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Abstract: In neonates with acute lung injury (ALI), targeting lower oxygenation saturations is
suggested to limit oxygen toxicity while maintaining vital organ function. Although thresholds
for cerebral autoregulation are studied for the management of premature infants, the impact of
hypoxia on hemodynamics, tissue oxygen consumption and extraction is not well understood in
term infants with ALI. We examined hemodynamics, cerebral autoregulation and fractional oxygen
extraction, as measured by near-infrared spectroscopy (NIRS) and blood gases, in a neonatal porcine
oleic acid injury model of moderate ALI. We hypothesized that in ALI animals, cerebral oxygen
extraction would be increased to a greater degree than kidney or gut oxygen extraction as indicative
of the brain’s adaptive efforts to increase cerebral oxygen extraction at the expense of splanchnic
end organs. Fifteen anesthetized, ventilated 5-day-old neonatal piglets were divided into moderate
lung injury by treatment with oleic acid or control (sham injection). The degree of lung injury
was quantified at baseline and after establishment of ALI by blood gases, ventilation parameters
and calculated oxygenation deficit, hemodynamic indices by echocardiography and lung injury
score by ultrasound. PaCO2 was maintained constant during ventilation. Cerebral, renal and
gut oxygenation was determined by NIRS during stepwise decreases in inspired oxygen from
50% to 21%, correlated with PaO2 and PvO2; changes in fractional oxygen extraction (∆FOE) were
calculated from NIRS and from regional blood gas samples. The proportion of cerebral autoregulation
impairment attributable to blood pressure, and to hypoxemia, was calculated from autoregulation
nomograms. ALI manifested as hypoxemia with increasing intrapulmonary shunt fraction, decreased
lung compliance and increased resistance, and marked increase in lung ultrasound score. Brain,
gut and renal NIRS, obtained from probes placed over the anterior skull, central abdomen and
flank, respectively, correlated with concurrent SVC (brain) or IVC (gut, renal) PvO2 and SvO2.
Cerebral autoregulation was impaired after ALI as a function of blood pressure at all FiO2 steps,
but predominantly by hypoxemia at FiO2 < 40%. Cerebral ∆FOE was higher in ALI animals at
all FiO2 steps. We conclude that in an animal model of neonatal ALI, cerebrovascular blood flow
regulation is primarily dependent on oxygenation. There is not a defined oxygenation threshold
below which cerebral autoregulation is impaired in ALI. Cerebral oxygen extraction is enhanced in
ALI, reflecting compensation for exhausted cerebral autoregulation due to the degree of hypoxemia
and/or hypotension, thereby protecting against tissue hypoxia.

Keywords: acute lung injury; cerebral autoregulation; near-infrared spectroscopy; neonate; piglet

1. Introduction

Neonatal acute lung injury (ALI) is characterized by extensive lung inflammation
and surfactant catabolism, leading to lung dysfunction and edema, which can progress to
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hypoxemic respiratory failure and acute respiratory distress syndrome (ARDS). Neonatal
ARDS was redefined by the Montreux consensus in 2017 as “extensive lung inflammation of
acute onset in infants from birth to 44 weeks postmenstrual age, triggered by known or sus-
pected clinical insults other than respiratory distress syndrome (RDS), transient tachypnoea
of the neonate (TTN), genetic surfactant deficiencies, congenital lung anomalies, pulmonary
edema caused by congenital heart diseases, atelectasis or local effusions” [1]. Lung injury
may be direct or by indirect extrapulmonary processes such as sepsis, asphyxia or inflamma-
tion. Clinical manifestations include decreased lung compliance, heterogeneous atelectasis,
intrapulmonary right-to-left shunt, ventilation perfusion mismatch and hypoxemia [1].
Diagnostic criteria include the bilateral presence of diffuse, irregular pulmonary opacities
or infiltrates, as well as non-cardiogenic pulmonary edema and hypoxemia [1]. During
the COVID pandemic, rare severe cases of neonatal ARDS were observed, prompting
greater awareness of alternate pathways to severe respiratory failure in newborns with
an impetus to develop management strategies to reduce its severity and ensure optimal
patient outcomes [2].

The main approach to the treatment of neonatal hypoxic respiratory failure resulting
from ALI is to provide adequate oxygen with appropriate ventilator support. However,
numerous studies have shown that oxygen use and oxidative stress are closely related in
neonates [3–5], and both term and preterm infants are at risk from oxidative injury-induced
disease caused by inappropriate O2. For this reason, it is suggested to target lower oxygen
levels in neonates with ALI to prevent oxygen toxicity while preserving vital organ function.
While the American Academy of Pediatrics and European guidelines agree on a 90–94%
SaO2 target for preterm infants born before 32 weeks of gestational age [4,6], there is a
lack of clinical trials to recommend target peripheral arterial saturation (SaO2) ranges
for term infants with hypoxemic respiratory failure from ALI. Moreover, the effects of
targeted SaO2 ranges on hemodynamics, oxygen consumption and extraction, and overall
organ performance have not been clearly delineated. The optimal range of PaO2 (or SaO2)
should ensure adequate oxygen delivery to vital organs to avoid anerobic metabolism and
minimize pulmonary vascular resistance but also limit oxidative stress.

Reliance on peripheral SaO2 monitors alone to ensure adequate tissue-level oxygena-
tion can be challenging due to the respiratory instability of sick neonates. An approach that
integrates SaO2 monitoring and an assessment of hemodynamics using targeted neonatal
echocardiography (TNE) with cerebral and regional tissue oxygenation using near-infrared
spectroscopy (NIRS) may be more helpful to delineate a safe range of PaO2 and oxygen
saturation in this patient population.

TNE provides a longitudinal assessment of myocardial performance, myocardial fill-
ing and systemic and pulmonary blood flow and can provide an estimate of the degree of
pulmonary hypertension, if present [7]. Near-infrared spectroscopy (NIRS) permits contin-
uous, non-invasive measurement of the oxygenation state of the underlying parenchyma,
weighted to the venous contribution, and can be placed to interrogate brain, kidney, mesen-
tery, or limb musculature [8]. The cerebral saturation (rcSO2) obtained reflects the balance
between oxygen delivery (determined by cardiac output, perfusion pressure, oxygen con-
tent and hemoglobin (Hb)) and demand (determined by the cerebral metabolic rate) but
is also modulated by CO2-induced changes in vascular reactivity, temperature and anes-
thetic/sedative effects. As such, in the clinical setting, a change in rcSO2 value can only be
interpreted within the context of all confounding influences.

Given the complexity of the potential interactions, preliminary exploration in an
animal model should provide the baseline range of arterial saturations that maintain
adequate cardiac function and oxygen delivery to vital organs when perfusion pressures,
CO2, temperature and metabolic demand can be determined concurrently. To address the
research question: At what oxygen saturation threshold does cerebral oxygen delivery
become impaired in neonatal ALI, we have developed a neonatal porcine oleic acid (OA)
lung injury model that reliably produces a moderate, but stable, level of lung injury [9].
Using this model, we determined simultaneous cerebral, renal and intestinal oxygen
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saturations using multiple NIRS sensors combined with cardiac function assessed by
transthoracic TNE during controlled ventilation and stepwise decreases in inspired oxygen
from 50% to 21% (SaO2 > 95 to <80%). We hypothesized that below a defined PaO2/systemic
oxygen saturation threshold, cerebral oxygen extraction would be increased to a greater
degree than that of the renal or intestinal beds, indicative of the brain’s adaptive efforts to
increase cerebral oxygen extraction at the expense of mesenteric end organs. Secondarily,
we sought to determine the saturation threshold below which oxygen delivery would be
unable to meet tissue aerobic demand.

2. Materials and Methods

The experimental protocol (#21-020, AC 11681) was approved by the University of
Manitoba Animal Ethics Committee per Canadian Council on Animal Care guidelines.
Fifteen piglets (Sus scrofa familiaris) were obtained from a pathogen-free farm supplier at
5 days age and randomized to either control (N = 8) or oleic acid lung injury groups
(N = 7). Animals were sedated with intramuscular ketamine/xylazine and atropine
(10/1/0.1 mg/kg), followed by inhalational induction with 8% sevoflurane before in-
tubation with a 3.0 cuffed endotracheal tube. After placement of a peripheral intravenous
catheter, anesthesia was switched to continuous total intravenous anesthesia (TIVA) with
propofol/ketamine (200–250/2.5–5 mg/kg/h) to minimize changes in cerebrovascular
reactivity and cardiovascular depression associated with inhalational anesthesia. Anes-
thesia was titrated by lack of response to surgical stimulation. To prevent spontaneous
respiratory efforts during respiratory mechanic measurements, paralysis with rocuronium
1 mg/kg was administered immediately prior to the initial measurement period. A bolus
of Lactated Ringers (10 mL/kg) was infused over 20 min, followed by maintenance fluids
(D10W at 4 mL/kg/h) for the duration of the study. Continuous mechanical ventilation
was initiated in assist control volume guarantee mode with tidal volume (TV) 6 mL/kg,
positive end-expiratory pressure (PEEP) 6 cm H2O, inspired oxygen (FiO2) 50%, inspiratory
time (Ti) 0.3 and the respiratory rate (RR) adjusted to maintain arterial partial pressures
of carbon dioxide (PaCO2) within a normal range. Airway pressure, flow and TV were
measured by neonatal pneumotach. Femoral arterial, inferior vena cava (IVC) and superior
vena cava (SVC) cannulae were placed via cutdowns and the wounds were infiltrated
with bupivacaine 0.25% for analgesia. A 24 g intravenous catheter was placed in the SVC
without ligature to minimize interference to cerebral venous return. Electrocardiograph,
arterial blood pressure, central venous pressure, peripheral O2 saturation and core temper-
ature were continuously monitored; normothermia was maintained by a warm-air heated
blanket.

After shaving the skin at each site, neonatal NIRS sensors (FORE-SIGHT®, Casmed,
Irvine, CA, USA) were placed over the anterior forehead and lower right abdominal wall
to monitor cerebral and mesenteric saturations, respectively, while ultrasound siting was
performed to ensure correct placement of a renal NIRS probe posteriorly. To minimize
ambient light interference with NIRS readings, the sensors were covered with gauze and
secured to the skin with tape.

Animals were allowed to stabilize for 15 min after line placement. Baseline assessment
was then performed, which included cerebral, gut and renal NIRS measurements, arterial and
venous blood gas analysis, and respiratory system mechanics determined from continuously
recorded airway pressure and volume loops. Baseline cardiovascular hemodynamics included
heart rate (HR), mean arterial (mBP) and central venous blood pressure (CVP) and a hemo-
dynamic echocardiography assessment was obtained from apical four-chamber, subcostal
and parasternal views of the heart using a GE Vivid e9 machine with 12 MHz high-frequency
probe. Pulmonary aeration was determined by lung ultrasound imaging (POCUS) in the
supine position using three anterior and one posterior regions for each lung.

In animals randomized to receive lung injury, 0.2 mL OA, emulsified in 2 mL normal
saline, was infused via jugular venous catheter over 20 min as previously described [9,10].
Epinephrine up to 10 µg/kg/min was titrated to support hemodynamics during OA
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administration. Control animals received a sham infusion of 2 mL normal saline alone.
We have previously demonstrated that this protocol can reliably produce a stable, but
moderate, level of lung injury [9]. After administration, the animals were maintained for
1 h to permit evolution of their lung injury to a stable plateau, determined by blood gases
and respiratory mechanics; at 1 h post injury, all baseline measurements were repeated.

A stepwise decrease in inspired oxygen (40%, 30%, 21%) was then performed with
serial blood gases and NIRS determinations at each step. At the end of the experiment, the
animals were euthanized with central injection of concentrated KCL 100 mEq/kg.

2.1. Data Analysis

Respiratory system mechanics were determined from continuously recorded airway
pressure and volume loops. Pulmonary ventilation perfusion (V:Q) matching and intrapul-
monary shunt fraction were calculated using software integrating established relationships
between stepwise variations in FiO2 and measured SaO2, predicted for different levels of
pulmonary shunt fraction (Qs/Qt) in human neonates. Echocardiogram and US images
were analyzed post hoc by an investigator blinded to treatment group assignment (AM)
and scored following standardized criteria [7]. We utilized a modified lung ultrasound
scoring index described previously [11]. Anterior lungs were divided into upper, mid-
dle and lower zones; the posterior lung was assessed in a single posterolateral zone. In
each zone, an ultrasound score of 0 = only horizontal A-lines; 1 = ≥3 well-spaced B-lines;
2 = crowded B-lines and/or subpleural consolidation; 3 = extended consolidation, giving a
maximum ultrasound score of 24 for each animal.

Cerebral, gut and renal NIRS values were correlated with arterial PaO2, regional
venous PvO2 and mBP. Regional fractional oxygen extraction (FOE) was calculated from
arterial and NIRS values according to the formula FOE = (SaO2 − rSO2)/SaO2.

The proportion of cerebral autoregulation impairment attributable to blood pressure,
and to hypoxemia, was calculated by established methods [12,13] using a computational
algorithm integrating existing published nomograms for cerebral flow regulation with
mBP, PaO2 and PaCO2 [14–16] to detect the degree of variation from these nomograms in
experimental data.

2.2. Statistical Analysis

All data are presented as mean ± SE; animal number (N) or independently measured
data points within experiments (n) were compared where relevant. Data were analyzed
by one-way ANOVA for repeated measures with Tukey’s post hoc test for comparisons
between groups and time points, with a p < 0.05 considered significant. Correlations
between mBP, PaO2 and PvO2 and regional NIRS were analyzed by nonlinear regression.

3. Results

Fifteen female animals were initially randomized to control (sham infusions;
N = 8) or lung injury groups (N = 7). Two animals in the control group showed evi-
dence of respiratory compromise at baseline with hypoxemia and hemodynamic instability
and were removed from the study, leaving six control and seven OA-injured animals
(average weight 2.1 ± 0.1 kg) for further analysis.

3.1. Hemodynamics

Average heart rate, mean blood pressure, central venous pressure and temperature
were not affected by OA-induced lung injury and remained stable throughout the study
period (Table 1). The decrease in perfusion index observed after OA injury did not reach
statistical significance.
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Table 1. Group characteristics.

Control Injury
Baseline 1 h Post 40% FiO2 30% FiO2 21% FiO2 Baseline 1 h Post 40% FiO2 30% FiO2 21% FiO2

weight mean 2.13 2.177
SE 0.09 0.146

HR mean 155.7 155.5 157.8 154.8 171.2 157.9 154.4 162.0 161.0 187.6
SE 14.3 14.3 17.1 21.0 25.7 5.0 10.7 10.7 15.7 18.0

BP mean 84.3 81.7 78.8 74.8 74.0 77.3 70.7 68.4 71.6 70.3
SE 4.3 4.8 5.4 5.5 7.1 3.3 3.0 3.3 5.6 7.1

Systolic
BP mean 113.2 109.7 106.5 101.6 101.0 102.3 94.9 * 94.4 92.9 93.6

SE 5.6 5.1 5.1 5.2 7.8 4.2 3.2 4.9 5.3 7.2
Diastolic

BP mean 65.3 64.7 62.2 59.6 58.4 59.9 54.1 55.6 56.9 54.7

SE 3.1 5.6 6.2 6.7 7.5 2.6 2.8 5.5 5.7 7.0
CVP mean 7.7 7.5 7.3 7.2 7.2 6.4 6.1 5.9 5.9 5.9

SE 0.6 0.3 0.4 0.5 0.6 0.5 0.4 0.4 0.4 0.4
temp mean 36.7 37.9 37.5 37.4 37.1 36.7 37.7 37.7 37.6 37.5

SE 0.2 0.3 0.2 0.2 0.2 0.2 0.3 0.2 0.2 0.2
PI mean 0.72 0.80 0.80 0.79 0.81 0.90 0.56 0.72 0.56 0.57

SE 0.11 0.14 0.13 0.15 0.15 0.14 0.07 0.09 0.06 0.08

Weight (kg), heart rate (HR; beats per minute), mean, systolic and diastolic blood pressure (BP; mmHg), central
venous pressure (CVP; mmHg), temperature (◦C) and perfusion index (PI) were documented at baseline, 1 h post
lung injury or sham and post stabilization following stepwise decrease in FiO2 from 50%, to 40%, to 30% and then
21% (presented as mean ± SE, N = 6–7, * p < 0.05).

3.2. Indices of Lung Injury

Examination of the 1 h post injury respiratory mechanics, blood gases and lung
ultrasound, seen in Figures 1, 2 and 3F, confirms the establishment of a moderate degree of
acute lung in the OA-injured group of piglets.

Figure 1 provides a comparison of ventilation parameters and lung mechanics. With
VT fixed at 6 mL/kg in both groups, PIP, MAP, PEEP and minute ventilation (MV) were
unchanged in control animals throughout the study period (Figure 1). Both PIP and
MAP were significantly elevated post OA injury (Figure 1A,B) with no change in PEEP
and minute ventilation (Figure 1C,D). In the OA-injured group, static lung compliance
decreased (Figure 1E) and airway resistance increased (Figure 1F) post injury compared to
control despite significantly elevated compliance at baseline.

Arterial blood gas analysis revealed a significant decrease in PaO2 with OA injury
(Figure 2A). PaO2 fell in both groups during O2 step-down from 50 to 21%, but more
significantly so in the OA-injured group. Arterial oxygen saturation decreased significantly
with OA injury, while arterial saturation was unchanged from baseline in control animals
until FiO2 decreased to 21% (Figure 2B). Arterial PCO2 (Figure 2C) was elevated and
bicarbonate (Figure 2D), which remained stable during FiO2 step-down, tended to be lower,
even at baseline, for the OA-injured group. Arterial pH was unchanged by injury or step
decrease in FiO2 in either group (Figure 2E).

Oxygenation defects were identified in the OA-injured group by a significant increase
in the alveolar–arterial difference (A-a diff; Figure 2F), a significantly decreased P/F ratio
(PaO2:FiO2; Figure 2G), a slight drop in the ventilation–perfusion ratio (V:Q; Figure 2H)
and a marked increase in intrapulmonary shunt fraction (R-L shunt; Figure 2I).

Lung ultrasound scores and cardiac TNE values are shown in Figure 3. Lung ultrasound
scores were low in the control group and unchanged at 1 h, while scores increased significantly
1 h post OA injury (Figure 3F). With respect to cardiac indices, we found no significant
change in either left or right ventricular output (Figure 3A,B), but there was a significant
decrease in tricuspid annular plane systolic excursion following OA injury (TAPSE; Figure 3C).
Normalized pulmonary arterial acceleration time (PAAT:ET; Figure 3D), systolic and diastolic
eccentricity indices (Figure 3E,F, respectively) were unaltered, and systemic vascular resistance
(SVR; Figure 3G) remained unchanged from baseline in both groups.
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airway pressure (MAP; (B)), positive end expiratory pressure (PEEP; (C)) and minute ventilation 
were compared at baseline and 1 h post lung injury or sham (D). Compliance (E) and airway re-
sistance (F) were measured at baseline, 1 h post treatment and during FiO2 stepdown from 50 to 40, 
30 and 21%. (N = 6–7, * p < 0.05, ** p < 0.01). 
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Figure 1. Ventilation parameters and lung mechanics. Peak inspiratory pressure (PIP; (A)), mean
airway pressure (MAP; (B)), positive end expiratory pressure (PEEP; (C)) and minute ventilation were
compared at baseline and 1 h post lung injury or sham (D). Compliance (E) and airway resistance
(F) were measured at baseline, 1 h post treatment and during FiO2 stepdown from 50 to 40, 30 and
21%. (N = 6–7, * p < 0.05, ** p < 0.01).
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Figure 2. Confirmation of lung injury by blood gases. PaO2 (A), SaO2 (B), PaCO2 (C), bicarbonate 
(HCO3; (D)) and pH (E) were measured at baseline, 1 h post treatment and during FiO2 stepdown 
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Figure 2. Confirmation of lung injury by blood gases. PaO2 (A), SaO2 (B), PaCO2 (C), bicarbonate
(HCO3; (D)) and pH (E) were measured at baseline, 1 h post treatment and during FiO2 stepdown
from 50 to 40, 30 and 21%. Alveolar–arterial difference (A-a diff; (F)), PaO2:FiO2 ratio (G), ventilation
to perfusion ratio (V:Q) (H) and right to left (R-L) shunt fraction (I) were calculated and compared.
(N = 6–7, * p < 0.05, ** p < 0.01).
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outputs, tricuspid annular plane systolic excursion (TAPSE; (C)), pulmonary artery acceleration ra-
tio to ejection time (PAAT:ET; (D)), systolic (E) and diastolic (F) eccentricity indices (EI) and systemic 
vascular resistance (SVR; (G)) were measured at baseline and 1 h post lung injury or sham. Lung 
injury (H) was measured by ultrasound and a composite score from both lungs was compared at 
baseline and 1 h post lung injury or sham. (N = 6–7, * p < 0.05, **** p < 0.0001). 

3.3. NIRS Assessment 
Raw NIRS values for each site and measurement period are presented in Table 2. 

Significant interindividual variability is evident in regional saturations from all three re-
gions, at every measurement period. The range of baseline (cerebral) rcSO2 was 44–62%, 
(gut) rgSO2 41–90% and 46–79% (renal) rrSO2. Although between-group differences were 

Figure 3. Echocardiography and lung ultrasound. Left (LVO; (A)) and right (RVO; (B)) ventricular
outputs, tricuspid annular plane systolic excursion (TAPSE; (C)), pulmonary artery acceleration ratio
to ejection time (PAAT:ET; (D)), systolic (E) and diastolic (F) eccentricity indices (EI) and systemic
vascular resistance (SVR; (G)) were measured at baseline and 1 h post lung injury or sham. Lung
injury (H) was measured by ultrasound and a composite score from both lungs was compared at
baseline and 1 h post lung injury or sham. (N = 6–7, * p < 0.05, **** p < 0.0001).

3.3. NIRS Assessment

Raw NIRS values for each site and measurement period are presented in Table 2.
Significant interindividual variability is evident in regional saturations from all three
regions, at every measurement period. The range of baseline (cerebral) rcSO2 was 44–62%,
(gut) rgSO2 41–90% and 46–79% (renal) rrSO2. Although between-group differences were
only significant for rcSO2 at an FiO2 = 21%, regional saturations decreased modestly with



Children 2024, 11, 611 9 of 18

decreasing FiO2 in each region under control conditions and more significantly in the OA
group. Focusing on rcSO2 alone, NIRS readings in the control group remained within 10%
of baseline when FiO2 was titrated between 50 and 30% and decreased by 18% when FiO2
= 21%. With OA injury, rcSO2 decreased by 20–48% from baseline, with FiO2 step decreases
from 40 to 21%. Given the degree of baseline variability present, further analysis was
undertaken with each animal serving as its own control. The change in regional saturations
from baseline with step decreases in FiO2 were then analyzed, as seen in Figure 4.

Table 2. Regional NIRS.

rcSO2 rgSO2 rrSO2

FiO2 Control OA Control OA Control OA

Baseline 50% 50.4 (2.7) 54.6 (2.6) 66.5 (6.2) 61.9 (4.4) 47.7 (6.0) 60.6 (5.0)
1 h 50% 48.3 (2.6) 44.9 (1.4) 57.8 (7.4) 53.3 (2.7) 48.6 (2.7) 52.6 (5.7)

40% 47.5 (2.5) 42.6 (0.7) 57.7 (5.8) 50.6 (2.0) 49.6 (2.4) 50.4 (4.2)
30% 46.3 (2.6) 38.4 (1.0) 53.5 (4.1) 44.7 (2.3) 48.6 (2.5) 47.0 (4.0)
21% 41.2 (3.2) 27.9 (2.6) ** 46.5 (4.7) 32.0 (2.5) 45.4 (2.8) 34.0 (3.2)

Average (SE) NIRS values for each region at baseline, 1 h post OA lung or sham injury and at each step decrease
in FiO2 are displayed. (N = 6–7, ** p < 0.01).

At the 1 h post OA or sham injury time period, a small but insignificant decrease from
baseline NIRS values was evident in all regions (Figure 4). With each step decrease in
FiO2, the OA-injured group showed a greater decrease in rcSO2 compared to the control
group (Figure 4(Ai)). Mesenteric saturation (rgSO2) decreased in both control and OA-
injured animals to a similar degree following step decreases in FiO2 (Figure 4(Aii)). Renal
regional saturation (rrSO2) changes in the OA-injured group mirrored those seen in the
brain, with control rrSO2 unchanged from baseline (Figure 4(Aiii)). Regional cerebral
saturations (rcSO2) correlated with both PaO2 (Figure 4(Bi–Biii)) and respective venous
PvO2 (Figure 4(Ci–Ciii)). Regional cerebral saturations demonstrated a more significant
correlation with mBP compared to either renal or mesenteric regions (Figure 4(Di–Diii)).

The change in fractional oxygen extraction (FOE) is presented in Figure 5. After OA
injury, the change in cerebral FOE was significantly greater than that of the control group,
while the change in FOE of either the renal or mesenteric regions did not differ between
groups. Change in FOE was also analyzed by systemic PaO2; oxygen extraction in the cerebral
circuit trended toward increasing at lower PaO2 values in the lung injury group compared to
controls but not in renal or gut circulations where the slope was identical between treatment
groups. NIRS-derived calculation of cerebral FOE was compared to blood gas-derived FOE at
serial FiO2s, confirming that while the absolute ranges differ, these values have identical slope
and thus are similarly affected by FiO2 (Supplementary Figure S1).

In an attempt to determine an SaO2 threshold below which cerebral oxygenation
becomes impaired, rcSO2 data were analyzed by the arterial saturation ranges 95–100%,
90–95%, 85–90%, 80–85% and <85% obtained after OA or sham injury in Table 3. One rcSO2
measurement was obtained at each of the four distinct arterial saturation ranges, resulting
in n = 24 values from six control animals and n = 28 from seven OA animals in the left-hand
panel. We chose an rcSO2 < 45% and a decrease in rcSO2 of >20% from baseline to denote
potential risk. As expected, the number of animals in the control group who developed an
arterial saturation below 90% was limited, although an SaO2 < 90% was observed in four
control animals when FiO2 = 21%. Above an SaO2 of 90%, average rcSO2 was maintained
at values > 45% in the control group, with a single measurement calculated to be 20% below
baseline. In contrast, rcSO2 in the OA group was <45% at all ranges of SaO2 after injury. We
then determined the number (%) of rcSO2 values in each saturation range that represented a
≥20% decrease from baseline in the right-hand panel. In the OA-injured groups, with data
points that met the SaO2 threshold of ≥90%, 11/16 measurements (69%) were consistent
with values > 20% below the individual baseline. In both control and OA-injured animals



Children 2024, 11, 611 10 of 18

with an SaO2 threshold < 90%, the average rcSO2 was <45% and nearly all resulted in a
20% decrease from baseline.
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Figure 4. NIRS correlation to regional saturation. With each animal serving as its own control, the
change from baseline rcSO2 (Ai), rgSO2 (Aii) and rrSO2 (Aiii) is plotted for 1 h post lung injury or
sham and during FiO2 stepdown from 50 to 21%. (N = 6–7, * p < 0.05, ** p < 0.01, **** p < 0.0001). The
correlations between PaO2 and regional NIRS are presented in (Bi–Biii). The correlation between
regional PvO2 (SVC sample for brain NIRS; IVC sample for gut and kidney NIRS) and regional NIRS
is shown in (Ci–Ciii). The correlation between mBP and regional NIRS is displayed in (Di–Diii).
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Figure 5. Fractional oxygen extraction. The change in fractional oxygen extraction (FOE) from
baseline for each region: brain (A), gut (B) and kidney (C) is plotted 1 h post lung injury or sham and
during FiO2 stepdown from 50 to 21%. For all measurement points obtained at all FiO2s, the change
from baseline fractional oxygen extraction is plotted against PaO2 for brain (D), gut (E) and kidney
(F) with slopes for lung injury or sham treatment group determined by simple linear regression
(N = 6–7, * p < 0.05). Regression lines shown as solid line for control, and dotted line for ALI animals.

Using the autoregulation calculation algorithm designed for this study to correlate
changes in rcSO2 with changes in blood pressure, PaCO2 and SaO2, setting a cut limit for
significant change at 20% change from the trendline to detect deviations from established
nomograms, we report that autoregulation was impaired after OA-induced lung injury as a
function of blood pressure (a proxy for systemic blood flow) at all FiO2 steps; however, below
an FiO2 of 40%, impaired autoregulation was predominantly due to hypoxemia (Figure 6).

Table 3. Regional NIRS data grouped by SaO2 range.

SaO2 Range (Post Injury or Sham)
N rcSO2 Post Injury rcSO2 > 20% Decrease

C OA C OA C OA

95–100% 17 11 48.5 (1.6) 44.1(1.0) 1 ( 5%) 7 (64%)
90–95% 3 5 47.3 (3.5) 40.8 (0.8) 0 (0%) 4 (80%)
85–90% 1 3 37 (0) 35.5 (1.2) 1 (100%) 3 (100%)
<85% 3 9 36.6 (2.7) 30.1 (2.6) 2 (67%) 8 (89%)

Middle panel shows average (SE) rcSaO2 in control and OA-injured animals obtained after OA or sham injury at
each SaO2 range. Right hand panel shows the number and % of NIRS readings that represent a 20% decrease
from baseline in each group (N = 6–7; n = 24–28).
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Figure 6. Cerebral autoregulation analysis. An autoregulation calculator was used to determine if
cerebral autoregulation was intact or impaired due to either a drop in blood pressure or hypoxemia
following stabilization for 1 h post lung injury or sham at an FiO2 of 50, 40, 30 and 21%. Comparisons
were made between control and ALI animals by Chi-squared test. (N = 6–7, * p < 0.05, ** p < 0.01).

4. Discussion

In a piglet model of moderate OA-induced ALI, we have demonstrated that cerebral
blood flow regulation is dependent on both arterial blood pressure and arterial oxygenation,
with oxygenation assuming a more predominant role when FiO2 decreases below 40%.
When FiO2 is decreased from 50 to 21% under control conditions, a redistribution of blood
from the mesentery to the cerebral and renal circulations was observed but was absent
with OA ALI. In the OA-injured group, the average rcSO2 decreased to below 45% from
the first measurement period at 1 h with FiO2 maintained at 50%. For the majority of
measurements, this represented a decrease from baseline rcSO2 of more than 20%. Cerebral
fractional oxygen extraction increased to a significantly greater extent than either kidney
or mesentery at any delivered FiO2. As such, in this lung injury model, we were unable
to define a specific systemic oxygen saturation threshold below which cerebral oxygen
extraction increased or above which normal cerebral oxygenation was ensured. Given the
variability in cerebral response to decreasing oxygen delivery, these findings suggest the
need for an individualized approach to oxygen titration in neonatal ALI patients. The
combination of NIRS and continuous blood pressure monitoring with TNE may be helpful
in this regard [17].

4.1. Oleic Acid Lung Injury Model

The oleic acid model has been well documented to reproduce the pathophysiological
characteristics of ALI: early and rapidly reversible patchy inflammatory lung injury with
permeability changes and impairment in gas exchange and lung mechanics [18]. We used
an oleic acid dose expected to induce a moderate degree of ALI to permit exploration
of decreasing levels of oxygenation with limited hemodynamic compromise during the
experiment. We based the OA dosing on our previously established porcine neonatal model
of graded lung injury, where lung US scores were validated against standard histological
assessment using the American Thoracic Society Acute Lung Injury in Animals consensus
method [9]. The documented alterations in lung mechanics, P/F ratio, shunt fraction,
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arterial oxygenation and lung US scores are consistent with our previous moderate lung
injury model, although the TNE changes observed in the present study are less impressive.
OA infusion induces both local and systemic inflammatory effects manifested by increases
in lung and serum inflammatory mediators, with hemodynamic consequences [19]. With
more severe injury, systemic effects are evident: systemic vascular resistance increases,
both RV and LV function and output are impaired, and arterial blood pressure falls. An
increase in pulmonary artery pressure and pulmonary vascular resistance has been well
documented in larger porcine models when pulmonary artery catheterization is possi-
ble [20]. In the neonatal piglet model after stable establishment of moderate or severe ALI,
we previously reported decreased TAPSE as well as diminished RVO, without change in
PAAT/ET [9]. TAPSE is described as a predictive marker of right ventricular dysfunction
and hypotension [21,22]. In the present model, targeted neonatal echocardiography was
performed at 1 h post injury with FiO2 = 50%. In the OA-injured group at this early time
period, SVR, LV and RV outputs were unaltered, but the significant decrease in tricuspid an-
nular plane systolic excursion suggests the onset of right ventricular strain consistent with
the increased pulmonary vascular pressure and pulmonary vascular resistance observed
in a more mature model. The possibility of direct cerebral effects of OA administration
should also be considered, as a small number of studies document evidence of increased
cerebral cytokine production, nitro-oxidative stress and cerebral edema in mature OA
animal models [23]. Direct cerebral effects in OA injury models may potentially contribute
to the significant cerebral desaturation discussed below but would require measurement of
cerebral cytokines or histological assessment for confirmation.

4.2. NIRS Data

Normal neonatal regional cerebral saturations (rcSO2) are reported between 60 and
80%, with fractional oxygen extraction (FOE) of 20–40% [8]. In a piglet model, Hou et al.
documented the occurrence of cerebral anaerobic metabolism with rSO2 < 45% and hy-
poxic ischemic encephalopathy with prolonged rcSO2 < 45%, consistent with neurological
outcome studies in infants [24]. Kurth et al. found a lower cerebral hypoxia-ischemia
rcSO2 threshold of 33–44% for brain metabolic dysfunction and time-dependent overt
neurological injury in a similar piglet model [25]. Given the lack of consensus regarding
a clear lower rcSO2 limit denoting brain at risk, and the significant inter-individual vari-
ability rcSO2 values that have been documented, Weber et al. suggest that a 20% decrease
from baseline rcSO2 may be a more important indicator of a brain at potential risk of
ischemic injury [8]. The average rcSO2 at baseline observed in our model (50.4 ± 6.7% and
54 ± 6.8% in the control and OA group, respectively) is lower than that reported by either
Hou et al. [24] or in human neonates [8] but is similar to baseline values obtained in other
piglet models [25–27]. Regional saturations correlated well with respective venous PvO2,
validating the measurements obtained [28]. The algorithms used by different NIRS mon-
itors, species differences and varying effects of differing anesthetic regimes on cerebral
blood flow and metabolism may contribute to the variations in baseline rcSO2 reported
between studies. While comparison to an awake rcSO2 would be considered the gold
standard, animal movement precluded any ability to obtain reliable awake readings.

Using either an anaerobic threshold rcSO2 of 45% as suggested by Hou et al. [24], or a
>20% decrease from baseline [8], to indicate onset of concern, our lung injury group could
be considered to be at risk at any FiO2 between 50 and 21% (Table 2), even with arterial
saturations maintained above 95% (Table 3). Control animals demonstrated rcSO2 values
of concern at FiO2 = 21% when SaO2 fell below 90%. These results suggest the need to
ensure stability of both hemodynamics and regional saturations when titrating FiO2 to
lower SaO2 ranges in ALI patients, as cerebral oxygenation may be compromised with
even modest decreases in arterial oxygenation. Evidence of increases in cerebral venous
lactate or histological studies would be required to validate these findings; Heuer et al. [29]
have also questioned whether the current recommendation to accept arterial saturations of
>90% is adequate in ARDS patients, particularly in those with concomitant cerebral injury.
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Evaluation of concurrent renal, mesenteric and cerebral regional saturations has been
less extensively reported under hypoxic conditions. McNeill et al. [30] report baseline
renal and mesenteric saturations between 64 and 87% and 32 and 66%, respectively, in line
with the results obtained in the current study. Variability in the saturation ranges of the
renal and mesenteric bed is reportedly greater than that of the cerebral territory [30] and is
corroborated in the present work. Using multi-site NIRS monitoring, Montaldo et al. [31]
demonstrated that during the post-delivery transition period in full term infants, rcSO2
increases more rapidly than rrSO2 and rgSO2, suggesting blood flow redistribution from the
latter two beds such that oxygen delivery to the brain is preserved at the expense of kidneys
and splanchnic tissue. Holler et al. [32] support a combination of peripheral and cerebral
NIRS monitoring to determine redistribution of blood flow during ischemic or hypoxic
periods. In the present study, centralization of the mesenteric circulation was only evident
in the control group (Figure 4). With decreasing FiO2, mesenteric saturations decreased
by more than 20%, while cerebral and renal sats showed minimal/modest change from
baseline. Differential responses were not evident in the OA-injured group, as all regional
saturations fell to a similar extent with decreasing FiO2, reflecting global hypoxic delivery to
all vascular beds. Under these circumstances, fractional extraction of oxygen increased to a
greater degree in the cerebral region, reflecting compensation for exhausted autoregulation.

4.3. Autoregulation

Cerebral autoregulation in neonates classically follows a sigmoidal curve, where cere-
bral blood flow does not vary with blood pressure along a defined range, but above and
below which cerebral blood flow is pressure passive. Cerebral blood flow and oxygen
delivery increase with hypoxia, and the pressure threshold above which autoregulation
holds generally varies with oxygen saturation [33]. The flow augmentation effect of hy-
poxia opposes the flow dampening effect of hypocapnia, but effects of oxygen and carbon
dioxide on autoregulation thresholds may be synergistic. In conscious humans it has been
demonstrated that the control of cerebral blood flow by hypoxia exceeds its regulation by
hypocapnia at the extremes of hypoxia, while increasing CO2 tensions augment the sensi-
tivity of the cerebral blood flow response to hypoxia [34]. Cerebral flow pressure passivity
can fluctuate in sick neonates, resulting in increased transient episodes of autoregulation
loss without changes in oxygen or CO2 parameters [35].

Estimation of cerebral autoregulation by NIRS utilizes the absorption spectra of oxy-
hemoglobin to act as an endogenous tracer for arterial flow; adjusting for cerebral oxygen
extraction, cerebral blood flow is calculated by a modified Fick method [36]. Calculation from
cerebral oximetry metrics permits detection of impaired cerebral autoregulation in neonates
and its causal attribution [37,38]. This NIRS method is also effective to discern regional blood
flow and cerebral saturation in neonatal piglets, despite impedance from their thicker cal-
varium [27]. To further analyze these data, we used an autoregulation calculation algorithm
designed to best fit changes in cerebral SO2 with contemporaneous changes in blood pressure,
PaCO2 and/or PO2 across a range of FiO2 values, using established nomograms from large
samples of neonatal populations [14–16]. The output (Figure 6) identifies the proportion of
dynamic autoregulation failure attributable primarily to pressure variation, O2 tension varia-
tion or to CO2 variation, by curve fitting to these nomograms [13]. As a computational model,
the algorithm must still be externally validated, but these results track with the manually
calculated comparisons made in Figures 4 and 5 and serve to integrate these findings. The
specific attribution of autoregulation impairment in this analysis remains speculative and
should trigger further study.

Despite observing increased fractional oxygen extraction in the ALI brain, we found
onset of pressure passive cerebral flow at higher FiO2 and at higher systemic SaO2 in the
ALI group compared to control. Loss of autoregulation attributable to hypotension was
a greater feature of ALI circulation than of control circulation at all oxygen tensions in
individual cases. In infants undergoing anesthesia, intraoperative hypotension >20% below
baseline may be associated with decreased cerebral blood flow [39]. This finding has been
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investigated in neonatal piglet models, showing decreased cerebral tissue oxygenation
following hypovolemic hypotension [40], but with the loss of cerebral autoregulation specif-
ically attributed to pressure fluctuation rather than loss of oxygen carrying capacity [41].
While hypocapnia is known to augment the impact of hypotension on cerebral blood flow
and thus complicate assessment of autoregulation [42], none of our animals were hypocap-
nic; the ALI group had a small but statistically significant increase in PCO2 at all FiO2 levels.
Thus, none of the loss of cerebral autoregulation we observed could be attributed to CO2
fluctuation. A large analysis of human infant data indicated that mild hypotension triggers
decreased cerebral metabolic rate, resulting in maintenance of cerebral tissue oxygenation
despite diminished perfusion pressure; in severe hypotension, cerebral metabolic reserve is
limited, and loss of autoregulation is pathological [43]. In our ALI model, capillary leak
does result in a degree of hypovolemic hypotension, albeit with preserved hemoglobin.
Systemic blood flow fluctuations may contribute towards pressure passivity of cerebral
blood flow at higher oxygen saturation than in controls. Our data in sum are consistent
with the finding that hemodynamic instability in patients with acute lung injury impairs
cerebral homeostatic mechanisms, resulting in a vulnerability to brain injury independent
of the effects of inflammation or hypoxemia [44].

4.4. Limitations

Our sample size was small with significant baseline variability. However, using a
baseline rcSO2 of 50 ± 5% and assuming a modest reduction in rcSO2 of 15% with OA
injury, α = 0.05 and power = 0.8, we calculated that a sample size of 12 subjects would be
required. The actual reduction in baseline rcSO2 was 20%, suggesting an adequate number
of animals was studied, in alignment with ethical principles for animal research.

No animal model reproduces all the characteristics of ALI/ARDS in humans. Oleic
acid is a fatty acid that causes direct toxicity to the pulmonary endothelium. The patho-
physiology of the OA injury might differ from the more common causes of ALI such as
aspiration or sepsis in the term neonate, but the pulmonary pathology is similar. Mea-
surement of serum lactate and/or direct measurement of tissue oxygenation would be
required to confirm when the significant regional desaturations observed with OA injury
were associated with a switch to anaerobic metabolism. As such, caution with translation
of these findings to the clinical setting is recommended without corroboration in additional
pre-clinical models and further study in the neonatal ICU setting.

5. Conclusions

We conclude that in an animal model of neonatal ALI, cerebrovascular blood flow
regulation is dependent on both arterial blood pressure and oxygenation but primarily
dependent on oxygenation when FiO2 < 40%. We could not define an oxygenation thresh-
old below which cerebral oxygen extraction increases or above which baseline cerebral
oxygenation is maintained. Rather, cerebral oxygen extraction is enhanced from the onset
of injury, reflecting compensation for exhausted cerebral autoregulation as a mechanism
to protect against tissue hypoxia. Continuous multi-site NIRS monitoring combined with
arterial blood pressure measurements and TNE assessment of cardiac filling/function may
be helpful when managing patients with ALI to follow trends in tissue oxygenation when
titrating FiO2. The lower saturation ranges recommended for premature neonatal care may
not be applicable to term infants with acute lung injury.
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