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Introduction: Electrical impedance tomography (EIT) allows assessment of ventilation and aeration homogeneity which may be associated with respiratory outcomes in preterm infants.



Methods: This was a secondary analysis to a recent randomized controlled trial in very preterm infants in the delivery room (DR). The predictive value of various EIT parameters assessed 30 min after birth on important respiratory outcomes (early intubation <24 h after birth, oxygen dependency at 28 days after birth, and moderate/severe bronchopulmonary dysplasia; BPD) was assessed.



Results: Thirty-two infants were analyzed. A lower percentage of aerated lung volume [OR (95% CI) = 0.8 (0.66–0.98), p = 0.027] as well as a higher aeration homogeneity ratio (i.e., more aeration in the non-gravity-dependent lung) predicted the need for supplemental oxygen at 28 days after birth [9.58 (5.16–17.78), p = 0.0028]. Both variables together had a similar predictive value to a model using known clinical contributors. There was no association with intubation or BPD, where numbers were small.



Discussion: In very preterm infants, EIT markers of aeration at 30 min after birth accurately predicted the need for supplemental oxygen at 28 days after birth but not BPD. EIT-guided individualized optimization of respiratory support in the DR may be possible.
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Introduction

Bronchopulmonary dysplasia (BPD) is among the major morbidities of very preterm infants (1, 2), and it is associated with adverse long-term neurodevelopmental outcomes as well as recurrent hospitalizations which is a large burden to infants and parents (3–5). Accurate prediction of a developing BPD may be important to guide early therapeutic interventions.

Currently, there are various tools to predict BPD, all of which lack accuracy (6). Recently, lung ultrasound has gained attention as a potentially novel tool to predict short- (surfactant need, intubation) and long-term (oxygen dependency, BPD) respiratory outcomes as early as 24 or 72 h after birth (7–10). However, at this timepoint, lung ultrasound adds only little additional predictive value to known clinical parameters such as gestational age (11). Also, lung ultrasound can only detect intrapulmonary consolidations and fluids close to the chest-wall and does not allow to draw conclusions on regional lung aeration.

Electrical impedance tomography (EIT) is a novel, noninvasive tool measuring regional ventilation distribution and overall lung aeration in a cross-sectional slice of the lung (12). Recently, ventilation inhomogeneity in stable preterm infants approximately four weeks after birth was associated with worse oxygenation and a later diagnosis of BPD (13). Using EIT, we aimed to describe whether parameters of inhomogeneous aeration and ventilation measured as early as 30 min after birth may already predict respiratory outcomes in very preterm infants and may add to currently known clinical predictive parameters.



Methods

This is a secondary analysis of a prospective, parallel, randomized controlled trial conducted at the University Hospital Zurich comparing prophylactic surfactant nebulization (SN) immediately after birth to positive distending pressure alone (14). The original trial was registered with clinicaltrials.gov (NCT04315636) and approved by the local ethics committee (KEK-2020-00890). All parents provided antenatal written informed consent.


Population and intervention

The setup of the original study has been described previously (14). In short, infants between 26 and 32 completed weeks of gestation at birth were randomized to either positive distending pressure alone after birth or positive distending pressure with additional SN (200 mg/kg Curosurf®, Chiesi Farmaceutici, Parma, Italy) via the eFlow® Neo Nebulizer (PARI Pharma, Starnberg, Germany) starting simultaneously with the initial application of a face mask. Infants were initially supported on continuous positive airway pressure support (CPAP) with a positive distending pressure of 8 mbar using the EVE NEO® ventilator (Fritz Stephan GmbH, Gackenbach, Germany) and a face mask (ComfortStar®, Dräger Medical System, Lübeck, Germany). Escalation of pressure levels and change of respiratory support mode or interface were possible at any time during stabilization at the clinician's discretion. To allow comparability, infants who had received intratracheal surfactant (via endotracheal tube or via thin catheter) within the first 30 min after birth were excluded.



Data collection

Complete methods of data collection have been described previously (14). A researcher was present for each delivery to fasten a textile EIT belt at nipple level as soon as the infant reached the resuscitaire. The LuMon™ device (SenTec AG, Landquart, Switzerland) was used to record EIT data at a frame rate of 51 Hz (15, 16). The EIT belt remained on the infant's thorax for the initial 90 min or until the first chest x-ray was performed. Thirty minutes after birth, data were extracted for 30 s of artefact-free tidal ventilation using ibeX (version 1.1, SenTec AG, Landquart, Switzerland). Infants were lying in supine position during all measurements. Thus, dorsal lung regions were considered gravity-dependent (17, 18).



Predictors

We aimed to show the early predictive value of EIT parameters on short- and long-term pulmonary outcomes. Therefore, we chose to evaluate data at 30 min after birth as infants are largely transitioned at this timepoint while it still allows early prediction.

EIT data were analyzed using Matlab software (version 2019a, Mathworks, Nantick, MA, USA). Recently, heterogeneous ventilation in stable preterm infants was associated with a later diagnosis of BPD (13). Building on this finding, we pre-defined the following parameters which may influence pulmonary outcomes: The percentage of overall aerated lung volume (Aer%; as indicator of overall aeration), the aeration homogeneity ratio (AHR; as indicator of aeration homogeneity), the coefficient of variation (CV; as indicator of ventilation homogeneity), as well as the gravity- and non-gravity-dependent silent spaces (SSGD and SSNGD; as indicators of atelectasis and overdistension, respectively).

To obtain these predictors, the following steps of analysis were necessary: first, data was prepared by projecting predefined anatomical lung regions based on the vendor-provided human model chest atlas into the EIT image, excluding EIT signals outside of these regions and normalizing the signal for body weight (17–19). Second, the net EIT signal at end-expiration (end-expiratory lung impedance; EELI) was isolated in arbitrary units (AU) in the entire lung and the percentage of aerated lung tissue was calculated (Aer%). Then, aeration in the non-gravity-dependent and the gravity-dependent lung (EELINGD, EELIGD) was isolated and the aeration homogeneity ratio (AHR) was calculated by dividing the weighted values of the non-gravity-dependent half of the EIT signal by the gravity-dependent half (18, 20). A higher value indicates more aeration in the non-gravity-dependent lung (18). Third, the CV was calculated by dividing the standard deviation (SD) of impedance changes in all pixels by the mean value of impedance (18, 21). The CV correlates with ventilation homogeneity and lower values indicate improved homogeneity. Finally, silent spaces were calculated in the gravity- and non-gravity-dependent lung [corresponding to atelectasis (SSGD) and overdistension (SSNGD)] (12, 18, 22). As percentages, SS were not normalized for body weight.



Outcomes and timepoints

The following outcomes were assessed: First, early respiratory failure, defined as either endotracheal intubation (with subsequent surfactant application) or less invasive surfactant application (LISA) within the first 24 h after birth, as both manipulations would severely change ventilation and aeration parameters. Second, oxygen dependency at 28 days, irrespective of the mode of respiratory support. And third, bronchopulmonary dysplasia (BPD), defined as oxygen need or any pressure support at 36 weeks postmenstrual age.



Statistical analysis

Averages of each EIT recording were computed for subsequent analyses. Normally distributed data are presented as mean with standard deviation (SD) or 95% confidence interval (CI). Non-parametric data are presented as median and interquartile range (IQR).

Logistic regression was performed for each predictor to assess the effect of EIT variables on respiratory outcomes. The area under the receiver operating curve (ROC) was then calculated for significant predictors of respiratory outcomes using the pROC package in R statistics. Finally, significant predictors were included into a model predicting adverse outcomes using three known clinical contributors (gestational age, sex and birth weight) to assess whether there is an improvement in the prediction. P-values < 0.05 were considered statistically significant. All analyses were performed using R statistics (version 3.6.2) (23).




Results


Population

Overall, 35 infants were randomized in the original study, two of which were intubated before 30 min and 1 had a faulty EIT recording, leaving 32 infants for data analysis. Demographic characteristics can be found in Table 1.


TABLE 1 Demographic characteristics of the study population.
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Prediction of respiratory parameters by EIT variables

None of the pre-specified EIT parameters predicted early intubation within the first 24 h after birth or moderate/severe bronchopulmonary dysplasia (Table 2). A lower percentage of overall aerated lung [OR (95% CI) = 0.8 (0.66–0.98), ROC = 0.761, p = 0.027, Figure 1A] as well as a higher aeration homogeneity ratio (AHR) and thus, more aeration in the non-gravity-dependent lung predicted the need for supplemental oxygen at 28 days after birth [OR (95% CI) = 9.58 (5.16–17.78), ROC = 0.898, p = 0.0028, Figure 1B].


[image: Figure 1]
FIGURE 1
Differences in the percentage of overall lung aeration (Aer%, A) and the aeration homogeneity ratio (AHR, B) between infants who did vs did not receive supplemental oxygen at 28 days after birth.



TABLE 2 Prediction of respiratory outcomes by pre-specified EIT parameters.
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Prediction models including clinical parameters

Predicting oxygen need at 28 days after birth, the two EIT variables combined had a similar predictive value [area under the receiver operating curve (ROC) = 0.925] as a model including known contributing clinical parameters (sex, weight and gestational age: ROC = 0.910). Adding the two EIT variables to the model of clinical parameters alone improved the ROC only slightly (ROC = 0.929). All models provided a near perfect prediction of oxygen dependency at 28 days (Figures 2A–C).


[image: Figure 2]
FIGURE 2
Area under the receiver operating curve (ROC) for clinical variables alone (A), EIT variable alone (B) and the combination of clinical and EIT variables (C).





Discussion

In a small sample of very preterm infants, EIT markers of aeration and ventilation at 30 min after birth could not predict early intubation or bronchopulmonary dysplasia. However, EIT markers of aeration, i.e., a lower percentage of lung aeration as well as a higher aeration homogeneity ratio, measured 30 min after birth predicted the need for supplemental oxygen at 28 days after birth. The predictive value of EIT parameters was similar to a model including clinical parameters.

Electrical impedance tomography is a relatively novel tool which provides functional images of ventilation and aeration (12), and is representative for the entire lung in ventilated preterm infants (24). Recently, heterogeneous ventilation, measured by EIT, was associated with poor oxygenation and a later diagnosis of BPD in stable preterm infants approximately four weeks after birth (13). In this small pilot analysis, we did not see an association of EIT parameters with early intubation and subsequent surfactant application. However, we saw that the percentage of aerated lung as well as a higher aeration homogeneity ratio (AHR) predicted the need for oxygen at 28 days after birth. Early intubation is mostly performed in case of poor respiratory drive or insufficient oxygenation which may be compensated initially, e.g., by the use of noninvasive positive pressure ventilation and/or increased pressure levels. Infants who were not intubated within the first 24 h could still go on to require oxygen at 28 days after birth due to inflammatory processes which may explain why we only saw an association of EIT parameters with oxygen dependency.

It is conceivable that infants with an improved overall aeration at 30 min, indicated by a large percentage of aerated lung, may require less respiratory support. This in turn is associated with an improved respiratory outcome (25), and may explain the association with oxygen dependency at 28 days. At the same time, a higher AHR, which corresponds to more aeration in the non-gravity-dependent part of the lung when compared with the gravity-dependent part, was associated with a higher likelihood of requiring oxygen 28 days after birth. Thus, overdistension of the lung (indicated by an increase in AHR) may be injurious to the lung which may explain the inverse association of the AHR with oxygen dependency. Finding the optimal balance between too little aeration and overdistending the lung remains challenging. Targeting the ideal PEEP level is of utmost importance to guide early respiratory interventions during the transitional period of extremely preterm infants. Accordingly, currently ongoing trials are targeting an individualized approach to pressure support immediately after birth (26). We speculate that EIT may be a helpful tool to guide respiratory support in the delivery room and beyond but future prospective studies need to evaluate this before a recommendation can be made.

Interestingly, these two EIT variables predicted oxygen dependency at 28 days after birth similarly good as clinical parameters (27). While EIT added little predictive value to clinical parameters, our finding underlines the importance of establishing functional residual capacity after birth not only for the immediate adaptation after birth but also for medium-term respiratory outcomes. However, our data is based on a limited number of infants in a single centre and results may differ in other settings.

While oxygen dependency in very preterm infants is largely explained by gestational age and birth weight, BPD is influenced by more factors than basic demographic characteristics and thus, early prediction of BPD by clinical parameters is still inaccurate (6). However, a late prediction is not as useful because therapeutic options are more effective in the first days after birth (28). While we saw an association of EIT parameters on medium-term respiratory outcome, we did not find an association with the development of BPD in this small study. Thus, it remains unclear whether EIT can add to the existing tools to predict BPD. While there was no clear association, the effect direction was similar to the effects found on oxygen dependency at 28 days after birth. Factors associated with mild BPD may also be associated with moderate or severe BPD in a larger cohort. It is important to note that we only had one patient who developed moderate or severe BPD and subsequent lack of power precluded meaningful analyses. Recently, lung ultrasound has gained attention as a potentially novel tool to predict BPD as early as 24 or 72 h after birth (7–10). However, at this timepoint, there are various clinical parameters allowing a fairly accurate prediction of BPD and lung ultrasound adds only little additional predictive value (11). While lung ultrasound only detects intrapulmonary consolidations and fluids, EIT could add to this knowledge by describing lung aeration (12). We speculate that the combination of lung ultrasound and EIT may allow a good prediction of BPD even as early as 30 min after birth but prospective clinical studies with a larger sample size are needed to evaluate this hypothesis. As BPD is a multifactorial disease, an all-encompassing approach may be needed which includes clinical and visualization (EIT, lung ultrasound) parameters as well as biomarkers (29) and machine-learning (30) to accurately predict this important outcome for patients and their families.

This study has limitations: First, it was a single-center study and it is unclear whether different approaches to airway management in other centres may have yielded different results. Second, it is a secondary analysis of a prospective trial on the effect of surfactant nebulization which is not standard of care and may have skewed the data. Third, it was a small trial with only 32 infants included in the analysis. This precluded meaningful analysis of the most important respiratory outcome in the NICU, BPD. However, this is the largest prospective trial with EIT measurements in preterm infants immediately after birth and it provides a first idea of the predictive value of EIT parameters after birth. Larger prospective trials, possibly including lung ultrasound as well as EIT, are needed to accurately describe their additional predictive value.



Conclusion

In very preterm infants, EIT markers of aeration and ventilation at 30 min after birth could not predict early intubation or bronchopulmonary dysplasia. However, EIT markers of aeration, i.e., a lower percentage of lung aeration as well as a higher aeration homogeneity ratio at 30 min after birth, accurately predicted the need for supplemental oxygen at 28 days after birth. In fact, these two EIT parameters had a similar predictive value to a model including known contributing clinical parameters. Our results highlight the importance of an individualized approach to respiratory support in very preterm infants after birth, and EIT may be useful to guide respiratory support in this situation.
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