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Abstract

Objective—Very low birth weight (VLBW) preterm infants are at risk for impaired cerebral
autoregulation with pressure passive blood flow. Fluctuations in cerebral perfusion may occur in
infants with a hemodynamically significant patent ductus arteriosus (hsPDA), especially during
ductal closure. Our goal was to compare cerebral autoregulation using near-infrared spectroscopy
(NIRS) in VLBW infants treated for a hsPDA.

Study design—This prospective observational study enrolled 28 VLBW infants with a hsPDA
diagnosed by echocardiogram and 12 control VLBW infants without a hsPDA. NIRS cerebral
monitoring was applied during conservative treatment, indomethacin, or surgical ligation. A
cerebral pressure passivity index (PPI) was calculated and PPI differences were compared using a
mixed effects regression model. Cranial ultrasound and MRI data were also assessed.

Results—Infants with surgically ligated PDAs were more likely to have had a greater PP1 within
two hours following ligation compared with those treated with conservative management (p=0.04)
or indomethacin (p=0.0007). These differences resolved six hours following treatment.

Conclusions—Cerebral autoregulation was better preserved after indomethacin treatment of a
hsPDA compared with surgical ligation. Infants requiring surgical hsPDA ligation may be at
increased risk for cerebral pressure passivity in the six hours following surgery.
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Persistence of a hemodynamically significant patent ductus arteriosus (hsPDA) in preterm
very low birth weight (VLBW) infants may increase the potential for cerebral injury due to
left-to-right shunting of blood through the hsPDA and alterations in cerebral perfusion.
Preterm infants with a hsPDA have lower regional cerebral oxygenation levels (1) and have
a higher risk for intraventricular hemorrhage (IVH) and cerebral white matter injury (2, 3).
Changes in cerebral perfusion pressure during ductal shunting and after ductal closure may
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predispose these infants to injury. Intact cerebral autoregulation maintains cerebral blood
flow despite fluctuations in cerebral perfusion pressure, however preterm infants are more
susceptible to altered cerebral autoregulation (4, 5). We previously found that preterm
VLBW infants with a hsPDA treated with surgical ligation were more likely to have a >20%
increase in cerebral oxygen saturation levels (6). Although this change may be due to a more
severe left-to-right shunt at baseline, the impact of a sudden increase in cerebral oxygenation
after hsPDA treatment in a preterm infant remains unclear. We hypothesized that infants
treated with surgical ligation would also have greater impairment of cerebral autoregulation
compared with those treated with indomethacin.

Growing controversy over the optimal management of a hsPDA (7, 8) underscores the need
to investigate how treatment of a hsPDA affects cerebral autoregulation and brain injury.
Treatment options include conservative management of symptoms while awaiting
spontaneous hsPDA closure, active pharmacologic treatment with a prostaglandin synthesis
inhibitor such as indomethacin or ibuprofen, or surgical ligation. Treatment decisions are
influenced by echocardiographic characteristics of the duct, clinical status of the infant, and
potential side effects of therapy. Conservative management of a hsPDA may result in
prolonged exposure to fluctuating or reduced cerebral blood flow due to ongoing left-to-
right ductal shunting. Surgical hsPDA ligation has been associated with higher rates of
neurosensory deficits (9), neurodevelopmental impairment, or death (10). Indomethacin use
may decrease brain blood flow (11-13), but reduce rates of IVH and white matter injury (14,
15). It is unclear whether periods of cerebral pressure passivity due to impaired
autoregulation may contribute to changes in cerebral perfusion with these different treatment
strategies.

Impaired cerebral autoregulation can be assessed with continuous arterial blood pressure
monitoring in conjunction with NIRS (near-infrared spectroscopy) monitoring of cerebral
oxygenation. As a non-invasive, bedside technology, NIRS measures regional cerebral
oxygenation (rSO») levels as a surrogate for cerebral blood flow (16-18). The degree of
correlation between mean arterial blood pressure (MAP) and rSO, determines cerebral
pressure passivity and loss of autoregulation (4, 5). The aim of this prospective
observational study was to compare the cerebral autoregulatory capacity of preterm VLBW
infants treated for a hsPDA with conservative management, indomethacin, or surgical
ligation. Associations between cerebral pressure passivity and abnormal neuroimaging
outcomes were also investigated.

VLBW preterm infants with birth weight 401-1500 g were screened for eligibility at the
time an initial echocardiogram for clinical suspicion of a hsPDA. Hemodynamic
significance of a PDA was determined by a cardiologist based on size (moderate to large) as
well as the presence of left-to-right shunting through the ductus or retrograde or absent
diastolic aortic flow. Exclusion criteria were birth asphyxia, congenital or chromosomal
anomalies, congenital infection, altered skin integrity precluding placement of NIRS
sensors, or decision not to provide full intensive care support. Informed written consent was
obtained from parents of the infants and the Stanford Human Research Protection Program
approved the study.

Perinatal and demographic data were collected and a baseline cranial ultrasound obtained
prior to initiation of hsPDA treatment if not previously obtained within 48 h. A PDA score
(19) was calculated to measure clinical severity of the hsPDA, but was not utilized in
treatment decisions. This prospective observational study included the following hsPDA
treatment strategies made at the discretion of the attending neonatologist within 24 hours of
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the echocardiogram: (1) conservative management--fluid restriction, diuretics, maintaining
higher hematocrit levels, and/or delivering higher pulmonary distending pressures to
minimize congestive heart failure while awaiting spontaneous ductal closure; (2)
indomethacin treatment—0.2 mg/kg intravenously every 12 hours for three doses; and (3)
surgical ligation—performed as a primary procedure or after failed indomethacin closure.

Treatment with indomethacin was initiated for infants with clinical instability including
feeding intolerance, respiratory compromise requiring significant mechanical ventilation
support, or hypotension requiring pressors. Treatment with surgical ligation was performed
for the above factors in addition to hydrocortisone use, history of necrotizing enterocolitis,
or unlikely to respond to indomethacin based on chronologic age.

A NIRS neonatal cerebral sensor (INVOS 5100, Covidien Corp., Boulder, CO) was applied
to the central forehead at least 2 h prior to treatment with conservative management,
indomethacin, or surgical ligation and left in place for a minimum of 24 h after treatment.
Simultaneous continuous monitoring of MAP was achieved through an umbilical arterial
catheter or peripheral arterial line already in place. Anesthesia during surgical ligation was
with fentanyl, ketamine, and rocuronium, and morphine was used for post-operative pain
control. A separate control group of preterm VLBW infants were enrolled if they had no
echocardiographic evidence of a hsPDA. These control infants were studied with NIRS
monitoring for 24 h.

Outcome Measures

Impairment of autoregulation was measured by a pressure passivity index (PPI) over the
entire study period. The PPI was calculated by determining the percentage of 20 minute
intervals with concordance between MAP and rSO, (Pearson correlation coefficient r>0.5).
Maximum concordance levels (r) over study intervals were also determined. Greater
concordance is seen when cerebral autoregulation is impaired and cerebral blood flow
becomes pressure-passive. (4, 5)

A secondary outcome was abnormal neuroimaging as defined by worsening cranial
ultrasound or magnetic resonance imaging (MRI) compared with baseline. Cranial
ultrasound abnormalities included Grade 3 or 4 1\VVH, periventricular leukomalacia, increased
echogenicities, or ventricular dilation. MRI abnormalities at 36-42 wks post-menstrual age
included white matter signal abnormalities, ventricular dilation, cystic abnormalities, or
reduction in white matter volume.

Data Analysis

Simultaneously collected NIRS and MAP data with a sampling frequency of 0.2 Hz were
downloaded to a personal computer for subsequent analysis. Data processing eliminated
periods of time during arterial blood gas sampling or movement artifact associated with loss
of signal, spikes, or non-physiologic MAP or rSO, values. Data analysis was also limited to
time periods without significant fluctuations in systemic oxygen saturation or pCO> levels
which could disturb cerebral oxygenation independent of cerebral perfusion pressure. None
of the infants were transfused withblood over the study period and none had glucose levels
<40 mg/dl. Eliminated data represented <10% of total study time. Sequential 20-minute
epochs of uninterrupted data were utilized to determine correlation coefficients and PPI over
the entire study period as described above with SAS v. 9.1 software (SAS Institute, Cary,
NC). Baseline PPI was calculated using 8 hours of continuous NIRS and MAP data prior to
hsPDA treatment. If fewer than 8 hours of data were available prior to intervention, the
baseline PPI was calculated from a minimum of 2 hours of data collection.
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Given non-parametric data, patient characteristics and PPI between hsPDA treatment groups
were compared using Fisher exact test for categorical variables and Kruskal-Wallis test for
continuous variables with step-down Bonferroni correction for multiple comparisons.
Logistic regression analysis was used to assess neuroimaging outcomes between groups and
adjusted for gestational age, birth weight, and sex. PPI and patient variables were further
analyzed with multivariate regression. Mixed effects models were used to compare PPl over
time for each group at discrete time points between 2-24 hours after treatment. All statistical
analyses were performed with SAS software (v. 9.1).

Six patients received conservative management, 12 received indomethacin, and 10 received
surgical ligation. A control group of 12 preterm infants without a hsPDA also were studied.
Two subjects had NIRS studies repeated during surgical ligation after failed indomethacin.
NIRS data were analyzed separately by treatment group. No subjects died prior to hospital
discharge and none received prophylactic indomethacin.

No significant difference in perinatal or neonatal variables between hsPDA treatment groups
existed (Table I) except that chronologic age at hsPDA diagnosis was higher in the
conservatively managed group (6 days) when compared with the ligation group or the
indomethacin group (3 days, p=0.03). Average age of the control group was 5 + 3 days, and
ranged from 2 to 11 days. Detailed echocardiographic characteristics of each treatment
group demonstrated a larger ductal diameter in the ligation group (2 mm) compared with the
conservative treatment group (1.4 mm, p=0.02) and the indomethacin group (1.5 mm,
p=0.01), but no other significant differences (Table 11). Mean gestational age for all subjects
was 26 + 1 weeks and mean birth weight was 830 + 162 g. All infants were intubated and
mechanically ventilated for respiratory support. Previously published findings have also
shown that compared with other treatment groups, the surgically ligated patients also had a
significant increase in rSO, after ductal closure (63 + 4% to 72 + 3%, p=0.02) with a
corresponding, non-significant increase in MAP (35.8 = 5 mm Hg to 40.5 £ 6 mm Hg) (6).

Cerebral Pressure Passivity Comparisons

The degree of concordance between simultaneous NIRS and MAP tracings determines the
degree of impairment of cerebral autoregulatory capacity (Figure 1). There was no
difference in maximum concordance levels between treatment groups. However, PPI was
significantly greater in the first 2 hours following surgical ligation compared with control
(p=0.04) and indomethacin treatment (p=0.0007) (Table II). This difference disappeared by
six hours after treatment. Two hours after each indomethacin dose, PPI was also less than
baseline with a slow return to baseline levels (Figure 2).

Baseline PPI differences were not statistically significant between treatment groups,
although the control group without a hsPDA had the lowest PPI (5 £ 2%). After univariate
analysis, greater baseline PPI was correlated with hydrocortisone use (p=0.003), with a trend
towards significance for dopamine use (p=0.07) and lower 5 minute Apgar (p=0.06).
However, after multivariate analysis, none of these variables remained significantly
associated with baseline PPI.

Average PPl over the entire study period was also not significantly different between
treatment and control groups, but with univariate regression was associated with
hydrocortisone use (p<0.0001), dopamine use (p=0.04), lower pCO>, level (p=0.03),
hematocrit (p=0.02), and lower 5 minute Apgar score (p=0.04). After multivariate regression
analysis, dopamine use (p=0.05) and lower 5 minute Apgar score (p=0.02) remained
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associated with average PPI1. Dopamine use was also associated with maximum concordance
level (p=0.01), independent of PDA treatment strategy.

Neuroimaging

All patients had a MRI and/ or follow-up cranial ultrasound studies done prior to discharge
or hospital transfer, and 10 (25%) developed worsening neuroimaging findings compared
with baseline. Increased abnormalities were seen in 27% (3 of 11) who were treated with
indomethacin alone, 40% (4 of 10) who were surgically ligated after failed indomethacin
closure, and 60% (3 of 5) who received primary surgical ligation. However, there was no
statistically significant association between the development of neuroimaging abnormalities
and either PPI, maximum concordance level, or type of hsPDA treatment.

Discussion

We examined cerebral autoregulatory capacity with NIRS monitoring in preterm infants
with a hsPDA receiving different treatment strategies. Preterm infants are at high risk for
alterations in cerebral blood flow due to changing hemodynamics from both ductal shunting
and ductal closure. Infants who had their hsPDA surgically ligated were more likely to have
had longer periods of cerebral pressure passivity for up to 6 h post-operatively compared
with those who received indomethacin or those who were conservatively managed. Duration
of cerebral pressure passivity was not associated with subsequent neuroimaging
abnormalities, although the small sample size may have limited our ability to detect a
change.

Our findings confirm prior studies demonstrating impaired cerebral autoregulation in
preterm infants using NIRS monitoring (4, 5, 20, 21). Other methods of measuring cerebral
autoregulation with transcranial Doppler ultrasound or xenon-133 clearance also support
these findings (22, 23). Soul et al found a prevalence of cerebral pressure passivity (PPI)
during 20% of study monitoring time. We found an average baseline PPI of between 9-13%
in all subjects prior to treatment, with a transiently greater PPl up to 29% in those receiving
surgical ligation of their hsPDA. Although not statistically significant, control infants
without a hsPDA had a lower PP1 with mean of 5% (ranging from 0-13%). Lower PPI
values overall in this study may be attributable to the use of the different mathematical
technique of transfer function analysis to calculate pressure passivity in Soul’s study.
However, even if our study underestimated the prevalence of pressure passivity overall, the
comparison of PPI between hsPDA treatment groups remains valid.

We found a low 5 minute Apgar score to be significantly associated with average PPI
(p=0.02), substantiating other studies demonstrating greater pressure passivity in sicker
infants (4, 22, 24). Use of dopamine in our study was also associated with maximum
concordance (p=0.01) and average PPl (p=0.05). This finding is similar to the impairment of
cerebral autoregulation seen with the use of inotropic medications (5, 25). It remains unclear
whether inotropic medications themselves or the condition of systemic hypotension in a
preterm infant lead to the risk for cerebral pressure passivity. However, dopamine use and
hypotension in preterm infants were associated with increased mortality, neuroimaging
abnormalities, and impaired neurodevelopment (26, 27), potentially due in part to altered
cerebral autoregulation. hsPDA was associated with IVH and cerebral white matter injury
(28-31), but the role of impaired cerebral autoregulation in the development of these brain
abnormalities remains unclear. We did not find an association between PPI and worsening
neuroimaging abnormalities in our small cohort of preterm infants treated for a hsPDA.
However, other investigators have failed to find an association between PPI and IVH in
preterm infants (4, 5, 32). In contrast, others have found that the magnitude of cerebral
pressure passivity rather than its prevalence was associated with early 1VH (20, 21).
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Discrepancies in timing of neuroimaging and methods of defining autoregulatory
impairment may account for these differing results.

There has been limited study of cerebral autoregulation following PDA ligation. Post-
operative pressure passivity may be attributed to a surgical stress response or effects of
anesthesia. However, previous studies have shown that both fentanyl and ketamine
administration in preterm infants do not alter cerebral autoregulation (33, 34). A single study
found disturbed autoregulation 6h after open cardiac surgery (18). A sudden increase in
cerebral blood flow has been documented by transcranial Doppler ultrasound studies
following PDA ligations (35, 36). In conjunction with impaired autoregulation, injury to the
vulnerable germinal matrix may occur after PDA ligations. A decrease in cerebral
oxygenation during the first hours after ductal ligation with normalization by 24 h has been
reported (37) and may be further evidence of impaired autoregulation. Even though we did
not measure left ventricular output after surgical ligation, others have found that 27% of
infants developed cardiovascular decompensation with hypotension within 12 hours of
surgical ligation (38). These post-operative hemodynamic fluctuations further predispose
preterm infants to alterations in cerebral perfusion given impaired autoregulation.

Although rates of neuroradiographic brain injury did not reach statistical significance in our
study, infants primarily treated with surgical ligation were more likely to have had
worsening neuroimaging abnormalities compared with those who were ligated after
receiving indomethacin or those who received indomethacin alone. Impaired cerebral
autoregulation may contribute to the increased risk of ensuing neurosensory or
neurodevelopmental impairment after surgical hsPDA ligation (9, 10). Our findings suggest
that in the immediate post-operative period following hsPDA ligation, fluctuations in
cerebral perfusion should be minimized. Cerebral blood flow may be influenced by changes
in systemic perfusion, pCO,, and glucose levels. However, maintaining stable MAP may not
always reflect adequate systemic blood flow or cerebral blood flow (39). NIRS monitoring
to ensure stability of cerebral oxygenation may be of benefit after surgical ligation, given the
high risk for impaired cerebral autoregulation.

We found that after indomethacin treatment, there was a trend for PPI to be transiently less
than baseline, which did not reach statistical significance. Due to its vasoconstrictive
properties, indomethacin may decrease CO» reactivity in the brain (40) and reset the brain’s
autoregulatory capacity. Indomethacin exposure has been associated with decreased white
matter injury by MRI in preterm infants (3) and decreased severe IVH (14, 15). The
cerebral-protective effects of indomethacin may be partially explained by preserved cerebral
autoregulation.

We recognize several limitations of this observational study. Infants were not randomly
assigned to type of hsPDA treatment, therefore inherent differences between groups may
exist. The surgical ligation group has the potential of being more critically ill prior to
intervention and predisposed to abnormal cerebral monitoring. This group had a larger
ductal diameter. Also, although not statistically significant, this group had more subjects
with a severe clinical PDA score and a greater increase in MAP after ligation, suggesting a
more hemodynamically significant PDA with clinical instability. The ligation group also had
a higher incidence of new cerebral abnormalities on neuroimaging, again suggesting a sicker
group of infants. The severity of illness and impact of a more significant hemodynamic
shunt may explain cerebral pressure passivity differences, especially in surgically ligated
patients. However, baseline and 24 h PPI values did not appear significantly different
between groups. The only PPI differences occurred until 6 h after treatment, suggesting the
potential contribution of a treatment effect on PPI.
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Our research may have benefited from other more precise mathematical techniques to define
loss of cerebral autoregulation, such as dynamic time warping to compare time series or
transfer function analysis of coherence (32). However, we utilized simple linear correlation
given the discrete five-second sampling interval of our NIRS device rather than waveform
data. Previous literature supports use of this technique (24). As cerebral autoregulation is a
dynamic process, our study also had the advantage of a longer time period of analysis. We
used 24 h to detect pressure passivity compared with the <6 hours time blocks used in
previous autoregulation studies (5, 21, 22).

We also may have underestimated the extent of cerebral pressure passivity. Patients with
decreased MAP variability, particularly those in the indomethacin and conservative
treatment groups, would potentially have limited detection of a pressure passive state (32).
Moreover, even though <10% of total study time eliminated data due to significant hypoxia
and hypercarbia may have represented significant periods of impaired cerebral
autoregulation that were not captured. Developmental changes resulting in maturation of
cerebral autoregulatory capacity may contribute further to a lower PPI for older subjects,
especially those in the conservatively managed group.
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Figure 1. Changesin Cerebral Autoregulatory Capacity
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(A) Simultaneous rSO, and MAP tracing from a 26-week gestation infant during surgical
ligation of a hsPDA. Despite fluctuations in MAP, rSO, remains relatively stable, indicating
intact cerebral autoregulation (r=—0.43). (B) The same preterm infant 2 hours after ligation

demonstrates concordance between MAP and rSO,, indicating a loss of cerebral

autoregulation (r=0.82).
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Figure 2. Changein PPI after hsPDA Treatment

Average PPI is transiently increased following surgical ligation compared with conservative
management (p=0.04) and decreased after indomethacin (p=0.0007). Differences in PPI
become non-significant 6 hours after treatment in all groups.
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Table 1

Perinatal and Neonatal Variables by hsPDA Treatment Group

Characteristic Control Conservative | Indomethacin | Ligation
(N=12) (N=6) (N=12) (N=10)
Birth weight (g) 840 + 168 | 775 + 148 846 + 169 830+ 170
Gestational age (wks) 26+1 26+2 27+1 26+1
Male sex, n (%) 8 (67) 4 (67) 4(33) 5 (50)
Antenatal steroids, n (%) 10 (83) 5(83) 8 (67) 8 (80)
Antenatal indomethacin, n (%) 2(17) 2(33) 3(25) 3(30)
Apgar score <4 at 1 min, n (%) | 6 (50) 3 (50) 2 (20) 1(10)
Apgar score <4 at 5 min, n (%) | 0(0) 0 (0) 0 (0) 1(10)
PDA score, n (%) n/a 4 (67) 6 (50) 4 (40)
C3 (Moderate) n/a 2(33) 6 (50) 6 (60)
C4 (Severe)
Age at PDA diagnosis (days) | N2 63 32 3£2
Surfactant, n (%) 11 (92) 6 (100) 11 (92) 9 (90)
Dopamine, n (%) 4 (33) 6 (100) 7 (58) 8 (80)
Postnatal hydrocortisone, n (%) | 0 (0) 2(33) 1(8) 1(10)
pCO, (mm Hg) 8+7 47+8 44+9 52+8
Hematocrit (%) 352+3 3744 36.7+3 354+6
Baseline MAP, (mm Hg) 3895 343+3 36.3+4 358+5
Post-treatment MAP, (mm Hg) | 39.1+6 348+4 382+3 405+6

Plus-minus values are means + SD.

PDA score from McNamara and Sehgal, Arch Dis Child Fetal Neonatal Ed. 2007;92:F424-427.

MAP= mean arterial blood pressure. Post-treatment MAP obtained 24 h after PDA treatment.
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*
p=0.03 for difference in age at PDA diagnosis between conservatively managed and ligation groups or between conservatively managed and

indomethacin groups.
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Table 2

Echocardiographic Characteristics of Treatment Groups

Characteristic Conservative | Indomethacin | Ligation
(N=6) (N=12) (N=10)
Internal ductal diameter (mm)* [ 1-5+0.3 14102 2+04
Left atrial to aortic dimension 13+01 16+04 16+0.2
(LA:AO0) ratio
Left atrial enlargement, n (%) 2(33) 5(42) 6 (60)
Mitral regurgitation, n (%) 0 (0) 3(25) 2 (20)
Holodiastolic retrograde 3(50) 6 (50) 4 (40)
abdominal aorta flow, n (%)
Abdominal aorta reverse to 04+0.2 03+0.1 06+0.4
forward flow ratio

Plus-minus values are means + SD.

*
p=0.02 for difference in ductal diameter between Conservative and Ligation groups and p=0.01 for Indomethacin versus Ligation groups
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Table 3

Comparison of Treatment Groups by Pressure Passivity Index (PPI)

Measure Control | Conservative | Indomethacin | Ligation
(N=12) (N=6) (N=12) (N=10)
Baseline rSO2 (%) | 74+3 | 68+4 | 68+3 | 63+4
Baseline PPI (%) | 5+2 | 9+2 | 13+5 | 13+6
2 h PPI (%) nla 11+3 8+4 29+2
AZhPPl(%)* 2+3 -5+4 163
6 h PPI (%) n/a 15+3 12+3 202
A 6 h PPI (%) 6+3 -0.8+3 7T+2
12 h PPI (%) n/a 142 12+4 17+3
A 12 h PPI (%) 5+2 09+3 4+2
24 h PPI (%) nla 15+2 11+3 17+2
A 24 h PPI (%) 6+2 -2+3 41

Plus-minus values are means + standard error of the mean.

PPI values are averages over the time interval.

*
Difference between conservative management and ligation groups (p=0.04), and difference between indomethacin and ligation groups (p=0.0007).
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