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DETAILED METHODS 

Data Analysis

Ventilatory complexity: noise titration. Flow and EAdi signals were first subsampled at 5 Hz, a frequency considered to provide an adequate compromise between oversampling —that carries the risk of introducing artefactual linearities in the data and thus to make the detection of nonlinearities falsely fail— and undersampling that carries the risk of aliasing—1, 2. The noise titration procedure 3 was then performed as previously described 2,4-6. This method first involves the simulation of families of linear and nonlinear polynomial autoregressive models with varying memory and dynamical order using the Volterra-Wiener method 1. The best linear and nonlinear models are chosen according to the minimal information theoretic criterion, and subsequently the null hypothesis (best linear model) is tested against the alternate hypothesis (best nonlinear model) using parametric (F-test) and nonparametric (Mann-Whitney) statistics. The algorithm is used according to a trial-and-error process including the testing of K (embedding dimension) values of 4 to 6 and nonlinear degrees of 3 to 5. Nonlinearity is ascertained if the null hypothesis is rejected, namely if a nonlinear model best describes the data. A "noise limit" is then calculated as the amount of added white noise needed to mask the nonlinearity of the original signal. By definition therefore, a noise limit above zero indicates that the considered set of data contains nonlinearities and features a certain degree of complexity —that can be called chaos in the case of a deterministic process.  Noise limit changes from one state of the system to another state then bear witness of variations in its complexity provided that the signal-to-noise ratio remains constant. A system with a positive noise limit can adequately be characterized using traditional descriptors quantifying the sensitivity to initial conditions and unpredictability3. Conversely, if the noise limit = 0 nonlinearity is not detected. This indicates that either the time series is not nonlinear or that the complex component of the signal has already been neutralized by the background noise within the data 3.

Ventilatory complexity: sensitivity to initial conditions and system unpredictability. Complex dynamical systems are sensitive to initial conditions, and exhibit an exponential divergence in the phase space. This can be quantified by deriving the spectrum of Lyapunov exponents and determining the largest Lyapunov exponent. In the present study, the largest Lyapunov exponent was calculated for flow and EAdi using the polynomial interpolation approach described by Briggs 4,7 (Dataplore v 2.0.9, Datan, Teltow, Germany). The higher the largest Lyapunov exponent, the more sensitive the system to initial conditions. The degree of predictability of a complex chaotic system can be estimated by Kolmogorov-Sinai entropy. Kolmogorov-Sinai entropy measures the amount of regularity and is defined as the divergence of nearby points within the phase space (see discussion of three-dimensional phase portraits below). Kolmogorov-Sinai entropy was calculated as the sum of the positive Lyapunov exponents 4 for flow and EAdi (Dataplore v 2.0.9, Datan, Teltow, Germany). A low value of Kolmogorov-Sinai entropy indicates predictability and regularity, whereas a high value denotes unpredictable and random variation 8.

 Three-dimensional phase portraits of the flow and Edi signals were also determined. The phase space of a dynamical system is the multidimensional space in which all the possible states of the system are represented. Every degree of freedom of the system defines an axis of this space, and each possible state of the system corresponds to one unique point. A succession of such plotted points is analogous to the system’s state evolving over time and defines a trajectory. The phase portrait of a periodical system is a simple closed loop, whereas the phase portrait of a chaotic system is a complicated set of nonrepeating patterns, which is, however, confined in a finite zone of the phase space (which accounts for the deterministic nature of chaos). For our purposes, the phase portraits corresponding to each condition were constructed in three dimensions, corresponding for each value x of ventilatory flow or EAdi to x, x+ t, and x+ 2t according to the embedding theorem formulated by Takens 9.
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Table 1. Breathing Pattern, Diaphragm Electrical Activity (EAdi), and Comfort Scores during Pressure Support Ventilation and at Various Levels of NAVA

	
	PSV
	NAVA1
	NAVA2
	NAVA3
	NAVA4

	Breathing pattern
	
	
	
	
	

	Vt (ml)
	448 ( 34
	422 ( 37†
	457 ( 41
	473 ( 43
	495 ( 44 *

	Vt/kg  (ml/kg)
	7.3 ( 0.5
	6.8 ( 0.5 †
	7.4 ( 0.6
	7.7 ( 0.6
	8.1 ( 0.7 *

	RR (breath/min)
	29 ( 2
	31 ( 3
	31 ( 3
	31 (  2
	33 ( 4

	V'e (l/min)
	12.9 ( 1.2
	12.5 ( 1.1†
	13.1 ( 1.5 †
	13.9 ( 1.6
	15.3 ( 1.9*

	Ti (sec)
	0.80 ( 0.06
	0.71 ( 0.06
	0.72 ( 0.05
	0.71 ( 0.05
	0.67 ( 0.05*

	Te (sec)
	1.4 ( 0.2
	1.4 ( 0.2
	1.5 ( 0.2
	1.5 ( 0.2
	1.4  ( 0.2

	Tt (sec)
	2.2 ( 0.2
	2.1 ( 0.2
	2.2 ( 0.2
	2.2 ( 0.2
	2.1  ( 0.2

	Ti / Tt (%)
	37 ( 16
	35 ( 15
	34 ( 19
	34 ( 19
	34 ( 19

	Vt/Ti (ml/sec)
	590 ( 57
	600 ( 57†
	644 ( 71†
	692 ( 78 *
	751 ( 85 *

	  Eadi
	
	
	
	
	

	 EAdipeak (μV)
	12.6 ± 2.5
	13.6 ± 2.2 †
	11.2 ± 1.5
	9.3 ± 1.3 *
	8.6 ± 1.3 *

	EAdipeak/EAditp (μV.sec-1)
	21.7 ± 4.6
	23.4 ± 4.3 †
	19.8 ± 3.5
	16.2 ± 2.7 
	15.2 ± 3.1 *

	∫EAdi /breath (μV.sec)
	10.1 ± 1.7
	11.0 ± 1.5 †
	8.9 ± 0.8
	7.7 ± 0.9
	7.7 ± 1.1

	Comfort
	
	
	
	
	

	ATICE score
	14.7 ( 1.2
	14.3 ( 1.4
	14.8 ( 1.3
	15.2 ( 1.4
	15.2 ( 1.3


ATICE = Adaptation to the Intensive Care Environment comfort score; EAdipeak = peak diaphragmatic electrical activity; EAditp = time to peak EAdi; EAdipeak/EAditp = mean inspiratory rate of rise of EAdi; ∫EAdi =  area under the EAdi waveform per breath; NAVA1,2,3,4 = neurally adjusted ventilatory assist with a gain of 1, 2, 3 and 4 cmH2O.µV-1 EAdi; PSV = pressure support ventilation; RR = respiratory rate; Te = expiratory time; Ti = inspiratory time; Tt = total respiratory cycle time; Ti/Tt = inspiratory duty cycle;  V'e = minute ventilation; Vt = tidal volume; Vt/kg, tidal per kg ideal body weight; Vt/Ti = mean inspiratory flow.

Data provided as mean values ± standard error of the mean. 

* p < 0.05 versus PSV. † p < 0.05 versus NAVA4
Table 2. Breathing Pattern Variability and autocorrelation Analysis during Pressure Support Ventilation and at Various Levels of NAVA

	
	PSV
	NAVA1
	NAVA2
	NAVA3
	NAVA4

	Coefficient of variation
	
	
	
	
	

	Vt
	11.1 ( 1.9
	19.6 ( 2.9 †
	24.0 ( 4.4 *
	25.5 ( 2.6 *
	31.1 ( 6.5 *

	RR
	10.4 ( 1.6
	12.7 ( 1.8 †
	15.5 ( 3.6
	15.3 (  2.4
	19.6 ( 3.4 *

	V'e
	10.8 ( 1.6
	17 ( 2.0 †
	20.2 ( 2.5 *†
	22.1 ( 1.9 *
	28.0 ( 4.5 *

	Ti
	9.6 ( 1.6
	12.5 ( 1.7 †
	15.8 ( 3.2 *†
	16.5 ( 2.1 *†
	22.7 ( 4.4 *

	Te 
	15.5 ( 2.6
	16.0 ( 2.0 †
	18.0 ( 2.7
	20.4 ( 3.4
	25.4  ( 5.0 *

	Tt
	11.4 ( 1.9
	12.3 ( 1.5 †
	14.5 ( 2.6
	15.9 ( 2.4
	19.8  ( 3.8 *

	Ti/Tt
	9.2 ( 1.6
	11.6 ( 1.3 †
	12.5 ( 1.5 †
	14.5 ( 2.0 *
	18.1 ( 2.3 *

	Vt/Ti
	6.6 ( 1.1
	13.3 ( 1.8 *†
	17.0 ( 2.3 *†
	17.6 ( 1.3 *†
	24.7 ( 3.7 *

	Lag (number of cycles)


	
	
	
	
	

	Vt
	8.1 ( 2.2
	4.1 ( 2.3
	3.9 ( 0.9
	3.5 ( 0.5
	3.7 ( 0.6

	RR
	12.1 ( 2.5
	8.7 ( 3.0
	8.9 ( 2.0
	7.4 ( 1.8
	4.4 ( 1.0

	V'e
	3.8 ( 1.3
	5.6 ( 1.5
	5.1 ( 0.6
	4.6 ( 1.0
	4.1 ( 0.7

	Ti 
	6.5 ( 1.4
	2.9 ( 0.5
	4.2 ( 0.7
	3.8 ( 1.1
	3.2 ( 0.7

	Te
	9.2 ( 2.4
	5.4 ( 1.7
	6.5 ( 1.6
	5.6 ( 1.2
	3.7 ( 0.6

	Tt
	12.1 ( 2.6
	7.4 ( 2.0
	8.2 ( 1.9
	6.3 ( 1.5
	4.5 ( 1.1 *

	Ti/Tt
	2.2 ( 0.2
	2.4 ( 0.2
	3.1 ( 0.7
	3.7 ( 1.4
	2.4 ( 0.2

	Vt/Ti
	16.9 ( 3.9
	7.4 ( 2.0 *
	5.3 ( 0.6 *
	4.8 ( 0.7 *
	4.5 ( 0.7 *

	Autocorrelation coefficient
	
	
	
	
	

	Vt
	0.28 ± 0.05
	0.18 ± 0.04
	0.22 ± 0.04
	0.16 ± 0.04
	0.19 ± 0.04

	RR
	0.43 ± 0.04
	0.20 ± 0.04 †
	0.30 ± 0.04 †
	0.24 ± 0.05 †
	0.21 ± 0.03 *

	V'e
	0.16 ± 0.06
	0.18 ± 0.04
	0.23 ± 0.04
	0.18 ± 0.04
	0.22 ± 0.04

	Ti
	0.25 ± 0.04
	0.15 ± 0.04
	0.18 ± 0.04
	0.11 ± 0.02
	0.14 ± 0.04

	Te
	0.26 ± 0.04
	0.17 ± 0.04
	0.20 ± 0.04
	0.19 ± 0.04
	0.17 ± 0.04

	Tt
	0.38 ± 0.05
	0.20 ± 0.04 *
	0.27 ± 0.04
	0.21 ± 0.04 *
	0.18 ± 0.03 *

	Ti/Tt
	0.10 ± 0.03
	0.17 ± 0.02
	0.16 ± 0.03
	0.16 ± 0.04
	0.14 ± 0.04

	Vt/Ti
	0.45 ± 0.05
	0.24 ± 0.05 *
	0.28 ± 0.05 *
	0.24 ± 0.04 *
	0.19 ± 0.06 *


NAVA1,2,3,4 = neurally adjusted ventilatory assist with a gain of 1, 2, 3, 4 cmH20/µV EAdi; PSV = pressure support ventilation; RR = respiratory rate; Te = expiratory time; Ti = inspiratory time; Tt =  total respiratory cycle time; Ti/Ttot = inspiratory duty cycle; V'e =  minute ventilation; Vt = tidal volume; Vt/ Ti = mean inspiratory flow.

Data provided as mean values ± standard error of the mean. 

* p < 0.05 versus PSV, † p < 0.05 versus NAVA4.

 Table 3. Breath-to-breath Variability and Autocorrelation Analysis of Diaphragm Electrical Activity (EAdi) during Pressure Support Ventilation and at Various Levels of NAVA.
	
	PSV
	NAVA1
	NAVA2
	NAVA3
	NAVA4

	Coefficient of variation (%)
	
	
	
	
	

	EAdipeak
	28.9 ± 2.6
	23.6 ± 1.8 †
	27.7 ± 2.5
	28.4 ± 1.9
	33.0 ± 3.5

	EAdipeak/EAditp
	35.3 ± 3.1
	31.6 ± 3.2 †
	34.7 ± 3.0 †
	35.6 ± 2.7 †
	44.6 ± 4.8 *

	∫EAdi 
	28.9 ± 8.7
	23.6 ± 6.1
	27.7 ± 8.2
	28.4 ± 6.3
	33.0 ± 11.8

	
	
	
	
	
	

	Lag (number of cycles)
	
	
	
	
	

	EAdipeak
	16.4 ± 5.5
	5.6 ± 0.9
	6.5 ± 0.9
	7.4 ± 1.3
	7.6 ± 2.7

	EAdipeak/EAditp
	2.4 ± 0.2
	2.9 ± 0.2
	2.5 ± 0.2
	2.6 ± 0.2
	2.6 ± 0.9

	∫EAdi 
	11.6 ± 4.1
	9.4 ± 4.3
	5.2 ± 0.9
	7.3 ± 1.8
	7.7 ± 2.0

	
	
	
	
	
	

	Autocorrelation coefficient 
	
	
	
	
	

	EAdipeak
	0.38 ± 0.06
	0.24 ± 0.05
	0.33 ± 0.04
	0.28 ± 0.05
	0.32 ± 0.04

	EAdipeak/EAditp
	0.15 ± 0.04
	0.21 ± 0.04
	0.17 ± 0.03
	0.15 ± 0.04
	0.16 ± 0.04

	∫EAdi 
	0.29 ± 0.05
	0.22 ± 0.04
	0.27 ± 0.04
	0.23 ± 0.05
	0.26 ± 0.05


EAdipeak = peak EAdi; EAditp = time to peak EAdi; EAdipeak/EAditp = rate of rise of EAdi; ∫EAdi = area under the EAdi waveform per breath; NAVA1,2,3,4 = neurally adjusted ventilatory assist with a gain of 1, 2, 3, 4 cmH2O.µV-1 diaphragmatic electrical activity (EAdi); PSV = pressure support ventilation;

Data provided as means ± standard error of the mean. 

* p < 0.05 versus PSV, † p < 0.05 versus NAVA4
Table 4. Complexity of Ventilatory Flow and Diaphragmatic Electrical Activity (EAdi).

	
	PSV
	NAVA1
	NAVA2
	NAVA3
	NAVA4

	Flow
	
	
	
	
	

	Noise limit 
	>0
	>0
	>0
	>0
	>0

	LLE (bits/iteration)
	0.50 ± 0.05
	0.55 ± 0.04
	0.63 ± 0.02 *
	0.63 ± 0.03 *
	0.65 ± 0.03 *

	KSE (bits/iteration)
	0.50 ± 0.06
	0.56 ± 0.05
	0.66 ± 0.04 *
	0.65 ± 0.04 *
	0.68 ± 0.04 *

	
	
	
	
	
	

	EAdi
	
	
	
	
	

	Noise limit 
	>0
	>0
	>0
	>0
	>0

	LLE (bits/iteration)
	0.57 ± 0.04
	0.55 ± 0.04
	0.56 ± 0.03
	0.56 ± 0.04
	0.55 ± 0.03 

	KSE (bits/iteration)
	0.68 ± 0.05
	0.64 ± 0.06
	0.65 ± 0.04 
	0.67 ± 0.05
	0.67 ± 0.05


EAdi = diaphragmatic electrical activity; KSE = Kolmogorov- Sinai entropy; LLE = largest Lyapunov exponent; NAVA1,2,3,4, = neurally adjusted ventilatory assist with a gain of 1, 2, 3, 4 cmH20/µV EAdi; PSV = pressure support ventilation.

Data provided as means ± standard error of the mean.

* p < 0.05 versus PSV

Table 5. Correlation between the Coefficient of Variation of Breathing Pattern or Electrical Activity of the Diaphragm (EAdi) Indices with the Largest Lyapunov Exponents of the Flow (LLEflow) and EAdi (LLEEAdi).

	
	R (IC95%)
	p value

	Correlation with LLEflow
	
	

	         CV-Vt
	0.32 (0.07 to 0.54)
	0.01

	         CV-RR †
	0.30 (0.04 to 0.52)
	0.02

	         CV-Ti/Tt
	0.40 (0.16 to 0.60)
	0.002

	         CV-Vt/Ti
	0.38 (0.14 to 0.58)
	0.003

	Correlation with LLEEAdi
	
	

	         CV-EAdipeak
	-0.14 (-0.39 to 0.13)
	NS

	         CV-∫Eadi †
	0.07 (-0.21 to 0.33)
	NS

	         CV-EAdipeak/EAditp
	-0,16 (-0,40 to 0.11)
	NS


CV = coefficient of  variation; CV-EAdipeak = CV of the maximum diaphragmatic electrical activity; CV-∫Eadi = CV of the area under the EAdi waveform per breath;  CV-RR = CV of the respiratory rate;  CV-Ti/Tt = CV of the flow-based inspiratory duty cycle; CV-Vt = CV of the tidal volume; CV-Vt/Ti = CV of the mean inspiratory flow; CV-EAdipeak/EAditp = CV of the EAdi rising slope; EAditp = time to peak of EAdi; IC95% = 95% confidence interval; R = Pearson correlation;

†  = nonparametric test (Spearman correlation)






