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Abstract 

Background/Objectives: Abnormalities in the partial pressure of carbon dioxide (PCO₂) can occur 
during respiratory support and may contribute to adverse neonatal outcomes. This study aimed to 
assess the incidence of early hypocapnia and hypercapnia in mechanically ventilated preterm infants 
and their major associated outcomes. Methods: A single-center retrospective cohort study (2017–
2024) was conducted in preterm infants <32 weeks’ gestation who required >24 hours of invasive 
ventilation within the first 3 days of life. Perinatal-neonatal data were retrieved from the medical 
database. Admission blood gas values (arterial and capillary-venous) and the maximum and 
minimum PCO₂ in the first 72 hours were evaluated. Normocapnia was defined as PCO₂ 35–45 
mmHg, hypocapnia <35 mmHg, and hypercapnia >45 mmHg. Primary outcomes were the incidence 
of PCO₂ abnormalities; secondary outcomes included death or severe brain injury (SBI), SBI alone, 
and bronchopulmonary dysplasia (BPD) among survivors. Logistic regression identified 
independent predictors of the secondary outcomes. Results: Among the 134 infants evaluated, most 
experienced both hypercapnia and hypocapnia. Hypercapnia occurred in 81.3% of infants, and 
hypocapnia in 93.2%. Death or SBI was observed in 51.5%, and SBI alone in 42.5%. Gestational age 
<28 weeks, air-leak syndromes, and pulmonary hemorrhage were independent predictors of death 
or SBI. Among survivors, hypercapnia and gestational age <28 weeks independently predicted BPD. 
Infants with adverse outcomes had higher maximum PCO₂ values and greater PCO₂ variability, 
although these were not independent predictors of SBI or death. Conclusions: PCO₂ instability is 
highly prevalent in ventilated preterm infants necessitating personalized ventilation management. 
Extreme prematurity remains the strongest risk factor for adverse outcomes, while hypercapnia 
independently predicts BPD. 

Keywords: carbon dioxide; hypercapnia; hypocapnia; mechanical ventilation 

1. Introduction

Over the past decades, survival rates for preterm infants have improved markedly [1].
Additionally, modern practice emphasizes non-invasive respiratory support to reduce complications 
associated with mechanical ventilation. Nevertheless, many preterm infants with respiratory distress 
syndrome still require invasive ventilation [1–3]. In this context, maintaining a normal partial 
pressure of carbon dioxide (PCO₂) in the blood is essential for preserving acid–base balance, yet 
optimal PCO₂ targets remain unclear [4]. 
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Hypocapnia and hypercapnia are common in the neonatal intensive care unit (NICU) [5], and 
often reflect underlying illness or aspects of respiratory management, such as inappropriate 
iatrogenic hyperventilation [6] or intentional permissive hypercapnia [7]. 

Accumulating evidence, however, suggests that avoiding both hypocapnia and hypercapnia is 
crucial, as extreme deviations and wide fluctuations in PCO₂ levels are well recognized risk factors 
for serious complications—particularly neurological injuries including intraventricular hemorrhage 
(IVH) and periventricular leukomalacia (PVL) [8–10], as well as are potential contributors to 
bronchopulmonary dysplasia (BPD) [11]. Notably, permissive hypercapnia, aimed at minimizing 
ventilator-induced lung injury, has been suggested as a promising neonatal ventilation strategy [7]. 
However, recent literature shows no significant differences in BPD or death with permissive 
hypercapnia, while a potential association with an increased risk of necrotizing enterocolitis (NEC) 
remains a concern [12,13]. 

Τhe objective of the present cohort study in ventilated preterm infants was twofold: (a) to 
determine the incidence and patterns of PCO₂ abnormalities (hypocapnia, hypercapnia, and 
variability) during the first 72 hours of life, and (b) to evaluate the associations between these PCO₂ 
deviations and major neonatal outcomes, including survival, severe brain injury (SBI) and BPD. By 
investigating early PCO₂ disturbances and their associations with key neonatal outcomes, clinically 
relevant insights may be gained that support optimal neonatal medical care and promote a 
personalized medicine approach, enabling ventilation strategies to be individually tailored to the 
specific condition and medical needs of each preterm infant. 

2. Materials and Methods 

2.1. Patients and Data Collection 

We conducted a single-center retrospective cohort study (2017–2024) of preterm infants (<32 
weeks’ gestational age [GA]) who required invasive ventilation for >24 hours within the first 3 days 
of life. Perinatal and neonatal data were obtained from our center’s medical database. This allowed 
for the evaluation of blood gas values (pH, PCO₂, base deficit) at NICU admission, as well as the 
maximum and minimum PCO₂ values during the first three days. The difference between these two 
values was calculated as an indicator of fluctuation. As in other studies [13,14], arterial and capillary-
venous samples were not distinguished because many infants lacked arterial access. Exclusion 
criteria included major congenital anomalies, advanced resuscitation at birth, death within 24 hours, 
and insufficient clinical data. 

2.2. Outcomes and Definitions 

Primarily, we aimed to evaluate the incidence of normocapnia, hypocapnia, and hypercapnia. 
Secondarily, we aimed to identify any associations between these PCO₂ abnormalities and important 
neonatal outcomes, including the combined outcome of death prior to NICU discharge or SBI 
(defined as IVH grades III–IV or cystic PVL), SBI alone, and BPD among survivors with or without 
SBI. 

Normocapnia was defined as a PCO₂ of 35–45 mmHg, hypocapnia as a PCO₂ <35 mmHg, and 
hypercapnia as a PCO₂ >45 mmHg, in accordance with thresholds commonly used in neonatal 
research [4]. SBI was defined as the presence of IVH grades III–IV or cystic PVL according to specific 
ultrasound diagnostic criteria [15,16] and BPD was defined as the need for oxygen therapy or 
mechanical ventilation at 36 weeks’ postmenstrual age [17]. 

2.3. Respiratory Management 

Although significant changes in respiratory management occurred in our NICU during the 
study period, we have typically prioritized non-invasive ventilation and less invasive surfactant 
administration in infants ≥24 weeks’ gestation. When invasive mechanical ventilation was required, 
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exogenous surfactant was administered via the endotracheal tube. Starting in 2020 we implemented 
synchronized positive pressure ventilation with volume guarantee (VG) as the primary mode of 
invasive ventilation for preterm neonates. Respiratory care was escalated to rescue high-frequency 
oscillatory ventilation (HFOV) after failure of conventional ventilation. During the acute phase of 
respiratory distress syndrome, we targeted blood gas PCO₂ values of 35–50 mmHg and pH ≥7.2 and 
attempted to maintain oxygen saturation between 90–95%. 

2.4. Statistical Analysis 

Continuous variables were summarized as mean ± standard deviation when approximately 
normally distributed, or as median with first and third quartiles (Q1, Q3) otherwise. Categorical 
variables were summarized as counts and percentages. Normality was assessed using the Shapiro–
Wilk and Q–Q plots. For group comparisons we used either Student’s t-test or Mann–Whitney as 
appropriate in each case for continuous variables, and Chi-square test or Fisher’s exact test when cell 
counts were <5 for categorical variables. 

To describe the associations for each of the outcomes (death or SBI, SBI and BPD for survivors) 
with the possible predictors, we fitted 3 logistic regression models. Final models are presented as 
odds ratios (ORs) with 95% confidence intervals and p-values. Log-likelihood test and Akaike 
Information Criterion (AIC) values were used for comparison and selection between models. Model 
performance was evaluated using the area under the ROC curve with 95% confidence intervals. 
Significance level was set at 0.05 for all tests. Statistical analysis was performed using the statistical 
program R 4.4.1. 

3. Results 

During the study period, 351 neonates <32 weeks gestation were admitted to our NICU, of whom 
169 required intubation and mechanical ventilation for more than 24 hours during the first 3 days of 
life. After applying exclusion criteria, 134 infants were included in the final analysis. 

3.1. Study Population Characteristics 

The median GA of the study population was 28 weeks (IQR 25–29) and the median birth weight 
was 950 g (IQR 700g–1230g). Of the studied neonates, 62 (46.3%) were born at <28 weeks’ gestation 
while 31 (23.1%) were born at 22-24 weeks. Rescue HFOV was applied in 69 (51.5%) infants. The 
median duration of invasive mechanical ventilation was 5 days (IQR 2–11), and the median length of 
NICU stay was 51 days (IQR 11–85). Survival to discharge was 61.9% (n = 83). Major morbidities of 
the study population included SBI in 42.5% of infants, with severe IVH (grades III-IV) occurring in 
29.1%. Additional data on perinatal and neonatal characteristics of the study population are provided 
in Table 1 along with important clinical outcomes involving survivors only, such as BPD and 
retinopathy of prematurity (ROP). The following values were observed at NICU admission: pH 7.30 
(7.20–7.40), maximum PCO₂ 55.6±13.4 mmHg, minimum PCO₂ 28.0±5.2 mmHg, PCO₂ difference 24.5 
(16.4–33.4) mmHg, and base deficit (absolute value) 6.8 (5.2–9.2) mmol/L. 

Table 1. Perinatal and neonatal characteristics of the study population. 

Variable Descriptive statistics 
 (n=134) 
Gestational age (weeks) 28 (25; 29) 
Gestational age < 28 (weeks) 62 (46.3%) 
Birth weight (g) 950 (700; 1230) 
5-min Apgar score 8 (7; 8) 
Male sex 63 (47.0%) 
SGA 20 (14.9%) 
Maternal hypertension 22 (16.4%) 
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Chorioamnionitis 28 (20.9%) 
PPROM 35 (26.1%) 
Prenatal steroids 116 (86.6%) 
Mg administration 76 (56.7%) 
Caesarean section 114 (85.1%) 
Inborn 120 (89.6%) 
Surfactant for RDS 123 (91.8%) 
Pulmonary hemorrhage 31 (23.1%) 
Air-leak syndromes 25 (18.7%) 
PDA 66 (49.3%) 
Treated PDA 54 (40.3%) 
Severe IVH 39 (29.1%) 
SBI 57 (42.5%) 
Sepsis (Culture-positive; early/late) 69 (51.5%) 
Fentanyl or sedative 69 (51.5%) 
NEC (grade II, III) 17 (12.7%) 
Rescue HFOV 69 (51.5%)  
Duration of invasive ventilation (days) 5.0 (2.0; 11.0) 
Survival 83 (61.9%) 
Death or SBI 69 (51.5%) 
Length of stay (days) 51 (11; 85) 

At NICU admission 
pH  7.3 (7.2; 7.4) 
PCO2  36.8 (30.1; 44.0) 
Base Deficit (absolute value) 6.8 (5.2; 9.2) 

During the first 3 days of life 
Min PCO2 28.0 (± 5.2) 
Max PCO2 55.6 (±13.4) 
Max-min PCO2  24.5 (16.4; 33.4) 

Clinical outcomes in survivors (n=83) 
Any BPD  54 (65.9%) 
ROP  33 (40.2%) 
Treated ROP  13 (15.9%) 
Length of stay (days)  75 (54; 115) 

Data are presented as mean (SD), median (Q1, Q3) or counts (%). BPD: bronchopulmonary dysplasia; CS: caesarean 
section; HFOV: High frequency oscillatory ventilation; IVH: Intraventricular hemorrhage; NEC: necrotizing enterocolitis; 
NICU: neonatal intensive care unit; Mg: magnesium; PDA: patent ductus arteriosus; PPROM: preterm premature rupture 
of membranes; RDS: respiratory distress syndrome; ROP: retinopathy of prematurity; SBI: severe brain injury; SGA: small 
for gestational age. 

3.2. Variability in PCO₂ During the First 72 Hours 

In our cohort, most infants experienced both hypercapnia and hypocapnia (Table 2), reflecting 
wide intra-individual variability in PCO₂ values. Hypercapnia occurred in 109 infants (81.3%), while 
the PCO₂ remained 45 mmHg or less in 25 infants (18.7%). Hypocapnia was even more common, and 
was observed in 125 infants (93.2%), with 87 (64.9%) developing severe hypocapnia (PCO₂ <30 
mmHg). Notably, severe hypocapnia was often associated with concurrent episodes of moderate-to-
severe hypercapnia (PCO₂ >55 mmHg). 

Table 2. Cross-tabulation of min and max PCO2 (mmHg) of the study population. 

 Max PCO2 group 
Min PCO2 group 35-45 46-55 56-65 >65 

<30 21 (15.7%) 27 (20.1%) 17 (12.7%) 22 (16.4%) 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 2 March 2026 doi:10.20944/preprints202602.2013.v1

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202602.2013.v1
http://creativecommons.org/licenses/by/4.0/


 5 of 11 

 

30-34 4 (3%) 19 (14.2%) 11 (8.2%) 4 (3%) 
35-45 0 (0%) 5 (3.7%) 4 (3%) 0 (0%) 

Values represent the number and percentage of participants within each PCO₂ group. 

3.3. Outcomes 

3.3.1. Death or Severe Brain Injury 

As shown in Table 3, infants who survived without SBI had significantly higher GA and birth 
weight than those who died or developed SBI (29 [28–30] vs. 25 [24–27] weeks; 1170 [1020–1380] vs. 
710 [595–960] g; both p<0.001). Infants who died or had SBI were more frequently born <28 weeks 
(76.8% vs. 13.8%; p<0.001). Survivors had higher 5-min Apgar scores (8 [7–9] vs. 7 [7–8]; p=0.006). 
Pulmonary hemorrhage, air-leak syndromes, treated PDA, and NEC grade II–III were all more 
common among infants with death or SBI (all p≤0.037). Infants with death or SBI received rescue 
HFOV significantly more often compared to survivors without SBI (72.5% vs. 29.2%; p<0.001). 
Moreover, infants with death or SBI had higher base deficit values, greater maximum and fluctuating 
PCO₂ levels, and a higher incidence of hypercapnia (all p≤0.009). 

Table 3. Perinatal and neonatal characteristics of infants who survived without SBI and in those with the 
combined outcome of death or SBI. 

Variable Survival without SBI 
(n=65) Death or SBI (n=69) p-value 

Gestational age (weeks) 29 (28; 30) 25 (24; 27) <0.001 
Gestational age < 28 weeks 9 (13.8%) 53 (76.8%) <0.001 
Birth weight (g) 1170 (1020; 1380) 710 (595; 960) <0.001 
5-min Apgar score 8 (7; 9) 7 (7; 8) 0.006 
Male sex 25 (38.5%) 38 (55.1%) 0.054 
SGA 9 (13.8%) 11 (15.9%) 0.734 
Maternal hypertension 14 (21.5%) 8 (11.6%) 0.120 
Chorioamnionitis 10 (15.4%) 18 (26.1%) 0.128 
PPROM 12 (18.5%) 23 (33.3%) 0.050 
Prenatal steroids 55 (84.6%) 61 (88.4%) 0.520 
Mg administration 35 (53.8%) 41 (59.4%) 0.515 
Caesarean section 60 (92.3%) 54 (78.3%) 0.029 
Inborn 60 (92.3%) 60 (87.0%) 0.401 
Surfactant for RDS 58 (89.2%) 65 (94.2%) 0.356 
Pulmonary hemorrhage 5 (7.7%) 26 (37.7%) <0.001 
Air-leak syndromes 7 (10.8%) 18 (26.1%) 0.023 
Treated PDA 15 (23.1%) 39 (56.5%) <0.001 
Sepsis (Culture positive; 
early/late) 31 (47.7%) 38 (55.1%) 0.393 
Fentanyl or sedative 29 (44.6%) 40 (58.0%) 0.122 
NEC (grade II, III) 4 (6.2%) 13 (18.8%) 0.037 
Rescue HFOV 19 (29.2%) 50 (72.5%) <0.001 
Duration of invasive ventilation 4 (1; 9) 7 (4; 15) 0.005 

At NICU admission 
pH  7.3 (7.3; 7.4) 7.3 (7.2; 7.4) 0.540 
PCO2  37.4 (31.3; 47.0) 36.5 (29.4; 42.6) 0.223 
Base Deficit (absolute value) 5.9 (4.4; 8.5) 7.4 (5.9; 9.8) 0.005 

During the first 3 days of life 
Min PCO2 28.8 (± 5.3) 27.3 (± 5.0) 0.116 
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Max PCO2 51.2 (± 10.8) 59.8 (± 14.3) <0.001 
Max-min PCO2 difference 20.7 (13.4; 28.1) 29.1 (22.4; 40.2) <0.001 
Hypercapnia 47 (72.3%) 62 (89.9%) 0.009 
Hypocapnia 60 (92.3%) 65 (94.2%) 0.739 

Data are presented as mean (SD), median (Q1, Q3) or counts (%). BPD: bronchopulmonary dysplasia; CS: caesarean 
section; HFOV: High frequency oscillatory ventilation; IVH: Intraventricular hemorrhage; NEC: necrotizing enterocolitis; 
NIC: neonatal intensive care unit; Mg: magnesium; PDA: patent ductus arteriosus; PPROM: preterm premature rupture 
of membranes; RDS: respiratory distress syndrome; ROP: retinopathy of prematurity; SBI: severe brain injury; SGA: small 
for gestational age. 

3.3.2. Severe Brain Injury 

Infants without SBI were more mature and had higher birth weights than those with SBI (29 [28–
30] vs. 25 [24–26] weeks; 1130 [880–1350] vs. 710 [610–960] g; both p<0.001). Male sex was more 
common among infants with SBI (p=0.030). Infants with SBI had significantly higher rates of 
pulmonary hemorrhage, air-leak syndromes, and treated PDA (all p≤0.016) and were more frequently 
exposed to sedatives (p=0.048). Moreover, HFOV was used significantly more often in infants with 
SBI than in those without SBI (68.4% vs. 39%; p=0.001). Survival was markedly lower in the SBI group 
(31.6% vs. 84.4%; p<0.001). Additionally, infants with SBI exhibited higher maximum PCO₂ levels and 
greater PCO₂ fluctuations (p≤0 .01) (Online Supplementary Material Table S1). 

3.3.3. Survivors with and Without BPD 

Among 83 survivors, 55 (66.3%) developed BPD. These infants were significantly more 
premature and had lower birth weights than those without BPD (28 [26–29] vs. 30 [29–31] weeks; 1070 
[852–1205] vs. 1318 [1122–1615] g; both p<0.001). Extremely preterm birth (<28 weeks) was much more 
common among infants with BPD (38.2% vs. 3.6%; p<0.001). Infants with BPD had higher rates of 
treated PDA (p=0.001), treated ROP (p=0.028), and sedative exposure (p=0.007). They also required 
rescue HFOV more often (p=0.013), had a longer duration of invasive ventilation (p<0.001), and had 
a longer hospital stay (p<0.001). Additionally, infants with BPD exhibited higher maximum PCO₂ 
levels (p=0.006) and more frequent hypercapnia (p=0.028), whereas other blood gas parameters were 
comparable between groups (Online Supplementary Material Table S2). 

3.4. Multivariable Analyses 

We constructed three multiple logistic regression models to evaluate risk factors for (1) death or 
SBI, (2) SBI independent of death, and (3) BPD among survivors, in very preterm neonates (Table 4). 
GA was included as a binary variable (<28 weeks vs. ≥28 weeks). 

Table 4. Multiple logistic regression models. 

Death or Severe brain injury model 
Predictor OR (95%) p-value 
Gestational age < 28 weeks 22.5 (8.5-68.7) <0.001 
Air-leak syndromes 4.6 (1.3-17.3) 0.018 
Pulmonary hemorrhage 3.8 (1.1-15.8) 0.046 
Base Deficit (absolute value) 1.2 (1-1.4) 0.022 

Severe brain injury model 
Predictor OR (95%) p-value 
Gestational age < 28 weeks 20.6 (7.7-63.7) <0.001 
Air-leak syndromes 6.2 (1.8-23.8) 0.005 
Pulmonary hemorrhage 4.5 (1.4-15.8) 0.012 
Male sex 2.6 (1-7.1) 0.052 

BPD model for survivors 
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Predictor OR (95%) p-value 
Gestational age < 28 weeks 9.2 (1.4-182.1) 0.043 
Treated PDA 5.5 (1.2-39.9) 0.066 
Hypercapnia 3.4 (1.1-11.5) 0.025 

Model 1: GA <28 weeks was associated with higher odds of death or SBI (OR 22.5, 95% CI 8.5–
68.7; p<0.001). Higher odds of death or SBI was associated with respiratory complications, including 
air-leak syndromes (OR 4.6, 95% CI 1.3–17.3; p=0.018) and pulmonary hemorrhage (OR 3.8, 95% CI 
1.1–15.8; p=0.046). Absolute base deficit was the last predictor included in the model (OR 1.2 per unit 
increase, 95% CI 1.0–1.4; p=0.022). The area under the ROC curve (AUC) was 0.895 (95% CI 0.840–
0.949). 

Model 2: When SBI independent of death was set as the outcome, results were similar to Model 
1, with male sex replacing base deficit as a significant predictor. Extremely preterm neonates had 20.6 
times higher odds of SBI (OR 20.6, 95% CI 7.7–63.7; p<0.001). Air-leak syndromes (OR 6.2, 95% CI 1.8–
23.8; p=0.005) and pulmonary hemorrhage (OR 4.5, 95% CI 1.4–15.8; p=0.012) remained significantly 
associated with SBI. Male infants were also more likely to develop SBI compared to females (OR 2.6, 
95% CI 1.0–7.1; p=0.052). The AUC was 0.895 (95% CI 0.840–0.948). 

Model 3: Among survivors, gestational age <28 weeks was associated with increased odds of 
BPD (OR 9.2, 95% CI 1.4–182.1; p=0.043). PDA requiring treatment showed a trend toward higher 
BPD risk (OR 5.5, 95% CI 1.2–39.9; p=0.066). Hypercapnia was independently associated with BPD 
(OR 3.4, 95% CI 1.1–11.5; p=0.025). The AUC was 0.808 (95% CI 0.718–0.897). 

4. Discussion 

In this cohort, PCO₂ instability was widespread among preterm infants requiring early 
mechanical ventilation, and although strongly linked to adverse outcomes, hypercapnia 
independently predicted only the development of BPD. 

Few studies have examined the combined incidence of hypocapnia and hypercapnia in 
mechanically ventilated infants. In the large European Neovent cohort (2013), 4% of infants receiving 
invasive respiratory support had hypocapnia (PCO₂ <30 mmHg) and 31% had hypercapnia (PCO₂ 
>52 mmHg). Moreover, hypocapnia occurred most often during the first three days of life, whereas 
hypercapnia became more prevalent after one week [5]. Later research in ventilated very low birth 
weight infants also revealed frequent episodes of both PCO₂ abnormalities, with inadequate staffing 
linked to higher rates of BPD [18]. In addition, even after the implementation of a neuroprotection 
care bundle which included interventions aimed at optimal respiratory management, the incidence 
of hypocapnia (<35 mmHg), although reduced from 43.9% to 34.6%, remained common during the 
first 72 hours, while hypercapnia (>60 mmHg) changed little (38.5% vs. 34.1%) [19]. Another cohort 
of infants <32 weeks reported <2% hypocapnia and mild, moderate, and severe hypercapnia in 26.5%, 
13%, and 6.5%, respectively [8]. Finally, a single-center study of 100 ventilated neonates documented 
hypocapnia in 82% and hypercapnia in 77%, although overlap within individual infants was not 
assessed [6]. These studies demonstrate the difficulty with maintaining normocapnia and are 
consistent with the PCO₂ variability also observed in our study. 

Both hypocapnia and hypercapnia have been associated with increased mortality and significant 
morbidities, with invasive respiratory support being a significant contributing factor. In an 
exploratory analysis of a randomized trial, hypercapnic extremely low birth weight infants were 
found to have significantly increased mortality and required higher respiratory support, each 
reflecting disease severity [20]. A single-center study reported 82% of mechanically ventilated 
neonates experienced hypocapnia, with mortality reaching 67.1% [6]. Hypocapnia has long been 
recognized to induce cerebral vasoconstriction and decreased cerebral blood flow, increasing the risk 
of cerebral palsy and long-term neurodevelopmental impairment [21]. Conversely, hypercapnia 
causes cerebral vasodilation and hyperperfusion, increasing the risk of cerebral edema, IVH, and, at 
very high levels (>60 mmHg), seizures and decreased consciousness [22]. 
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The recent (2022) systematic review by Wong SK et al. summarized the accumulated evidence 
on PCO₂ levels in preterm infants. Hypocapnia was consistently associated with adverse neurological 
outcomes, with greater or more prolonged exposure to low PCO₂ conferring a higher risk of poor 
outcomes, predominantly neurological, and in some settings, increased mortality or severe disability. 
Hypercapnia, on the other hand, apart from the adverse neurological outcomes (IVH), was associated 
with other important morbidities of prematurity such as BPD, NEC, and ROP [4]. 

Large database studies offer valuable context for neonatal outcomes, but they rarely focus solely 
on preterm infants receiving invasive respiratory support [23–25]. In contrast, we analyzed only 
mechanically ventilated infants and assessed PCO₂ in relation to death or SBI. As expected, extreme 
prematurity (23.1% born at 22–24 weeks) was the strongest independent predictor of death or SBI 
alongside pulmonary complications (air-leak, pulmonary hemorrhage), and metabolic acidosis (as 
indicated by base deficit). These findings support the hypothesis that fluctuations in cerebral 
perfusion and PCO₂ impair autoregulation and heighten vulnerability to hemorrhagic and ischemic 
brain injury, even though maximum PCO₂ and variability were not independent predictors in our 
multivariable analysis. Overall, our study showed that individual infant vulnerability early after 
birth, driven by extreme prematurity and its complications, was a more important contributor to 
death or SBI than single PCO₂ derangements. 

BPD remains a major complication of prematurity. In our cohort, survival with BPD was 
associated with extreme prematurity, prolonged ventilation, and complications such as 
hemodynamically significant PDA requiring treatment. Moreover, infants with BPD exhibited higher 
maximum PCO₂, greater variability, and more frequent hypercapnia. Multivariable analysis 
confirmed that both gestational age <28 weeks and hypercapnia independently predicted BPD in 
survivors. Previous studies similarly implicated hypercapnia and wide CO₂ fluctuations as potential 
contributors to BPD [11,26], though the association may reflect disease severity, permissive 
hypercapnia, or intrinsic immature lung characteristics [27]. 

Ventilation mode is well recognized to influence PCO₂ control. In the Neovent cohort study, 
infants receiving pressure-limited ventilation had lower PCO₂ compared with those receiving 
volume-targeted or high-frequency ventilation [5]. VG -a mode of volume-targeted ventilation that 
automatically adjusts peak inspiratory pressure to deliver a consistent tidal volume- is considered 
helpful in preventing both hyperventilation and hypoventilation, thereby reducing the risk of lung 
and brain injury. Several meta-analyses have shown that, compared with conventional ventilation, 
volume-targeted modes significantly reduce BPD, duration of mechanical ventilation, 
pneumothorax, the combined outcome of death/BPD, and SBI [3]. As VG was widely implemented 
in our NICU only from 2020 onward, an earlier adoption might have reduced PCO₂ abnormalities 
observed in our cohort. Additionally, half of the neonates in our study received rescue HFOV. 
However, HFOV was in most cases not combined with VG, the use of which might have resulted not 
only in improved oxygenation but also in fewer PCO₂ abnormalities and survival with less severe 
BPD [28]. 

This study contributes to the limited evidence on the early incidence of hypocapnia and 
hypercapnia in ventilated preterm infants and their relationship with severe complications. 
Quantifying PCO₂ abnormalities underscores the challenges of maintaining ventilation and 
oxygenation targets in sick neonates receiving invasive respiratory support [29,30]. 

Although our retrospective design limited serial blood gas monitoring (including pH recording) 
and differentiation between arterial and capillary-venous samples, the first three days of life remain 
a critical period before physiological compensation, making PCO₂ a meaningful marker of early 
ventilatory status. Moreover, the availability of only a single minimum and maximum PCO₂ value 
may have led to an overestimation of the incidence of hypocapnia and hypercapnia, and may have 
captured transient changes rather than sustained exposure. NICU-specific practices may also have 
influenced the results, limiting generalizability to other settings. Data were collected over seven 
years, during which ongoing efforts to implement evidence-based practices aimed at reducing brain 
[31] and lung injury [32,33] were underway. These efforts included strategies for optimal PCO₂ 
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control (e.g., use of VG in conventional ventilation), enhanced monitoring such as continuous end-
tidal CO₂ and near-infrared spectroscopy to assess brain oxygenation and perfusion. In general, 
neonatal care bundles have been associated with reduced SBI [19,34], though their impact may be 
diminished as more extremely preterm infants, with an inherently high risk for IVH, receive intensive 
care [35]. Further research is needed to establish safe PCO₂ ranges for different gestational ages, 
investigate long-term neurodevelopmental outcomes, and develop strategies to minimize PCO₂ 
variability. 

5. Conclusions 

Early PCO₂ instability is highly prevalent among mechanically ventilated preterm infants, with 
many experiencing both hypocapnia and hypercapnia during the first three days of life. Although 
extreme prematurity was a major contributor to adverse outcomes -including death, SBI, and BPD- 
and PCO₂ abnormalities were more common in infants with adverse outcomes, hypercapnia emerged 
as an independent predictor only for BPD. Together, these findings highlight the importance of close 
CO₂ monitoring to protect the vulnerable preterm brain and lungs, while supporting a personalized 
approach to neonatal ventilatory care in which CO₂ management and targets are tailored to each 
infant’s gestational age, physiologic stability, and risk of adverse outcomes. 

Supplementary Materials: The following supporting information can be downloaded at the website of this 
paper posted on Preprints.org. Table S1: Perinatal and neonatal characteristics in infants with and without SBI; 
Table S2: Perinatal and neonatal characteristics in survivors with and without any BPD. 
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