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Objectives: To examine whether first-intention high-frequency jet ventilation (HFVJ), compared to volume-targeted ventilation (VTV), in extremely preterm infants is associated with lower incidence of bronchopulmonary dysplasia (BPD) and other adverse clinical outcomes.



Study design: We conducted a retrospective cohort study evaluating neonates with gestational age (GA) ≤28 weeks, who received first-intention HFJV (main exposure) or VTV (comparator), between 11/2020 and 3/2023, with a subgroup analysis including neonates with GA ≤26 weeks and oxygenation index (OI) >5.



Results: We identified 117 extremely preterm neonates, 24 (GA 25.2 ± 1.6 weeks) on HFJV, and 93 (GA 26.4 ± 1.5 weeks, p = 0.001) on VTV. The neonates in the HFJV group had higher oxygenation indices on admission, higher inotrope use, and remained intubated for a longer period. Despite these differences, there were no statistically significant differences in rates of BPD, survival, or other adverse outcomes between the two groups. In subgroup analysis of 18 neonates on HFJV and 39 neonates on VTV, no differences were recorded in the GA, and duration of mechanical ventilation, while neonates in the HFJV group had significantly lower rates of BPD (50% compared to 83%, p = 0.034), and no significant differences in other adverse outcomes compared to neonates in the VTV group. In neonates ≤26 weeks of GA with OI >5, HFJV was significantly associated with lower rates of BPD (OR 0.21, 95% CI 0.05–0.92), and combined BPD or death (OR 0.18, 95% CI 0.03–0.85), after adjusting for birth weight, and Arterial-alveolar gradient on admission.



Conclusions: In extremely preterm neonates ≤26 weeks of GA with OI >5, first-intention HFJV, in comparison to VTV, is associated with lower rates of BPD.
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Introduction

The introduction of antenatal steroids and surfactant replacement therapy has dramatically improved the survival rates of preterm neonates, including those born at or before 28 weeks' gestational age (GA) (1–3). However, extremely preterm neonates often require mechanical ventilation to achieve oxygenation and ventilation in the setting of respiratory distress syndrome (RDS) and/or respiratory failure (3, 4). Despite advances in the respiratory care of extremely preterm neonates, prolonged mechanical ventilation leads to ventilator-induced lung injury and can contribute to the development of bronchopulmonary dysplasia (BPD) (5–7). BPD is the most common morbidity among survivors of extreme prematurity (8, 9) and is associated with adverse neurodevelopmental outcomes and long-term pulmonary complications (10–12).

A protocolized initial ventilatory approach has been shown to improve outcomes in extremely preterm infants (13), however, the optimal initial (first-intention) strategy is not uniformly agreed upon (8, 13, 14). High-frequency jet ventilation (HFJV) has been used interchangeably with conventional ventilation and in some centers, as a first-intention ventilator approach (13). HFJV has the advantage that minute ventilation is achieved using tidal volumes smaller than physiologic dead space due to the use of high respiratory rates. Moreover, the rapid gas injection into the lungs produces flow streaming that sends gas via laminar and transitional flow. This results in lower delivered pressure to the alveoli, and thus reduces the risk of barotrauma and volutrauma (14, 15). Despite the theoretical advantage of HFJV over conventional ventilation and several reports supporting its use in extremely preterm neonates, there is no consensus on the use of HFJV compared to conventional ventilation as a first intention strategy in this vulnerable population. This is mainly because (i) earlier reports showed an association of HFJV with adverse neurological outcomes (16), and (ii) the introduction of conventional volume-targeted ventilation (VTV) in extremely preterm infants was shown to be effective in decreasing rates of BPD compared to pressure-limited ventilation (17).

In this study, we aimed to examine whether a standardized elective (first-intention) use of HFJV, compared to conventional VTV in extremely preterm neonates with RDS, would be associated with a lower incidence of BPD and other adverse clinical outcomes.



Methods

We conducted a retrospective cohort study and included all mechanically ventilated extremely preterm (GA ≤28 weeks) neonates admitted to our neonatal intensive care unit in the Northeastern US, between 11/2020 and 3/2023. The study was approved by the institutional review board (Protocol Number 2023P001168/05.05.2023).

In our institution, thresholds for intubation in extremely preterm neonates include increased oxygen requirements [fraction of inspired oxygen (FiO2) >0.60], respiratory acidosis [pH <7.2 and partial pressure of carbon dioxide (PaCO2) >60 mmHg], or prolonged apnea, while surfactant is administrated when FiO2 >0.30 is required, or when intubation in the delivery room has been performed for primary resuscitation. Caffeine treatment is also recommended within the first 24 postnatal hours in all neonates <30 weeks GA, with the goal of starting caffeine within the first hour of life. The final decision of the selected first-intention mode was based on the preference of the providers during the study period. Historically, in our institution, VTV (assist-control/pressure regulated volume control) was the preferred initial ventilation strategy for extremely preterm neonates, and this is reflected in the early phase of the study period. Recently, HFJV gradually became the initial ventilation strategy initially due to limited availability of conventional ventilators during the COVID pandemic and subsequently due to a shift in our practice within our newly established Small Baby Program. The launch of the Small Baby Program emphasized the need for a standardized ventilator approach for these vulnerable infants with HFJV as the preferred initial ventilator mode. This decision was based on our acquired experience with HFJV, recognition of the theoretical advantages of HFJV, evidence from published studies, and discussions of institutional experience in other small baby programs such as the program at the University of Iowa (13, 15). The initial settings on VTV (Drägerwerk AG & Co, Lübeck, Germany) were tidal volume 5–6 ml/kg, positive end-expiratory pressure (PEEP) 6 cmH2O, pressure max 26–28 cmH2O, inspiratory time 0.3–0.4 s and back-up rate 30–35/min, whereas when first-intention HFJV mode [Model 203 Life Pulse High-Frequency Ventilator (Jet), Bunnell, INC, Salt Lake City, UT, US] was utilized, the initial settings were rate: 300–360/min, inspiratory time: 0.02 s, peak inspiratory pressure: 20–24 cmH2O, PEEP: 6 cmH2O, with no backup rate. Neonates that stayed on the selected first-intention mode for more than an hour qualified to be included in the study.

We collected the perinatal characteristics, and clinical data during the initial mode of ventilation including MAP, FiO2, pH, partial pressure of oxygen (PaO2), PaCO2, oxygenation index (OI), Alveolar-arterial gradient, and arterial/Alveolar ratio for the two groups. Respiratory severity indices were calculated, as follows: OI = [FiO2*(MAP)*100]/PaO2, Alveolar-arterial gradient = [[FiO2*(Patm-PH2O)]-(PaCO2/R)]-PaO2, and arterial/Alveolar ratio = PaO2/[[FiO2*(Patm-PH2O)]-(PaCO2/R)]. The primary outcome of our study was comparison of BPD rates between neonates in the HFJV and VTV groups. BPD was defined according to the 2018 criteria of the National Institute of Child Health and Development, by the existence of persistent parenchymal lung disease, radiographic confirmation of parenchymal lung disease, and the need for oxygen administration for ≥3 consecutive days to maintain arterial oxygen saturation in the 90%–95% range, at 36 weeks of corrected age (18).

Moreover, to evaluate the differences in BPD rates between neonates ≤26 weeks of GA with significant RDS in the HFJV and VTV groups, we performed a subgroup analysis including only neonates ≤26 weeks of GA with an initial OI >5. These were arbitrary thresholds used retroactively to define severity of RDS within our group and did not influence clinical decision-making pertaining to the selection of the first-intention mode of ventilation. Secondary outcomes included the duration of invasive mechanical ventilation, rates of combined BPD or death, other common neonatal morbidities [early and late-onset sepsis, intraventricular hemorrhage, periventricular leukomalacia, retinopathy of prematurity, necrotizing enterocolitis based on Vermont—Oxford Network criteria (19)], and survival. All patients' outcomes were tracked to hospital discharge regardless of transfer.


Statistical analysis

Continuous variables were expressed as mean ± standard deviation or median (interquartile range), and categorical variables as n (percentage %). The normality of the distributions of continuous variables was assessed by the Kolmogorov–Smirnov or the Shapiro–Wilk test. Comparisons between continuous variables were performed with the student's t-test, or the non-parametric Mann–Whitney test, as appropriate, whereas comparisons between categorical variables utilizing the chi-square test or the Fisher's exact test.

A multivariate logistic regression analysis was used to evaluate the effect of the first-intention HFJV mode in neonates ≤28 weeks of GA (independent variable) on BPD, or combined BPD or death (dependent variables), adjusted for GA, birth weight, and OI on admission. Also, the multivariate logistic regression model was used to evaluate the effect of the first-intention HFJV mode in neonates ≤26 weeks of GA with OI >5 (independent variable) on BPD, or combined BPD or death (dependent variables), adjusted for birth weight, and Arterial-alveolar gradient on admission. Among the factors examined, only those with a significant effect in univariate analysis were included in the multivariate model. Odds ratios (OR) and 95% confidence intervals (CI) were calculated. All performed tests were two-sided and a p-value less than 0.05 was considered statistically significant (alpha 0.05). The data were analyzed using SPSS Statistics Version 25.0 (IBM SPSS Statistics for Windows, Version 24.0. Armonk, NY, US).




Results

One hundred thirty-one neonates ≤28 weeks were admitted to our center in the study period. Fourteen neonates were excluded as ineligible [eight neonates who were not intubated, three neonates who were intubated but did not survive to initiation of mechanical ventilation, two neonates who were started on pressure-limited ventilation or high-frequency oscillatory ventilation (one each), and one neonate with congenital diaphragmatic hernia (Figure 1)], and 117 neonates were analyzed, of which 24 were started on first-intention HFJV and 93 on VTV. Neonates of the HFJV compared to the VTV group were of a significantly lower GA (25.2 ± 1.6 compared to 26.4 ± 1.5 weeks, p = 0.001) and birth weight (726 ± 164 compared to 910 ± 255 g, p = 0.001) (Table 1), and also, they had significantly higher oxygenation indices on their first recorded blood gas (at 1.5 h of life for the HFJV group and at 2 h of life for the VTV group) (Table 2). Both first-intention HFJV and VTV modes were started by 1 h after birth. First-intention HFJV mode was applied uninterrupted for 2.5 (0.8–17.1) days while VTV mode for 0.6 (0.2–1.1) days (p < 0.001) (Table 3). Moreover, neonates of the HFJV group ventilated for a significantly longer period [15 (5–30) compared to 4 (1–18) days, p = 0.021], and received inotropes (54% compared to 22%, p = 0.004) and opioids at higher rates compared to the VTV group (87% compared to 62%, p = 0.026). Of note, 39% of neonates in the VTV group were ventilated with a high-frequency mode (“rescue” high-frequency ventilation), and 68% of neonates in the HFJV group with VTV during their hospital stay (Table 3). Besides the above differences, there were no significant differences in the rates of BPD between neonates of the HFJV compared to the VTV group. Similarly, there were no significant differences in the rates of late-onset sepsis, intraventricular hemorrhage, periventricular leukomalacia, retinopathy of prematurity, survival, or the combined outcome of BPD or death between the two groups (Table 3).
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FIGURE 1
Flowsheet of the study population.



TABLE 1 Perinatal characteristics of the study population.
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TABLE 2 Ventilator settings and blood gas characteristics of the study cohort on admission.
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TABLE 3 Clinical care needs and outcomes of the study population.
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In multivariate regression analysis in neonates ≤28 weeks of GA, HFJV mode was significantly associated with lower rates of combined BPD or death (OR 0.28, 95% CI 0.09–0.94, p = 0.040), after adjusting for GA, birth weight, and OI on admission (Table 4).


TABLE 4 Multivariate regression analysis of the association of HFJV with bronchopulmonary dysplasia, and with combined bronchopulmonary dysplasia or death, adjusted for gestational age, birth weight, and oxygenation index, in extremely preterm neonates ≤28 weeks of gestational age with respiratory distress syndrome.
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Within this extremely preterm cohort of neonates ≤26 weeks of GA, 57 neonates had OI >5 (Figure 1); 18 neonates in the HFJV group with a mean GA of 24.6 ± 1.2 weeks and birth weight 715 ± 151 g, and 39 neonates in the VTV group with a mean GA of 25.2 ± 0.9 weeks and birth weight 755 ± 165 g (Table 5). For this subgroup of sicker neonates, ventilator settings and blood gas characteristics on first measurement (within 1 h after birth for HFJV and within 1.5 h for VTV) were not significantly different between the two groups, except for a significantly higher Alveolar-arterial gradient in the HFJV group compared to that of the VTV group (Table 6). Both first-intention HFJV and VTV modes were started by one hour after birth, and first-intention HFJV mode was applied uninterrupted for 3.8 (0.9–18.4) days while VTV mode for 0.8 (0.6–1.8) days (p = 0.001) (Table 7). Within this same group of patients, 22% of neonates in the VTV group ventilated with high-frequency ventilation and 77% of neonates in the HFJV group with VTV during their hospital stay (Table 7). In this subgroup analysis, neonates in the HFJV compared to the VTV group had significantly lower rates of BPD (50% compared to 83%, p = 0.034). Furthermore, there were no significant differences in the rates of late-onset sepsis, intraventricular hemorrhage, periventricular leukomalacia, retinopathy of prematurity, survival, or the combined outcome of BPD or death between the two groups (Table 7).


TABLE 5 Subgroup analysis of perinatal characteristics for neonates ≤26 weeks of gestational age with respiratory distress syndrome and oxygenation index >5.
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TABLE 6 Subgroup analysis of the ventilator settings and blood gas characteristics of neonates ≤26 weeks of gestational age with respiratory distress syndrome and oxygenation index >5 on admission.
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TABLE 7 Subgroup analysis of the clinical care needs and outcomes of neonates ≤26 weeks of gestational age with respiratory distress syndrome and oxygenation index >5.
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In multivariate regression analysis including neonates ≤26 weeks of GA with OI >5, HFJV mode was significantly associated with lower rates of BPD (OR 0.21, 95% CI 0.05–0.92, p = 0.039), and combined BPD or death (OR 0.18, 95% CI 0.03–0.85, p = 0.031), after adjusting for birth weight, and Arterial-alveolar gradient on admission (Table 8).


TABLE 8 Multivariate regression analysis of the association of HFJV with bronchopulmonary dysplasia, and with combined bronchopulmonary dysplasia or death, adjusted for gestational age, birth weight, and arterial-alveolar gradient on admission, in extremely preterm neonates ≤26 weeks of gestational age with respiratory distress syndrome and oxygenation index >5.
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Discussion

Extremely preterm neonates treated with a standardized first-intention HFJV compared to neonates treated with VTV had similar rates of BPD or combined BPD or death, despite being of lower GA and birth weight, having higher oxygenation indices and receiving inotropes at higher rates. Interestingly, in a subgroup analysis of extremely preterm neonates ≤26 weeks of GA with OI >5, neonates receiving first-intention HFJV compared to neonates receiving VTV had significantly lower rates of BPD. Among neonates ≤26 weeks of GA with OI >5, HFJV was significantly associated with lower rates of BPD and combined BPD or death, after adjusting for birth weight, and Arterial-alveolar gradient on admission.

Our findings are consistent with previously reported evidence supporting the potential benefit of first-intention HFJV over conventional ventilation in extremely preterm infants with RDS (20, 21). It should be noted that the previous studies (20, 21) were performed during an era when there was significantly different approaches on the ventilation management of extremely preterm neonates compared to our cohort; however, there is a strong physiologic rationale for use of first-intention HFJV, which is based on the stage of fetal lung development at the time of birth. The extremely preterm lung is exceptionally vulnerable to volutrauma and shearing injury, which is minimized by use of jet tidal volumes smaller than physiologic dead space and the ability to effectively ventilate and oxygenate at lower mean airway pressures compared to conventional ventilation (13, 15). The avoidance of large tidal volumes is lung protective and reduces secondary lung injury and subsequent development of BPD. It also decreases like risk of hyperinflation and air leak syndromes, which have been shown to increase morbidity and mortality in extremely preterm infants (13, 15). The tidal volumes delivered by HFJV are limited, minimizing the risk of volutrauma and oxygen toxicity, which contribute to lung injury and the development of BPD (14, 15). In our study, when we examined neonates with more severe RDS (OI >5), we found that those in the HFJV group had lower rates of BPD, or BPD/death, compared to neonates of the VTV group. Previously Keszler et al., in a multicenter randomized clinical trial where both high- and low-volume strategies were used (of note, the high-volume strategy was used by protocol with only a modest proportion of infants treated with the low-volume approach in violation of the protocol), demonstrated a significant reduction in BPD in preterm neonates with RDS who received surfactant and were initially on HFJV compared to those on conventional ventilation (21). In contrast, Wiswell et al. reported no difference in BPD rates in a randomized controlled trial of elective HFJV utilizing a low-volume strategy compared to neonates on conventional ventilation (16). A Cochrane meta-analysis by Bhuta and Henderson-Smart (22) including the above two studies and the randomized trial by Carlo et al. (23) who also used a low MAP strategy, concluded that the elective use of HFJV for preterm infants with RDS was associated with an overall reduction in the rate of BPD at 36 weeks corrected age (relative risk 0.58, 95% CI 0.34–0.98).

A relative skepticism, however, persists due to the reported association of first-intention HFJV with significant adverse effects including intraventricular hemorrhage, cystic periventricular leukomalacia, and death in extremely preterm neonates (16). We found no differences in adverse respiratory or non-respiratory outcomes between the first intention HFJV and VTV groups, even within the subgroup of sicker neonates. Specifically, we found no differences in rates of pneumothorax or pulmonary hemorrhage between the two groups. Neonates in the HFJV group were intubated for a longer period and received opioids at higher rates compared to those in the VTV group. Regarding the non-respiratory adverse outcomes, we found no differences between the HFJV and VTV groups in intraventricular hemorrhage, periventricular leukomalacia, retinopathy of prematurity, necrotizing enterocolitis, and early or late onset sepsis. Previously Wiswell et al. reported an increase in adverse outcomes such as cystic periventricular leukomalacia and/or death in a group of infants who received first-intention HFJV compared to those receiving conventional ventilation in a randomized controlled trial (16). The same group also examined the effect of hypotension, acidosis, hypoxemia, and hypocarbia during the first 3 days of life on the development of periventricular leukomalacia in premature neonates ventilated with HFJV, revealing that infants with cystic periventricular leukomalacia were independently significantly more likely to have greater cumulative hypocarbia below a threshold level of 25 mm Hg during the first day of life (24). Furthermore, similar trials conducted by Keszler et al. (21) and Carlo et al. (23), each found no significant increase in non-pulmonary morbidities for neonates in the HFJV compared to the conventional ventilation group. It is plausible that differences in ventilator strategies between Wiswell's (low-volume strategy) and Keszler's (high-volume strategy) studies, including the use of markedly different initial PEEP, as well as different approaches to the management of ventilation and the targeted PaCO2 levels, might have contributed to the different outcomes reported (16, 21). Overall, the meta-analysis by Bhuta and Henderson-Smart concluded that there were no significant differences in mortality, overall incidence of any intraventricular hemorrhage or severe intraventricular hemorrhage, or air leaks (22). The final conclusion of the meta-analysis is that more research is needed before any recommendation favoring HFJV as a primary mode over conventional ventilation in preterm infants could be made (22). This is due to the limited evidence from randomized trials and the uncertainty regarding adverse effects associated with HFJV.

In our study, a significant proportion of neonates in the VTV group received rescue high-frequency ventilation (either jet or oscillatory). Similarly, a relatively high proportion of neonates in the HFJV group received VTV (68%). This is an important limitation of our study that does not allow us to examine the effect of HFJV in the later phases of respiratory disease when alveolar and airway injury have already occurred. When HFJV was first introduced in the pre-surfactant era and prior to advances in VTV its main use was as a lung protective strategy when conventional ventilation failed, i.e., settings on conventional ventilation escalated to levels that were deemed unsafe. This “rescue” strategy was proven effective in prior reports (25–29) even for moribund neonates with air leaks in which HFJV improved survival (26). More recently, Plavka et al. reported that, compared with conventional ventilation or high-frequency oscillatory ventilation, HFJV improved gas exchange and facilitated weaning from mechanical ventilation in extremely preterm neonates with evolving BPD (27). A Cochrane review completed in 2006 (30) and updated in 2015 (31), concluded that existing evidence in support of HFJV as a rescue strategy in preterm infants was of low quality and thus this practice could not be supported.

Our study has several limitations. First, our findings from a single-center cohort study may not be generalizable. Moreover, this was a retrospective study, and although we collected a large number of variables, we acknowledge that outcomes such as BPD are multifactorial and that we were unable to examine additional variables that could potentially contribute to the outcomes of interest. Also, as per the study design, we could not examine the effect of any ventilation strategies beyond the initial first-intention approach on the outcomes evaluated. We also acknowledge the significant proportion of neonates who crossed over between the two groups, reflecting the inevitable limitations within clinical practice.



Conclusion

This study supports that extremely preterm neonates (GA ≤28 weeks) treated with a standardized first-intention HFJV compared to neonates treated with VTV had similar rates of BPD, combined BPD or death, and other adverse outcomes. Within this group, preterm neonates ≤26 weeks of GA with RDS and OI >5 who were treated with first-intention HFJV compared to those treated with VTV had significantly lower rates of BPD, and no significant differences in other adverse outcomes. HFJV was significantly associated with lower rates of BPD, and combined BPD or death, after adjusting for birth weight, and OI on admission. Further prospectively designed studies are warranted to examine the effects of first-intention HFJV on limiting lung injury, improving survival, and optimizing neurodevelopmental outcomes.
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