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Abstract

Rationale: Increasing survival of extremely preterm infants with
a stable rate of severe intraventricular hemorrhage represents a
growing health risk for neonates.

Objectives: To evaluate the role of early hemodynamic
screening (HS) on the risk of death or severe intraventricular
hemorrhage.

Methods: All eligible patients 22–2616 weeks’ gestation born
and/or admitted ,24 hours postnatal age were included. As
compared with standard neonatal care for control subjects
(January 2010–December 2017), patients admitted in the second
epoch (October 2018–April 2022) were exposed to HS using
targeted neonatal echocardiography at 12–18 hours.

Measurements and Main Results: A primary composite
outcome of death or severe intraventricular hemorrhage was decided
a priori using a 10% reduction in baseline rate to calculate sample
size. A total of 423 control subjects and 191 screening patients were

recruited with a mean gestation and birth weight of 24.76 1.5weeks
and 6996 191 g, respectively. Infants born at 22–23weeks
represented 41% (n=78) of the HS epoch versus 32% (n=137) of the
control subjects (P=0.004). An increase in perinatal optimization
(e.g., antepartum steroids) but with a decline in maternal health
(e.g., increased obesity) was seen in the HS versus control epoch. A
reduction in the primary outcome and each of severe intraventricular
hemorrhage, death, death in the first postnatal week, necrotizing
enterocolitis, and severe bronchopulmonary dysplasia was seen in the
screening era. After adjustment for perinatal confounders and time,
screening was independently associated with survival free of severe
intraventricular hemorrhage (OR 2.09, 95% CI [1.19, 3.66]).

Conclusions: Early HS and physiology-guided care may be an
avenue to further improve neonatal outcomes; further evaluation
is warranted.

Keywords: targeted neonatal echocardiography; extremely preterm
infant; intraventricular hemorrhage; necrotizing enterocolitis;
bronchopulmonary dysplasia

Over the past 20 years, survival of extremely
preterm neonates has improved, particularly
at the limits of viability (1). Although the
rates of severe (grade III/IV) intraventricular
hemorrhage (sIVH) have gradually
improved, the prevalence remains high,
particularly at younger gestations (1, 2).
Several preventative interventions have been
evaluated, of which receipt of antepartum
steroids is most protective (2) and other

factors, such as delivery room intubation
and cardiopulmonary resuscitation,
demonstrate a greater risk at older
gestational age (GA) (2). The effectiveness
of IVH bundles is controversial and has
been studied in few infants at 22–23weeks
gestation, who represent the highest-risk
population (3, 4). Between 50% and 75% of
infants surviving with sIVH develop long-
term neurological sequelae, including

intellectual disability, hydrocephalus, and/or
cerebral palsy (5). Treatment options
are limited to symptomatic relief of
hydrocephalus with serial lumbar punctures
and/or neurosurgical intervention.
Therefore, prevention of sIVH is essential
to enhance outcomes.

The pathophysiology of sIVH is related
to developmental vulnerability of the
immature germinal matrix, which thins after
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24weeks and almost disappears by late
prematurity (6). Fluctuations in cerebral
blood flow are implicated in the pathogenesis
of IVH. In 117 preterm infants, Kluckow and
Evans identified a high prevalence of low
superior vena cava flow among neonates
who experienced IVH (7). Similarly, Noori
and Seri demonstrated that neonates who
experienced IVH had an initial period of low
cardiac output, followed by increased flow
with higher middle cerebral artery velocity
before the onset of hemorrhage. In
comparison, neonates without IVH
experienced a more gradual rise in cardiac
output and middle cerebral artery flow (8).

Although postnatal transition is
characterized by changes in cardiac loading
conditions and blood flow, the traditional
approach to cardiovascular support focuses
on arbitrary blood pressure thresholds with
an exclusive emphasis on dopamine
infusions to correct a presumed low systemic
vascular resistance state (9). Preliminary data
(10), however, suggest that the contributors
to transitional cardiovascular insufficiency
are complex and may include cardiac
dysfunction, pulmonary hypertension, and
shunts, which may be clinically
underappreciated and may require
alternative treatment approaches. When
performed as part of a comprehensive

hemodynamic evaluation, targeted neonatal
echocardiography (TnECHO) is a valuable
tool to guide characterization of physiology
and implementation of an individualized
treatment plan. We hypothesized that
the introduction of a standardized
hemodynamic assessment and physiology-
guided therapy in the first 24 postnatal hours
would reduce the burden of death and/or
sIVH among extremely preterm neonates.

Methods

A cohort of neonates born at,27weeks,
who were either inborn or admitted within
24hours postnatal age to a single quaternary
neonatal ICU (NICU; University of Iowa),
was evaluated. Institutional review board
approval was obtained with waiver of
consent. Patients were identified from a
clinically maintained database, and the
patients’ electronic medical records were
used to abstract data.

Criteria for Eligibility
All neonates during the study period were
eligible and included unless they satisfied any
of the exclusion criteria. Patients with major
anomalies, with congenital heart disease
(other than patent ductus arteriosus [PDA],
small ventricular septal defect [,1mm], or
atrial communication) present, or when
resuscitation was incomplete or not provided
were excluded. Patients were recruited in two
epochs: hemodynamic screening (HS;
October 2018–April 2022) or historical
control subjects (HC; January
2010–December 2017). Patients from
January 2018 through September 2018 were
not analyzed to account for the learning
curve of implementing a new approach.

Clinical Data Collection
Factors associated with adverse neonatal
outcomes were collected. This includes
maternal and pregnancy variables (e.g.,
maternal illnesses, fertility treatment, obesity,
chorioamnionitis, preterm prolonged
rupture of membranes [PPROM], maternal
smoking, selective serotonin reuptake
inhibitor [SSRI] use, substance use disorders,
and age). Delivery mode, fetal presentation,
antepartum steroids, magnesium sulfate,
antibiotics, tocolysis, and delayed cord
clamping (DCC) were abstracted. Neonatal
factors that may be associated with IVH,
including GA and birth weight, platelet
count, hemoglobin, details of carbon dioxide

(CO2) fluctuation in the first 24 hours
defined by the difference in the lowest versus
highest recorded value, and presence of a
morphine infusion, were collected. The
Score for Neonatal Acute Physiology with
Perinatal Extension II score (11) was used
to adjudicate illness severity in the first
24 postnatal hours, and characteristics of
cardiovascular therapy (e.g., inhaled nitric
oxide [iNO], vasopressors, inotropes,
vasoactive score [12]) were characterized, as
was the adequacy of oxygenation using
oxygenation index or respiratory severity
score if PaO2 was not available.

Characteristics of HS
In addition to standard neonatal care (see
below), during the HS epoch, all neonates
underwent comprehensive TnECHO at
12–18hours’ postnatal age followed by
physiology-guided therapy. TnECHO
evaluations were performed by five
neonatology hemodynamic specialists
(R.E.G., A.R.B., A.H.S., D.R.R., P.J.M.) with
advanced hemodynamics training and were
completed within 20minutes (13). Each
TnECHO consisted of 80–110 clips and
included a comprehensive appraisal of
systemic and pulmonary hemodynamics,
objective measurement of biventricular
cardiac function, and characterization of
shunts (seeAppendix E1 in the online
supplement). Essential images to screen for
major congenital heart disease and central
line position were included. Studies were
conducted using a GE Vivid E90 with a
12-mHzmultisector probe (GEMedical)
with warmed, sterile gel and archived. Acute
pulmonary hypertension (aPH) and left
ventricular (LV) and right ventricular (RV)
dysfunction were defined according to
published definitions (Appendix E2). A
hemodynamically significant PDA (hsPDA)
was diagnosed on the basis of an Iowa PDA
score>6 (14). Management was guided by
the specific physiology (Figure 1) as follows:
1) aPH was treated with iNO at 5–20ppm
(clinician discretion), which was weaned over
4–12hours in responders. Finally, patients
who received iNOwere followed closely with
echocardiography to identify transition to
PDA physiology. 2) LV/RV dysfunction was
treated with intravenous dobutamine at a
starting dose of 2.5–5 μg/kg/min, and if the
patient was a nonresponder to a maximum
of 10 μg/kg/min, the patient was transitioned
to low-dose (0.03–0.05mg/kg/min)
epinephrine. 3) hsPDAwas treated with
intravenous acetaminophen 15mg/kg every

At a Glance Commentary

Scientific Knowledge on the
Subject: Targeted neonatal
echocardiography is increasingly
available in U.S. centers to provide
physiologic delineation; theoretically,
targeted neonatal echocardiography
may be used to mitigate altered
systemic blood flow using a
physiology-based, as opposed to
symptom-based, approach, although
there is a paucity of data.

What This Study Adds to the
Field: A novel approach to
hemodynamic screening using
neonatologist-performed echocardi-
ography enables enhanced
diagnostic precision and clinical
phenotype profiling. This approach
was associated with a reduction in
the composite of death or severe
intraventricular hemorrhage.
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6hours for 3–7days according to the
response on Day 3 by repeat TnECHO.
Follow-up TnECHOwas performed serially,
depending on the clinical condition.When
TnECHOwas clinically requested before the
screening window, a repeat evaluation was
performed between 12 and 18hours to
reappraise physiology.

Standard Neonatal Care
The approach to care of extremely preterm
infants includes active obstetric management
with antepartum steroids beginning at 2115

weeks, cesarean section for fetal indications
starting at 2310 weeks, magnesium sulfate
for IVH prophylaxis, standard latency
antibiotics for PPROM and routine DCC for
30 seconds (introduced in 2012). In both
epochs, the approach to neonatal respiratory

care and IVH prevention includes the use of
first intention high-frequency jet ventilation,
surfactant prophylaxis at<24weeks,
universal caffeine, andmidline positioning
for the first 14 days (15). Enteral feeds,
primarily breast or donor milk, are increased
slowly in the first postnatal week according
to a standardized guideline. Early extubation
is not a routine practice, because patients
must reach a postnatal weight of 900 g to
allow the placement of a neurally adjusted
ventilatory assist catheter to facilitate neurally
adjusted ventilatory assist–mediated
noninvasive ventilation. Prophylactic
indomethacin was not used in either epoch.
Intravenous dobutamine was also used
clinically for low systolic blood pressure
below the third centile, based on enhanced
optimization of systemic blood flow

compared with dopamine (16). The response
to dobutamine was monitored by following
urinary output, plasma lactate, and arterial
pH and performing serial echocardiography
(timing adjudicated by severity of
dysfunction) to adjudicate response to
intervention. Intravenous hydrocortisone
was administered for presumed adrenal
insufficiency by some clinicians if
hypotension was identified (17) at a dose of
1mg/kg (load) followed by a weaning course
over 4 days. Routine head ultrasound (US)
was performed on Postnatal Day 7or earlier
if clinically indicated in both epochs;
however, in the HS epoch, a head US was
also routinely performed by hemodynamic
specialists as part of the first TnECHO
evaluation. For the HC epoch, it was
standard to obtain echocardiography at the

Figure 1. Management algorithm after screening targeted neonatal echocardiogram. Treatment is based on the underlying pathophysiology
identified on the screening evaluation. GA=gestational age; HRF=hypoxemic respiratory failure; iNO= inhaled nitric oxide; IV= intravenous;
LV= left ventricular; PDA=patent ductus arteriosus; PH=pulmonary hypertension; ppm=parts per million; PVR=pulmonary vascular resistance;
Q6H=every 6 hours; RV= right ventricular; TnECHO= targeted neonatal echocardiography.
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end of the first postnatal week; however,
several patients (n=9) had earlier
(transitional period) evaluations based on
clinical concern, and for some patients, the
first echocardiogram was only after Day 10.
In the historical epoch, the approach to
cardiovascular care was focused on
correction of low blood pressure with
dopamine and/or hydrocortisone. The
approach to hsPDA was aggressive medical
therapy beginning inWeek 2 (up to three
courses of indomethacin 0.2mg/kg, then
0.25mg/kg3 2 at every 12-hour intervals)
followed by surgical ligation.

Outcome
The primary outcome was a composite of
death before NICU discharge and sIVH
defined using Papile’s criteria (18) as grade
3 or higher. Secondary outcomes included
death and sIVH as individual outcomes,
survival free of major morbidity (e.g.,
necrotizing enterocolitis (NEC) (19), grade 3
bronchopulmonary dysplasia (BPD) using
Jensen (20) criteria, sIVH) pulmonary
hemorrhage, pneumothorax, PDA therapy,
intestinal complications (e.g., spontaneous
intestinal perforation) (19), and retinopathy
of prematurity treatment. In addition, the
approach to cardiovascular care, including
early cardiovascular support and PDA
management/interventional closure, was
compared between the two epochs.

Statistics
On the basis of historical rates of death or
sIVH and presuming unequal group
sizes with approximately 425 historical
patients available, a sample size of at least
169 patients was needed in the modern
epoch to detect a 10% difference—25%
and 15% deaths in the HC and HS epochs,
respectively—in the primary outcome
(power, 0.8; type I error, 0.05). Data were
evaluated for normal distribution using the
Shapiro-Wilk test. Univariate analysis was
performed. Normally distributed and
nonnormally distributed data were tested
using the mean, SD, and Student’s t test
and the median with interquartile range
andWilcoxon signed-rank test, respectively.
A P value,0.05 was considered statistically
significant.

The multivariable logistic regression
framework was used to assess the effects of
time (continuous), epoch, and other
independent variables on survival without
sIVH. Three similar models with varying

parametric constraints based on birth year
and epoch were considered. The first model
included birth year but not epoch to assess
an overall sample trend. The second model
included epoch but not birth year to provide
a simple pre–post comparison. The third
model included an interaction effect between
epoch and birth year to test for a slope
difference while requiring the same intercept
for both epochs to maintain predictive
continuity at the intervention date.
Additional covariates (GA, multiple births,
cardiopulmonary resuscitation, bicarbonate
receipt in the first 24 hours, DCC, breech
vaginal delivery, sex, SSRI use, PPROM,
obesity, drug use, magnesium exposure,
inborn, and treatment with dopamine) were
considered for inclusion using an all-subsets
modeling algorithm that fixes the
epoch–birth year interaction in the predictor
set. These models were fit on the basis of all
possible combinations of the candidate
covariates and compared using the Akaike
information criterion (AIC). This measure
balances goodness of fit and parsimony, and
a lower AIC indicates a more appropriate
model specification. Covariates in the model
predictor set with the minimumAIC were
then included as predictors in all three
models mentioned above. Odds ratio (OR)
point and interval estimates were calculated
for all covariates along with the test P values.
SPSS version 29 (IBMCorp.) was used.

Results

A total of 614 patients (HC, n=423; HS,
n=191) were recruited from a total eligible
population of 790 charts screened. Figure 2
demonstrates the reasons for exclusion.
The overall mean GA and birth weight
were 24.76 1.5weeks and 6996 191 g,
respectively, which was not different between
the epochs; however, infants born at
22–23weeks represented 41% (n=78) of the
HS epoch versus 32% (n=137) of the HCs
(P=0.004). Themedian and interquartile
range age at screening echo in the HS epoch
was 16.8 hours (12.8, 18.8), and all patients in
the HS era were screened. Findings based on
TnECHO screening included the following:
hsPDA (n=71; 37%); aPH (n=11; 6%);
isolated RV (n=2; 1%), LV (n=10; 5%), or
biventricular (n=9; 5%) dysfunction; and
findings in keeping with hypovolemia/
vasodilator shock (n=2; 1%), many of which
would represent absolute contraindications
to prophylactic indomethacin. In addition,
screening TnECHO identified one patient
with a presymptomatic aortic coarctation
and two with moderate or large ventricular
septal defects (n=3 of 194; 2%). These
patients with anatomic disease were excluded
(Figure 2). In the HS epoch, two patients had
moderate or large pericardial effusions that
resolved by pulling back the umbilical venous
catheter. There was a trend toward a greater

Figure 2. Patient flow diagram. Three of the patients with congenital heart disease (CHD)
underwent screening but were excluded post hoc because of findings of aortic coarctation and
two large ventricular septal defects. The remaining three patients with CHD were known
antenatally and were therefore not screened.
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Table 1. Neonatal Demographics, Pregnancy Characteristics, and Perinatal Factors for Severe Intraventricular Hemorrhage of
Hemodynamic Screening versus Historical Control Subjects

Hemodynamic Screening
(n= 191)

Historical Control Subjects
(n=423) P Value

Gestational age, wk 24.66 1.5 24.862.1 0.1
Number of 22–23-wk neonates 78 (41) 137 (32) 0.04
Birth weight, g 6866185 7046 193 0.32
Female 85 (45) 222 (53) 0.07
Inborn 165 (86) 343 (82) 0.11
5-min Apgar score 7 [6, 7] 7 [6, 8] 0.78
Intubation in delivery room 178 (93) 376 (89) 0.1
CPR in the delivery room 4 (2) 30 (7) 0.02
Maternal factors
Antepartum steroids

None 14 (7) 58/421 (14) 0.03
Partial 41 (22) 102/421 (24)
Complete 136 (71) 261/421 (62)

Maternal magnesium sulfate 156/179 (87) 165/336 (49) ,0.001
Delayed cord clamping 101/177 (57) 61/353 (17) ,0.001
Maternal antibiotics

None 30/179 (17) 116/335 (35) ,0.001
Partial 46/179 (26) 70/355 (21)
Complete 103/179 (58) 149/355 (45)

Pregnancy/delivery factors
Maternal age, yr 28.966 27.466 0.004
Multiple birth 57 (30) 109 (26) 0.91
Fertility treatment 11/173 (5) 34/420 (8) 0.47
Antepartum NSAID exposure 13/171 (8) 4/416 (1) ,0.001
Obesity 70/177 (40) 54/416 (13) ,0.001
Gestational diabetes 11/184 (6) 25/420 (6) 0.99
Hypertension of pregnancy 20/188 (11) 47/421 (11) 0.51
Chorioamnionitis 21/186 (11) 57/422 (14) 0.45
Prolonged rupture of membranes 70 (37) 122/418 (29) 0.07
Maternal smoking 32/188 (17) 92/418 (22) 0.16
Maternal SSRI use 19/179 (11) 12/415 (3) ,0.001
Maternal drug use
None 145/190 (85) 377/418 (90) ,0.001
Cannabis 31/190 (16) 25/418 (6)
Methamphetamine 1/190 (1) 3/418 (1)
Opiates 2/190 (1) 4/418 (1)
Alcohol 7/190 (4) 3/418 (1)
Multiple 4/190 (2) 6/418 (1)
Induction of labor 7/182 (4) 12/355 (3) 0.78
Delivery mode

Vaginal 104 (47) 189/421 (44) 0.17
Primary cesarean section 87 (49) 202/421 (48)
Mixed (multiple birth) 0 (4) 30/421 (7)

Breech vaginal delivery 28 (15) 33/304 (11) 0.21
Neonatal IVH risk factors 0–24h
Platelets ,100 7/185 (4) 21/385 (6) 0.39
Morphine infusion 21 (11) 32/395 (8) 0.25
Change in CO2 in the first 24 h (mm Hg) 62.5616 60.5616 0.18
Lowest CO2 in the first 24 h, mm Hg 35.766 36.6611 0.43
Mean hemoglobin, g/dl 14.16 1.8 13.862 0.09
Lowest hemoglobin, g/dl 12.66 2.2 12.462.4 0.26

Echocardiography evaluation 191 (100) 378/420 (90) ,0.001
Postnatal day at first echocardiography 0 [0, 0] 6 [5, 7] ,0.001

Peak illness severity 0–24h
Mean respiratory severity score, mmol/L 2.0 [1.7, 2.5] 2.1 [1.6, 2.8] 0.36
Mean oxygenation index*, mmol/L 3.9 [3, 5.2] 4.1 [2.9, 5.9] 0.22
Sodium bicarbonate bolus 8 (4) 119 (29) ,0.001
SNAPPE-II score, mmol/L 21 [14, 30] 24 [14, 36] ,0.001
Highest lactate*, mmol/L 4.5 [3, 6.9] 5.1 [2.9, 8.8] 0.12

Approach to cardiovascular support
Inhaled nitric oxide in the first week 9/182 (5) 65/416 (16) ,0.001
Hypotension in the first week† 139 (73) 346 (82) 0.013

(Continued)
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frequency of male births in the HS epoch
without differences in inborn birth, 5-minute
Apgar score, and delivery room intubation
(Table 1). In the HC epoch, only 9 patients
(2%) had their first echo in the transitional
period, and 39 (9%) were not evaluated until
after the first 10 postnatal days. A total of 35
(18%) of 191 neonates in the HS epoch had

earlier (,12h) TnECHO evaluation because
of clinician concerns of hemodynamic
instability (n=27; 14%) and/or hypoxemic
respiratory failure (n=8; 4%).

Perinatal Factors
The rates of complete antepartum
steroids (P = 0.03), latency antibiotics

(P, 0.001), magnesium sulfate
(P, 0.001), and DCC (P, 0.001) were
higher in the HS epoch (Table 1). In
contrast, there was an increase in
maternal factors associated with higher
risk of neonatal complications;
specifically, older maternal age (P = 0.004)
and evidence of declining maternal

Table 1. (Continued)

Hemodynamic Screening
(n= 191)

Historical Control Subjects
(n=423) P Value

Fluid alone 31 (24) 195/345 (55) ,0.001
Vasopressor approach‡ 3 (2) 104 (30)
Inotrope approach§ 61 (47) 13 (4)
Hydrocortisone alone 21 (16) 27 (8)
>2 vasoactive infusions 15 (12) 6 (2)
Maximum vasopressor-inotrope score 5 [5, 12.5] 10 [6, 14] 0.005
Hydrocortisone exposure first week 99/190 (52) 288 (70) ,0.001

Definition of abbreviations: CPR=cardiopulmonary resuscitation; IVH= intraventricular hemorrhage; NSAID=nonsteroidal anti-inflammatory drug;
SNAPPE-II = score for neonatal acute physiology with perinatal extension-II; SSRI= selective serotonin reuptake inhibitor.
Data are expressed as mean6SD, median [interquartile range], or frequency (percent).
*Oxygenation index; arterial lactate available in n=158 of 191 hemodynamic screening and n=363 of 423 historical control subjects.
†Mean arterial pressure , gestational age >3 h consecutively.
‡Vasopressor approach is dopamine, norepinephrine, or vasopressin use.
§Inotrope approach is dobutamine or epinephrine use.

Table 2. Adverse Neonatal Outcomes

Hemodynamic
Screening (n=191)

Historical Control
Subjects (n=423) P Value

Primary outcome
Composite of death/severe IVH 29 (15) 122 (29) ,0.001

Secondary outcomes
Survival free of severe morbidity

(NEC, grade III BPD, severe IVH)
155 (81) 264 (66) ,0.001

Neurological
Severe IVH 13 (7) 81/402 (20) ,0.001
All grades of IVH 31/187 (17) 123/393 (31) ,0.001

Respiratory
Bronchopulmonary dysplasia (at 36 wk)
Ventilator dependent (grade III) 11 (7) 48 (13) 0.02
Noninvasive positive pressure (grade II) 124 (74) 219 (61) 0.008
Death/grade III BPD at 36 wk 30 (17) 124 (29) 0.002
Pulmonary hemorrhage 2 (1) 15 (4) 0.11
Pneumothorax 5 (3) 36/415 (9) 0.005

Cardiovascular
PDA medical treatment 139 (73) 228/373 (61) 0.007
PDA intervention (surgery/percutaneous) 48 (25) 135/315 (65) ,0.001

Gastrointestinal
Intestinal perforation 11 (6) 25 (6) 0.94
Necrotizing enterocolitis 2 (1) 26 (6) ,0.001

Ophthalmologic
Laser/bevacizumab treatment for ROP 15/189 (8) 20 (6) 0.36

Mortality characteristics
Death 21 (12) 76 (18) 0.03
Age at death 13 [6, 38] 7 [2, 22] 0.07
Death in the first postnatal week 6 (3) 37 (9) 0.027

Definition of abbreviations: BPD=bronchopulmonary dysplasia; IVH= intraventricular hemorrhage; NEC=necrotizing enterocolitis; PDA=patent
ductus arteriosus; ROP= retinopathy of prematurity.
Data are presented as median [interquartile range] or frequency (percent).

ORIGINAL ARTICLE

Giesinger, Rios, Chatmethakul, et al.: Impact of Hemodynamic Screening on Extreme Preterms 295



health, such as increased rate of
nonsteroidal antiinflammatory drug
exposure (P, 0.001), obesity (P, 0.001),
substance use disorders (P, 0.001), and SSRI
exposure (P, 0.001) (Table 1). There was a
stable incidence of cesarean section, fertility
treatment, and other commonmorbidities of
pregnancy, such as diabetes, hypertension,
and chorioamnionitis between epochs.
Neonatal risk factors, including
thrombocytopenia, the use of morphine
infusions, andmagnitude of CO2 fluctuations,
were similar between the two epochs.

Approach to Treatment of Acute
Hemodynamic Instability
In the HS era, the worst Score for Neonatal
Acute Physiology with Perinatal Extension
II peak scores were lower, as were the uses
of bolus sodium bicarbonate and iNO. The
approach to hemodynamic support was
characterized by predominant fluid or
vasopressor support (e.g., dopamine) in the
HC epoch, whereas the predominant
approach in the HS era was based on heart
function support (e.g., dobutamine). In
addition, cumulative maximum doses of

vasopressors or inotropes were lower in the
HS epoch (Table 1). Approximately one-
third (n=71; 37%) of HS patients received
medical treatment for hsPDA beginning
within the first 24 postnatal hours, and a
further 39 patients (20%) later required
therapy at a median of 3.5 (2, 6) days.

Outcomes
The composite of death/sIVHwas reduced
by approximately half in the HS era
(P, 0.001) (Table 2), and individual
components of the primary outcome were
also lower. As shown in Figure 3, the odds of
the composite of death/sIVH increased by
1% per year in the HC epoch and decreased
by 41% per year in the HS epoch, reflecting a
new, more rapid increase in survival free of
sIVH after HS was introduced (P, 0.05;
analysis of covariance). Survival free of severe
morbidity increased (P, 0.001), and the
incidence of ventilator dependence at
36weeks (P=0.02) was lower in the HS era.
The incidence of NEC, which was already
low at 6% in HC, further declined to 1%
(P, 0.001). The overall rate of medical
therapy for PDAwas higher (P=0.007) in
the HS epoch; however, the need for
definitive PDA closure by surgery or
percutaneous route decreased (P, 0.001).
There was also a reduced incidence of death
in the first postnatal week (P=0.027). After
adjustment for confounders using logistic
regression modeling GA at birth, maternal
SSRI exposure, magnesium exposure, inborn
status, dopamine treatment, and year of birth
(model 1), and HS era (model 2) were
independently associated with survival
without sIVH. After adjusting for the
interaction between HS and year of birth

Figure 3. Temporal changes in risk of death or severe intraventricular hemorrhage before and
after introduction of hemodynamic screening. HS=hemodynamic screening;
IVH= intraventricular hemorrhage; OR=odds ratio.

Table 3. Logistic Regression to Adjust Survival without Severe Intraventricular Hemorrhage for Confounders

Model 1 (AIC=586.8) Model 2 (AIC= 584.7) Model 3 (AIC=583.3)

Variable Odds Ratio [95% CI] P Value Odds Ratio [95% CI] P Value Odds Ratio [95% CI] P Value

Hemodynamic screening — — 2.09 [1.19–3.66] 0.01 — —
Birth year 1.07 [1.01–1.13] 0.028 — — — —
Birth year (pre-HS) — — — — 0.99 [0.91–1.08]* 0.794
Birth year (HS) — — — — 1.41 [1.10–1.81]* 0.006
Gestational age 1.51 [1.30–1.76] ,0.0001 1.52 [1.31–1.76] ,0.0001 1.52 [1.31–1.77] ,0.0001
Maternal SSRI exposure 0.38 [0.16–0.88] 0.024 0.35 [0.15–0.82] 0.015 0.32 [0.13–0.76] 0.010
Magnesium exposure 1.96 [1.24–3.10] 0.004 1.83 [1.15–2.92] 0.011 1.77 [1.12–2.82] 0.015
Inborn 1.82 [1.05–3.14] 0.033 1.84 [1.06–3.19] 0.029 1.92 [1.10–3.34] 0.021
Dopamine treatment 0.45 [0.27–0.74] 0.002 0.48 [0.29–0.78] 0.004 0.50 [0.30–0.82] 0.006

Definition of abbreviations: AIC=Akaike information criterion; CI= confidence interval; HS=hemodynamic screening; SSRI= selective serotonin
reuptake inhibitor.
*Between-epoch slope P=0.021.
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(model 3), there was a greater increase in
odds of survival over time for HS compared
with HC (OR, 1.41 vs. 0.99; P=0.021)
(Table 3).

Discussion

The transitional period and first postnatal
week represent a time of major adaptive
changes that places the extremely preterm
infant at increased risk of hemodynamic
instability and end-organmorbidity resulting
from intrinsic developmental vulnerability of
the immature cardiovascular system.
Although the approach to HS is not
randomized, the merits of a structured,
physiology-based approach that was
universally followed within a center that has
a long-standing standardized approach to
respiratory and nutritional care are
noteworthy. Individualized, physiology-
guided care facilitated by TnECHO has been
used to refine the approach to postoperative
care after PDA ligation (21) and to identify a
population of preterm infants at risk of BPD
(22). In a retrospective cohort, TnECHO-
derived physiological information changed
management in approximately 40% of cases
(23), and PDA screening in the first 72 hours
has been associated with lower in-hospital
mortality and pulmonary hemorrhage (24).
In addition, although TnECHO in the first
72hours has been shown to be safe, feasible,
and associated with a low rate of sIVH (25),
there is little data regarding the implications
of physiology-guided care for early
neurological morbidity. In this large cohort
of extremely preterm infants born at
,27weeks, we demonstrated that the
introduction of an early TnECHO screening
program with physiology-targeted therapy
was associated with a reduced risk of the
composite of death or sIVH, among other
major morbidities, such as severe BPD and
NEC. It was notable that the proportion of
22–23-week neonates increased to 41% in the
HS epoch. It is important to highlight that
although the imaging was performed by
neonatologists with hemodynamic expertise,
these diagnostic assessments may be
performed and interpreted by pediatric
echocardiographers.

The biological determinants of sIVH
are believed to be related to ischemia-
reperfusion injury to the fragile germinal
matrix, particularly because the forebrain

vessels may not be considered a
physiologically high priority during a state of
compensated shock at the time of preterm
birth (8). In addition to the previously
referenced studies by Kluckow and Evans (7)
and Noori and colleagues (26), each of which
demonstrated a period of low followed by
high systemic flow on echocardiography
immediately preceding detection of IVH,
other modalities have shown similar
findings. The vulnerability of preterm infants
in the transitional period was recently
reiterated byMiletin and colleagues, who,
using bioimpedance, demonstrated that
patients with deranged hemodynamics on
longitudinal monitoring were at higher risk
of adverse outcomes (27). That the early
transition represents a time period of
increased vulnerability is not surprising;
specifically, the increase in afterload, upon
loss of the low-resistance placenta, increases
the risk of impaired LV systolic performance
and a low cardiac output state. The
immature myocardium is poorly equipped to
mount an adequate response to this change
in loading conditions because of relatively
disorganized myofibrils, an immaturity of
calcium handling, and sparse contractile
tissue. Therefore, it is biologically likely that
cardiac dysfunction is a contributor to the
early low-flow state that precedes IVH
(7, 26).

The mechanism by which early
TnECHO-guided care may mitigate the risk
of sIVH and early mortality is likely
multifactorial. First, early identification of
heart dysfunction and use of low-dose
positive inotropy to correct impaired cardiac
function may reverse the conditions that
contribute to the ischemia-reperfusion
mechanism suspected to be a cause of IVH
(7, 26). Second, hypotension is common in
the transitional period, and dopamine-
mediated vasoconstriction, driven
predominantly by the traditional practice to
increase blood pressure to arbitrary
thresholds (9), is the typical therapeutic
choice. Among neonates<26weeks, it has
been shown that approximately one-third of
patients are exposed to vasoactive
medications. Of these, 83% received
treatment on Postnatal Days 0–1 (28).
Dopamine, which increases arterial pressure
without necessarily increasing cardiac output
(16, 29) and has been associated with
impaired cerebral autoregulation (30),
remains the commonest cardiotonic drug

used in the NICU (28). Similarly, data from a
large multicenter registry reported that
dopamine was used more commonly than
caffeine in infants born less than 25weeks’
gestation (31). Therefore, decreased use of
nonspecific systemic vasoconstrictors,
dopamine in particular, in our study may
also play a role by mitigating ischemia and
primarily by reducing the reperfusion phase
of brain injury (30). It is noteworthy that a
lower rate of dopamine use in the HS epoch
remained associated with a decreased rate of
death or sIVH.We speculate, however, that
the benefit is more likely to relate to earlier
recognition of adverse cardiovascular disease
states and the provision of treatment in a
more precise manner, potentially avoiding
the development of systemic hypotension.
Third, screening TnECHO and early targeted
acetaminophen may mitigate the secondary
rise in cardiac output in patients with
hsPDA, because the magnitude of the left-to-
right shunt increases secondary to falling
pulmonary vascular resistance. There are
additional advantages to a targeted rather
than a prophylactic approach to PDA
treatment; specifically, HS demonstrated
evidence of cardiovascular disease states
(cardiac dysfunction, aPH, structural heart
disease) in 18% of patients (n=35 of 194) in
whom PDA closure would be harmful.

Early modulation of PDA shunt may
also play a role in several of the other
improvements in neonatal morbidity
observed in this cohort. Our data challenge
recent trials of early PDA treatment, which
have reported not only a lack of positive
modulation of important outcomes such as
BPD (32, 33) or cerebral palsy (34) but also
that ibuprofen may increase the risk of BPD
(32). These trials are limited by enrollment of
patients based on an arbitrary threshold of
PDA size, without adjudication of
hemodynamic significance such that the
likelihood of spontaneous closure is
uncertain and potentially higher than
expected. Our approach used a
comprehensive scoring system, like in the
El-Khuffash and colleagues trial (35), which
demonstrated the existence of infants with a
low PDA score whomay be enrolled in trials
on the basis of a diameter of 1.5mm. Of
note, these infants had a very low rate of
need for later PDA treatment and BPD,
which we speculate relates to a high rate of
spontaneous closure. Chronic exposure to
PDA shunt has been associated with a variety
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of morbidities, including BPD (36) and NEC
(37). In addition, a concerning relationship
between prolonged PDA exposure and
pulmonary vascular maldevelopment
has also been questioned (38–40).
Overcirculation of the lungs during the
canalicular stage of lung development, in
combination with mechanical ventilation
and other mediators, is associated with
inflammatory lung disease and the
development of BPD (41). Semberova and
colleagues demonstrated that the median
time to PDA closure was 71days among
neonates,26weeks (42); however, Clyman
and colleagues demonstrated that in a
population of neonates,28weeks at birth,
7–14-day exposure to hsPDAwas sufficient
to increase the OR of developing BPD to
2.1–3.9, respectively (43). This is in
alignment with our data whereby the
transition from active management
beginning at a median of 6 to 0 postnatal
days was associated with a reduced risk of
severe BPD. There are likely to be synergistic
benefits to the risk of pulmonary vascular
disease and chronic pulmonary
hypertension; however, mandatory
echocardiography screening at 36weeks’GA
was not performed in the prior epoch to
allow a meaningful comparison. Similarly,
NEC has been associated with prolonged
exposure to a PDA shunt due to bowel
hypoperfusion (37). Of note, the only
randomized clinical trial of early PDA
closure reported a significant reduction in
NEC, although there were concerns
regarding the high rate in the control arm
(44). These effects were magnified in babies
who were also fed early. Although the
baseline rate was already relatively low, the
near absence of NEC in the HS cohort is
striking, particularly with the higher
proportion of 22–23-week infants in the HS
era. Similarly, the rate of early (first week)
death was reduced from 50% to 25% of
overall neonatal mortalities. Finally, it is
useful to note that medical therapy increased
while interventional closure decreased,
suggesting an advantage of early therapy in
avoidance of the need for surgical or
percutaneous closure.

In interpreting these data, it is
important to recognize three key factors.

First, over the duration of the study period,
there was a noticeable increase in factors
associated with adverse pregnancy outcome,
which should have naturally biased against
improvement in neonatal outcomes.
Although known confounders (e.g., historical
advances in pregnancy care, magnesium
sulfate, DCC) were considered as discrete
variables, birth year was included in the final
analysis to adjust for unknown factors that
may have contributed to gradual advances in
neonatal care. Even with year of birth
included, HS remained a strong independent
predictor of survival without sIVH. Second,
it is important to note that from the outset of
this cohort (2010), active management was
practiced across the GA spectrum, thus
negating any effect of nonresuscitation on
the outcome of death. In fact, the population
in which this study was performed was
already a high-achieving NICUwith a low
rate of morbidity and mortality compared
with similar institutions in the United States
(45). That the benefits of physiology-guided
care may be most applicable in situations
where other variables (e.g., approach to
ventilation, resuscitation) are optimized
should be considered. Third, known
protective factors such as GA, inborn status,
and prophylactic magnesium were positively
associated with a lower incidence of the
primary outcome, whereas maternal SSRI
use was negatively associated.

Limitations
As with all nonrandomized studies, there is a
possibility that unaccounted for factors
contributed to the improved outcomes seen
in this cohort. The use of logistic regression
with covariate interaction to evaluate the role
of HS as a discrete entity minimizes the
potentially confounding effect of time on the
results. Second, the screening program was
introduced as a complete package and was
associated not only with a change in
approach to one clinical problem but a
holistic change in diagnostic and therapeutic
strategy. This makes it challenging to
distinguish what, if any, specific aspects of
TnECHO-guided care were particularly
associated with the improved outcomes. The
lower use of early iNO, dopamine, and
sodium bicarbonate and earlier use of

acetaminophen to modulate the PDA shunt
have interdependent effects that are difficult
to tease out in this study but are worthy of
further analyses. For example, the reduction
in vasopressor-dependent hypotension,
presumed to be mitigated by the closure of
the PDA, with use of prophylactic
indomethacin lends credence to these effects
(46). In addition, there may be unmeasured
effects of echocardiography-guided care,
such as alterations in fluid balance or
modification of mechanical ventilation, that
are not accounted for in this analysis. Further
evaluation of specific aspects may provide
more guidance to programs that may seek to
implement some but not all aspects of the
program. In addition, limitations on the
available echocardiography data from the
HC epoch resulted in our inability to
adjudicate some important neonatal
outcomes, such as chronic pulmonary
hypertension, as endpoints for this study.
Our data collection was not exhaustive, and
specific information about time to full enteral
feeds, duration of mechanical ventilation,
and late-onset use of steroids or pulmonary
vasodilators was not collected. Because our
approach to feeding and respiratory care is
highly standardized, we do not anticipate any
major confounding effect.

Conclusions
Introduction of an HS program consisting of
early TnECHO and physiology-guided care
to an already high-functioning NICUwas
associated with a reduced risk of adverse
neonatal outcomes, including the composite
of death/sIVH, severe BPD, and NEC. A shift
away from primary vasopressors or fluid
toward an inotrope-driven approach and a
higher rate of medical therapy for hsPDA
characterized the major changes in
management. Further studies are required to
evaluate the specific contributors to improved
outcome and the impact across multiple
centers, perhaps as a cluster randomized
clinical trial. In the meantime, TnECHO-
based, physiology-guided individualization
may be an avenue toward lower early
mortality and neurological injury.�
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