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Abstract

Objective Evaluate the association between carbon dioxide (pCO,), cerebral blood flow (CBF), and cerebral autoregulation
(CA) in preterm infants.

Study design Cerebral saturations (rScO,, surrogate for CBF using NIRS) and mean arterial blood pressure (MAP) mon-
itored for 96 h in infants <29 weeks gestation. Relationship between rScO,, the rScO,-MAP correlation (CA analysis) and
pCO, category assessed by mixed effects modeling.

Results Median pCO, differed by postnatal day (p <0.0001)—pCO, increased between day 1 and 2, and low variability
seen on day 4. A 5% increase in rScO, was noted when pCO, was >55 mmHg on each postnatal day (p <0.001). No
association observed between the overall rScO,-MAP correlation and pCO,. On day 1 only, the correlation coefficient
decreased from 0.26 to —0.09 as pCO, category increased (p = 0.02).

Conclusions CBF increased above a pCO, threshold of 55 mmHg, but overall, no association between pCO, and CA

was noted.

Introduction

Premature infants are likely to require respiratory support
and are at risk of fluctuations in partial pressure of carbon
dioxide (pCO,) levels. Given that pCO, is a known med-
iator of cerebral blood flow, these ventilatory driven fluc-
tuations may have significant effects on cerebral
hemodynamics. pCO, reactivity defined as the increase in
cerebral blood flow in relation to an increase in pCO, has
been previously demonstrated in premature infants. An
increase in 1 KPa (7.5 mmHg) has been shown to increase
cerebral blood flow by ~11% [1]. pCO, reactivity may be
attenuated by day of life with cerebral blood flow increasing
in response to a rise in pCO,, but only after the first day of
life [2, 3]. In addition, a pCO, greater than 50 mmHg may
represent a threshold above which cerebral blood flow is
increased [2].
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Cerebral autoregulation (CA), the protective mechan-
ism that maintains stable cerebral blood flow despite
fluctuating cerebral perfusion pressures, is often impaired
in preterm infants [4, 5] in association with both brain
injury and death [4, 6, 7]. Though there is no direct means
to assess cerebral blood flow in preterm infants, near
infrared spectroscopy (NIRS) has been used as a surro-
gate marker assuming stable oxygenation and metabolic
demand [8]. A high level of cerebral oxygenation (rScO;)
and mean arterial blood pressure (MAP) correlation is
suggestive of impaired CA [8-10]. Although pCO,
reactivity has been observed in premature infants, the
relationship between pCO, reactivity and CA is less clear.
A positive correlation between cerebral blood flow and
blood pressure has been demonstrated in preterm infants
as pCO2 increased, with a cut point greater than a pCO,
of 45-50 mmHg [2, 11]. It also has been noted that during
periods of low blood pressure, pCO, reactivity may be
attenuated [1], suggesting a complex relationship that has
not been fully elucidated in this population.

Given the limited information regarding pCO,, cerebral
blood flow, and CA, our aim was to further describe these
relationships in a larger cohort of premature infants with
serial pCO, measurements over the first 4 days of life. The
goal of this study is to help guide ventilatory management
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and allow clinicians to target pCO, levels that will result in
optimal cerebral hemodynamics.

Methods
Population and data collection

This is a secondary exploratory analysis of a prospectively
enrolled cohort study of subjects 24°-29% weeks gestation
admitted to the University of Maryland Medical Center
level IV neonatal intensive care unit (NICU) between June
2013 and September 2016 who had continuous intra-arterial
blood pressure monitoring within the first 12 h of life [4].
Exclusion criteria including major congenital anomalies, or
less than 12 h of monitoring. The University of Maryland
Medical Center Institutional Review Board approved the
study, and parental consent was obtained. Demographic and
clinical data were obtained from the medical record for each
patient.

Continuous data monitoring and processing

Cerebral saturations were evaluated with the NIRS device
(INVOS 5100C, Covidien, Mansfield, MA) within 12 h of
life and continued for a maximum of 96 h or until the intra-
arterial line was removed. MAP was continuously mon-
itored by the use of an indwelling umbilical or peripheral
arterial catheter. Data were continuously recorded and time-
synchronized every 30s using a data aggregation device
(Vital Sync, Covidien, Mansfield, MA). The data were
retrospectively reviewed and artifacts in MAP and rScO,
such as those due to blood sampling and movement were
removed manually prior to analysis. Time periods with
significant hypoxemia, SpO, <80%, were removed from
analysis according with previous methodology [4, 6].

Carbon dioxide measurements

pCO, measured in mmHg were sampled from the indwel-
ling arterial line and obtained at a minimum of every 12h
and as clinically indicated. Each measurement was time
stamped and recorded with the above physiologic data.
pCO, measurements were evaluated as both continuous and
categorical variables. The categories included <35 mmHg,
3545 mmHg, 46-55 mmHg, and >55 mmHg, correspond-
ing to values generally considered low, normal, permissive
hypercapnia, and high respectively.

Statistical analysis

Statistical ~ analysis was  performed using SAS
V.9.4 software (SAS Institute). Continuous data are

presented as mean =+ standard deviation or median (range)
depending on the distribution. Categorical data are pre-
sented as number (%). Univariate analysis determined the
distribution of pCO, for the overall cohort and then further
stratified by postnatal day. Median pCO, values between
postnatal day were compared using Kruskal-Wallis testing.

CA was assessed by dividing the study period into 10-
min contiguous epochs with time of birth as time zero. For
each epoch, the Pearson’s correlation coefficient between
MAP and rScO, was calculated (r). Only epochs with
concurrent recorded pCO, measurements were evaluated.
Generally, a higher correlation, r > 0.3-0.5, signifies a more
impaired autoregulatory state.

To determine the effect of pCO, on cerebral blood flow
and CA, linear mixed effect modeling was used to account
for repeated measures and within patient clustering. Sepa-
rately, rScO, (a surrogate marker of cerebral blood flow)
was compared with the correlation coefficient between
MAP and rScO,; (r) for pCO, categories and a priori con-
trolling for day of life, gestational age, ventilator mode, and
mean airway pressure at the time of sampling. Clustering by
subject with random intercept and an unstructured covar-
iance model was used. Additional confounders (presence of
a patent ductus arteriosis, vasopressor support, intraven-
tricular hemorrhage, gender, etc.) were assessed in the
model based on biologic plausibility and if p<0.1 in
bivariate analysis and were retained if the estimates were
affected by more than 10%.

Results

All sixty-one subjects from the original cohort were inclu-
ded in the analysis. Demographic and clinical data of this
cohort is shown in Table 1. The median hour of life of
enrollment was 8 h (range 4-12h). Twenty-six percent of
subjects were enrolled within 6 h of life. The mean birth
weight was 849 +234 g, the mean gestational age was 26.3
+1.6 weeks, and 32 (52%) were male. For the overall
cohort, 6 subjects (10%) never received invasive respiratory
support, 22 (36%) were supported on conventional
mechanical ventilation, and 33 (54%) received high fre-
quency ventilation.

pCO, data

During the study timeframe, 1149 arterial blood gas mea-
surements were obtained with corresponding autoregulation
data, ranging from 3-43 measurements per subject. Carbon
dioxide measurements ranged from 17 to 100 mmHg. There
were 265 observations on day of life 1, 309 on day 2, 274
on day 3, and 301 observations on day of life 4. A histo-
gram of pCO, distribution shown in Fig. 1a is notable for a
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Table 1 Demographic and clinical variables.

Population characteristic Study population

(n==61)

Gestational age (weeks), mean + SD 263+1.6
Birth weight (g), mean = SD 849 £234
Male gender, n (%) 32 (52%)
Apgar 5 min, median (range) 7 (1-10)
Chorioamnionitis, n (%) 6 (10)
Type of ventilation support, n (%)

None/LFNC 0 (0)
HFNC/CPAP 6 (10)
Conventional ventilator 22 (36)
High-frequency venitlation 33 (54)
Vasopressor use, n (%) 22 (36)
IVH, n (%) 25 (41)
Grade 3 or 4 IVH, n (%) 7 (11)
NEC, n (%) 6 (10)
Death, n (%) 10 (16)
BPD n=>54, n (%) 43 (72)
ROP n =51, n (%) 35 (58)

rightward skew and a peak between 40 and 50 mmHg. The
range and number of pCO,; values for each subject is shown
in Fig. 1b. There was a significant difference in the median
pCO, by postnatal day (p <0.0001, Fig. 2) with the largest
increase noted between day 1 (median 40 mmHg, range
17-92 mmHg) and day 2 (median 46 mmHg, range 25-92
mmHg) of life, and the least variability on day 4 (median
48 mmHg, range 26-81 mmHg).

pCO, reactivity and CA by pCO, category

Using cerebral saturations as a surrogate marker of cerebral
blood flow, generally rScO, remained stable at 70% until
pCO, exceeded 55 mmHg, and after which an rScO,
increased by 5%. This increase was significant (p <0.001)
when compared to all other pCO, categories, and control-
ling for postnatal day, gestational age, vasopressor use,
respiratory support, and mean airway pressure at the time of
sampling using mixed effects modeling (Fig. 3). Postnatal
day, gestational age, and mean airway pressure were sig-
nificant confounders in the model (p <0.05). When strati-
fying by day of life, a significant increase in rScO, when
pCO, was greater than 55 mmHg was observed on each of
the first 4 days of life.

Examining the effect of CA and pCO, we noted that the
lowest pCO, category had the highest correlation coefficient
(r) between MAP-rScO, of 0.16+0.4, followed by a
decrease to 0.06 in the higher CO, categories (Fig. 4). None
of these differences was statistically significant after con-
trolling for potential covariates. When stratifying by day of
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life, there was a decrease in the MAP-rScO, correlation
from 0.26 +0.36 in the lowest CO, category to —0.09 =
0.38 in the highest CO, category on day of life 1. This
difference was significant, p = 0.02, when controlling for
gestational age, vasopressor exposure, respiratory support
and mean airway pressure at the time of sampling. There
was no significant effect of CO, on the MAP-rScO, cor-
relation on any subsequent day.

Discussion

In this study of premature infants born less than 29 weeks
gestation, we evaluated the association of carbon dioxide
measurements and CA and blood flow. We found that
cerebral saturations, a surrogate marker for cerebral blood
flow, increased significantly when pCO, was greater than
55 mmHg on each day in the first 4 days of life. However,
we noted no significant association between pCO, levels
and CA except on day of life 1, where low pCO, values
were more likely to be associated with a higher MAP-rScO,
correlation. To our knowledge, this is the first study to
assess the association of pCO, and CA in this population
using correlation analysis in the time domain. This type of
analysis targets slow frequency waves thought to be asso-
ciated with autoregulatory activity [12].

Similar to previous studies, we noted that rScO, was
positively associated with pCO,, especially above values of
55 mmHg [2, 3]. In contrast to these previous studies, we
noted this association on all postnatal days evaluated,
including day 1. This may be secondary to our larger
numbers allowing for increased power to detect these
changes. These data underscore the need for tight control of
pCO, levels, especially in the first days of life of infants are
more prone to brain injury [13-15]. In this study, we
demonstrate significant variability in pCO, levels in this
timeframe when premature infants are at the highest risk for
ischemic-reperfusion injury. Permissive hypercapnia, a
lung-sparing practice allowing higher pCO, concentrations
[16-19], is often utilized in the care of preterm infants.
Generally, during permissive hypercapnia, pCO, is main-
tained between 40 and 55 mmHg and has not been asso-
ciated with increased incidence of brain injury at these
levels [18, 19]. Caution should be taken to avoid extremes
of pCO, as pCO, levels higher than 55 mmHg in conjunc-
tion with a high variability in pCO, may lead to reperfusion
injury.

The observations of an overall lack of association
between autoregulation and pCO, concentrations and an
inverse association between pCO, and impaired CA on day
of life differ from previous studies. Previously, two studies
have shown impaired CA or a trend toward impaired CA
once pCO, concentrations were greater than 45-50 mmHg
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Fig. 1 Distribution of pCO, a.
during the entire monitoring

period (a) and the number and

range of pCO, measurements for

each subject (b).
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[2, 11]. Both studies were relatively small in number and
utilized regression analysis to evaluate the autoregulatory
relationship over a longer period of time. This methodology
may be less sensitive in detecting activity in the low-
frequency bandwidth. In addition, these studies had fewer
measurements on the first day of life than the current study.
During this time, premature infants are more likely to have
decreased cardiac output leading to decreased cerebral
blood flow, potentially secondary to immature myocardium
working against increased vascular resistance and high
mean airway pressures used to support their respiratory
status. In addition, we speculate that the mechanisms
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regulating vascular reactivity may be underdeveloped.
These differences between our study and the previous stu-
dies may explain the differences in the results.

An overall lack of correlation between pCO, mediated
cerebrovascular reactivity and CA underscore that the
vasoreactive effects of blood pressure and pCO2 changes
are not well understood and may be mediated by distinct
mechanisms [20]. A decreased pH due to increased pCO,
leads to blood vessel smooth muscle relaxation, while
changes in the cerebrovasculature in response to blood
pressure are mediated by myogenic mechanisms [21-23].
The relationship between these two regulatory mechanisms
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Fig. 2 Boxplot of the median, IQR, and range (black line, hashed
box, and wiskers) CO, by postnatal day. Asterisk (*) denotes a
significant difference between postnatal days 1 and 4, p <0.0001.
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rScO, (r) £SD by pCO, category. There were no significant differ-
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has been shown to be incredibly complex with one signal
attenuating the other [24]. We speculate that this relation-
ship would be even more complex in the setting of a pre-
mature infant undergoing transition from intrauterine to
extrauterine life.

Even less well studied is the relationship between
hypocapnia and CA. Hypocapnia is known to cause cerebral
blood vessel vasoconstriction leading to decreased cerebral
blood flow. In premature infants, hypocapnia has been
associated with brain injury, decreased brain activity, and
decreased cerebral oxygen saturation [25, 26]. Based on the
current, though very limited, data, it has been hypothesized
that hypocapnia may result in the CA plateau shifting
downward to a lower cerebral blood flow without affecting
the lower blood pressure threshold [24]. This, however, may
not be the case in premature infants. In a study using
complex mathematical modeling to estimate cerebral blood
flow, the predicted CA curve noted pressure passive flow at
low partial pressures of pCO, [27], similar to what we noted
on day 1 of life. We speculate that this could be secondary
to the vasoconstrictive effects of low pCO, in conjunction
with a low cardiac output and cerebral blood flow on the
first day of life leading to more pressure passive circulation
when the pCO; is low.

There are several limitations of this study that should be
noted. A single center design may limit generalizability.
Autoregulation analysis was on the lower bandwidth with a
0.03 Hz sampling rate and was dependent on the presence
of an indwelling arterial line to continuously measure blood
pressure. Given that the general practice in the NICU is to
limit the use of invasive lines, this may self-select for a
more critical population. In addition, respiratory manage-
ment was provider dependent, though generally permissive
hypercapnia (pCO, 40-55 mmHg) is allowed. Subjects with
a higher severity of illness would have more blood gas
measurements which may skew the data, although this was
controlled for with mixed effects modeling that clustered at
the subject level. In addition, we controlled for multiple
potential confounders to address these potential concerns.
We acknowledge that there are potential factors that may
affect the pCO,-blood pressure—cerebrovascular reactivity
relationship that may not have been accounted for. A lack of
continuous pCO, measurements limit the ability to deter-
mine a more sensitive temporal relationship and potential
effects of pCO, fluctuations on CA.

In conclusion, we have demonstrated that in premature
neonates less than 29 weeks gestational age cerebral blood
flow may be increased when pCO; is greater than 55 mmHg
in the first 4 days of life, and autoregulation may be
impaired at low levels of pCO, on day of life one. This
underscores the need for vigilant respiratory control espe-
cially on the first few days of life until the complex
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relationship between carbon dioxide, cerebral blood flow,
and CA are better understood.
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