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ABSTRACT: Cerebral blood flow (CBF) alterations are important in
pathogenesis of neonatal ischemic/hemorrhagic brain damage. In
clinical practice, estimation of neonatal CBF is mostly based on
Doppler-measured blood flow velocities in major intracranial
arteries. Using phase-contrast magnetic resonance angiography
(PC-MRA), global CBF can be estimated, but there is limited neo-
natal experience. The objective of this study was to gain experience
with PC-MRA for the determination of global CBF in neonates. In
infants eligible for MRI, PC-MRA global CBF was determined by
measuring volume blood flow in both internal carotid arteries (ICAs)
and basilar artery (BA). Thirty newborns (GA, 25.7–42.1 wk;
weight, 1050–5858 g; postconceptional age, 225–369 d) were inves-
tigated. Total PC-MRA CBF ranged from 27 to 186 mL/min. Sig-
nificant correlations between PC-MRA CBF and postconceptional
age and weight were detected. When calculating PC-MRA measured
CBF per kilogram body weight, brain perfusion was about stable over
the range of postconceptional ages and ranged between 11 and 48
mL/min/kg (median, 25 mL/min/kg). In conclusion, neonatal PC-
MRA CBF seems to be a useful technique to estimate noninvasive
CBF. (Pediatr Res 69: 544–547, 2011)

Previous studies of (changes in) neonatal cerebral blood
flow (CBF) have been performed using different methods,

such as the venous occlusion plethysmography (1), positron
emission tomography (2), the nitrous oxide technique (3), and
the 133Xenon clearance method (4). In addition, Xenon com-
puted tomography (5) and more recently MRI with contrast
(6) have been used to measure neonatal CBF. Furthermore, the
use of near-infrared spectroscopy (NIRS) with indocyanine
green has been repeatedly reported, but it uses an i.v. injection
with the dye indocyanine green (7). Ionizing radiation is
involved in these techniques or they are invasive or need
special requirements, which limit their use. Arterial spin-
labeled perfusion MRI (8) and sophisticated NIRS techniques
such as optical diffuse correlation spectroscopy are developed
at this moment to evaluate neonatal CBF (9); however, im-
provements are necessary before these devices can reliably be
used. It may be clear that the above-mentioned methods are
not (yet) available for clinical use in the vulnerable and
unstable (preterm) neonate.
Noninvasive approaches for estimating changes in global

CBF in the often unstable neonate are performed using NIRS

and Doppler-derived blood flow velocity measurements in the
major intracranial arteries (10–14). NIRS as such has not yet
become a routine application in the NICUs, whereas measure-
ments of blood flow velocity in intracranial arteries cannot
measure volume flow due to the small diameter of the feeding
intracranial arteries in newborn infants (5,12).
MRI is increasingly used in neonates both in preterm as

well as in full term infants, mainly for depicting the various
brain regions to detect subtle differences or early ischemic
and/or hemorrhagic changes due to perinatal complications
(15,16). Recently, using phase-contrast magnetic resonance
angiography (PC-MRA), we performed measurements of total
global CBF in millimeters per minute (mL/min) in a relatively
large cohort of term equivalent preterm neonates. The aim of
this study was to assess the anatomy of the circle of Willis in
prematurely born infants at term-equivalent age and to eval-
uate whether these anatomic variations have an effect on blood
flow through the internal carotid arteries (ICAs) and the
basilar artery (BA) (17). This article together with another
article that described PC-MRA in two neonates after extra-
corporal membrane oxygenation highlighted the potential use
of PC-MRA for determination of global CBF by measuring
CBF (mL/min) in both ICAs and BA in the newly born infant
(17,18). PC-MRA measurements at the skull base are nonin-
vasive and fast to perform with a scan time of less than a
minute providing us the volume flow in mL/min (17).
PC-MRA has not been applied in larger series of newborns,

and no data are available for a wider range of postconceptional
age and/or weight. It is known from Doppler ultrasound
studies that the flow in the ICAs and BA is related to GA (19).
With the more widespread use of MRI in neonates admitted
to NICUs, this relatively simple and fast PC-MRA mea-
surement may add to a better understanding of the patho-
physiology of the neonatal cerebral perfusion as has been
the case in adults (20–22).
The purpose of this study was therefore to assess the

feasibility of PC-MRA measurements in neonates with differ-
ent postconceptional ages admitted to the NICU to obtain an
indication about the magnitude of global CBF in neonates and
to assess the influence of postconceptional age and weight on
brain perfusion.
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METHODS

Patients. Thirty preterm and full-term infants, all appropriate for GA and
consecutively admitted to our NICU, who needed an MRI investigation for
various clinical reasons, were included in the study. About half of the infants
were on mechanical ventilation during the MRI.

The study was approved by the local Medical Ethics Committee. Written
informed parental consent was always obtained for those infants included in
the study.

PC-MRA. All MRIs were performed on a 1.5-T Philips Intera Imager
(Philips Medical Systems, Best, The Netherlands) using a sense head coil.
After the conventional T1- and T2-weighted images, the 2D phase-contrast
(2D-PC) MRA was performed. On basis of a localizer MRA slab in the
sagittal plane, a 2D-PC section was positioned at the base of the skull to
measure the volume flow in the ICAs and the BA. Figure 1A illustrates the
positioning of the 2D-phase contrast section through both ICAs and BA
(repetition time, 16 ms; echo time, 9 ms; flip angle 7.5°; slice thickness, 5
mm; field of view, 250 � 250 mm; matrix size, 256 � 256; 8 averages;
velocity sensitivity, 30 cm/s) (17,20–22). Quantitative flow volume values in
mL/min were calculated in each vessel by integrating across manually drawn
regions of interest that enclosed the vessel lumen closely with Philips
software on the MR system. Previously, we (J.H. and F.G.) have reported that
this method is accurate to calculate the flow values in full-term infants, with
an intraobserver variability of 5.6% and an interobserver variability of 5.5%
(17,18). To calculate the total CBF, the quantitative flow volume values of
both ICAs and the BA (Fig. 1B) were summed.

The infants were sedated during the imaging procedure to prevent motion
artifacts. A neonatologist was always present during the examination. During
the MRI/PC-MRA procedure, the neonates were placed in a vacuum fixation
pillow (Med Vac Infant Immobilizer Bag; CFI Medical Solutions, Fenton,
MI). Monitoring was performed using pulse oximetry (Nonin, Minneapolis,
MN), and respiration rate was observed using the standard Philips equipment
(Philips Medical Systems, Best, The Netherlands). For hearing protection,
Minimuffs (Natus Medical Incorporated, San Carlos, CA) were used.

Statistical analysis. Clinical data are summarized as median and ranges.
Correlations between PC-MRA measured global CBF on the one hand and
postconceptional age and actual weight on the other hand were determined
using simple linear regression analysis. The correlation coefficients are shown
for descriptive purposes only. To investigate whether changes in PC-MRA
measured global CBF has been affected by two important actual clinical
conditions (mechanical ventilation and abnormal head circumference [lower
than 10th percentile according to Dutch charts]) and by gender, multiple linear
regression analysis (MLR) has been performed with PC-MRA measured
global CBF in mL/min/kg as the dependent variable (Y). An equation for the
dependent variable PC-MRA was solved using sequentially the independent
variables expressed as a set of dummy variables for yes/no mechanical
ventilation, male/female gender, and normal/abnormal head circumference
using the effects coding technique (23). A more detailed explanation of the
analysis has been given elsewhere (24). The regression equation was

Y � bO1 � bMV � bG � bHC, (1)

where Y is the dependent variable (PC-MRA measured CBF per kilogram
body weight); bO1 (the intercepts of the equations) is its overall mean; and
MV, G, and HC represent the dummy variables for the additional effects

of mechanical ventilation, gender, and head circumference, respectively.
The “b” associated with each (dummy) variable represents its coefficients.
To determine the statistical significance of any variable, an F test was
performed by dividing the mean square of that variable by the mean square
residual.

Statistical significance was assumed for p � 0.05. Statistical analysis was
performed with SPSS for windows (SPSS version 12.0).

RESULTS

Clinical characteristics. Table 1 shows the clinical data of
the infants included in the study. Eighteen infants were male
and 12 female. Fifteen infants were mechanically ventilated
during the investigations. Ten infants were born after a preg-
nancy of less than 32 wk. The indication for the MRI/
PC-MRA investigation in this subgroup was participation in a
research protocol. Three infants had a periventricular and/or
intraventricular hemorrhage; five infants received hydrocorti-
sone treatment because of bronchopulmonary dysplasia; one
infant had a small subdural effusion; and one infant suffered
from perinatal asphyxia. Four infants were prematurely born
between 32 and 37 wk: three infants had an intraventricular
hemorrhage and one infant suffered from perinatal asphyxia.
The remaining 16 infants were full term and the MRI/PC-
MRA indications varied from seizures to perinatal asphyxia,
suspicion of perinatal stroke, postextracorporeal membrane
oxygenation, suspicion of congenital infection, and subdural
hematoma. The postnatal age during MRI/PC-MRA investi-
gation ranged from 7 d up to 133 d with a median of 23 d.
Investigations were performed between 32 and 53 postcon-
ceptional weeks (median, 41 wk). A minority was performed
earlier, in particular in the preterm population and a small mi-
nority up to 3 mo postterm, which can also be extracted from the
range in postconceptional age. Median and range of head cir-
cumference percentile during the MRI/PC-MRA procedure were
P50 and P2-to-P98, respectively. Only two infants had a head
circumference below the 10th percentile.
PC-MRA determined global CBF (mL/min). PC-MRA

measured CBF ranged from 27 to 186 mL/min with a median
of 91 mL/min. There was, as expected, a delineated positive
correlation with postconceptional age and actual weight as can
be seen in Figure 2A and B (open circles) showing the
correlation plots (r � 0.73, p � 0.0001 and r � 0.67, p �
0.0001, respectively). When calculating PC-MRA measured
CBF per kilogram body weight, brain perfusion is quite stable
over the whole range of postconceptional ages and ranged
between 11 and 48 mL/min with a median of 25 mL/min as
also indicated in Figure 2A and B (black crosses). MLR
analysis revealed that mechanical ventilation, gender, and
abnormal head circumference did not independently influence
PC-MRA measured global CBF per kilogram.

Figure 1. Illustration of the position at the base of the skull of the 2D phase
(sagittal) contrast section through the ICAs and the BA for measurement of
the volume flow of these arteries (A). The numbers in the axillar plane indicate
the localization of the respective vessels: both ICAs (1 and 2) and the BA (3);
whereas in the far field, the sinus rectus is shown without a number (black
spot) (B).

Table 1. Important clinical characteristics

Clinical data (n � 30) Range Median

Gestational age (wk) 25.7–42.1 34.7
Birth weight (g) 600–4460 2338
Postnatal age during PC-MRA (d) 2–133 123
Actual weight during PC-MRA (g) 1050–5858 3500
Head circumference during PC-MRA (cm) 29.0–40.7 34
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DISCUSSION

This study showed a rather strong correlation between
PC-MRA measured global CBF and postconceptional age and
actual body weight, which is in accordance with previous data
observed in an ultrasound study reporting an increase of
global CBF of 6 mL/min per postmenstrual week (19). How-
ever, the PC-MRA measured CBF per kilogram actual body
weight seemed to be remarkable stable over a wide range of
postconceptional ages. Our data do not confirm an earlier
study in neonates, which reported that mechanical ventilation,
gender, and growth retardation negatively affected 133Xenon-
measured CBF (mL/100 gm/min) (25). Because quantitative
CBF data in newborns are rare, it is important that evidence is
added to existing knowledge with this PC-MRA technique. It
seems that the data fit expectations very well. Normal brain
weight is 12–15% of body weight. This means that mean CBF
in this study can be estimated to �20 mL/100 g/min. This is
a bit higher than existing estimates using extracranial Doppler,
Xenon, and arterial spin labeling MRI (ASL) (8,12,19).
Our study revealed limitations when using these PC-MRA

technique to measure perfusion in neonates. First, ethical
considerations prevented examination of healthy subjects.
Measurements were therefore restricted to a heterogeneous
group of patients who had well-established pathology. This
constraint prevented a comparative study involving both
healthy subjects and patients, which may have facilitated
identification of perfusion abnormalities. Second, the current
cohort consisted of patients with different GAs and scanned at
different postmenstrual ages, impairing interpretation of time-
related changes in perfusion. Hence, we cannot report on brain
maturation effects. The values generated in this study can
actually not serve as reliable reference values for preterm and

full-term infants during different postconceptional ages, be-
cause only a few of the infants can be classified as infants
without perinatal complications. However, it seems that the
above-mentioned relations of global CBF with postconcep-
tional age and weight are also apparent in infants with or
without perinatal or neonatal complications. Moreover, almost
all infants had a head circumference within the normal range
at the moment of the MRI/PC-MRA procedure, which sug-
gests that brain growth was not severely interrupted. Our study
showed that mechanical ventilation or gender did not have an
important effect on the PC-MRA measured CBF values. These
results do not confirm results of a former study investigating
CBF with the 133Xenon clearance method, although those
infants were more preterm infants and the range of postnatal
ages was less (25).
Despite the above-mentioned limitations in our study, the

combination of MRI and PC-MRA has the potency to provide
the clinician with a detailed evaluation of both brain anatomy
as well as cerebral hemodynamics in various pathological
conditions, which may be of great value in certain clinical
conditions. Especially, the little amount of time necessary to
perform a PC-MRA sequence gives less distortion due to
movement of the neonate, which may give rise to a decrease
in image quality in anatomical images. In future, MR cerebral
perfusion measurements on brain tissue level using arterial
spin labeling MRI may be possible; however, this sequence
takes a longer amount of time and may decrease the image
quality (26–28).
In conclusion, PC-MRA of the brain feeding arteries at the

base of the skull is a fast, simple, and relatively noninvasive
method to measure the global CBF in (preterm) newborns
additional to conventional anatomical scans. Despite the lim-
itations of study, we believe that PC-MRA holds great prom-
ise for future studies of normal and abnormal brain function in
a variety of illnesses. It is our hope that the technique of
perfusion MR will both elucidate the complexities of the
developing brain and help to develop more effective treat-
ments for brain injury in the newborn infant. More data are
needed to collect a robust number of reference values of
global CBF in healthy term and preterm neonates.
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