventilatory support (control) and during
mechanical ventilation in neurally adjusted ventilatory assist (NAVA),

pressure support ventilation (PSV), and pressure-controlled ventilation
(PCV). NRR EAdi, arbitrary units. (B) Corresponding intra-patient
coefficients of variation (CV) of NRR for EAdi signal. Median [25–75%].
*p < 0.05 vs. control.

Schmidt et al. (11) characterized the variability pattern of ven-
tilatory flow and EAdi in NAVA and PSV. While they confirmed
an increased variability and complexity of flow in NAVA, they did

not find any difference for EAdi variability pattern. Delisle et al.
(22) also described the variability pattern of volume, flow, and
EAdi during NAVA and PSV in adults. Based on the coefficients of
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Table 3 | Generalized estimating equations model for NRR EAdi

estimated on 2-min time scale.

Variables Wald chi-square df Significance

(Intercept) 31.8 1 <0.001

Time 15.2 4 <0.005

Ventilatory mode 3.2 2 0.198

Time * Vent. mode 2020 8 <0.001

Time * Vent. mode * NRR pressure 582.8 9 <0.001a

Vent. mode, ventilatory mode; df, degree of freedom.
aIn subgroup comparisons, this interaction was significant for each between group

comparison, i.e., NAVA vs. PSV, NAVA vs. PCV, and PSV vs. PCV (all p < 0.001).

variation, they reported increased variability pattern for volume
and flow with NAVA. However, the coefficients of variation for
EAdi were superior in PSV during the sleep stage 1–4 (non-REM),
and showed no difference in REM sleep. Interestingly, during non-
REM sleep phases, PSV was associated with a higher incidence of
apneas, and an oscillatory pattern with episodes of over-assistance
followed by apneas was observed in PSV. This may explain the
increased coefficients of variation of EAdi in PSV during these
periods, while in NAVA the intrinsic feedback prevented over-
assistance and apneas, and the coefficient of variation was lower.
This illustrates the equilibrium that should be targeted with suffi-
cient but not excessive variability. In pediatric patients, ventilatory
pressure and volume were found more variable during NAVA than
PSV or PCV (23, 24). However, no difference in EAdi variabil-
ity pattern was observed in these pediatric studies, based on the
coefficient of variation.

On the theoretical basis that the patient’s respiratory centers are
exposed to different feedback depending on the ventilatory mode
and its delivered pressure variability and well-known non-linear
nature of the respiratory activity (11), we hypothesized that the
non-linear properties of the breathing pattern were differentially
influenced, i.e., in a way that was not tracked by the coeffi-
cients of variation. We, therefore, used the NRR index to describe
the respiratory variability. NRR is based on synchrosqueezing
transform, which is a novel time–frequency analysis technique
originally introduced in order to analyze speech signals. With syn-
chrosqueezing transform, instantaneous frequency and the ampli-
tude modulation can be accurately estimated from relatively short
time intervals and synchrosqueezing transform is robust to differ-
ent types of noise (27). NRR index captures the temporal dynamics
of the respiratory oscillations. In addition to the rhythmicity as the
key ingredient, NRR also captures another local information hid-
den inside the signal, for example, how breathing evolves from one
cycle to the next. In a nutshell, it takes into account not only the
instantaneous frequency and the amplitude modulation but also
the cycle to cycle temporal evolution. Instantaneous frequency and
the amplitude modulation were previously used to predict wean-
ing success in adult with a ROC area under curve of 0.76 and with
only 3 min of respiratory data when conventional analysis tools
required more than 30 min signal (27). NRR index was also applied
to evaluate the heart rate variability, which was shown to be well
correlated with the anesthesia depth and predicted well the first

response after the termination of anesthesia (25). In the present
study, the NRR analysis confirmed the overall lower variability of
EAdi during mechanical ventilation as compared to the control
group. While NAVA seems associated with a higher NRR, the dif-
ference among the ventilatory modes was not significant and larger
studies will be needed to draw definitive conclusions. Importantly,
we observed that time scale of observation is an important factor
in estimating NRR of EAdi variability. No optimal time scale is
known a priori. While the 10-min interval is helpful in assessing a
global pattern and probably better captures the temporal evolution
aspects of the respiratory variability reflected in the NRR, shorter
time intervals permit to study the fluctuations in the EAdi vari-
ability pattern, as illustrated in Figure 2. We observed that during
normal breathing, NRR indices were relatively high but exhibited
little variations (i.e., low coefficient of variation of NRR). This
means a relatively “regular variability.” Interestingly, these tempo-
ral NRR fluctuations were similarly small in NAVA. Contrastingly,
PCV was associated with relatively low NRR and higher coefficient
of variation of NRR, thereby reflecting an “irregular variability.” A
trend for higher coefficient of variation of NRR on PSV (p= 0.09
as compared to controls) suggests that the variability on PSV could
also be more irregular than in controls and on NAVA. This finding
parallels the observations by Delisle et al. (22) and requires larger
cohorts to be validated.

The reduction of the perturbation of the ventilatory drive may
have potential clinical benefits, which should be assessed in future
studies. This may decrease the incidence of apneas or hypoven-
tilation episodes (22, 39), improve the patient’s comfort during
ventilation, and ameliorate the quality of sleep (22) in critically ill
children.

Our study has several limitations. It is a retrospective study
based on post hoc analysis. The duration of the recordings was rel-
atively short and the patient sample size was small, in line with this
being a pilot study. The sleep status was not recorded. The patients
were selected from two previous studies with similar inclusion cri-
teria, but the two groups were slightly different. In particular, the
control group patients tended to be younger, although this differ-
ence was not statistically significant (p= 0.07). The younger age
may be an important factor as it can be associated with a relatively
more periodic breathing, which could influence our variability
analysis. Although we did not observe any association between age
and NRR, we cannot exclude that this has been a confounding fac-
tor. The control group included spontaneously breathing infants
with no need for ventilatory support, but they had recovered from
a period of mechanical ventilation in PICU. They should not be
considered “healthy controls,” but rather represent stable recover-
ing patients. The mechanically ventilated group included patients
able to maintain spontaneous ventilation together with their ven-
tilatory assist. The results do not reflect the conditions of patients
deeply sedated or with a full ventilatory support. Reflecting the
usual PICU patients, the population in this study was somewhat
heterogeneous with a variety of clinical diagnoses. This hetero-
geneity may have diluted the effect of the ventilatory modes on
the breathing variability, provided the response to the ventilatory
mode depends on the patient’s condition. The limited sample size
did not permit to conduct subgroup analysis, which requires future
investigations in prospective cohorts. After the ventilatory mode
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changes, a 20 min “washout” period was allowed before analyzing
the respiratory variability. The optimal duration for reaching an
equilibrium is not known, although the change in variability pat-
tern appears extremely rapid (a few seconds) in clinical practice.
Other studies have used 10 min“washout”periods in adults (11) as
in infants (24). Of note, relatively similar findings on respiratory
variability have been observed using periods of 4 h (22) or 10 min
(11). Using 20 min period permitted a balance between the time
to equilibrate and the total study duration.

Importantly, although the association between the loss of vari-
ability and adverse outcome has been repeatedly reported (15, 17,
18), a confounding association with the underlying pathology is
highly possible, as discussed above. Only studies with interven-
tional design will permit to assess the clinical impact of variability
restoration.

CONCLUSION
Non-rhythmic to rhythmic permits to characterize the variability
pattern of the respiratory drive in infants with or without ven-
tilatory support. In normally breathing infants, NRR was higher
and with little variation, as compared to mechanically ventilated
infants. However, this finding should be considered as exploratory,
as it is based on a post hoc analysis and some baseline character-
istics differed between the two groups. Although NAVA seemed
to have the smallest impact on the variability pattern of the ven-
tilatory demand, the differences with the other modes reached
significance on some, but not all time scales of observation. Fur-
ther studies are necessary to confirm these findings and study their
impact on important clinical outcomes, in particular on the inci-
dence of apneas and on the improvement of comfort and sleep
quality.

AUTHOR CONTRIBUTIONS
Florent Baudin contributed to data analysis, interpretation of
results, and development of the manuscript. Hau-Tieng Wu con-
ducted all NRR analysis, contributed in the interpretation of
results, and participated in the development of the manuscript.
Alice Bordessoule contributed to the recordings, data analysis, and
revision of the manuscript. Jennifer Beck contributed to the data
analysis, interpretation of results, and revisions of the manuscript.
Philippe Jouvet contributed to the interpretation of results and
revision of the manuscript. Martin G. Frasch contributed to the
conception and design of the study, data analysis, interpretation of
results, and development of the manuscript. Guillaume Emeriaud
contributed to the conception and design of the study, data record-
ings, data analysis, interpretation of results, and development of
the manuscript.

ACKNOWLEDGMENTS
The study has been supported by a Young investigator award of
the Respiratory Health Network of the Fonds de la Recherche du
Québec – Santé and by an operating grant for applied clinical
research of CHU Sainte-Justine and Sainte-Justine Research Cen-
ter. Martin G. Frasch and Guillaume Emeriaud are supported by
the Fonds de la Recherche du Québec – Santé. Neurovent Research
Inc. provided a recording device. Maquet Critical Care provided
the ventilator and catheters for the study.

REFERENCES
1. Dejours P, Puccinelli R, Armand J, Dicharry M. Breath-to-breath variations

of pulmonary gas exchange in resting man. Respir Physiol (1966) 1:265–80.
doi:10.1016/0034-5687(66)90046-6

2. Schmidt M, Cecchini J, Kindler F, Similowski T, Demoule A. Breathing variabil-
ity and mechanical ventilation in intensive care. Réanimation (2014) 23:17–24.
doi:10.1007/s13546-014-0843-z

3. Tobin MJ, Mador MJ, Guenther SM, Lodato RF, Sackner MA. Variability of
resting respiratory drive and timing in healthy subjects. J Appl Physiol (1988)
65:309–17.

4. Priban IP. An analysis of some short-term patterns of breathing in man at rest.
J Physiol (1963) 166:425–34.

5. Macklem PT. Une question de vie ou de mort. Rev Mal Respir (2002) 19:135–9.
6. Benchetrit G. Breathing pattern in humans: diversity and individuality. Respir

Physiol (2000) 122:123–9. doi:10.1016/S0034-5687(00)00154-7
7. Brack T, Jubran A, Tobin MJ. Effect of elastic loading on variational activity of

breathing. Am J Respir Crit Care Med (1997) 155:1341–8. doi:10.1164/ajrccm.
155.4.9105077

8. Brack T, Jubran A, Tobin MJ. Dyspnea and decreased variability of breath-
ing in patients with restrictive lung disease. Am J Respir Crit Care Med (2002)
165:1260–4. doi:10.1164/rccm.2201018

9. Emeriaud G, Baconnier P, Eberhard A, Debillon T, Calabrese P, Benchetrit G.
Variability of end-expiratory lung volume in premature infants. Biol Neonate
(2010) 98:321–9. doi:10.1159/000281262

10. Suki B. Fluctuations and power laws in pulmonary physiology. Am J Respir Crit
Care Med (2002) 166:133–7. doi:10.1164/rccm.200202-152PP

11. Schmidt M, Demoule A, Cracco C, Gharbi A, Fiamma M-N, Straus C, et al.
Neurally adjusted ventilatory assist increases respiratory variability and com-
plexity in acute respiratory failure. Anesthesiology (2010) 112:670–81. doi:10.
1097/ALN.0b013e3181cea375

12. Mutch WA, Harms S, Ruth Graham M, Kowalski SE, Girling LG, Lefevre GR. Bio-
logically variable or naturally noisy mechanical ventilation recruits atelectatic
lung. Am J Respir Crit Care Med (2000) 162:319–23. doi:10.1164/ajrccm.162.1.
9903120

13. Boker A, Graham MR, Walley KR, McManus BM, Girling LG, Walker E, et al.
Improved arterial oxygenation with biologically variable or fractal ventilation
using low tidal volumes in a porcine model of acute respiratory distress syn-
drome. Am J Respir Crit Care Med (2002) 165:456–62. doi:10.1164/ajrccm.165.
4.2108006

14. Suki B, Alencar AM, Sujeer MK, Lutchen KR, Collins JJ, Andrade JS, et al. Life-
support system benefits from noise. Nature (1998) 393:127–8. doi:10.1038/
30127

15. Wysocki M, Cracco C, Teixeira A, Mercat A, Diehl J-L, Lefort Y, et al. Reduced
breathing variability as a predictor of unsuccessful patient separation from
mechanical ventilation. Crit Care Med (2006) 34:2076–83. doi:10.1097/01.CCM.
0000227175.83575.E9

16. Bien M-Y, Shui Lin Y, Shih C-H, Yang Y-L, Lin H-W, Bai K-J, et al. Compar-
isons of predictive performance of breathing pattern variability measured dur-
ing T-piece, automatic tube compensation, and pressure support ventilation for
weaning intensive care unit patients from mechanical ventilation. Crit Care Med
(2011) 39:2253–62. doi:10.1097/CCM.0b013e31822279ed

17. Seely AJ, Bravi A, Herry C, Green G, Longtin A, Ramsay T, et al. Do heart and res-
piratory rate variability improve prediction of extubation outcomes in critically
ill patients? Crit Care (2014) 18:R65. doi:10.1186/cc13822

18. Gutierrez G, Das A, Ballarino G, Beyzaei-Arani A, Türkan H, Wulf-Gutierrez
M, et al. Decreased respiratory rate variability during mechanical ventilation
is associated with increased mortality. Intensive Care Med (2013) 39:1359–67.
doi:10.1007/s00134-013-2937-5

19. Sinderby C, Navalesi P, Beck J, Skrobik Y, Comtois N, Friberg S, et al. Neural con-
trol of mechanical ventilation in respiratory failure. Nat Med (1999) 5:1433–6.
doi:10.1038/71012

20. Lourenco RV, Cherniack NS, Malm JR, Fishman AP. Nervous output from the
respiratory center during obstructed breathing. J Appl Physiol (1966) 21:527–33.

21. Terzi N, Piquilloud L, Rozé H, Mercat A, Lofaso F, Delisle S, et al. Clinical review:
update on neurally adjusted ventilatory assist – report of a round-table confer-
ence. Crit Care (2012) 16:1–13. doi:10.1186/cc11297

22. Delisle S, Terzi N, Ouellet P, Bellemare P, Tétrault J-P, Arsenault P. Effect of venti-
latory variability on occurrence of central apneas. Respir Care (2013) 58:745–53.
doi:10.4187/respcare.01456

Frontiers in Pediatrics | Neonatology November 2014 | Volume 2 | Article 132 | 8

http://dx.doi.org/10.1016/0034-5687(66)90046-6
http://dx.doi.org/10.1007/s13546-014-0843-z
http://dx.doi.org/10.1016/S0034-5687(00)00154-7
http://dx.doi.org/10.1164/ajrccm.155.4.9105077
http://dx.doi.org/10.1164/ajrccm.155.4.9105077
http://dx.doi.org/10.1164/rccm.2201018
http://dx.doi.org/10.1159/000281262
http://dx.doi.org/10.1164/rccm.200202-152PP
http://dx.doi.org/10.1097/ALN.0b013e3181cea375
http://dx.doi.org/10.1097/ALN.0b013e3181cea375
http://dx.doi.org/10.1164/ajrccm.162.1.9903120
http://dx.doi.org/10.1164/ajrccm.162.1.9903120
http://dx.doi.org/10.1164/ajrccm.165.4.2108006
http://dx.doi.org/10.1164/ajrccm.165.4.2108006
http://dx.doi.org/10.1038/30127
http://dx.doi.org/10.1038/30127
http://dx.doi.org/10.1097/01.CCM.0000227175.83575.E9
http://dx.doi.org/10.1097/01.CCM.0000227175.83575.E9
http://dx.doi.org/10.1097/CCM.0b013e31822279ed
http://dx.doi.org/10.1186/cc13822
http://dx.doi.org/10.1007/s00134-013-2937-5
http://dx.doi.org/10.1038/71012
http://dx.doi.org/10.1186/cc11297
http://dx.doi.org/10.4187/respcare.01456
http://www.frontiersin.org/Neonatology
http://www.frontiersin.org/Neonatology/archive


 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Baudin et al. Breathing variability during mechanical ventilation

23. Bordessoule A, Emeriaud G, Morneau S, Jouvet P, Beck J. Neurally adjusted venti-
latory assist improves patient–ventilator interaction in infants as compared with
conventional ventilation. Pediatr Res (2012) 72:194–202. doi:10.1038/pr.2012.64

24. la Oliva De P, Schüffelmann C, Gómez-Zamora A, Villar J, Kacmarek RM. Asyn-
chrony, neural drive, ventilatory variability and COMFORT: NAVA versus pres-
sure support in pediatric patients. A non-randomized cross-over trial. Intensive
Care Med (2012) 38:838–46. doi:10.1007/s00134-012-2535-y

25. Lin YT, Wu HT, Tsao J, Yien HW, Hseu SS. Time-varying spectral analysis reveal-
ing differential effects of sevoflurane anaesthesia: non-rhythmic-to-rhythmic
ratio. Acta Anaesthesiol Scand (2014) 58:157–67. doi:10.1111/aas.12251

26. Chen YC, Cheng MY, Wu HT. Non-parametric and adaptive modelling of
dynamic periodicity and trend with heteroscedastic and dependent errors.
J R Statist Soc Ser B (2014) 76:651–82. doi:10.1111/rssb.12039

27. Wu HT, Hseu S-S, Bien M-Y, Kou YR, Daubechies I. Evaluating physiological
dynamics via synchrosqueezing: prediction of ventilator weaning. IEEE Trans
Biomed Eng (2014) 61:736–44. doi:10.1109/TBME.2013.2288497

28. Emeriaud G, Larouche A, Ducharme-Crevier L, Massicotte E, Flechelles O,
Pellerin-Leblanc AA, et al. Evolution of inspiratory diaphragm activity in chil-
dren over the course of PICU stay. Intensive Care Med (2014) 40:1718–26.
doi:10.1007/s00134-014-3431-4

29. Bordessoule A, Emeriaud G, Delnard N, Beck J, Jouvet P. Recording diaphragm
activity by an oesophageal probe: a new tool to evaluate the recovery of diaphrag-
matic paralysis. Intensive Care Med (2010) 36:1978–9. doi:10.1007/s00134-010-
1963-9

30. Ducharme-Crevier L, Pont-Thibodeau Du G, Emeriaud G. Interest of moni-
toring diaphragmatic electrical activity in the pediatric intensive care unit. Crit
Care Res Pract (2013) 2013:1–7. doi:10.1155/2013/384210

31. Flandrin P. Time-Frequency/Time-Scale Analysis. San Diego: Academic Press
(1998).

32. Daubechies I, Lu J, Wu HT. Synchrosqueezed wavelet transforms: an empirical
mode decomposition-like tool. Appl Comput Harmon Anal (2011) 30(1):243–61.
doi:10.1016/j.acha.2010.08.002

33. Chui CK, Lin YT, Wu HT. Real-time dynamics acquisition from irregular
samples – with application to anesthesia evaluation (2014) Available from:
http://arxiv.org/abs/1406.1276

34. Zeger SL, Liang KY, Albert PS. Models for longitudinal data: a generalized esti-
mating equation approach. Biometrics (1988) 44:1049. doi:10.2307/2531734

35. Beck J, Tucci M, Emeriaud G, Lacroix J, Sinderby C. Prolonged neural expiratory
time induced by mechanical ventilation in infants. Pediatr Res (2004) 55:747–54.
doi:10.1203/01.PDR.0000119368.21770.33

36. Colombo D, Cammarota G, Bergamaschi V, De Lucia M, Corte FD, Navalesi P.
Physiologic response to varying levels of pressure support and neurally adjusted
ventilatory assist in patients with acute respiratory failure. Intensive Care Med
(2008) 34:2010–8. doi:10.1007/s00134-008-1208-3

37. Beck J, Gottfried SB, Navalesi P, Skrobik Y, Comtois N, Rossini M, et al.
Electrical activity of the diaphragm during pressure support ventilation in
acute respiratory failure. Am J Respir Crit Care Med (2001) 164:419–24.
doi:10.1164/ajrccm.164.3.2009018

38. Kowalski S, McMullen MC, Girling LG, McCarthy BG. Biologically variable ven-
tilation in patients with acute lung injury: a pilot study. Can J Anaesth (2013)
60:502–3. doi:10.1007/s12630-013-9899-5

39. Alander M, Peltoniemi O, Pokka T, Kontiokari T. Comparison of pressure-,
flow-, and NAVA-triggering in pediatric and neonatal ventilatory care. Pediatr
Pulmonol (2011) 47:76–83. doi:10.1002/ppul.21519

Conflict of Interest Statement: Florent Baudin, Hau-Tieng Wu, Alice Bordessoule,
Philippe Jouvet, Martin G. Frasch, and Guillaume Emeriaud have no commercial
or financial relationships that could be construed as a potential conflict of interest.
Jennifer Beck has been reimbursed by Maquet Critical Care (Solna, Sweden) for
attending several conferences; Jennifer Beck has participated as a speaker in scien-
tific meetings or courses organized and financed by Maquet Critical Care; Jennifer
Beck, through Neurovent Research, serves as a consultant to Maquet Critical Care.
The following disclosure was agreed upon by University of Toronto, Sunnybrook
Health Sciences Centre, St-Michael’s Hospital and the REBs of Sunnybrook and
St-Michael’s to resolve conflicts of interest: “Dr. Beck has made inventions related to
neural control of mechanical ventilation that are patented. The patents are assigned
to the academic institution(s) where inventions were made. The license for these
patents belongs to Maquet Critical Care. Future commercial uses of this technology
may provide financial benefit to Dr. Beck through royalties. Dr. Beck owns 50% of
Neurovent Research Inc. (NVR). NVR is a research and development company that
builds the equipment and catheters for research studies. NVR has a consulting agree-
ment with Maquet Critical Care.” St-Michael’s Hospital has a research agreement
with Maquet Critical Care AB (Solna, Sweden) and receives royalty and overhead
from this agreement.

Received: 01 September 2014; accepted: 10 November 2014; published online: 25
November 2014.
Citation: Baudin F, Wu HT, Bordessoule A, Beck J, Jouvet P, Frasch MG and Emeri-
aud G (2014) Impact of ventilatory modes on the breathing variability in mechanically
ventilated infants. Front. Pediatr. 2:132. doi: 10.3389/fped.2014.00132
This article was submitted to Neonatology, a section of the journal Frontiers in
Pediatrics.
Copyright © 2014 Baudin, Wu, Bordessoule, Beck, Jouvet , Frasch and Emeriaud.
This is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums is
permitted, provided the original author(s) or licensor are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.

www.frontiersin.org November 2014 | Volume 2 | Article 132 | 9

http://dx.doi.org/10.1038/pr.2012.64
http://dx.doi.org/10.1007/s00134-012-2535-y
http://dx.doi.org/10.1111/aas.12251
http://dx.doi.org/10.1111/rssb.12039
http://dx.doi.org/10.1109/TBME.2013.2288497
http://dx.doi.org/10.1007/s00134-014-3431-4
http://dx.doi.org/10.1007/s00134-010-1963-9
http://dx.doi.org/10.1007/s00134-010-1963-9
http://dx.doi.org/10.1155/2013/384210
http://dx.doi.org/10.1016/j.acha.2010.08.002
http://arxiv.org/abs/1406.1276
http://dx.doi.org/10.2307/2531734
http://dx.doi.org/10.1203/01.PDR.0000119368.21770.33
http://dx.doi.org/10.1007/s00134-008-1208-3
http://dx.doi.org/10.1164/ajrccm.164.3.2009018
http://dx.doi.org/10.1007/s12630-013-9899-5
http://dx.doi.org/10.1002/ppul.21519
http://dx.doi.org/10.3389/fped.2014.00132
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org
http://www.frontiersin.org/Neonatology/archive

	Impact of ventilatory modes on the breathing variability in mechanically ventilated infants
	Introduction
	Materials and methods
	Patients
	Study protocol
	Variability analysis
	Statistical analysis

	Results
	Population characteristics
	Respiratory variability
	Pressure variability
	EAdi variability


	Discussion
	Conclusion
	Author contributions
	Acknowledgments
	References


