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BACKGROUND: Extended periods of hypocarbia in preterm infants may be associated with in-

traventricular hemorrhage, periventricular leukomalacia, and bronchopulmonary dysplasia. To

evaluate the current anesthetic practice in preterm neonates, we retrospectively reviewed the

intraoperative course with regard to PaCO2 and ventilation during non-cardiac surgical proce-

dures in infants <60 weeks postmenstrual age. METHODS: This was a single-center, retrospec-

tive study during non-cardiac surgical procedures in neonates. Hyperventilation was defined as

a PaCO2 ^ 35 mm Hg, significant hyperventilation as a PaCO2 ^ 30 mm Hg, and extreme

hyperventilation as a PaCO2 ^ 25 mm Hg. RESULTS: The study cohort included 112 neonates,

with a median postnatal age of 40 weeks, median gestational age of 38 weeks, and median weight

of 5 kg. Thirty-seven subjects (33%) had at least one arterial blood gas value that demonstrated

hyperventilation. Thirteen (12%) were noted to have significant hyperventilation (PaCO2 ^ 30

mm Hg) and 2 had extreme hyperventilation (PaCO2 ^ 25 mm Hg). CONCLUSIONS: The

incidence of at least one arterial blood gas that demonstrated inadvertent hyperventilation in

neonates was high during intraoperative care. These data may provide the baseline for future

studies that address more rigorous monitoring and control of PaCO2 during intraoperative care.

Although the duration of the anesthetic care and surgical procedure is brief compared with the

neonatal ICU length of stay because there is no demonstrated benefit of hypocapnia and, in fact,

well-documented harm associated with hyperventilation in neonates, care should be directed at

limiting inadvertent hyperventilation. (ClinicalTrials.gov registration NCT03823716.) Key words:
infant; newborn; hyperventilation; respiratory therapy; anesthesia; general; hypercapnia; ventilation.
[Respir Care 2020;65(8):1154–1159. © 2020 Daedalus Enterprises]

Introduction

Arterial PaO2
is an important determinant of cerebral

blood flow. Hypercapnia leads to cerebral vasodilation and

an increase in cerebral blood flow, whereas hypocapnia

leads to cerebral vasoconstriction and decreased cerebral

blood flow.1 Results of previous research demonstrated that

inadvertent intraoperative hyperventilation in the pediatric

population occurs.2 The practice of intentionally providing

a high minute ventilation during anesthetic care was

founded on various misconceptions, including the premise

that hypocarbia augmented systemic oxygen delivery

through its effects on the alveolar PaO2
.3 This tenet focused

only on the alveolar gas equation, in which a decline in the

PaO2
leads to an increased PaO2

, provided that atmospheric

pressure and water vapor pressure in the enclosed alveolus

is maintained.
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Studies conducted in neonatal ICUs demonstrated that

extended periods of hypocarbia in preterm infants is associ-

ated with an increase in severe intraventricular hemorrhage,

periventricular leukomalacia, and bronchopulmonary dys-

plasia.4,5 As such, close attention to factors that control the

arterial pressure of carbon dioxide in the blood (PaCO2
) may

be indicated during the perioperative period. To evaluate

current anesthetic practice in the care of preterm infants

and neonates, we retrospectively reviewed the intraopera-

tive course with regard to PaCO2
and ventilation during non-

cardiac surgical procedures in infants who were<60 weeks

postmenstrual age. Our primary aim was to determine the

incidence of inadvertent hyperventilation, investigate the

minute ventilation required to provide a normocarbic state,

and to evaluate characteristics associated with an increased

risk of inadvertent and significant hyperventilation.

Methods

This study was approved by institutional review board at

Nationwide Children’s Hospital (17-00032) and registered

at clinicaltrials.gov. We retrospectively identified non-car-

diac surgical procedures performed over a 3-y period in

neonates <60 weeks postmenstrual age. Procedures were

selected for analysis if they were performed with the

patients under general anesthesia with pressure-controlled

mechanical ventilation with invasive arterial access, and if

arterial blood gas (ABG) samples were obtained during sur-

gery. All intraoperative ABG results were obtained for each

case, and ventilator parameters were determined at the time

of each ABG sample. Patients were excluded from the

study if mechanical ventilation was not in use during any of

the available ABG samples.

Hyperventilation was defined based on the identification

of a PaCO2
# 35 mm Hg and was considered significant if

the PaCO2
was # 30 mm Hg. Extreme hyperventilation was

defined as PaCO2
# 25 mm Hg. Independent variables in

the analysis included tidal volume, peak inspiratory pressure,

PEEP, FIO2
, and breathing frequency. Minute ventilation was

calculated as the product of the tidal volume and breathing

frequency. Additional data extracted from the ABG results

included PaO2
, pH, and base deficit or excess. Subject and

procedure characteristics obtained for the study included

subject gestational age, postnatal age, sex, weight, comorbid-

ities (congenital heart disease, respiratory disease, neurologic

disease, renal disease, and hematologic disease), and proce-

dure type (general pediatric surgery, neurosurgery, or other).

In the initial descriptive analysis, the occurrence of

hyperventilation was examined at any available time point

(ABG sample) during each procedure when mechanical

ventilation was in use. Categorical data were summarized

as counts with percentages, and continuous data were sum-

marized as means 6 SDs, or medians with interquartile

ranges (IQR). Ventilator settings (averaged across available

ABG observations from each procedure), ABG results

(averaged across available observations), and other sub-

ject and procedure characteristics were compared

between procedures according to whether hyperventila-

tion had occurred.

Data were compared between these groups by using

unpaired t tests or rank-sum tests for continuous measures,

and chi-square tests for categorical measures. In further

analysis, multivariable mixed effects regression was used

to predict significant hyperventilation at the time of a given

ABG sample, as a function of ventilator parameters at that

time. In this analysis, a procedure-level random effect was

included to capture residual variation in the risk of signifi-

cant hyperventilation according to subject and procedure

characteristics.6 ABG samples with incomplete data on mi-

nute ventilation, peak inspiratory pressure, PEEP, or oxy-

gen saturation were excluded from this portion of the

analysis. Data analysis was performed in Stata/IC 14.2

(StataCorp, College Station, Texas), and 2-tailed P < .05

was considered statistically significant.

Results

We identified 4,268 patients who were <60 weeks post-

menstrual age and who, in 2014–2017, underwent non-car-

diac surgical procedures with the patient under general

anesthesia. Of these patients, 154 had ABG samples

obtained during surgery. In this group, 33 patients were

excluded for not having an arterial line placed, and 9 were

excluded because mechanical ventilation was not in use

QUICK LOOK

Current knowledge

Extended periods of hypocarbia have been shown to be

associated with an increased risk of poor neurologic

outcomes in the neonatal ICU population. Although

close control of PaCO2
is generally recommended during

ICU care, there has been less attention to these issues

during intraoperative care.

What this paper contributes to our knowledge

In this single-center retrospective observational

study, the incidence of intraoperative hyperventila-

tion (PaCO2
# 35 mm Hg) was high. The subjects who

had a lower body weight were more likely to have sig-

nificant hyperventilation. Given the retrospective nature

of the study, no impact on clinical outcome could be

attributed to these findings. Although it is unknown if

limited periods of hyperventilation are detrimental, fur-

ther evaluation of intraoperative ventilation strategies

and CO2 monitoring for this population is warranted.
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when the ABG samples were collected, which resulted in a

study cohort of 112 subjects (47 females, 65 males). The

median (IQR) postnatal age was 40 (37–50) weeks, median

(IQR) gestational age was 38 (36–39) weeks, and median

(IQR) weight was 5 (4–6) kg. Comorbidities included con-

genital heart disease (45 [40%]), respiratory disease (72

[64%]), neurologic disease (53 [47%]), renal disease (19

[17%]), and hematologic disease (44 [39%]). Most sub-

jects were undergoing general pediatric surgery procedures

(81 [72%]), followed by neurosurgery (23 [21%]), and

other surgery types (8 [7%]). Within general pediatric sur-

gery, the most common procedure was exploratory laparot-

omy (n ¼ 19), followed by bronchoscopy (n ¼ 11) and

diaphragmatic hernia repair (n ¼ 9). Thirty-seven subjects

(33%) had at least one ABG value that demonstrated

hyperventilation (PaCO2
# 35 mm Hg). Thirteen (12%)

were noted to have significant hyperventilation (PaCO2
#

30 mm Hg) and 2 had extreme hyperventilation (PaCO2
#

25 mm Hg), both with gestational ages of 38 weeks and

postnatal ages of 48 and 49 weeks.

Subject and procedural characteristics are compared by

occurrence of significant hyperventilation in Table 1 and by

occurrence of any hyperventilation in Table 2. The subjects

who experienced significant hyperventilation had a lower

minute ventilation (median, 757 vs 1,185 mL; P¼ .01) and

a lower breathing frequency (median, 20 vs 25 breaths/min;

P ¼ .030), compared with infants who did not experience

significant hyperventilation. These differences were attenu-

ated when comparing any versus no hyperventilation (Table

2). Among subject characteristics, weight was slightly lower

in the subjects who experienced significant hyperventilation

(median, 4 vs 5 kg; P ¼ .040), but no other characteristics

varied according to whether the subjects developed signifi-

cant hyperventilation. The multivariable analysis included

249 ABG samples with complete data on minute ventilation,

peak inspiratory pressure, PEEP, and O2 saturation (Table 3)

(between 1 and 7 ABG samples per subject). A higher mi-

nute ventilation at the time of a given ABG sample was asso-

ciated with lower odds of significant hyperventilation, but

this association did not reach statistical significance (odds

Table 1. Subject and Ventilation Characteristics According to the Occurrence of Significant Hyperventilation

Characteristics Significant Hyperventilation (n ¼ 13)* No Significant Hyperventilation (n ¼ 99) P

Subject characteristics

Female, n (%) 6 (46) 41 (41) .75

Postnatal age, median (IQR) d 40 (36–48) 40 (37–50) .81

Gestational age, median (IQR) d 37 (36–38) 38 (36–39) .12

Weight, median (IQR) kg 4 (3–4) 5 (4–7) .046

Comorbid conditions, n (%)

Congenital heart disease 5 (38) 40 (40) >.99

Respiratory 7 (54) 65 (66) .40

Neurologic 3 (23) 50 (51) .08

Renal 3 (23) 16 (16) .46

Hematologic 6 (46) 38 (38) .76

Procedure type, n (%) .52

General surgery 8 (62) 73 (74)

Neurosurgery 4 (31) 19 (19)

Other 1 (8) 7 (7)

Average ventilation characteristics

Minute ventilation, median (IQR) mL 757 (548–1,141) 1,185 (896–1,380) .01

Tidal volume, median (IQR) mL 37 (29–48) 41 (34–62) .20

Tidal volume/weight, median (IQR) mL/kg 3 (2–3) 2 (1–3) .07

Frequency, median (IQR) breaths/min 20 (15–22) 25 (20–30) .030

pH, mean 6 SD 7.4 6 0.1 7.3 6 0.1 .008

Base deficit, median (IQR) 5 (2–6) 4 (1–6) .60

Peak inspiratory pressure, median (IQR) cm H2O 19 (17–20) 20 (18–24) .09

PEEP, median (IQR) cm H2O 5 (4–5) 5 (4–6) .25

Oxygen saturation, median (IQR) % 100 (99–100) 99 (94–100) .09

PETCO2
, median (IQR) mm Hg 27 (21–32) 34 (28–37) .007

VD phys, median (IQR) 0.20 (0.04–0.34) 0.30 (0.16–0.41) .13

N ¼ 112.

*Defined as PaO2
# 30 mm Hg.

IQR ¼ interquartile range

PETCO2
¼ end-tidal carbon dioxide pressure

VD phys ¼ physiologic dead space calculated as ðPaCO2
� PECO2

Þ=PaCO2
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ratio 0.8, 95% CI 0.7–1.0; P ¼ .054). Peak inspiratory pres-

sure, PEEP, and O2 saturation were not associated with the

risk of significant hyperventilation on this analysis.

Discussion

Our study identified that the incidence of any hyperventi-

lation and significant hyperventilation in neonates during

general anesthesia was 33% and 12%, respectively. There

were only 2 subjects in the study cohort with extreme

hyperventilation (PaCO2
# 25 mm Hg). The subjects who

had a lower body weight were more likely to have signifi-

cant hyperventilation. All the subjects were managed by a

pressure control ventilation mode, and multivariate analy-

sis did not confirm any statistical significance with regard

to subject or ventilation characteristics.

In recent years, significant data have emerged from neo-

natal ICUs with regard to the potential deleterious effects

of hyperventilation on the central nervous and pulmonary

systems. Two major determinants of long-term morbidity

in preterm infants are intraventricular hemorrhage/periven-

tricular leukomalacia and bronchopulmonary dysplasia.

Hypocapnia in the neonate has been shown to be a risk fac-

tor for periventricular leukomalacia, intraventricular hem-

orrhage, cerebral palsy, cognition development disorder,

and auditory deficits.7 The duration of hypocapnia has also

been demonstrated to play a role in the incidence of peri-

ventricular leukomalacia, intraventricular hemorrhage, and

Table 2. Subject and Ventilation Characteristics According to the Occurrence of Hyperventilation

Characteristics Hyperventilation (n ¼ 37)* No Hyperventilation (n ¼ 75) P

Subject characteristics

Females, n (%) 13 (35) 34 (45) .30

Postnatal age, median (IQR) d 40 (37–49) 40 (38–51) .70

Gestational age, median (IQR) d 37 (36–38) 38 (36–39) .17

Weight, median (IQR) kg 5 (4–6) 5 (4–7) .86

Comorbid conditions, n (%)

Congenital heart disease 15 (41) 30 (40) .96

Respiratory 20 (54) 52 (69) .11

Neurologic 15 (41) 38 (51) .31

Renal 9 (24) 10 (13) .15

Hematologic 18 (49) 26 (35) .15

Procedure type, n (%) .78

General surgery 26 (71) 55 (73)

Neurosurgery 9 (24) 14 (19)

Other 2 (5) 6 (8)

Average ventilation characteristics

Minute ventilation, median (IQR) mL 1092 (760–1358) 1187 (840–1368) .32

Tidal volume, median (IQR) mL 41 (36–57) 41 (33–59) .50

Tidal volume/weight, median (IQR) mL/kg 2 (1–3) 2 (1–3) .34

Frequency, median (IQR) breaths/min 22 (17–27) 25 (20–31) .07

pH, mean 6 SD 7.4 6 0.1 7.3 6 0.1 <.001

Base deficit, median (IQR) 4 (0–6) 4 (2–6) .23

Peak inspiratory pressure, median (IQR) cm H2O 20 (18–22) 20 (17–24) .67

PEEP, median (IQR) cm H2O 5 (4–5) 5 (4–6) .65

Oxygen saturation, median (IQR) % 100 (97–100) 99 (96–100) .21

PETCO2
, median (IQR) mm Hg 29 (25–33) 34 (29–39) .001

VD phys, median (IQR) 6 (2–12) 12 (7–28) <.001

N ¼ 112.

*Defined as PaO2
# 35 mm Hg.

IQR ¼ interquartile range

PETCO2
¼ end-tidal carbon dioxide pressure

VD phys ¼ physiologic dead space calculated as ðPaCO2
� PECO2

Þ=PaCO2

Table 3. Hierarchical Logistic Regression of Ventilation

Characteristics Associated With Significant Hyperventilation at

Each Time Point Clustered by Procedure (249 arterial blood gas

measurements)

Ventilation Characteristics Odds Ratio 95% CI P

Minute ventilation, 100 mL 0.8 0.7–1.0 .054

Peak inspiratory pressure, cm H2O 1.1 1.0–1.4 .16

PEEP, cm H2O 0.6 0.3–1.2 .14

Oxygen saturation, % 1.4 0.9–2.4 .15
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bronchopulmonary dysplasia. Ikonen et al8 demonstrated

that an increasing duration of hypocapnia (PaCO2
< 30 mm

Hg) in the first 72 h of life was associated with an increased

severity of periventricular leukomalacia and subsequent de-

velopment of neurologic impairment and cerebral palsy. A

subsequent study by Erickson et al4 demonstrated that an

increasing duration of hypocarbia was associated with an

increased incidence of bronchopulmonary dysplasia.

A decrease in the PaCO2
will lead to cerebral vasocon-

striction and to decreased cerebral blood flow and

decreased cerebral oxygen delivery. These effects on the

neonatal brain may be exaggerated or exacerbated in the

operating room by other variables, such as hypotension,

hyperoxia, hypoglycemia, anemia, and hyperthermia. As

these data have emerged, there has been a shift in ventila-

tion strategies in the neonatal ICU, with a focus on permis-

sive hypercapnia guiding ventilation. However, these

strategies may not be well known by anesthesia providers

and have not necessarily been adopted during intraoperative

anesthetic care.

During intraoperative care, even in previously intubated

and mechanically ventilated neonates, patients are trans-

ported to the operating room. During an anesthetic proce-

dure, ventilation parameters and requirements may be

changed as an intraoperative ventilator is used or there may

be variations in basal metabolic rate related to anesthetic

agents or physiologic stresses imposed by the surgical pro-

cedure. The issues of intraoperative mechanical ventilation

are compounded by difficulties with the accurate measure-

ment of tidal volume and minute ventilation, especially in

the neonatal population. This can be related to many fac-

tors, including the use of a cuffed versus uncuffed endotra-

cheal tube, dead space in the anesthesia circuit, and the

type of anesthesia ventilator used. Chambers et al9 demon-

strated that, not only do uncuffed endotracheal tubes exhibit

a higher leak, independent of the mode of ventilation, but

the delivered tidal volumes and leak percentage change

over time, particularly when pressure-controlled ventilation

is used. It is not unusual for flexible elbow connectors or

heat-and-moisture exchangers to be added to a circuit, both

of which contribute to an increase in circuit dead space.10

Anesthesia ventilators equipped with compliance compen-

sation have been shown to accurately deliver small tidal

volumes, whereas those without this technology are far less

accurate.11

A small percentage of neonates presenting to the operat-

ing room have an arterial line in situ or require one for the

surgical procedure. ABG measurements only provide a sin-

gle snapshot of ventilation, which makes following trends

more difficult. End-tidal carbon dioxide pressure (PETCO2
)

monitoring is standard in the operating room but is not

standard in all neonatal intensive care settings. Various

factors, including high fresh gas flows, sampling errors,

small tidal volumes, ventilation-perfusion inequalities, and

changes in dead space affect the accuracy of PETCO2
moni-

toring.12 These factors affect the correlation between the

PaCO2
and PETCO2

, which makes the gradient variable during

prolonged cases. Transcutaneous CO2 monitoring has been

shown to be as accurate as PETCO2
monitoring in patients

with normal respiratory function and may be more accurate

in patients with shunts or ventilation perfusion abnormal-

ities; however, transcutaneous CO2 is not readily available

in most pediatric operating rooms.12

A previous prospective study from the neonatal ICU

with a large cohort in Europe showed that the incidence

of hypocapnia (PCO2
< 30 mm Hg or 4 kPa) is relatively

uncommon (4% of blood gases).13 The most recent retro-

spective study from a single-center, neonatal ICU also

demonstrated a very low incidence of hypocapnia (PCO2
<

30 mm Hg), which is <2% of all the ABG samples.14

Analysis of our data demonstrated that this incidence is

higher during intraoperative care in the neonatal popula-

tion. Our cohort of neonates revealed that one third had

at least one ABG that demonstrated inadvertent hyperven-

tilation, and 12% experienced significant hyperventilation

with a PaCO2
# 30 mm Hg. With the increasing volume

of literature emerging with regard to deleterious effects of

hypocapnia, continuous monitoring of ventilation in neo-

nates during an anesthetic may be warranted.14

With our data, we were not able to compare the modes of

ventilation and the incidence of hyperventilation because

all the subjects were ventilated by using a pressure-control

mode of ventilation. This strong preference for use of pres-

sure control is likely institution-dependent and related to

problems with measuring small tidal volumes with current

anesthesia-based ventilators and flow meters. However,

data from neonatal ICU studies does clearly demonstrate

several advantages of volume-targeted modes of ventilation

compared with pressure-limited modes of ventilation. Two

different meta-analyses that compared volume-targeted to

pressure-limited ventilation in preterm infants showed

reductions in incidence of bronchopulmonary dysplasia,

hypocarbia, grade III/IV intraventricular hemorrhage, pneu-

mothorax, and duration of mechanical ventilation.15,16 It is

possible that, by decreasing the variability of delivered tidal

volumes by using a volume-targeted mode of ventilation,

there may be a decrease in volutrauma and lung injury.

Reducing the incidence of hypocarbia and large variations

in PaCO2
may lead to more stable cerebral perfusion and,

subsequently, less neonatal brain injury.15

Interestingly, we noted that the subjects in our study who

experienced significant hyperventilation had a lower mi-

nute ventilation and breathing frequency than those who

were not hyperventilated. This may be due to active adjust-

ments made during surgery by anesthesia providers in

response to ABG values. Without demonstrating a clear

relationship between increased minute ventilation and

decreased PaCO2
, other factors may be playing a role in
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determining PaCO2
during the intraoperative period,

including changes in dead space or ventilation-perfusion

matching, depth of anesthesia, and metabolic rate (CO2

production).

Permissive hypercapnia has become a commonly used

ventilation strategy in neonatal intensive care settings.17

However, analysis of our data demonstrates that inadvertent

hyperventilation is common during intraoperative anes-

thetic care. Although it is unknown if these limited periods

of hyperventilation are detrimental, when combined with

other potential complications of surgery and anesthesia,

including hypotension, bleeding and resultant anemia, and

hypoglycemia, unintentional harm may occur in our young-

est and most vulnerable population. Combined with the

potential for anesthetic-induced neurotoxicity, it may be

time to reevaluate our intraoperative ventilation strategies

and CO2 monitoring devices for this population.

The potential limitations of this study should be acknowl-

edged. First, because we evaluated PaCO2
data, we only

included subjects who had an arterial line and ABG data dur-

ing surgery. This might suggest that our patient population

was comparatively sicker or the procedure was more inva-

sive compared with the patients who did not require intrao-

perative arterial line or ABG sampling, thereby impacting

the incidence of hyperventilation if it is more common in

this subset of patients. Second, subject and ventilation char-

acteristics data were limited in this study because we used a

retrospective design. Therefore, other possible confounding

factors related to hyperventilation, such as leak, type of en-

dotracheal tube, and exact ventilation parameters, were not

able to be captured. However, with these limitations in

mind, this was the first study to our knowledge that investi-

gated the incidence of inadvertent hyperventilation during

intraoperative care in neonates.

Conclusions

These data may provide the baseline for future studies,

addressing more rigorous monitoring and control of PaCO2

during intraoperative care. Although the duration of the an-

esthetic care and surgical procedure is brief compared with

the neonatal ICU length of stay because there is no demon-

strated benefit of hypocapnia, care should be directed at

limiting inadvertent hyperventilation.
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