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Abstract: Neonates treated with therapeutic hypothermia (TH) following perinatal asphyxia (PA)
suffer a considerable rate of disability and mortality. Several risk factors associated with adverse
outcomes have been identified. Mechanical ventilation might increase the risk for hyperoxia and
hypocapnia in cooled newborns. We carried out a retrospective study in 71 asphyxiated cooled
newborns. We analyzed the association of ventilation status and adverse short-term outcomes and
investigated the effect of the former on pCO2 and oxygen delivery before, during and after TH.
Death, abnormal findings on magnetic resonance imaging, and pathological amplitude-integrated
electroencephalography traces were used to define short-term outcomes. The need for mechanical
ventilation was significantly higher in the newborns with adverse outcomes (38% vs. 5.6%, p = 0.001).
Compared to spontaneously breathing neonates, intubated newborns suffered from significantly
more severe asphyxia, had significantly lower levels of mean minimum pCO2 over the first 6 and
72 h of life (HOL) (p = 0.03 and p = 0.01, respectively) and increased supply of inspired oxygen,
which was, in turn, significantly higher in the newborns with adverse outcomes (p < 0.01). Intubated
newborns with adverse short-term outcomes had lower levels of pCO2 over the first 36 HOL. In
conclusion, need for mechanical ventilation was significantly higher in newborns with more severe
asphyxia. In ventilated newborns, level of encephalopathy, lower pCO2 levels, and increased oxygen
supplementation were significantly higher in the adverse short-term outcomes group. Ventilatory
parameters need to be carefully monitored in cooled asphyxiated newborns.

Keywords: perinatal asphyxia; hypoxic–ischemic encephalopathy; therapeutic hypothermia; outcome;
hypocapnia; hyperoxia; mechanical ventilation

1. Introduction

Despite all advances in perinatal care, perinatal asphyxia (PA) remains a serious
condition that can lead to hypoxic–ischemic encephalopathy (HIE) in preterm and term
neonates. HIE is associated with early neurodevelopmental impairment (e.g., seizures,
childhood epilepsy, cerebral palsy) and high mortality rates [1]. To date, therapeutic
hypothermia (TH) remains the only established treatment improving neurodevelopmental
outcomes in near-term and term infants with moderate to severe HIE, although around
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30% of the cooled infants, included in recent randomized controlled trials, died or suffered
from long-term neurodevelopmental impairment [2].

In acute phase of brain injury due to PA, brain homeostasis is impaired due to abrupt
reduction of cerebral blood flow (CBF), which reduces the sufficient delivery of oxygen
and high-energy metabolites to neurons, leading to cell depolarization and cytotoxic
edema (primary cell death) [3]. The acute insult is followed by a reperfusion phase with
normalization of CBF and recovery of cell swelling and cerebral oxidative metabolism [4].
A latent phase with slightly reduced CBF [5,6] lasting over about six hours may then be
followed by a secondary deterioration (6–16 h) with secondary cell death, seizures, and
failure of oxidative metabolism [7–9].

The reduction of cerebral metabolic rate due to brain impairment following HIE leads
to a reduction of CBF and consecutively to a reduction of the endogenous carbon dioxide
(CO2)-production in the brain predisposing to hypocapnia [10]. Additionally, TH similarly
reduces the cerebral metabolic rate and might as well predispose the asphyxiated newborn
to hypocapnia [11]. The body’s physiological response to severe acidosis is an increase of
ventilatory rate, also predisposing to hypocapnia. However, it is not known yet whether
this “physiological hypocapnia” is beneficial or should be avoided in cooled asphyxiated
newborns. Furthermore, frequently observed symptoms in asphyxiated newborns, such
as delayed initiation of spontaneous breathing, respiratory depression, pulmonary hyper-
tension, and seizures often necessitate mechanical ventilation (in >60% of asphyxiated
term newborns), increasing the risk of high oxygen supplementation and hyperventilation
with subsequent hypocapnia [12–16]. This high incidence of hypocapnia among asphyx-
iated neonates has been associated with adverse neurodevelopmental outcomes both in
non-cooled [17,18] and cooled near-term and term asphyxiated newborns with HIE [18,19].
However, it is unclear whether all cooled asphyxiated newborns do require mechanical
ventilation in all instances.

Lower levels of carbon dioxide have the potential to exacerbate the brain injury caused
by PA by further reducing CBF due to cerebral vasoconstriction and by decreasing the
oxygen supply due to the leftward shift of the oxygen–hemoglobin dissociation curve [20].
While the decreased CBF can be tolerated by healthy term infants, it could harm the
previously injured brain, causing cell death due to the diminished oxygen delivery [21].
In pre-clinical animal models of HIE, hypocapnia results also in DNA fragmentation and
membrane lipid peroxidation in mitochondria of cerebral cortical neurons and may result
in apoptotic cell death [22].

Furthermore, a brief exposure to hyperoxia depletes the glial progenitor pool and
impairs functional recovery of the brain after hypoxia–ischemia by increasing the oxidative
stress and the cerebral inflammatory response [23]. Resuscitation with room air has been
shown to reduce mortality in preterm and term newborns compared to resuscitation using
100% oxygen, highlighting the importance of oxygen toxicity [24].

The aim of this current study was to describe the rate of mechanical ventilation in
cooled asphyxiated newborns with HIE in association with short-term outcomes. Further-
more, we aimed to correlate the rates of partial pressure of carbon dioxide (pCO2), it’s dif-
ferential pressures (∆pCO2) and the increased O2-supply in ventilated cooled asphyxiated
newborns in comparison to non-ventilated cooled asphyxiated newborns. Additionally,
we evaluated the association of low and high pCO2 and fraction of inspired oxygen (FiO2)
levels and adverse short-term outcomes during the first days of life in the ventilated cooled
asphyxiated newborns. Moreover, we compared the short-term outcomes between the
intubated cooled asphyxiated newborns with pCO2 levels under 30 mmHg or FiO2 > 60%
and the rest of the cohort.

2. Materials and Methods
2.1. Data Collection

We performed a retrospective data analysis. Data of cooled asphyxiated newborns
from two level I (highest level of care) neonatal intensive care units (NICUs) were collected.
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Ethical approval was obtained from the local hospital ethic committees (19-8556-BO, 18-
8191-BO, 2018-270-ProspDEuA, 2018-270-1). The infants were born between 2009 and 2018
and met the institutions’ inclusion criteria for therapeutic hypothermia:

A. Gestational age ≥ 36+0 weeks, ≤6 h of life (HOL) AND
B. Cord/arterial pH ≤ 7.0 OR base excess ≤ −16 in the first sixty minutes of life OR

APGAR-Score ≤ 5 AND/OR continued need for resuscitation at 10 min of life (criteria
of perinatal asphyxia) AND

C. Evidence of moderate-to-severe encephalopathy [25] OR
D. Abnormalities on amplitude-integrated electroencephalography (aEEG) for at least

20 min or clinical and/or aEEG-defined seizures [26]

Seventy-one (n = 71) term newborns were assigned to whole-body hypothermia (core
temperature of 33–34 ◦C) for 72 h starting within the first 6 HOL followed by a rewarming
phase at a rate of 0.5 ◦C per hour. The treatment protocols of the two NICUs were similar.
Twenty-three (n = 23) newborns were born at (n = 14) or transferred to (n = 9) the first
NICU (University Hospital Duesseldorf, Germany) and forty-eight (n = 48) newborns
were born at (n = 29) or transferred to (n = 19) the second NICU (University Hospital
Essen, Germany). Demographic details and clinical data were collected for each newborn
according to medical notes including birth weight, gender, gestational age, birth place
(inborn/outborn), APGAR scores at 5 and 10 min, first pH, bases excess and lactate before
initiation of TH, need for resuscitation at birth, Sarnat HIE grade, initial temperature before
starting TH, aEEG time to normal trace, onset of clinical or subclinical seizures, signs of
meconium aspiration, minimum blood glucose levels in the first 6 and 72 HOL, need for
mechanical ventilation, cumulative morphine dose needed until discharge from hospital,
survival, need for inotropic support before and during TH, duration of O2-supplementation,
and highest FiO2 levels within the first 6 and 72 HOL.

Additionally, we collected data regarding respiratory monitoring before and after the
initiation of TH until the end of rewarming. This included arterial, capillary, and venous
blood gases, which were corrected for temperature during TH, lowest pCO2 (minimum
pCO2), highest pCO2 (maximum pCO2) and ∆pCO2 during the first 6 and 72 HOL as well
as minimum and maximum pCO2 levels every 6 h after initiation of TH until 6 h after
rewarming. The mode of ventilation (intubated vs. not intubated), duration of mechanical
ventilation, as well as average and maximal oxygen supplementation (measured as mean
and maximum FiO2 levels hourly) were also collected and analyzed. The indications
for intubation and extubation were individually assessed from the neonatologists on
duty and according to the International Liaison Committee on Resuscitation (ILCOR)
recommendations for newborn resuscitation.

2.2. Outcome Definition

Adverse outcomes were defined as death or adverse magnetic resonance imaging
(MRI) outcome. The original MRI-images (T1 and T2 weighted images) were evaluated
by three independent individuals blinded to the clinical information. The basal gan-
glia/watershed score (BG/W score) developed by Barkovich defines MRI outcomes de-
pending on severity and location of brain injury (1 = no injury, 2 = mild injury, 3 = moderate
injury, 4 = severe injury) and discriminates accurately between asphyxiated newborns with
good and poor neuromotor and cognitive outcomes at 3 and 12 months [27]. A recent study
shows that this still holds true in the cooling-era with strong correlation of the BG/W score
with long-term neurodevelopmental outcomes at 20–24 months of age [28]. For our study,
the MRI outcomes were defined as good when the BG/W score was <2 and as adverse
when the BG/W score was >2. MRI was available for 60/71 of the newborns in the cohort;
6 out of 9 newborns who died didn’t have one before death. For the other 5 newborns
without MRI scans, we used aEEG as an outcome predictor, which has been shown to be
a good prognostic outcome parameter and correlates well with MRI outcomes in cooled
asphyxiated newborns [29–31].
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In both NICUs single-use needle electrodes (positions equal to C3-P3, C4-P4 of a
standard EEG) were applied to record biparietal aEEG signal. Continuous recording was es-
tablished after postnatal clinical stabilization and before initiation of TH until the end of the
rewarming phase (Brainz or Olympic Brainz Monitor, Natus, San Carlos, CA, USA). Three
independent individuals blinded to the clinical information evaluated the aEEG traces
retrospectively. The aEEG background pattern was classified as previously described [32],
with continuous normal voltage (CNV) and discontinuous normal voltage (DNV) as nor-
mal patterns and burst suppression (BS), low voltage (LV), and flat trace as pathological
patterns. Normal aEEG was defined as a time of under 48 h taken to reach a normal aEEG
trace after the initiation of TH [32], and aEEG was scored as pathological when seizures
were detected.

2.3. Data Analysis

SPSS 26 (SPSS, Chicago, IL, USA) was used for statistical analysis. Mann–Whitney was
used to compare non-parametric data between two groups (intubated versus non-intubated
and good versus adverse short-term outcomes in the intubated group). Descriptive data
are presented as median and interquartile range (IQR) for continuous variables and as
frequency distributions for categorical variables. Categorical variables were compared
using a Chi-square test. In the intubated cooled newborns, multivariate analysis using
stepwise binary logistic regression was performed with good or adverse outcomes as the
dependent variable. Independent variables were APGAR scores at 5 and 10 min, first pH,
severity of encephalopathy, seizures (yes/no), aEEG time to normal trace, lowest pCO2
(minimum pCO2), highest pCO2 (maximum pCO2) and ∆pCO2 during the first 6 and
72 HOL, and highest FiO2 levels within the first 6 and 72 HOL.

To avoid calculating the high levels of pCO2 in the cord gas and/or the first blood
gases and the high oxygen supplementation during resuscitation, we used the trapezium
rule to calculate the area under the curve (AUC) for pCO2 and FiO2 for the first HOL until
the end of the rewarming phase [33]. p ≤ 0.05 was considered significant. Parts of the
results from this cohort have already been published [31].

3. Results

Seventy-one (n = 71) cooled asphyxiated newborns ≥36 + 0 weeks of gestation were
included in our study; thirty-four (47.9%) were males and thirty-seven (52.1%) were females.
Fifty-three (74.6%) had a good and eighteen (25.4%) had an adverse short-term outcome
(defined as death (n = 9) or an adverse MRI outcome or pathological aEEG when MRI was
not available) despite TH. As previously shown, there is a strong correlation between aEEG
and MRI outcome in our cohort [31].

Fifty-three (74.6%) of the newborns were intubated and mechanically ventilated
based on the neonatologist’s discretion on duty. All of these newborns were intubated
before initiation of TH within the first HOL and the mean (±SD) duration of mechanical
ventilation was 91.8 (±86) h. The spontaneously breathing newborns (n = 18, 25.6%) were
all respiratory-supported with continuous positive airway pressure (CPAP) or high-flow
nasal cannula (HFNC). The need for mechanical ventilation was significantly correlated
with adverse short-term outcomes (38% vs. 5.6%, p = 0.001).

Comparing the intubated and non-intubated cooled asphyxiated newborns, we found
no significant differences between the two groups regarding birth weight, gestational age,
first lactate level, time to initiation of therapeutic hypothermia, and time to target tempera-
ture. In our study neither lowest blood glucose levels within the first 72 HOL nor duration
of morphine application impacted short-term outcomes (Table 1). However, we found
that the APGAR scores at 5 and 10 min, as well as the cord or arterial pH and base excess
values after birth were significantly lower in the intubated newborns who were treated
with TH (p < 0.05). This is also reflected by the increased need for resuscitation in this group
in comparison to the spontaneously breathing newborns (62.3% vs. 11.1%, p < 0.01). The
first temperature measured after birth was significantly lower in newborns who needed
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mechanical ventilation (p = 0.01) and the severity of the Sarnat HIE grade was higher in
the intubated group in comparison to the spontaneously breathing newborns (p < 0.01).
We also found that the mechanically ventilated asphyxiated newborns had significantly
lower levels of blood glucose in the first 6 HOL but these did not exceed the limits for
hypoglycemia (<45 mg/dL). As expected, the need for ventilation required also signifi-
cantly higher cumulative doses of morphine, and resulted in longer and higher oxygen
supplementation (p < 0.05, Table 1). In addition, median (IQR) AUC mean and maximum
FiO2 values were higher in mechanically ventilated newborns (0.21 (0.21–0.24) vs. 0.21
(0.21–0.21)%, and 0.23 (0.21–0.29) vs. 0.21 (0.21–0.215)%, p = 0.06 and p < 0.01, respectively).

Table 1. Descriptive data of the analyzed cohort according to ventilation status (mechanically
ventilated or not) before the start of therapeutic hypothermia (TH). Data are presented as median
and interquartile range (IQR).

Clinical Characteristics Intubated
(n = 53)

Non-Intubated
(n = 18) p-Value

Birth weight (g), median (IQR) 3265
(2845–3840)

3070
(2722.5–3545) 0.09

Male gender, n (%) 30 (56.6%) 4 (22.2%) <0.01

Gestational age in weeks, median (IQR) 39+6

(37+5–40+4)
38+6

(37+1–39+6)
0.12

APGAR score
5 min, median (min, max) 4 (0–10) 5 (2–9) 0.03

10 min, median (min, max) 6 (0–10) 7 (4–10) <0.01
First pH, median (IQR) 6.81 (6.68–6.93) 6.93 (6.85–6.98) <0.01

First base excess (mmol/L), median (IQR) 22.15 (16.6–27) 18 (14.2–22) <0.01
First lactate level (mmol/L), median (IQR) 12.7 (8.7–17) 10.95 (8.52–13.08) 0.11

HIE grade before cooling
(n = mild, n = moderate, n = severe) 7, 22, 21 11, 5, 0 <0.01

Inborn, n (%) 29 (54.7%) 14 (77.8%) 0.03
Resuscitation at birth, n (%) 33 (62.3%) 2 (11.1%) <0.01
Short-term adverse outcome 17 (32.1%) 1 (5.6%) <0.01

Death, n (%) 9 (17.0%) 0 (0%) <0.01

Initial temperature (°C) before start of TH, median (IQR) 35.5 (34.2–36.9) 36.1 (35.8–36.4) 0.01
Time (minutes) until start ofTH, median (IQR) 37.5 (10–73.7) 30 (10–105) 0.50

Time (minutes) to target temperature, median (IQR) 120 (60–170) 120 (60–127.5) 0.37
EEG time (minutes) to normal trace, median (IQR) 13 (1–57) 1 (1–4.5) <0.01

Lowest blood glucose levels (mg/dL)
first 6 HOL, median (IQR) 81 (60–127) 68 (62.75–77.5) 0.04
first 72 HOL, median (IQR) 63 (48–77.5) 60 (48.5–68.5) 0.08

Morphine
duration (hours), median (IQR) 72 (65–92) 72 (64–76) 0.09

cumulative dose (µg/kg/d), median (IQR) 0.6 (0.3–1.15) 0.25 (0.18–0.42) <0.01
Inotropic support, n (%) 33 (62.3%) 4 (22.2%) <0.01

Oxygen supplementation
duration (minutes), median (IQR) 24 (8–102) 25 (0–3.25) <0.01

highest FiO2(%) × 100
first 6 HOL, median (IQR) 80 (40–100) 21 (21–58) 0.01
first 72 HOL, median (IQR) 80 (48–100) 21 (21–58) <0.01

Area under the curve (AUC) FiO2(%) × 100 over 78 h
maximum FiO2, median (IQR) 23.6 (21.3–29.6) 21 (21–21.5) <0.01

mean FiO2, median (IQR) 21.6 (21–24) 21 (21–21) 0.06
AUC pCO2 over 78 h

maximum pCO2, median (IQR) 42.6 (38.8–45.5) 45.7 (41.4–50.6) 0.03
minimum pCO2, median (IQR) 46.7 (44.1–53.5) 47.5 (41.7–54.9) 0.29

∆pCO2 in mmHg
first 6 HOL, median (IQR) 44.0 (15–74.3) 37.4 (27.7–58.75) 0.14
first 72 HOL, median (IQR) 55.1 (30.3–79.4) 43.7 (31.8–57.8) 0.03

We further analyzed the intubated group (n = 53) separately. We found that among
cooled newborns who needed mechanical ventilation, the short-term outcomes were good
in 36 (67.9%) vs. 17 (32.1%) with adverse outcomes. In intubated cooled newborns, the
baseline characteristics (gender, gestational age, birth weight, birth place, first base excess
and lactate levels, need for resuscitation at birth, meconium aspiration, initial temperature
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measured, as well as time to start TH and time to target temperature, lowest blood glucose
levels at 6 and 72 HOL, cumulative dose of morphine, need for inotropes, duration of
inspired oxygen and AUC mean and maximum FiO2 values) were not significantly differ-
ent between the groups with normal vs. adverse outcomes (Table 2). Intubated newborns
with good short-term outcomes had significantly higher APGAR scores at the 5th and 10th
minute and higher cord or arterial pH values (p < 0.05). The severity of hypoxic–ischemic
encephalopathy was significantly lower in the intubated newborns with good short-term
outcomes (p < 0.001). Seizures and longer time (minutes) to normal trace of the amplitude-
integrated EEG (73 (2–300) vs. 12 (1–23)) were significantly different in newborns with
adverse short-term outcomes (p < 0.05). Intubated newborns with adverse outcomes re-
ceived higher maximum FiO2 during the first 6 (p = 0.01) and 72 (p = 0.05) HOL.

Table 2. Descriptive data of the intubated cooled asphyxiated neonates according to short-term
outcome. Data are presented as median and IQR.

Clinical Characteristics Good Short-Term
Outcomes (n = 36)

Adverse Short-Term
Outcomes * (n = 17) p-Value

Birth weight (g), median (IQR) 3212.5 (2827.5–3855) 3300 (2775–3827.5) 0.40
Male gender, n (%) 22 (61.1%) 8 (47.1%) 0.18

Gestational age (weeks), median (IQR) 38+6 (37 + 1–40 + 4) 40+2 (38 + 5–40 + 6) 0.07
APGAR score

5 min, median (min, max) 5 (0–10) 2 (0–6) <0.01
10 min, median (min, max 7 (1–10) 4 (0–7) <0.01

First pH, median (IQR) 6.85 (6.78–6.95) 6.8 (6.6–6.92) 0.03
First base excess (mmol/L), median (IQR) 21.8 (16.6–25.1) 23 (16.35–29.6) 0.27
First lactate level (mmol/L), median (IQR) 12.2 (7.65–17) 13.5 (11.2–19) 0.11

HIE grade before cooling
(n = mild, n = moderate, n = severe) 7, 18, 9 0, 4, 12 <0.01

Inborn, n (%) 18 (50.0%) 11 (64.7%) 0.16
Resuscitation at birth, n (%) 20 (55.6%) 13 (76.5%) 0.08

Meconium aspiration, n (%) 8 (22.2%) 8 (47.1%) 0.15
Seizures, n (%) 15 (41.7%) 14 (82.4) <0.01

Initial temperature (°C) before Start TH, median (IQR) 35.65 (34.1–37) 35.15 (34.3–36.5) 0.46
Time (minutes) until Start TH, median (IQR) 45 (10–77.5) 20 (10–71.3) 0.14

Time (minutes) to target temperature, median (IQR) 105 (52.5–150) 135 (60–183.5) 0.24
EEG time (minutes) to normal trace, median (IQR) 12 (1–23) 73 (2–300) <0.01

Minimum blood glucose levels (mg/dL)
first 6 HOL median (IQR) 77 (50–113) 86 (72–155) 0.25

first 72 HOL, median (IQR) 60 (45–79) 66 (50.3–74.8) 0.18
Morphine

duration (hours), median (IQR) 79.5 (72–96) 67 (35–72) <0.01
Cumulative dose (µg/kg/d), median (IQR) 0.61 (0.34–1.47) 0.42 (0.25–0.8) 0.43

Inotropic support, n (%) 22 (61.1%) 11 (64.7%) 0.39

Oxygen supplementation
duration (minutes), median (IQR) 31.5 (3.75–106.5) 24 (11–88) 0.26

highest FiO2(%) × 100
first 6 HOL, median (IQR) 60 (30–100) 80 (30–100) 0.01
first 72 HOL, median (IQR) 95 (68–100) 90 (67–100) 0.05

Area under the curve (AUC) FiO2(%) × 100 over 78 h
maximum FiO2, median (IQR) 22.6 (21.2–28.3) 26.2 (23.6–37.2) 0.46

mean FiO2, median (IQR) 21.8 (21–23.9) 24.3 (21.6–32.8) 0.37
AUC pCO2 (mmHg) over 78 h
maximum pCO2, median (IQR) 46.1 (43.6–50) 50 (45.5–55.9) 0.049
minimum pCO2, median (IQR) 42.6 (39.6–45.5) 42.4 (37.1–46.0) 0.20

∆pCO2 in mmHg
first 6 HOL, median (IQR) 25.9 (14.4–63.9) 70.2 (40.9–101.3) <0.01

first 72 HOL, median (IQR) 41.0 (29.2–76.8) 66.3 (55.1–98.7) 0.01
* Adverse short-term outcomes defined as death (n = 9) or severe brain damage using magnetic resonance imaging
(MRI, n = 7) or pathological amplitude-integrated EEG (aEEG) traces (n = 1) when MRI-data not available.

Evaluating significant differences of pCO2 levels and short-term outcomes among all
neonates included in the study, we found that the mean (±SD) minimum pCO2 levels were
lower within the first 6 and 72 HOL among newborns with adverse short-term outcomes
(34.6 ± 12.6 vs. 31 ± 11.4 mmHg and 30.6 ± 9.3 vs. 26.4 ± 8.5 mmHg, p = 0.15 and p = 0.05,
respectively) (Figure 1a). Interestingly, mean (±SD) maximum pCO2 within the first 6 and
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72 HOL (92.7 ± 36 vs. 69.7 ± 27.9 mmHg and 97.1 ± 30.1 vs. 78.1 ± 22.8 mmHg) was
significantly higher (p = 0.02 and p = 0.03, respectively) in the adverse short-term outcome
group (Figure 1a). In addition, higher median ∆pCO2 (IQR), over the first 6 and 72 HOL
was significantly associated with adverse short-term outcomes (31 (13.9–60.1) vs. 66.3
(39.9–98.7) mmHg and 41.0 (29.8–70.8) vs. 62.8 (44–97.6) mmHg), p < 0.01, respectively).
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Figure 1. Box and whiskers plot representations. Minimum and maximum pCO2 over the first 6 and 72 h of life (HOL):
(a) in association with adverse outcomes among all included cooled asphyxiated neonates, (b) in association with ventilation
status, and (c) in association with adverse outcomes in the group of intubated newborns. * p < 0.05.

Mean (±SD) minimum pCO2 was significantly lower in intubated newborns during
the first 6 and 72 HOL vs. spontaneously breathing neonates (32.3 ± 13.4 vs. 37.4 ± 8.3 mmHg
and 28.1 ± 9.4 vs. 33.4 ± 7.9 mmHg, p = 0.03 and p = 0.01, respectively, Figure 1b). This
also holds true when analyzing mean minimum pCO2 every 6 h especially for the first
24 HOL (Figure 2a). Thirty (n = 30) intubated newborns had a pCO2 level under 30 mmHg
at least once over the first 72 h with the lowest level being 8.4 mmHg in comparison to the
non-ventilated newborns, where only five (n = 5) had a pCO2 under 30 mmHg with the
lowest level being 19.4 mmHg. Intubated newborns with pCO2 <30 mmHg were more
likely to have adverse short-term outcomes compared to the rest of cohort (p = 0.037), while
all the spontaneously breathing newborns with pCO2 <30 mmHg had good short-term
outcomes. Additionally, median AUC minimum pCO2 was significantly lower (p = 0.03) in
mechanically ventilated newborns vs. spontaneously breathing newborns (42.6 (38.8–45.5)
vs. 45.7 (41.4–50.6) mmHg).
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The maximum pCO2 and AUC maximum pCO2 during the 72 h of TH were not
significantly different within the two groups, except for the first 6 h of the rewarming
phase, where the mean (±SD) maximum pCO2 levels were higher in the mechanically
ventilated newborns (50.8 ± 9.4 vs. 41.7 ± 4.7 mmHg, p < 0.01, Figure 2b). Twenty-
seven (n = 27) intubated cooled asphyxiated newborns had maximum pCO2 levels over
70 mmHg with the maximum pCO2 level being 140 mmHg during the first 72 HOL
while only fourteen (n = 14) of the non-ventilated newborns had maximum pCO2 levels
above 70 mmHg, with the highest level being 110 mmHg. Mechanical ventilation was
significantly related to higher ∆pCO2 levels over the first 72 HOL (55.1 (30.3–79.4) vs. 43.7
(31.8–57.8), p = 0.03, Table 1). During the whole period of TH (including the 6 h of the
rewarming phase) newborns who were intubated received significantly higher oxygen
supplementation (measured as mean and maximum FiO2, p < 0.05) as seen in Figure 3a,b.
Higher FiO2 within the first 6 and 72 HOL was also significantly different in the newborns
with adverse short-term outcomes (p < 0.05, Figure 3e).

Comparing the short-term outcomes among ventilated newborns we found no signif-
icant association between mean (±SD) minimum pCO2 levels in the first 6 and 72 HOL
and adverse outcomes (33.1 ± 14.3 vs. 30.5 ± 11.6 and 29.1 ± 9.8 vs. 25.6 ± 8.1 mmHg,
p = 0.25 and p = 0.10 respectively, Figure 1c). However, lower levels were observed over the
first 36 HOL and adverse outcomes were significantly higher in the newborns with lower
mean (±SD) minimum pCO2 levels during the hours 6–12 (32.4 ± 9.8 vs. 40.2 ± 7.2 mmHg,
p < 0.01) and 24–30 (36.2 ± 9.4 vs. 44.7 ± 17.2 mmHg) after initiating TH (Figure 2c). In
this subgroup, we also found a significant difference of higher mean (±SD) maximum
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pCO2 levels during the first 6 (93.6 ± 37.1 vs. 66.8 ± 31.4 mmHg, p < 0.01) and 72 HOL
(98.3 ± 30.8 vs. 78.1 ± 25.9 mmHg, p < 0.01) and adverse short-term outcomes (Figure 1c).
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Figure 3. Significant differences of average and highest FiO2 (mean and maximum FiO2) with outcome and ventilation
status. Maximum FiO2 over the first 6 and 72 HOL was directly associated with adverse outcomes in the whole study group
(e), p < 0.05. Mechanically ventilated neonates had significantly higher needs of inspired oxygen, mean (a) and maximum
(b) FiO2, during the whole period of TH, p < 0.05. Mean (c) and maximum (d) FiO2 were in total not significantly associated
with adverse outcomes in the group of intubated newborns after the initiation of TH. Values are represented as mean (±SD),
* p < 0.05.

The result was strengthened from significantly higher median (IQR) AUC maximum
pCO2 levels among intubated newborns with adverse short-term outcomes [50 (45.5–55.9)
vs. 46.1 (43.6–50) mmHg, p < 0.05]. Higher mean (±SD) maximum pCO2 levels were
significantly different in newborns with adverse outcomes only within the first 6 h after
initiation of TH (70.2 ± 31.9 mmHg vs. 52.1 ± 23.1 mmHg, p < 0.05, Figure 2d). Comparing
∆pCO2 levels over the first 6 and 72 HOL we found significantly larger differences in the
group of the mechanical ventilated asphyxiated newborns with unfavorable short-term
outcomes (Table 2).

Oxygen supplementation among intubated newborns was not significantly different
except for higher FiO2 levels in the first 6 HOL (p = 0.01, Table 2) and in the first 6 h after
initiation of TH (p = 0.04, Figure 3c,d) in newborns with adverse short-term outcome.
However, we found that for mechanically ventilated newborns with FiO2 above 0.60 in the
first 6 (n = 30) and 72 (n = 33) HOL adverse short-term outcomes were significantly more
likely when compared to neonates with lower oxygen supply (p < 0.05).

Regression analysis did not show any significant differences between the good or
adverse outcome groups in the ventilated cooled newborns.
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4. Discussion

The current study was performed to compare ventilated and non-ventilated cooled as-
phyxiated newborns in two large NICUs in Germany. We found that there was a significant
difference between cooled asphyxiated infants who needed mechanical ventilation after
birth and adverse short-term outcomes, in comparison with infants who were not intubated.
The need for mechanical ventilation was significantly higher in newborns with more severe
asphyxia. In ventilated newborns, level of encephalopathy, lower pCO2 levels within the
first 24 h after birth and increased oxygen supplementation during the cooling period
were significantly higher in the adverse short-term outcome group. In addition, higher
maximum pCO2 levels and consequently higher ∆pCO2 levels were found in ventilated
newborns with adverse short-term outcome.

Nadeem et al. showed in a small retrospective cohort study of cooled asphyxiated
newborns that there was no association between pCO2 values and adverse outcome,
although only 6 out of 52 infants maintained normocapnia in the first 72 h of life. As in
our study severe hypocapnia (pCO2 < 20 mmHg) was documented only in ventilated
infants [16]. We previously analyzed data from a cooling cohort in the UK, and also did
not find an association between hypocapnia (defined as pCO2 < 30 mmHg) and adverse
outcomes in a retrospective study of 61 cooled asphyxiated newborns [34]. In the current
study, comparing pCO2 levels during the cooling period, we found that intubated newborns
had significantly lower values of mean minimum pCO2 during the first 6 and 72 h after
birth in comparison to spontaneously breathing infants (Figure 1b). The mean minimum
pCO2 values were significantly lower in the intubated group, particularly in the first
12 HOL and at the end of the first day after initiation of TH (Figure 2a). Intubated newborns
with adverse short-term outcomes had lower levels of mean minimum pCO2 over the first
36 HOL and especially during the hours 6–12 and 24–30 after initiation of TH. Additionally,
intubated newborns with pCO2 levels under 30 mmHg had in general significantly more
likely adverse short-term outcomes when compared to the rest of the cohort.

As mentioned in the introduction, the acute insult of PA with reduced CBF is followed
by a reperfusion phase with restoration of cerebral circulation and (partial) recovery of
the neuronal damage [3,4]. The latent phase is characterized by decreased metabolic rate
and reduced CBF with increased tissue oxygenation [6], while the secondary deterioration
correlates with an increase in CBF and metabolic demands due to the onset of seizures [5].
These frequent changes in the cerebral circulation highlight the importance of maintaining
normocapnia, since CBF of the newborn is very sensitive to variations in pCO2 levels with a
close to exponential relationship. A reduction in pCO2 of 1 kPa causes a reaction of 25–30%
in CBF [35] and reduced CBF leads to cerebral cell death due to reduced cerebral oxygen
supply [21]. In our study higher ∆pCO2 was associated with adverse short-term outcomes
and was more frequently noticed among newborns who were mechanically ventilated.

To date, there are several reports showing an association of lower levels of pCO2
and adverse outcomes, mainly observed within the first HOL [15–19]. Klinger et al. first
described the association between unfavorable outcomes and severe hypocapnia and/or
severe hyperoxemia in the first 20 to 120 min after birth in non-cooled asphyxiated
newborns [17]. Pappas et al. reported also that minimum pCO2 and cumulative pCO2
<35 mmHg over the first 12 h of life were significantly associated with unfavorable neurode-
velopmental outcomes and higher risk of death, although in the subgroup of the infants
treated with TH no significant association was documented [18]. The more recent study of
Laporte et al., who evaluated pCO2 levels over a longer period (0–96 h of life), reported a
significant association of brain injury in MRI in term cooled asphyxiated newborns with
lower minimum pCO2 during the first 4 days of life and lower minimum pCO2 averaged
over days 1–4 of life. As also shown in our current study, there was also a significant
association of brain impairment with intubation and mechanical ventilation [15].

Our study and the study of Laporte et al. highlight the potential association of mechan-
ical ventilation with adverse outcomes and lower pCO2 levels, suggesting close monitoring
of ventilatory parameters and pCO2 changes during TH. The tendency to lower pCO2
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levels is also enhanced by the impaired metabolism of the injured brain following perinatal
asphyxia and also by the reduction of the metabolic rate with reduced carbon dioxide
production in the brain due to TH [10]. Additionally, TH seems to be beneficial for lung
mechanics, leading to increased tidal volume and minute ventilation [36,37], parameters
that could lead to unintentional mechanical hyperventilation and consecutive hypocapnia.
Hyperventilation is furthermore exacerbated by a strong respiratory drive to compensate
for metabolic acidosis after asphyxia [38]. Although the spontaneously breathing newborns
seem to compensate for lower pCO2 levels as an effect of the high respiratory drive, we
believe that mechanically supported hypocapnia has a risk of leading to adverse out-
come. Thus, it is essential to monitor ventilatory settings carefully and maintain normal
levels of pCO2 during TH.

In our study, we found a significant difference of maximum pCO2 levels during the
first 6 and 72 HOL and adverse short-term outcomes among all newborns included in
our study and in the subgroup of intubated infants. This could be partially explained by
the increase of metabolic demands associated with the greater seizure burden during the
secondary deterioration 3–16 days after PA [5]. Until now there have been controversial
reports about the effects of hypercapnia on the hypoxic–ischemic brain. Vannucci et al.
were the first to report in two experimental studies that mild hypercapnia in immature
rats with cerebral hypoxia–ischemia could protect from brain damage [39,40]. However,
in the following years they showed that extreme hypercapnia could have an aggravating
effect on hypoxic–ischemic brain damage [41]. In the already mentioned studies, which
examined the levels of pCO2 in cooled asphyxiated newborns, only three studies compared
the maximum levels of pCO2 in association with adverse outcomes without statistically
significant results. Our study is the first to describe this correlation.

The deleterious effects of oxygen in asphyxiated term and preterm infants are also
well-established. We and others have previously shown that an FiO2 above 0.40 within
the first 6 HOL and severe hyperoxia (paO2 > 200 mmHg) during the first 20–120 min of
life were associated with adverse outcomes in cooled asphyxiated newborns [17,34]. In
the current study we show that during the whole period of cooling treatment, newborns,
who had higher and longer needs of O2 supplementation, had significant worse short-
term outcomes (Table 1 and Figure 3e). There were also significantly higher maximum
levels of FiO2 in the newborns that needed mechanical ventilation (Figure 3a). In the
subgroup of intubated newborns, the ones with higher maximum FiO2 over the first 6 and
72 HOL (Table 2) and especially during the first 6 h after initiation of TH (Figure 3c,d) had
significantly more likely adverse short-term outcomes.

The observation mentioned above can probably be explained by the fact that the acute
hypoxic–ischemic event, as well as the reperfusion/reoxygenation phase, are characterized
by increased oxidative stress initiated through production of free radicals, leading to
delayed cell death and neuronal loss [42–44]. Especially during reperfusion, the production
of reactive oxygen species is proportional to oxygen concentration [43]. An additional
exposure to hyperoxia, for example due to excessive oxygen delivery in the delivery room as
seen in our cohort, might impair the functional recovery of the already compromised brain
and lead to increased brain tissue damage due to induction of a cerebral proinflammatory
response [23,45]. This is supported by Munkeby et al. who showed an increased brain
damage in hypoxemic piglets after resuscitation with 100% oxygen in comparison with
ambient air due to increased expression of matrix metalloproteinase (MMP) and production
of extracellular glycerol [46]. Saugstad et al. showed later in a metanalysis a significant
31% reduction of neonatal mortality among term newborns resuscitated with room air
rather than 100% O2. Interestingly, there was also a trend of reduction of the grade of HIE
severity in newborns who received only room air during resuscitation [47]. In addition to
these results, Dalen et al. highlighted that resuscitation with 100% oxygen counteracts the
neuroprotective effect of TH in neonatal rats [48]. Although most of the studies compared
delivery of 100% oxygen versus room air and not milder differences, as observed in
our study, the findings assume that supply of oxygen, especially during the vulnerable
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phase of reperfusion/reoxygenation, should be used restrictively and should be carefully
monitored during resuscitation and the first hours and days of life after PA. Since increased
O2 supplementation is more likely to occur during mechanical ventilation, the routine
application of the latter is once again critically questioned.

There are several limitations of this study. Blood-gas samples were a combination of
arterial, capillary, and venous samples, since not every infant had an arterial line. This could
probably underestimate the true degree of hypocapnia. Since our study was retrospective,
we could not collect all desired data, such as partial pressure of oxygen and arterial
oxygen saturation, mode of ventilation, ventilation frequencies and pressures, and definite
cause or indications for intubation and extubation. These limitations could probably guide
further prospective studies regarding respiratory support during therapeutic hypothermia.
Additionally, blood gases were collected as clinically indicated and not at predefined
times, so fluctuations of pCO2 between the samples could have been missed. The need for
continuous pCO2 monitoring, as, for example, with transcutaneous CO2 or end-tidal CO2
monitoring, to better detect such fluctuations was highlighted by recent studies [15,49].
Technical difficulties and lack of systemic evaluation of these non-invasive techniques in
cooled asphyxiated newborns remain unfortunately unsolved until now. Another limitation
of this study is that we assessed the association of pCO2 and FiO2 levels with short-term
outcomes and not with a standardized long-term outcome, such as the Bailey-Scales of
infant development. The Barkovich MRI scoring is, however, an adequate scoring system,
beside many others, which correlates well also with long-term outcomes until around
2 years of age [28]. Nevertheless, standardized long-term outcome assessments should
be mandatory in all cooled asphyxiated newborns, as short-term assessments can never
replace long-term neurodevelopmental outcome. Finally, our findings of low pCO2 levels
in intubated newborns with adverse short-term outcomes might also have been supported
by the increased severity of acidosis and encephalopathy in this group. Whether the
physiological tendency of hyperventilation following severe acidosis does impair brain
injury in cooled asphyxiated newborns, or should be tolerated is not known. However, we
believe that if newborns are ventilated, ventilatory settings should be carefully adjusted and
hyperventilation should be avoided. Our study had a small sample size, which limits the
statistical power to analyze subgroups. Unfortunately, the German Neonatal Hypothermia
Registry does not register data regarding ventilatory status and blood-gas parameters in
cooled asphyxiated newborns. Furthermore, we found in our online survey on routine
clinical practices of cooled asphyxiated newborns in Germany, that there is also wide
heterogeneity in treatment practices in German NICUs [50]. Therefore, we aimed to analyze
data of two large university NICUs (both highest level of care) in Germany with similar
treatment protocols of perinatal asphyxia and hypoxic–ischemic encephalopathy.

5. Conclusions

Lower pCO2 levels and increased oxygen supply, which are well-known to be associ-
ated with adverse outcomes, were documented more frequently in intubated newborns
in comparison to newborns without need of mechanical ventilation. Interestingly, me-
chanically ventilated newborns with lower pCO2 values had worse short-term outcomes
compared to spontaneously breathing newborns with lower pCO2 values. Furthermore,
higher ∆pCO2 levels, which were observed more frequently in intubated newborns, were
significantly higher in newborns with adverse short-term outcomes. Comparing outcomes
among intubated newborns, there were no significant associations of pCO2 and FiO2 val-
ues with adverse short-term outcomes. However, we have shown that the combination of
mechanical ventilation and pCO2 < 30 mmHg or FiO2 > 0.60 are significantly higher in
newborns with adverse short-term outcomes, which may be also due to higher levels of
encephalopathy in this group.

Mechanical ventilation in cooled asphyxiated newborns needs close monitoring to
avoid hyperventilation and high ∆pCO2 levels. Additionally, oxygen supplementation
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should be restricted as much as possible to prevent additional oxidative stress in this
sensitive group of newborns.
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