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Abstract 

Objective: To evaluate the feasibility of EIT to describe the regional tidal ventilation (VT) and 

change in end-expiratory lung volume (EELV) patterns in preterm infants during the process of 

extubation from invasive to non-invasive respiratory support. 

Design: Prospective observational study  

Setting: Single-centre tertiary neonatal intensive care unit  

Patients: Preterm infants born <32 weeks gestation who were being extubated to nasal continuous 

positive airway pressure (nCPAP) as per clinician discretion. 

Interventions: Electrical Impedance Tomography measurements were taken in supine infants 

during elective extubation from synchronised positive pressure ventilation (SIPPV) before 

extubation, during and then at 2 and 20 minutes after commencing nCPAP. Extubation and pressure 

settings were  determined by clinicians.  

Main outcome measures: Global and regional ΔEELV and ΔVT were measured. Heart rate, 

respiratory rate and oxygen saturation were measured throughout. 

Results: Thirty infants of median (range) 2 (1, 21) days were extubated to a median (range) CPAP 

7 (6, 8) cmH2O. SpO2/FiO2 ratio was mean (95% CI) 50 (35, 65) lower 20 minutes after nCPAP 

compared with SIPPV. EELV was lower at all points after extubation compared to SIPPV, and 

EELV loss was primarily in the ventral lung (p=0.04). VT was increased immediately after 

extubation, especially in the central and ventral regions of the lung, but the application of nCPAP 

returned VT to pre-extubation patterns.  

Conclusions: Lung behaviour during the transition from invasive positive pressure ventilation to 

CPAP at moderate distending pressures is variable and associated with lung volume loss in the 

ventral lung.  

Abstract word count: 244 
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Introduction 

Minimising exposure to invasive respiratory support via an endotracheal tube (ETT) reduces the 

risk of lung injury in preterm infants.1 Despite attempts to avoid intubation, approximately 50% 

infants born <32 weeks’ gestation still receive invasive respiratory support.2 Nasal continuous 

positive applied pressure (nCPAP) and caffeine therapy allows earlier extubation.3,4 Even with the 

use of nCPAP, 40% of preterm infants experience extubation failure.2,5 This has led to a focus on 

identifying factors that may predict successful extubation. However, beyond broad criteria such as 

gestation, weight and oxygen need, predictive tools have had limited impact.5,6 

 

The causes of extubation failure in preterm infants are multifactorial,5 but atelectasis and impaired 

gas exchange are often the final common manifestations. Impaired central respiratory drive, fatigue, 

residual primary lung disease and secondary events such as sepsis are common associations. The 

physiology of the transition from invasive respiratory support via an ETT to non-invasive 

ventilation may provide insights on the underlying mechanisms of extubation failure but is poorly 

understood, partly because imaging of this process has been very difficult. Recent development of 

non-invasive, bedside tools, specifically electrical impedance tomography (EIT) and lung 

ultrasound, has allowed closer examination of the changes occurring around the time of 

extubation.7,8 These have shown complex regional ventilation and aeration patterns occurring even 

in preterm infants considered stable, with relatively low fraction of inspired oxygen (FiO2), on 

nCPAP.9  

 

This study aimed to evaluate the feasibility of EIT to describe the regional tidal ventilation (VT) and 

end-expiratory lung volume (EELV) patterns in preterm infants during the process of successful 

elective extubation to nCPAP. To address these aims, we analysed our dataset of EIT measurements 

from preterm infants made as part of a series of studies conducted between 2008-2013.10-12 
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Methods 

This prospective observational study was performed in the Neonatal Intensive Care Unit (NICU) of 

the Royal Women’s Hospital, Melbourne, Australia. Prospective written informed parental consent 

was provided in infants born <32 weeks’ gestation participating in 1) a larger study of regional 

ventilation during synchronised mechanical ventilation with volume targeting (SIPPV),10,11 or 2) 

studies undertaken as part of a PhD thesis examining regional volume characteristics during 

nCPAP.12 Parental consent was reaffirmed prior to extubation for infants participating in the first 

study. These infants were included if an investigator was available to record EIT measurements 

during elective extubation from SIPPV to short bi-nasal prong nCPAP before 28 days of age, and 

the infant could be nursed supine during extubation. The decision to extubate was made on clinical 

grounds by the treating team. All infants received caffeine citrate and passed a 3-minute 

spontaneous breathing test prior to extubation.6 Infants were not sedated. 

 

All EIT measurements were taken with the infant in the supine position. Three, 2-minute EIT 

recordings (GeoMF II EIT system, Cardinal Health, Hoechberg, Germany) of relative impedance 

change (ΔZ) were made 20-30 minutes prior to anticipated extubation using our previously detailed 

methodology.10 Thereafter, nursing staff prepared the infant for extubation (including fitting the hat 

and nCPAP circuit onto the infant’s head). Continuous EIT recordings were made from 

immediately prior to extubation until 5 minutes after nCPAP had commenced (defined as the 

nCPAP prongs being appropriately fitted in the nares). Following extubation there was a variable 

period before the nCPAP prongs were placed in the nares during which the infant received no 

respiratory support whilst the nursing staff fitted the nasal prongs and performed other immediate 

post-extubation tasks, such as oral suction. During this time, nursing staff could provide T-piece 

mask CPAP support at their discretion. A final series of three, 2-minute EIT recordings were made 

between 15 and 25 minutes after the infant was established on nCPAP. Delivered FiO2 and relevant 

ventilator parameters were recorded from the ventilator (Dräger BabyLog 8000Plus, Drägerwerk 
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AG, Lübeck, Germany). Heart rate (HR), peripheral oxygen saturation (SpO2) and respiratory rate 

(RR) were recorded from the bedside MP70 monitor (Phillips, Eindhoven, Netherlands) at 12 

second intervals. FiO2 was titrated to target SpO2 of 88-92% throughout. 

 

EIT and associated cardiorespiratory parameters were analysed during four phases of the extubation 

process:  

1. SIPPV: Quiet breathing 20 minutes prior to extubation 

2. No CPAP: The period immediately upon removal of the ETT until the nCPAP prongs were 

appropriately fitted in the nares 

3. CPAP2min: 2 minutes after commencing nCPAP (prongs in nares) 

4. CPAP20min: 20 minutes after commencing nCPAP (prongs in nares) 

 

During SIPPV, CPAP2min and CPAP20min a minimum of 60 inflations/spontaneous breaths of 

artefact-free continuous EIT data closest to each time point were identified and analysed. All 

available spontaneous breaths were analysed during the No CPAP phase. Using our previously 

detailed methods, and in accordance with international standards, EIT data were reconstructed using 

an appropriate chest model.7,9 The reconstructed uncalibrated ΔZ signals were low-pass filtered to 

the second harmonic of the respiratory rate and EELV and tidal volume (VT) calculated from the 

trough and amplitude of the tidal ΔZ signal.7,10 EELV was referenced to the mean EELV impedance 

value during the SIPPV phase to determine the relative change in EELV (ΔEELV) following 

extubation. Relative ΔEELVs were calculated for the whole chest, ventral (non-gravity dependent) 

and dorsal (gravity dependent) halves of the chest. Regional VT was calculated for each of 32 

equidistant lung regions from the most ventral (0%) to most dorsal (100%) to create a functional 

map of gravity-dependent regional VT change in the chest. The gravity-dependent centre of 

ventilation was calculated at each phase.7,9,13,14 All regional contributions were adjusted to the 

anatomical size of each region.7 
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Descriptive statistics were generated for regional and global EIT data and comparisons made using 

repeated measure one-way ANOVA or paired t-test. Subtraction histograms of the difference 

between VT within each gravity-dependent region for No CPAP, CPAP2min and CPAP20min against 

SIPPV were generated.15 Statistical analysis was performed using Prism (V9.0, GraphPad, CA, 

USA) and a p value <0.05 considered significant. 

 

 

Results 

Thirty infants were studied at extubation and had complete datasets for analysis (see Online 

Supplementary Figure for the study flow chart). Their characteristics are summarised in Table 1. No 

infant required intubation within 24 hours. There was no difference in heart rate and respiratory rate 

at each phase. The SpO2/FiO2 ratio was a mean (95% CI) 50 (35, 65) lower at CPAP20min compared 

with SIPPV (paired t-test), and 21 infants remained in ≤0.30 FiO2 throughout. The median (range) 

length of the No CPAP phase was 61 (8, 285) s. 

 

Following extubation global EELV decreased but was highly variable, with the lowest EELV at 

CPAP20min (Figure 1); p=0.08 (repeated measure one-way ANOVA). Extubation was associated 

with gravity-dependent heterogeneity of EELV. There was very little change in EELV from pre-

extubation SIPPV values within the dorsal lung (p=0.67). In contrast, ventral lung ΔEELV 

decreased significantly after extubation (p=0.04), and accounted for the majority of the global 

EELV changes.   

 

Figure 2 shows the gravity-dependent distribution of VT. Extubation was associated with an 

increase in VT during the No CPAP phase, mostly within the central and ventral regions. The 

distribution of VT approximated SIPPV patterns at CPAP2min and CPAP20min, with slight increases 

 . CC-BY-NC-ND 4.0 International licenseIt is made available under a 
 is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity. (which was not certified by peer review)

The copyright holder for this preprint this version posted February 5, 2021. ; https://doi.org/10.1101/2021.02.03.21251050doi: medRxiv preprint 

https://doi.org/10.1101/2021.02.03.21251050
http://creativecommons.org/licenses/by-nc-nd/4.0/


 8 

in dorsal lung VT. Overall, there was no difference in the gravity-dependent centre of ventilation at 

each phase; mean (SD) SIPPV 52.6 (1.4)%, No CPAP 52.8 (0.1)%, CPAP2min 52.3 (1.5)% and 

CPAP20min 52.2 (1.3)%, p=0.62 (repeated measure one-way ANOVA). 

 

 

Discussion 

In our observational study of preterm infants, EIT was able to identify changes in regional volume 

states during successful extubation to nCPAP. A loss of EELV was common, persisted until 20 min 

after nCPAP had begun, and was associated with gravity dependent heterogeneity of aeration 

(EELV) but not VT. The only previous study of EELV pre and post-extubation in preterm infants 

compared nCPAP to pre-extubation ETT CPAP without positive pressure inflations, and found an 

increase in EELV 10 min after starting nCPAP.16 The pre-extubation management explains the 

differences in ΔEELV with our study. During SIPPV, EELV is assisted with positive inflating 

pressures during active inspiration (and PEEP during passive expiration).13 Thus, increasing 

intrathoracic pressure compared with ETT CPAP in which tidal ventilation is generated solely by 

negative inflating pressures. In addition, during ETT CPAP the glottis is bypassed, removing the 

important role it plays in maintaining intra-thoracic volume during expiration (intrinsic PEEP).17 

Interestingly, EELV remained below pre-extubation values after 20 min of nCPAP, presumably due 

to the innate differences in transmissible pressures between invasive and non-invasive support. 

Measurements beyond 20 minutes would be useful to determine whether nCPAP eventually regains 

global EELV. 

 

The pattern of EELV within the lung changed following extubation. Overall, the ventral lung 

contributed to 74% of EELV loss at CPAP20min. Preterm infants predominantly use their diaphragm 

to generate tidal ventilation, and previous EIT studies in infants have shown that the dorsal lung is 

preferentially ventilated during spontaneous breathing.9,13,14 The ventral-dorsal shape of the 
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diaphragm is elliptical. Thus, there is greater movement of the dorsal portion of the diaphragm.18 In 

addition there is a greater lung mass in the dorsal thorax. In contrast, positive pressure ventilation 

via an ETT creates pressure and gas flow conditions that favour the ventral lung and negate some of 

the greater dorsal diaphragmatic contribution to ventilation.13 As such, the dorsal-dominant 

inhomogeneity is not surprising. However, oxygenation was lower following extubation which 

suggests functional atelectasis was present and contributed in part to the ΔEELV and 

inhomogeneity. The role of the diaphragm in preterm respiratory function is often overlooked 

clinically.18,19 We hypothesise that the engagement of dorsal aeration may be an important 

component of preventing significant atelectasis following extubation. It will be interesting to see if 

the recently available modes of non-invasive support using diaphragmatic triggering contribute to 

post extubation success. 

 

Unlike EELV, the relative magnitude and regional distribution of VT were not different during 

nCPAP and invasive support. nCPAP reduces work of breathing and stabilises airways,20,21 effects 

that were likely present in our study given all infants were stable on nCPAP in the 24 hours after 

extubation. Our study was limited to a cumbersome research EIT unit.7 Despite this, we could 

demonstrate that EIT may be useful in monitoring the lung during extubation using the temporal 

trend of relatively simple validated EIT parameters to define patterns of EELV and tidal 

ventilation.7 Clinical EIT systems with electrode belts22 and user interfaces which are simpler to use 

are now available and can provide continuous monitoring over prolonged periods. This should 

allow larger, properly powered validation studies of the potential of EIT to guide nCPAP support, 

and potentially aid in the prediction of extubation success and prevention of extubation failure. 

  

The magnitude and distribution of both regional EELV and VT were highly variable within and 

between infants at all phases of the study. Breathing is a dynamic process, involving the interaction 

between changing disease state, lung parenchyma, mechanics, drive and therapies. It is likely some 
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infants adapted to extubation better than others and that for most, the reason for extubation success 

or failure involves an interplay between all of these factors.5 Unfortunately our use of a feasibility 

sample generated from analysis of available data pooled in previous observational EIT studies 

precludes interpretation of whether the observed variability represents specific factors. Even though 

our study was relatively large compared with other non-invasive imaging studies in preterm 

infants,7-10,14,16,23,24 to do so would require a much larger population. Despite this, there is an 

increasing body of work from bedside imaging tools such as lung ultrasound,25 EIT,9,13,26 and 

multiple breath washout tests27 demonstrating that clinicians are unaware of the dynamic 

complexity of breathing with current clinical measures being limited to the extreme events such as 

apnoea, desaturation, and bradycardia. In our study all infants were successfully extubated. Having 

a comparative group of infants who required reintubation would provide more insight into lung 

dynamics. 

 

A unique aspect of this study was the recording of lung volumes immediately after extubation, and 

before nCPAP support had commenced. Relative VT was greater during this phase than any other, 

especially in the central-ventral regions of the lung. This indicates greater work of breathing, 

presumably due to the immediate stress of extubation and handling, and to defend lung volume 

following the loss of any pressure support and/or poor glottic function secondary to intubation. The 

study design precludes any interpretation of whether the duration without nCPAP, or use of 

transient mask CPAP, may influence ventilation stability. The application of a face mask to a very 

preterm infant whilst being prepared for nCPAP may be suboptimal with variable leak, which may 

compromise effective pressure transmission to the lungs. To our knowledge, no extubation 

guidelines focus on how to manage the period between extubation and commencing nCPAP. 

 

Our study design, using post-hoc analysis, cannot address two important clinical questions: 1) when 

to extubate, and 2) how to optimise post-extubation nCPAP settings; neither of which were 
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standardised. All infants were managed supine to standardise measures however, prone positioning 

is widely used in NICU, and as we have shown in more recent studies, may improve ventilation 

patterns.9,14  

 

In conclusion, EIT was able to describe the complex lung conditions occurring during extubation to 

nCPAP, specifically lung volume loss and greater use of the dorsal lung. EIT lung imaging may be 

useful to guide peri-extubation respiratory support and to potentially reduce the burden of 

extubation failure in preterm infants. 
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Figure Legends 

Figure 1. Relative change in end-expiratory lung volume (ΔEELV) from values during SIPPV 

(arbitrary units; AU) immediately after extubation for the whole chest (black open circles), ventral 

(closed grey diamonds) and dorsal (open grey diamonds) halves of the chest. ΔEELV after removal 

of ETT but prior to nasal CPAP commenced (No CPAP), 2 min (CPAP2min) and 20 min 

(CPAP20min) after nasal CPAP was commenced. All data mean ± SD. * p=0.040 (ventral); one-way 

repeated measure ANOVA. 

 

Figure 2. A. Distribution of tidal volume (VT) within 32 equally sized regions of the chest along the 

gravity-dependent plane during SIPPV (grey bars), No CPAP (open diamonds), CPAP2min (open 

circles) and CPAP20min (black circles). 0% represents the most ventral region and 100% the most 

dorsal region as illustrated in the insert schematic of the lung regions of chest. B. Difference in VT 

within each lung region between SIPPV and No CPAP (i), CPAP2min (ii) and CPAP20min (iii). All 

data mean ± SD.  

 . CC-BY-NC-ND 4.0 International licenseIt is made available under a 
 is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity. (which was not certified by peer review)

The copyright holder for this preprint this version posted February 5, 2021. ; https://doi.org/10.1101/2021.02.03.21251050doi: medRxiv preprint 

https://doi.org/10.1101/2021.02.03.21251050
http://creativecommons.org/licenses/by-nc-nd/4.0/


 14

Table 1. Infant characteristics 

n=30  
Gestational Age 27.9 (2.0) weeks 
Age  2 (1, 21) days 
Birthweight  1085 (375) g 
Weight at extubation 1085 (376) g 
Female 13 (43%) 
Antenatal Steroids 30 (100%) 
Pre-extubation 
PEEP 5 (5, 6) cmH2O 
VTV 3.8 (0.5) ml/kg 
FiO2 0.22 (0.21, 0.40) 
SpO2/FiO2 400 (73) 
pH 7.33 (0.06) 
PcCO2 46.9 (9.7) mmHg 
Heart Rate 154 (12) bpm 
Respiratory rate 65 (14) bpm 
Surfactant 27 (90%) 
Caffeine 29 (97%) 
Treated PDA 6 (20%) 
20-min post extubation 
CPAP 7.0 (6, 8) cmH2O 
FiO2 0.25 (0.21, 0.55) 
SpO2/FiO2 356 (95)* 
Heart Rate 155 (12) bpm 
Respiratory rate 57 (17) bpm 
All data mean (SD) except; age, PEEP, CPAP and FiO2 median (range). * p=0.0006 paired t test 
(pre-extubation) 
SpO2/FiO2; modified oxygenation index, PcCO2; partial pressure of capillary CO2 at most recent 
blood gas analysis, PDA; patent ductus arteriosus, PEEP; positive end-expiratory pressure, VTV; 
volume targeted ventilation, bpm; breath or beat per minute. 
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What is already known on this topic 

• 40% of preterm infants experience extubation failure despite CPAP and caffeine therapy. 

• The causes of extubation failure in preterm infants are multifactorial and clinicians have few 

methods of delineating these at the bedside. 

• Electrical Impedance Tomography (EIT) is a bedside imaging method that offers the 

potential to provide insights on the underlying mechanisms during extubation success and 

failure. 

 

What this study adds 

• EIT was able to image the complex lung aeration and ventilation changes occurring during 

extubation to nCPAP. 

• In stable infants, lung volume loss was common, and predominantly in the ventral lung, 

after extubation and persisted until at least 20 minutes. 

• Ventilation homogeneity was maintained following extubation, suggesting increased 

diaphragmatic function is important during adaptation to non-invasive support. 
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