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Abstract

Objective—To determine the expected systolic, mean and diastolic blood pressures at birth and
respective rates of change during the first 72 hours of life in infants born <28 weeks EGA with a
favorable short-term outcome, defined as survival to 14 days with grade 11 or less IVH.

Study Design—Systolic, mean and diastolic blood pressures were continuously sampled at 0.5
Hz via umbilical artery catheter from birth through 72 hours. The raw data were aligned by
postnatal hour and underwent error correction. For each infant, the mean values of systolic, mean
and diastolic blood pressure were calculated for each postnatal hour. The slope and intercept of
best-fit line for each of the three blood pressure parameters was then calculated. Infants that
received inotropic medications, died in the first 14 days of life, or had I\VH grade 111 or IV were
excluded.

Result—Using 11.9 million valid data points from 35 infants (mean EGA = 25.7+1.5 weeks,
mean birth weight = 865 + 201 grams), we found independent associations of African-American
race (p<0.01) and a complete course of antenatal steroids (p<0.01) with higher blood pressures at
birth and a slower rate of increase. Acute chorioamnionitis was independently associated (p=0.02)
with lower blood pressures at birth and a faster rate of increase. EGA and birth weight were not
independently predictive of blood pressure parameters.

Conclusion—We found that (i) the estimated mean blood pressure at birth is approximately 33
mmHg in a cohort of very preterm infants (ii) blood pressure gradually increases with postnatal
age (iii) systolic blood pressure increases at a faster rate than diastolic blood pressure, (iv) race,
antenatal steroid exposure, and chorioamnionitis are independent modulators of blood pressure
while EGA and birth weight are not.
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Introduction

Determining the target blood pressure range in very preterm infants (<28 weeks gestation)
has been the subject of debate for several decades. Hypotension has been previously linked
to the development of intraventricular hemorrhage (1,2) and white matter injury (3).
Description of a normative set of blood pressure values in very preterm infants is
confounded by varied methodology, heterogeneous patient populations used in prior studies,
substantial changes in strategies for hemodynamic support and monitoring methodology, and
survival rates among preterm infants since Versmold et al. published the first normative data
setin 1981.(4)

Previous studies can be categorized into two groups by blood pressure measurement
methodology, non-invasive oscillometric or intra-arterial manometric measurement. The
results of the two largest studies, one conducted by Zubrow et al. (5) using oscillometric
measurements taken every eight hours from birth until term-equivalent age and the other by
Cunningham et al. (6) using intra-arterial measurements taken every minute for the first 7
days of life, form the basis for the most common clinical practice of setting a goal mean
arterial blood pressure (MABP) in mmHg equal to the estimated gestational age (EGA) in
weeks of the infant. Other studies have been conducted in the intervening years using similar
methodologies with inconsistent results. This variance likely arises from two sources: (i)
different sampling intervals ranging from three times during the entire hospital stay (7) to
once per hour (8) and (ii) systematic variation in measurement by device manufacturer and
patient state (9). The systematic bias introduced by non-invasive blood pressure
measurement can be avoided by the use of intra-arterial measurement, although studies that
employ this methodology include heterogeneous sampling periods (ranging from every 8.8
minutes (10) to once during the entire hospitalization (4)) which confound clinical
applicability.

Another confounding issue across studies is underrepresentation of infants born <28 weeks
completed gestation. Versmold et al. examined a cohort with a mean EGA <28 weeks (mean
EGA was 26 weeks, although biased by a 92% exclusion rate intended to capture the 16
most stable infants who weighed <1,000 grams among the 207 candidates) while other
studies have examined more mature cohorts with mean EGAs ranging between 29 (7) and
32.5 weeks (7,8,10—13). While Batton et al. reported a more homogeneous very preterm
cohort, the data they collected from multiple centers lacked standardization of measurement
methodology (mixed umbilical arterial, peripheral arterial and non-invasive) and used a
sampling rate of once per hour (14). The paucity and heterogeneity of data in this very
preterm population have led to considerable variance in clinical practice, e.g., different rates
of volume expansion and inotrope use for resuscitation in similar cohorts of infants at
different centers (15).
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In this this study, we present the empirical analysis results of 11.9 million data points of
intra-arterial manometric blood pressure data, prospectively collected during the first three
days following birth in a cohort of very preterm infants <28 weeks EGA who had a
favorable short term outcome, defined as no clinical need for inotropes or volume
resuscitation, no greater than grade 11 IVH and survival at two weeks of life.

Material and Methods

Participants

Between 2012 and 2014 we prospectively recruited infants, after informed parental consent,
who were born < 28 weeks gestation by best obstetrical estimate and admitted to the
Neonatal Intensive Care Unit at St. Louis Children’s Hospital for a hemodynamic
monitoring study. Infants were excluded if they were born > 28 weeks EGA, if the clinical
team did not elect to place an umbilical arterial catheter, if inotropic agents (dopamine or
epinephrine) or volume resuscitation were used, if the infant had greater than grade Il
interventricular hemorrhage or if the infant died before 14 days of life. The study protocol
was reviewed and approved by the Washington University School of Medicine Human
Research Protection Office.

Infant clinical characteristics

Records regarding antenatal steroid or magnesium sulfate administration, diagnosis of
chorioamnionitis, delivery route, and use of delayed cord clamping were obtained from the
maternal medical chart. Infant clinical characteristics including birth weight, sex, race (by
maternal report), Apgar scores, inotropic medication use, sedative use, patent ductus
arteriosus requiring medical or surgical treatment and cranial ultrasound (CUS) reports were
obtained from the infant’s medical record.

Data collection

Umbilical arterial lines (3.5 French Argyle single lumen umbilical vessel catheter, Covidien,
Mansfield, MA, USA) were placed, shortly after hospital admission, in the high-lying
position, located between the sixth and eighth thoracic vertebrae on chest radiograph as per
standard clinical practice. Arterial blood pressure was then determined by use of a pressure
transducer connected to the patient monitor (Intellivue MP70, Philips Medical, Andover,
MA, USA). Systolic, mean and diastolic arterial blood pressures were digitally sampled
continuously for the first 72 hours. A time-integrated sample of the beat-to-beat blood
pressure was taken every two seconds yielding a sampling rate of 0.5 Hz. Periods of time
where the pressure reading was known to be unreliable (e.g. while collecting specimen for
arterial blood gas or during infusion of medication or fluids through the catheter) were noted
in the research record by a research assistant or the bedside nurse. At our institution,
umbilical arterial lines are not routinely accessed or flushed except for specimen withdrawal
or for infusion. Study data were collected and managed using REDCap electronic data
capture tools (16) hosted at Washington University.
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Data pre-processing and analysis

Pre-processing—The captured data underwent multistep pre-processing to eliminate
missing or invalid data using in-house software written in MATLAB 8.4 (The Mathworks
Inc., Natick, MA, USA). The time trace was loaded in serial, non-overlapping 10 second (5
sample) blocks and inspected for (i) interrupted regions of the recording (as indicated in the
research record) and (ii) periods with motion artifact, defined as sudden, non-physiologic
changes in the baseline or excessive variance using the sliding-window motion artifact
rejection methodology proposed by Ayaz et. Al (17). Blocks of data containing errors were
rejected.

Data analysis—Mean values for systolic, mean and diastolic blood pressure were
calculated on an infant-by-infant basis for each postnatal hour, from the start of the
recording through 72 hours. Ordinary least squares regression was used to calculate the
slope and intercept of the best-fit line for each of the three blood pressure parameters. An
example of raw data and regression lines for a single subject are shown in Figure 1.

Statistical methodology

Results

A multiple linear regression model was developed to evaluate the impact of important
clinical factors (gestational age, birth weight, race, antenatal magnesium sulfate or steroid
exposure, delayed umbilical cord clamping, method of ventilation, patent ductus arteriosus
(PDA) requiring treatment, and acute chorioamnionitis) on the intercept and slope values for
each of the three blood pressure measures. Correlation between predictors was assessed
using the variance inflation factor (VIF), a measure of the degree of multicollinearity where
VIF > 5 is indicative of highly correlated predictors. A population estimate was derived
averaging the calculated blood pressure measures for each postnatal hour across the entire
cohort.

Statistical analysis, including descriptive statistics and regression modeling, were conducted
using R version 3.1.0 (R Project for Statistical Computing, Vienna, Austria) and Minitab
17.0 (Minitab Inc., State College, PA, USA).

Sample characteristics and data quality

Sixty-two infants were initially recruited into the study. Seventeen infants (27%) were
excluded due to inotrope use, six (10%) were excluded due to high grade I\VVH, and four
(6%) were excluded due to death in the first 14 days, leaving thirty-five infants with a mean
+ standard deviation EGA of 25.7 £ 1.5 weeks and a mean birth weight of 865.4 + 201.1
grams. A summary of the clinical characteristics of the cohort is displayed in Table 1. The
median postnatal age at recording start was 12 hours (range 5-24 hours) and a median of 66
hours of data was captured per infant. Preprocessing resulted in an average rejection of 8%
of each recording, leaving a median of 63 hours of data captured per infant for a total of 11.9
million valid data points.
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Multiple linear regression models

Blood pressure intercept (estimation of blood pressure at birth)—The prediction
models for systolic, mean and diastolic blood pressure intercepts were each statistically
significant. African-American race and completion of a course of antenatal steroids were
independently associated with higher intercept values of systolic, mean and diastolic blood
pressure. Acute chorioamnionitis was independently associated with a lower intercept value
for systolic and mean blood pressures. The impact of invasive and non-invasive ventilation
was not able to be systematically assessed given the sample size and considerable
heterogeneity in timing of extubation. A PDA requiring medical or surgical treatment was
not associated with a change in intercept values in univariate analysis and was not included
in the final model. The complete model output is shown in Table 2.

Blood pressure slope (depicting rate of rise of blood pressure over time)—The
prediction models for systolic, mean and diastolic blood pressure slopes were all statistically
significant. Delayed cord clamping and completion of a course of antenatal steroids were
independently associated with a decreased value for systolic blood pressure slope. Delayed
cord clamping, antenatal steroids and African-American race were associated with a
decreased value for mean and diastolic blood pressure slope. A PDA requiring medical or
surgical treatment was not associated with a change in slope values in univariate analysis
and was not included in the final model. The complete model output is shown in Table 3.

Population estimate—Mean intercept and slope values are presented in Table 4. A model
of expected blood pressure values at each postnatal hour is shown in Figure 2.

Discussion

The high-density nature of the data collected in this study permits estimation of blood
pressure measures with precision greater than available in previous studies. Our data suggest
that the blood pressure of preterm infants with favorable short-term outcomes should
increase steadily with increasing postnatal age. African-American race and completion of a
course of antenatal steroids were independently associated with higher starting blood
pressure values with a slower rate of rise, while the presence of chorioamnionitis was
associated with lower starting blood pressure values and a faster rate of rise. Furthermore,
the values derived from this model suggest higher normative values than previously
described.

In the setting of poor cerebral autoregulation in this very preterm population, this finding
may suggest a biologically programmed minimum mean arterial blood pressure of
approximately 30 mmHg required for optimal brain perfusion. This speculation is supported
by previous work demonstrating a higher incidence of IVH in infants who spent greater
periods of time with MABP < 30 mmHg (1,2) presumably resulting from ischemia-
reperfusion injury when blood pressure rises again often in response to inotropic or fluid
volume support. Our data also demonstrates a relatively tight range of 95% confidence
intervals (3 mmHg) for each blood pressure measure, supporting the concept of a narrow
range of normal blood pressures during this transition phase. Physiologically, this
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phenomenon may help maintain normal brain perfusion given the lack of autoregulatory
ability.

A marked difference in the regression line slopes was noted, particularly between the
systolic (0.09 mmHg h™1) and the diastolic (0.01 mmHg h™1) blood pressures. One potential
explanation may lie in cardiac function: echocardiographic studies examining ventricular
function in a very premature cohort have demonstrated a similar pattern, with delayed or
altered diastolic function and preserved systolic function (18,19). Another potential
explanation may be the diastolic runoff caused by a patent ductus arteriosus, becoming
increasing prominent, by way of a widening pulse pressure, entering into the fourth day of
life. Although the presence of a PDA requiring medical treatment was not associated with
changes in the slope or intercept of any blood pressure parameter in this study, these data
represent a time period (first 72 hours) during which hemodynamically significant PDAs are
less common. Future studies empirically examining blood pressure over the course of the
first week of life should be performed to better assess this effect.

Additionally, although it is mechanistically plausible that delayed cord clamping would
result in the slower rate-of-rise in blood pressure associated with better hemodynamics
(potentially as a result of improved vena cava blood flow and right ventricular function
(20)), only 10% of the study population underwent this procedure, as it became routine
clinical practice only during the final year of the study. Further evaluation of this effect
should be conducted in a larger cohort.

Our findings have potentially important implications for the management of blood pressure
in this population. Although Tyszczuk et al. demonstrated (21) that the premature brain can
maintain adequate cerebral blood flow in the setting of wide range of mean arterial blood
pressures (24-39 mmHg), considerable evidence suggests that these autoregulatory
mechanisms may be disrupted in sick or very preterm infants (22,23) and that autoregulatory
maintenance of adequate blood pressure is compromised. Careful control of blood pressure,
avoiding hypo- and hypertension is likely of greater import in this population.

Our data should be interpreted with some caution. Although our reference curves may be
used to determine whether a single blood pressure measurement is outside of the 95%
confidence interval, these data cannot be used to estimate the risk of adverse outcomes.
Furthermore, these data represent a cohort estimate and cannot inform decisions about the
appropriate threshold at which inotropic medications should be initiated. Future studies
should compare the response of hypotensive infants treated with inotropes to these curves.

An additional limitation of our study is a relative lack of data from the first 12 hours of life.
The nature of obtaining informed consent from recently post-partum families, transport of
some infants from remote facilities and the setup of the monitoring equipment created
substantial difficulty in acquiring data in this time period. Other researchers have examined
this specific period in great detail (13) and have found a proportionally higher blood
pressure in the first few hours following birth, perhaps owing to epinephrine release as a part
of parturition (24), which decayed to values consistent with the slope and intercept
calculations from our data.
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Development of a “hypotension index” by application of these blood pressure reference

cu

rves to measures of adverse outcome would provide the next step in developing an

evidenced-based approach to blood pressure management in preterm infants.
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Figurel.

Mean hourly blood pressure values shown for a single subject. SBP values shown as
diamond, MABP values shown as triangles, DBP values shown as circles. Ordinary least
squares regression lines shown for each parameter. Equations are shown for each line.
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Figure 2.
Population estimate of blood pressure values by postnatal age in hours. Dashed line

represents the blood pressure estimate while solid line represents the boundaries of the 95%
confidence interval. Orange- SBP, blue — MABP, green DBP.
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Sample descriptive statistics

N=35
EGA, mean (SD), weeks 25.7 (1.5)
Birthweight, mean (SD), grams 865 (201)
SGA status, n (%) 2(6)
Male sex, n (%) 23 (66)
Caucasian race, n (%) 19 (54)
Vaginal delivery, n (%) 9 (26)
Antenatal magnesium sulfate, n (%) 17 (49)
Any antenatal steroids, n (%) 27 (77)
Complete cour se of antenatal steroidsa, n (%) 14.(40)
5 minute Apgar score, median (min-max) 6 (1-9)
Acute chorioamnionitis, n (%) 11 (31)
Delayed cord clamping, n (%) 3(9)
IVH, n (%) 11 (31)
PDA requiring treatment, n (%) 19 (54)
Sedation in first 72h, n (%) 7 (20)
Intubated at 72h of life, n (%) 22 (63)

Footnote:

Table 1

a. . . .
Defined as receiving two doses of betamethasone over a 48-hour period.
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Table 2

Multiple linear regression models for blood pressure intercepts

Systalic Mean Diastolic
Covariate B P B P B P

EGA 0.60 0.59 0.68 0.42 0.723 0.40
BW -0.003 0.70 | -0.003 0.53 | -0.003 0.51
African-American race 449 | 02" 474 | «0.01” 486 | «001*
Acute chorioamnionitis —6.18 | «g01*| 345 | oo2*| -211 0.17
Antenatal MgSO, 1.25 0.57 1.03 0.54 0.92 0.59
Complete course of antenatal 4.89 0.02% 481 | «0o1™ 477 | «0.01”
corticosteroids?

Delayed umbilical cord clamping 5.32 0.16 4.25 0.13 3.72 0.20

Footnote:

Model summary: Systolic- R2:0.503, Mean- RZ:O.556, Diastolic- R2=0.512.

*
Denotes significance at p < 0.05.

a. . - . - .
Defined as receiving two doses of betamethasone over a 48-hour period. All  coefficients are unstandardized.
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Table 3

Multiple linear regression model for blood pressure slopes

Systolic Mean Diastolic
Covariate B P B P B P

EGA 0.05 0.15 0.02 0.29 0.01 0.53
BW 1.7x10 | 0.41 | 2.9x105 | 085 | 4.2x107 0.78
African-American race -0.04 0.41 -0.10 | go1* -013 | «0.01%
Acute chorioamnionitis 013 | go2* 0.07 0.07 0.05 0.23
Antenatal MgSO, -0.07 0.23 -0.05 | 0.257 -0.04 0.366
Complete course of antenatal -0.05 | 040 -0.09 | goa* -011 | «g.01%
corticosteroids?

Delayed umbilical cord clamping -0.221 | g.04* -0.19 | 901 -0.18 0.02%

Footnote:

Model summary: Systolic- R2:0.332, Mean- R2:0.465, Diastolic- R2=0.514.

*
Denotes significance at p < 0.05.

a. . . . - .
Defined as receiving two doses of betamethasone over a 48-hour period. All § coefficients are unstandardized.
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Table 4

Avrterial blood pressure characteristics for postnatal hours 0-72

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Systolic Mean Diastalic
Intercept, mean (SEM), mmHg | 43.7 (1.1) 32.8(0.9) 27.4(0.9)
Slope, mean (SEM), mmHg h=1 | 0.09 (0.02) | 0.04 (0.02) | 0.01 (0.02)

Footnote: SEM- standard error of the mean.
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