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ABSTRACT: Cerebral blood flow pressure-passivity results when
pressure autoregulation is impaired, or overwhelmed, and is thought
to underlie cerebrovascular injury in the premature infant. Earlier
bedside observations suggested that transient periods of cerebral
pressure-passivity occurred in premature infants. However, these
transient events cannot be detected reliably by intermittent static
measurements of pressure autoregulation. We therefore used contin-
uous bedside recordings of mean arterial pressure (MAP; from an
indwelling arterial catheter) and cerebral perfusion [using the near-
infrared spectroscopy (NIRS) Hb difference (HbD) signal) to detect
cerebral pressure-passivity in the first 5 d after birth in infants
with birth weight �1500 g. Because the Hb difference (HbD) signal
[HbD � oxyhemoglobin (HbO2) � Hb] correlates with cerebral
blood flow (CBF), we used coherence between MAP and HbD to
define pressure-passivity. We measured the prevalence of pressure-
passivity using a pressure-passive index (PPI), defined as the per-
centage of 10-min epochs with significant low-frequency coherence
between the MAP and HbD signals. Pressure-passivity occurred in 87
of 90 premature infants, with a mean PPI of 20.3%. Cerebral
pressure-passivity was significantly associated with low gestational
age and birth weight, systemic hypotension, and maternal hemody-
namic factors, but not with markers of maternal infection. Future
studies using consistent serial brain imaging are needed to define the
relationship between PPI and cerebrovascular injury in the sick
premature infant. (Pediatr Res 61: 467–473, 2007)

Cerebral pressure autoregulation maintains CBF relatively
constant despite changes over a range of systemic blood

pressures known as the autoregulatory plateau (1). Con-
versely, when changes in blood pressure result in concordant
changes in CBF, the cerebral circulation is deemed “pressure
passive.” Current understanding is that cerebral pressure-
passivity develops when changes in blood pressure exceed the
capacity of the intact cerebral autoregulatory system or when

the system is impaired by illness, injury, or vasoactive med-
ications. Cerebral pressure-passivity is considered a risk factor
for cerebrovascular injury in the sick premature infant (2–4).
The current study extends our earlier work (3) using bedside
NIRS to measure continuously cerebrovascular responses to
spontaneous fluctuations in blood pressure. In our previous
studies, we observed that cerebral pressure-passivity may wax
and wane over relatively short periods in premature infants.
To study the fluctuating nature of cerebral pressure-passivity
and quantify its prevalence over time, we developed a contin-
uous recording and analysis system because previously de-
scribed techniques using intermittent static measurements
(5–7) would be unable to measure the prevalence of fluctuat-
ing cerebral pressure-passivity over the highest risk for brain
injury in premature infants. The principal aim of this tech-
nique is to make quantitative measurements of the prevalence
of cerebral pressure-passivity rather than to test the integrity
of cerebral pressure autoregulation and its limits.

Our hypotheses were that a pressure-passive state would be
common but fluctuating in a population of critically ill prema-
ture infants, and that its incidence would be related to gestational
age (GA) and to specific perinatal clinical risk factors known to
affect systemic and cerebral hemodynamics (1,6).

METHODS

Subjects. In this prospective study, we enrolled very low birth weight
(VLBW) infants with birth weight �1500 g and postnatal age �12 h. Subjects
were required to have a clinically indicated indwelling arterial catheter for
continuous online measurement of blood pressure. We excluded infants in
whom early cranial ultrasound (US) showed preexisting major brain injury or
malformations and infants with genetic syndromes. We obtained written
informed consent in all cases. The study was approved by the institutional
review boards at both participating hospitals, Children’s Hospital Boston and
Brigham and Women’s Hospital.

Clinical data. We obtained maternal health, pregnancy, and labor and
delivery data from the mother’s medical record. Specifically, we recorded the
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hemorrhage, and chorioamnionitis made by the treating obstetrician. Fetal
heart rate recordings were classified as abnormal if from the clinicians’ report
there were early or late decelerations, abnormal variability, or intermittent or
sustained tachycardia or bradycardia. We recorded findings from the placental
pathology report, including infarctions and chorioamnionitis.

We obtained detailed data from the infant’s medical record (i.e. all serum
blood gas, electrolyte, and hematological data), particularly over the first five
postnatal days of life when the hemodynamic and NIRS measurements were
made. We recorded the birth weight and GA (determined by dates and/or
ultrasonography) and collected data regarding the type and duration of
respiratory support, all major illnesses, suspected or culture-positive bacterial
infections, surgical procedures, cranial US results, and all medications ad-
ministered. Available cranial US studies performed for clinical indications
during the first 5 d (i.e. the hemodynamic study period) were interpreted by
two investigators (D.N.D. and A.J.du P.) blinded to the clinical and study
data.

Continuous NIRS and blood pressure recording. NIRS data were re-
corded continuously using a NIRO-500 spectrophotometer (Hamamatsu Pho-
tonics, Hamamatsu City, Japan); a technician at the bedside monitored the
recording and events that could affect the NIRS signals. The recorded NIRS
signals were changes in cerebral HbO2 and Hb concentration, as described in
detail previously (8). Simultaneously and time-locked to these NIRS data, we
recorded MAP from the arterial line and Hb saturation (SaO2) from pulse
oximetry (Masimo, Irvine, CA) (Fig. 1). All signals were collected simulta-
neously in real time at a sampling rate of 2 Hz, converted to a digital format,
and stored in a laptop computer. We used software (Onmain, Hamamatsu
Photonics, Hamamatsu City, Japan) to display and save all the signal data.
NIRS and systemic hemodynamic data were recorded continuously for up to
12 h per day for the first 5 d after birth. These recordings were terminated
before 5 d if the indwelling arterial catheter (i.e. continuous MAP recording)
was discontinued by the treating neonatologist.

Hemodynamic data processing and analysis. We first removed all arti-
facts from the hemodynamic data, such as brief periods when the MAP signal
was unavailable (e.g. during withdrawal of blood specimens through the
catheter). In addition, because changes in the saturation of circulating Hb may
directly affect the HbD signal, we rejected from the analysis periods of data

in which there was concordance between the HbD and systemic SaO2 signals.
We then used an automated program written in MatLab (The Mathworks Inc.,
Natick, MA) specifically to identify and remove occasional artifacts due to
optode movement or light contamination. Data were interpolated if the artifact
lasted three or fewer samples (i.e. �1.5 s), or excluded from analysis if the
artifact lasted more than three samples. The data were then automatically
divided into epoch lengths of 10 continuous minutes each.

The HbD signal was calculated as the difference between HbO2 and Hb for
each data point. We previously validated changes in HbD to be highly
correlated with changes in CBF (9). We used transfer function analysis to
determine the coherence between the MAP and HbD signals (10,11) in the
frequency range of 0–0.04 Hz. The coherence measures the degree of
concordance between the changes in the two signals at specific frequencies for
each 10-min epoch. If the MAP and HbD signals are varying together with
high coherence, this would indicate a pressure-passive state because CBF
(HbD) is changing in concert with blood pressure (e.g. Fig. 1A). If the MAP
and HbD signals vary at different frequencies, then these signals are not
coherent and cerebral pressure-passivity is absent (e.g. Fig. 1B). We deter-
mined the threshold coherence to be 0.77, using a published mathematical
definition of threshold coherence (11). This coherence threshold was calcu-
lated from the sampling rate (down-sampled from 2 to 0.4 Hz), the fast
Fourier transform length (120 samples � 300 s), and the signal length (600 s,
i.e., 10 min), as described previously (11). Hence, if the mean coherence for
an epoch was �0.77 within the 0- to 0.04-Hz frequency band, the epoch
would be classified as pressure-passive. Finally, we defined the PPI as the
percentage of 10-min epochs that were classified as coherent. For each infant,
we calculated the PPI for each day and calculated an overall PPI for all days
recorded.

In addition, we analyzed the blood pressure data with regard to hypoten-
sion and variability. First, we calculated the mean MAP over each 10-min
epoch, and using published normative data (12), we designated epochs as
hypotensive if the MAP during those 10 min was �10th percentile for birth
GA and postnatal age. Next, we determined the hypotensive index (HOI) as
the percentage of 10-min epochs classified as hypotensive, and we calculated
both daily and overall HOI for each infant. Finally, we measured the MAP
variability by determining the coefficient of variation of MAP for each 10-min
epoch.

Statistical Analysis. We analyzed the relationship between PPI, HOI, and
other continuous variables using regression analysis. When comparing mean
PPI or HOI with binary variables (e.g. gender), we used a t test and used
log-transformations of the PPI and HOI data when the data were not normally
distributed. For categorical variables that were not binary, analysis of variance
was used with log-transformations of the data when necessary. For outcome
measures that were measured daily over time, repeated-measures regression
was used. After finding strong correlations between both PPI and HOI and
birth GA and weight, we controlled for both of these variables in all
subsequent analyses in which statistically significant results were found.
When extreme outliers were found in the data, analyses were also repeated
without these outliers to determine whether the outliers accounted for the
statistically significant relationships between variables.

RESULTS

We made cerebral and systemic hemodynamic measure-
ments in 90 VLBW infants during the first five postnatal days
of life. The clinical characteristics of these infants and their
mothers are shown in Tables 1 and 2. Based on their postnatal
day of life, we obtained HbD and MAP data from 88 infants
on d 1 (two infants not studied on d 1 were studied on later
days), 81 infants on d 2, 62 on d 3, 53 on d 4, and 38 on d 5.
There was a decrease in the number of infants studied over the
first 5 d of life due to removal of the arterial catheter by
clinicians or to early demise (four infants).
Hemodynamic indices. Tables 3 and 4 shows the mean PPI

and HOI indices for each day and for the overall 5 d com-
bined. Notably, 87 of 90 infants showed pressure-passive
epochs during their entire monitoring period, with an overall
mean (�SD) number of pressure-passive epochs for the group
of 22.1 (�15.3), with a range of 0–65. After removal of
artifacts from the hemodynamic data, each infant had a mean
of 103 (�46) epochs for analysis. Hence, by our definition of

Figure 1. Examples of raw HbD, MAP, and SaO2 signals illustrating coher-
ent (A) and noncoherent (B) MAP and HbD signals.

468 SOUL ET AL.



PPI, we found a mean PPI of 20.3% (�9.6) in the population
overall for all days studied (Table 3). However, the range of
PPI values was quite wide (0–48.6% for overall PPI). In fact,
daily PPI values exceeded 40% in 17 infants with birth GA
�29 wk on d 3–5 (up to maximum PPI of 81.8%). Examples
of NIRS and MAP recordings from infants with and without
pressure-passive data are shown in Fig. 1. Notably, there is no

period of systemic hypoxemia (measured by SaO2) despite
changes in both MAP and HbD signals.

Similarly, we found a significant incidence of hypotension
as measured by the HOI. In the overall population, we found
a mean HOI of 5.8% (�9.9) for all days recorded, with a range
of up to 41.2% for overall mean HOI (Table 4). Moreover, we
found that 14 infants had daily HOI values of �40% to a
maximum HOI of 100% (Table 4).
GA and birth weight. We found a strong association be-

tween PPI and both GA and weight at birth (Tables 3 and 4).
Specifically, lower GA at birth (p � 0.018) and lower birth
weight (p � 0.038) both correlated significantly with a higher
overall PPI. Likewise, GA and weight at birth showed a strong
inverse correlation with hypotension, as defined by overall
HOI (p � 0.01 for both). Because of this significant effect of
GA and birth weight, we controlled for both variables in all
subsequent analyses below.
Postnatal age. When evaluating the effect of postnatal age,

we found an unexpected increase in both mean PPI and HOI
over d 1–5 (Tables 3 and 4 and Fig. 2). To determine whether
the increase in PPI and HOI was due to the dropout of
healthier infants in whom arterial catheters were discontinued
earlier, we analyzed the subset of infants (n � 34) with five
full days of hemodynamic data. For this subset, we found no
statistically significant increase in PPI over d 1–5; hence, the
apparent increase in PPI in the whole group was likely related
to sampling bias. However, we did find a statistically signif-
icant increase in the HOI for d 1–5 (p � 0.0001). We then
analyzed this subset to determine whether the increase in HOI
over d 1–5 was due to discontinuation of vasopressor medi-
cations before day 5. We compared infants who did and did
not receive vasopressor medications on each day and found no
significant difference in the mean daily HOI (Table 5). We
then compared the average daily HOI between infants in
whom vasopressors were either continued, discontinued,
started, or never used and found that HOI rose with increasing
postnatal age in all four cases (Table 6). In fact, infants who
required vasopressors to be started or continued had a higher
mean HOI than those in whom vasopressors were discontin-
ued or never used.
Blood pressure. We then examined the relationship be-

tween PPI and HOI to determine whether a pressure-passive
state was more frequent in infants with hypotension and
whether infants were more likely to have cerebral pressure-
passivity during periods of hypotension. We found a highly
significant correlation between the overall PPI and overall
HOI for the entire group (r � 0.46, p � 0.0001). When we

Table 1. Clinical characteristics: maternal and placental
(n � 79 mothers)

Clinical characteristic n (%)

Maternal age: mean 30.7 y (range 16–44)
Pregnancy-induced hypertension 8 (9)
Antepartum hemorrhage 14 (16)
Preterm labor 66 (73)
Antenatal steroid administration 77 (86)
Maternal chorioamnionitis 16 (18)
Presence of labor 70 (78)
Cesarean section 59 (66)
Placental pathology

Infarction 7/77* (9)
Chorioamnionitis 40/77* (52)

* n � 79 due to missing data.

Table 2. Clinical characteristics: infants (n � 90)

Clinical characteristic n (%)

GA: mean 26.5 wk (range 23–30)
23–25 wk 25 (28)
26–28 wk 54 (60)
29–30 wk 11 (12)

Birth weight: mean 893.9 g (range 460–1490)
�750 g 26 (29)
750–1000 g 38 (42)
�1000 g 26 (29)

Male gender 52 (58)
Multiple gestations 28 (31)
Fetal heart rate (abnormal variability �

sustained bradycardia)
34/86* (40)

5-min Apgar score: mean 6.76 (range 0–9)
Vasopressors/inotropes/hydrocortisone 71 (79)
Indomethacin 53 (59)
Highest level of ventilatory support

High-frequency oscillatory ventilation 30 (33)
Intermittent mandatory ventilation 59 (65)
Continuous positive airway pressure 1 (1)

GM-IVH in first 5 d after birth 35 (39)
Grade 1/2 20 (22)
Grade 3/4 15 (17)

Patent ductus arteriosus 48 (53)
Necrotizing enterocolitis 11/87* (13)

GM-IVH, germinal matrix–intraventricular hemorrhage.
* n � 90 due to missing data.

Table 3. PPI values for all infants and by GA at birth [mean � SD (range)]

D 1 D 2 D 3 D 4 D 5 D 1–5

All infants
(n � 90)

19.6 � 11.4 (0–53.3) 17.6 � 9.3 (0–41.0) 23.6 � 16.4 (0–73.1) 22.6 � 13.8 (0–56.8) 25.8 � 18.0 (0–81.8) 20.3 � 9.6 (0–48.6)

23–25 wk
(n � 25)

21.3 � 15.1 (0–53.3) 16.6 � 8.8 (0–39.3) 25.9 � 17.2 (5.0–69.2) 20.8 � 15.9 (0–56.8) 28.1 � 16.8 (2.9–66.7) 22.5 � 12.0 (0–48.6)

26–28 wk
(n � 54)

19.0 � 9.4 (0–40.0) 18.0 � 9.7 (0–41.0) 22.9 � 16.5 (0–73.1) 24.3 � 12.7 (5.4–51.5) 24.2 � 20.0 (0–81.8) 20.0 � 8.7 (0–41.2)

29–30 wk
(n � 11)

18.2 � 10.8 (0–33.3) 18.1 � 9.1 (0–34.3) 15.7 � 1.5 (14.6–17.4) 14.8 � 3.7 (12.2–17.4) 19.1 � 16.1 (7.7–30.4) 16.5 � 7.5 (0–27.7)
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compared epochs with or without hypotension, we found that
31.7% of hypotensive epochs (n � 656) were pressure passive
compared with 20.7% of nonhypotensive epochs (n � 8590,
p � 0.0001 by �2 test). We also examined the relationship
between PPI and the variability of MAP to determine whether
PPI was higher in infants with greater variation in their blood
pressure. We found the correlation between MAP variability
and PPI by individual epoch was quite low (r � 0.14, p �
0.001). Moreover, we found that mean coefficient of variation
of MAP for pressure-passive epochs was 0.058 (n � 1988)
compared with 0.047 for nonpressure-passive epochs (n �
7258, p � 0.0001).
Maternal/pregnancy factors. We found no association be-

tween either PPI or HOI and indicators of maternal infection,
including maternal chorioamnionitis (clinical or pathologic diag-
nosis), duration of ruptured membranes, or maternal fever.

When examining maternal hemodynamic factors, we found
a higher overall PPI for infants with a maternal history of
pregnancy-induced hypertension (PPI � 24.2) versus those
without (PPI � 19.9, p � 0.05), but no difference in HOI. We
also found a significantly higher PPI in cases with hemorrhage
during labor and delivery (PPI � 26.7) versus those without
(PPI � 19.1, p � 0.03). Finally, PPI was significantly higher
in infants with placental infarction by pathologic examination
(PPI � 28.0) versus those without (PPI � 19.0; p � 0.013).

We found no significant relationship between PPI or HOI
and maternal age, race, administration of antenatal steroids,
the presence or duration of labor, spontaneous rupture of
membranes, cesarean section, fetal presentation, fetal heart
rate abnormalities, or infants who were singletons versus those
from multiple gestation pregnancies.
Neonatal clinical factors. We evaluated the impact of early

neonatal (first 6 h after birth) factors on PPI and HOI, again
controlling for GA and birth weight. We found no significant
relationship between either PPI or HOI and gender, Apgar
score at 5 min, minimum pH or minimum or maximum PO2 or
PCO2.

When examining the impact of neonatal clinical factors
between 6 h and 5 d after birth, we found a strong relationship

Table 4. HOI values for all infants and by gestational age at birth [mean � SD (range)]

D 1 D 2 D 3 D 4 D 5 D 1–5

All infants
(n � 90)

0.7 � 2.6 (0–20.0) 0.8 � 3.2 (0–24.1) 6.5 � 14.4 (0–86.4) 16.6 � 24.4 (0–94.7) 28.5 � 31.1 (0–100.0) 5.8 � 9.9 (0–41.2)

23–25 wk
(n � 25)

0.5 � 1.1 (0–3.3) 1.8 � 5.3 (0–24.1) 9.5 � 20.2 (0–86.4) 12.1 � 19.9 (0–69.2) 28.8 � 33.3 (0–100.0) 8.1 � 11.1 (0–41.2)

26–28 wk
(n � 54)

0.9 � 3.3 (0–20.0) 0.3 � 1.2 (0–6.7) 4.4 � 9.3 (0–38.5) 20.4 � 27.3 (0–94.7) 30.6 � 30.6 (0–86.8) 5.7 � 10.0 (0–38.6)

29–30 wk
(n � 11)

0 (0) 0.8 � 2.6 (0–8.3) 8.1 � 14.1 (0–24.4) 3.7 � 5.2 (0–7.3) 7.7 � 10.9 (0–15.4) 1.1 � 2.8 (0–9.0)

Figure 2. Histograms showing distribution of the percentage of PPI (A) and
HOI (B) by day for all infants.

Table 5. Daily HOI [mean (SD)] by pressor medication

On pressor medication

Day Yes No

1 0.9 (3.6), n � 43 0.4 (1.1), n � 45
2 1.2 (4.0), n � 49 0.1 (0.8), n � 32
3 10.0 (17.3), n � 39 0.9 (3.1), n � 23
4 25.5 (28.2), n � 28 6.7 (14.4), n � 25
5 41.1 (34.0), n � 19 15.9 (22.4), n � 19

Table 6. Daily HOI [mean (SD)] by change in pressor medication

Pressor medication

Days Continued Discontinued Started Never Used

1 ¡ 2 1.2 (4.5), n � 34 0.0 (0.0), n � 5 1.2 (2.7), n � 15 0.2 (0.9), n � 27
2 ¡ 3 9.0 (17.2), n � 34 0.0 (0.0), n � 8 15.1 (19.1), n � 5 1.3 (3.8), n � 15
3 ¡ 4 26.0 (28.5), n � 27 3.3 (5.4), n � 6 10.0 (–), n � 1 7.8 (16.3), n � 19
4 ¡ 5 40.8 (35.0), n � 18 13.5 (13.7), n � 6 47.1 (–), n � 1 17.1 (25.9), n � 13
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between indicators of significant cardiorespiratory illness and
HOI but not PPI. Specifically, there was an association be-
tween the use of any vasopressors/inotropes (dopamine, do-
butamine, epinephrine) or hydrocortisone (p � 0.004), seda-
tive medications (p � 0.0001), or paralytic medications (p �
0.032) and the overall HOI but not PPI. When comparing
infants who received high-frequency oscillatory ventilation
(HFOV) versus intermittent mandatory ventilation (IMV) ver-
sus continuous positive airway pressure (CPAP), we found
significantly higher HOI values for those with a higher level of
ventilatory support (HFOV � IMV � CPAP, p � 0.0001), but
no relationship to PPI. Infants diagnosed with a patent DA
(n � 48) had a statistically higher overall HOI than those
without (n � 42), but the difference was not large (HOI of
7.8% versus 3.5%, p � 0.001). Bacterial infection was
strongly associated with a higher HOI (p � 0.0002) but not
with PPI. Other clinical variables that were not related to the
daily mean PPI or HOI included the daily maximum or
minimum recorded values of pH, PCO2, PO2, HCO3, hemato-
crit, serum electrolytes, or glucose concentration. As shown in
Table 3, the incidence of germinal matrix-intraventricular
hemorrhage (GM-IVH) in our population (39%) was high and
likely reflects the illness severity of our population, as sug-
gested by the high level of cardiorespiratory support needed.
However, there was no significant correlation between the PPI
and HOI values and GM-IVH on the clinical US studies.

DISCUSSION

The principal finding of this study is that a pressure-passive
cerebral circulation is frequent in sick premature infants in the
first days after birth. Second, we found that cerebral pressure-
passivity is not an all-or-none phenomenon, but rather fluctu-
ates over time. In our VLBW study population, cerebral
perfusion was pressure passive for a mean 20% of the time,
and in certain extremely premature infants, this state exceeded
50% of epochs recorded. This study demonstrates the feasi-
bility of our novel continuous monitoring technique for de-
tecting frequent but often transient periods of cerebral pres-
sure-passivity in sick premature infants.

Our finding of frequent but transient cerebral pressure-
passivity exhibits a fundamental difference from previous
studies of cerebral pressure autoregulation (CPA) in preterm
infants. By providing prolonged and continuous measure-
ments of cerebral perfusion in response to spontaneously
occurring blood pressure changes, our technique provides
insights into the fluctuating nature of cerebral pressure-
passivity, which is not accessible with other techniques that
use isolated intermittent measures of CPA. Static and/or in-
termittent measurements of CPA used in previous studies
(2,7,13) are likely to miss transient cerebral pressure-
passivity. Unlike earlier reports suggesting that pressure au-
toregulation is impaired in only some infants (3,13,14), we
found that cerebral pressure-passivity may develop at some
time in nearly all sick VLBW infants. By demonstrating that
cerebral pressure-passivity fluctuates, our study also empha-
sizes the need for continuous monitoring if the role of pres-
sure-passivity in cerebral injury is to be further elucidated.

The inverse relationship noted in our population between
both GA and birth weight and a pressure-passive cerebral
circulation is likely due to immaturity of the cerebral vascu-
lature and vasoregulatory mechanisms (15). Because the risk
of brain injury in premature infants is known to be inversely
related to GA (16,17), our finding of increasing cerebral
pressure-passivity with decreasing GA and birth weight is
consistent with the notion that cerebral pressure-passivity
plays a role in these brain injuries.

Previous reports have suggested a possible association be-
tween infection/inflammation, hypotension, and impaired ce-
rebral vasoregulation (18,19). However, we found no associ-
ation between indicators of maternal or placental infection and
either cerebral pressure-passivity or hypotension. Our data
suggest that the putative contribution of maternal infection to
white matter injury is not mediated through vasoregulatory
disturbances in early postnatal life. This question warrants
further study.

Surprisingly, we found no association between acid-base
status, oxygen or carbon dioxide levels, and cerebral pressure-
passivity, given the known cerebral vasoreactive effects of
blood gases, particularly carbon dioxide (10,20,21). However,
this lack of association is likely related to the fact that blood
gases were measured intermittently as opposed to our contin-
uous and prolonged hemodynamic measurements. Given the
fluctuating nature of cerebral pressure-passivity demonstrated
in our study, the contribution of changing blood gases to these
periods of cerebral pressure-passivity will demand more fre-
quent or continuous blood gas measurements.

Using our hypotensive index based on previously described
criteria for hypotension (12), we found an overall mean
prevalence of systemic hypotension of 5.8% in our population.
However, hypotension was much more common in extremely
low birth weight infants, with the hypotensive index exceed-
ing 80% in some infants on d 3–5. As with cerebral pressure-
passivity, we found a significant inverse relationship between
systemic hypotension and both GA and birth weight. Further-
more, we found a strong correlation between PPI and HOI,
suggesting an increased risk of cerebral ischemia when sys-
temic hypotension is combined with a pressure-passive cere-
bral circulation. However, we found that hypotension at any
particular time was not invariably associated with a pressure-
passive state (or vice versa). In this respect our findings are
similar to previous work that suggested that cerebral pressure-
passivity may be present despite normal blood pressure (2).
One possible explanation for this finding is that the autoreg-
ulatory plateau is not fixed, but rather shifts in response to
vasoactive stimuli other than blood pressure. This fluctuating
relationship between blood pressure and cerebral pressure-
passivity cautions against the reliance on fixed blood pressure
guidelines for the preservation of cerebral pressure autoregu-
lation and emphasizes the need for continuous monitoring of
the cerebral circulation to detect disturbances in cerebral
perfusion.

When we examined the effect of postnatal age on hemody-
namics, we found an unexpected increase in HOI over the first
five days of life. This finding seems counterintuitive given the
expected maturation of physiologic systems with postnatal
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age. We considered several possible explanations for this
finding. First, a patent DA in some infants was unlikely to be a
major contributor to the observed increase in HOI since there
was only a small difference in HOI values between those with
or without a patent DA. Second, our analysis of the subset of
infants with recordings over all 5 d showed that the increase in
HOI with postnatal age remained statistically significant and
hence was not due only to the dropout of healthier infants
whose catheters were removed before d 5. Third, it is possible
that clinicians at our center do not base their management of
hypotension on the expected increase in normal blood pres-
sure with postnatal age, even though previous studies (12,22)
have shown that blood pressure increases over the first days
after birth. However, we found that the mean HOI increased
with postnatal age regardless of whether vasopressors were
continued, discontinued, initiated later, or never used. More-
over, HOI was higher in infants receiving vasopressors for
hypotension than in those not receiving vasopressors. Thus,
the true increase in hypotension with advancing postnatal age
noted in our study could not be attributed to the clinicians’
interventions alone. Possibly hypotension in these infants was
refractory to vasopressors or clinical target levels for blood
pressure were lower than those used for our definition of
hypotension (12).

There are several potential limitations of our technique.
First, we used the NIRS HbD signal as a surrogate for CBF.
This was based on the strong correlation between HbD and
CBF in previous animal validation studies (9,23). It may be
argued that in some instances, a change in HbD could reflect
a change in oxygen extraction fraction. However, in premature
newborns, cerebral oxygen extraction fraction is inversely
related to cerebral oxygen delivery (24) and hence to cerebral
perfusion (25). Therefore, by our technique, a decrease in CBF
associated with a decrease in MAP that results in increased
oxygen extraction will cause a decrease in HbD, thereby
accurately identifying cerebral pressure-passivity. An addi-
tional concern is the fact that changes in circulating oxygen-
ation may change the HbD signal independent of changes in
perfusion. For this reason, we removed from the analysis all
periods with concordant changes in HbD and SaO2.

The apparent lack of relationship between cerebral pres-
sure-passivity and GM-IVH by cranial US may be perceived
as a limitation of our technique. However, the principal aim of
this study was to describe the prevalence of cerebral pressure-
passivity in sick preterm infants using our novel technique.
Given the relative insensitivity of cranial US to hypoxic-
ischemic brain injury, we analyzed the US studies only for
GM-IVH. The lack of association between both PPI and HOI
and GM-IVH must be interpreted with extreme caution be-
cause the temporal relationship between hemodynamic measures
and the cranial US studies was very inconsistent. Furthermore,
20% of infants already showed evidence of GM-IVH on their
first US studies. Consequently, it was impossible in our study
to establish whether hemodynamic patterns precede or follow
GM-IVH. To study the temporal relationship between fluctu-
ating hemodynamics and brain lesions, US studies will need to
be performed on a frequent and consistent basis.

We confined our investigation of cerebral autoregulation to
measurement of coherence only in the very low frequency
band (0–0.04 Hz), which could theoretically limit detection of
impairments in CPA at higher frequencies. We intentionally
selected this frequency band because the impulse-response
time for cerebral vasoreactivity to blood pressure changes is
approximately 5–15 s in adults (10) and 12–50 s in newborns
(26,27). Furthermore, our previous study (3) suggested that
high coherence was found in VLBW infants predominantly at
very low frequencies (0–0.01 Hz). Hence, we investigated
autoregulation at these very low frequencies where biologic
relevance had previously been demonstrated.

Another potential limitation of our approach is that spon-
taneous fluctuations in blood pressure are required to test the
integrity of pressure autoregulation. Indeed, we found that PPI
was positively correlated with variability in MAP, suggesting
that a pressure-passive state was more likely to be detected
when there was greater variation in MAP. However, the
correlation was low, and there was not a great difference in
MAP variability between epochs that were or were not pres-
sure-passive. Hence, we were able to detect pressure-passivity
during epochs with low MAP variability.

In summary, we have shown that our technique of contin-
uous cerebrovascular monitoring is capable of identifying
periods of cerebral pressure-passivity in the first days after
birth. Our main findings were the high prevalence of a pres-
sure-passive cerebral circulation in critically ill preterm new-
borns and a strong correlation of both a pressure-passive state
and hypotension with lower GA and birth weight. Although
the prevalence of cerebral pressure-passivity and hypotension
was highest in certain infants, there was no consistent rela-
tionship between blood pressure and cerebral pressure-
passivity. Given the fluctuating relationship between blood
pressure and cerebral pressure-passivity described in this re-
port, prevention of cerebral pressure-passivity in sick preterm
infants may not be ensured by simply maintaining currently
used blood pressure targets. Rather our data suggest that
management aimed at preventing cerebral pressure-passivity
in at-risk preterm infants should be guided by continuous
monitoring of systemic-cerebral hemodynamic interactions.
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