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Brain Perfusion in Asphyxiated Newborns

eseanch | Treated with Therapeutic Hypothermia

RESEARCH

P. Wintermark BACKGROUND AND PURPOSE: Induced hypothermia is thought to work partly by mitigating reperfusion

A. Hansen injury in asphyxiated term neonates. The purpose of this study was to assess brain perfusion in the first
M.C. Gregas week of life in these neonates.
J. Soul MATERIALS AND METHODS: In this prospective cohort study, MR imaging and ASL-PI were used to

assess brain perfusion in these neonates. We measured regional CBF values on 1-2 MR images
obtained during the first week of life and compared these with values obtained in control term
neonates. The same or later MR imaging scans were obtained to define the extent of brain injury.

M. Labrecque
R.L. Robertson

S.K. Warfield ) ) )
RESULTS: Eighteen asphyxiated and 4 control term neonates were enrolled; 11 asphyxiated neonates

were treated with hypothermia. Those developing brain injury despite being treated with induced
hypothermia usually displayed hypoperfusion on DOL 1 and then hyperperfusion on DOL 2-3 in brain
areas subsequently exhibiting injury. Asphyxiated neonates not treated with hypothermia who devel-
oped brain injury also displayed hyperperfusion on DOL 1-6 in brain areas displaying injury.

CONCLUSIONS: Our data show that ASL-PI| may be useful for identifying asphyxiated neonates at risk
of developing brain injury, whether or not hypothermia is administered. Because hypothermia for
72 hours may not prevent brain injury when hyperperfusion is found early in the course of neonatal
hypoxic-ischemic encephalopathy, such neonates may be candidates for adjustments in their hypo-

thermia therapy or for adjunctive neuroprotective therapies.

ABBREVIATIONS ASL = arterial spin labeling; aEEG = amplitude-integrated electroencephalogram;
ASL-PI = perfusion imaging by arterial spin labeling; BG = basal ganglia; CGM = cortical gray
matter; DOL = day of life; EEG = electroencephalogram; FiO, = fraction of inspired oxygen; GM =
gray matter; HI = hypoxic-ischemic; HIE = hypoxic-ischemic encephalopathy; PASL = pulsed
arterial spin-labeling; pCO, = partial pressure of carbon dioxide

N eonatal HI brain injury is an evolving process initiated by
the HI insult leading to decreased blood flow to the brain
(primary lesions), followed by the restoration of blood flow in
an injured brain and the initiation of a cascade of pathways.
This cascade includes accumulation of extracellular glutamate
with excessive activation of glutamate receptors, calcium in-
flux, and the generation of reactive oxygen and nitrogen spe-

Received January 11, 2011; accepted after revision April 17.

From the Division of Newborn Medicine (P.W., A H., M.L.), Department of Radiology (P.W.,
R.LR., S.K.W.), Clinical Research Program (M.C.G.), and Department of Neurology (M.C.G.,
J.S.), Children’s Hospital Boston, Boston, Massachusetts; and Division of Newborn Med-
icine (P.W.), Montreal Children’s McGill Hospital, Quebec, Ontario, Canada.

Pia Wintermark receives research grant funding from the William Randolph Hearst Fund
Award and the Thrasher Research Fund Early Career Award Program. The work of Simon
K. Warfield is supported by National Institutes of Health grants RO1 RR021885, RO1
(GM074068, R03 EB008680,and P30 HDO18655.

Paper previously presented in part as posters at: 4th International Conference on Brain
Monitoring and Neuroprotection in the Newborn, February 20-22, 2009; Orlando, Florida
(a description of the first studied case) and 17th Scientific Meeting and Exhibition of the
International Society for Magnetic Resonance in Medicine, April 18—24, 2009; Honolulu,
Hawaii (a feasibility of ASL in newborns, use of a 32-channel coil); Annual Meeting of the
Pediatric Academic Societies, May 2-5, 2009; Baltimore, Maryland (hyperperfusion on DOL
2, first results); and 50th Annual Meeting of the European Society for Paediatric Research,
October 9-12, 2009; Hamburg, Germany (hypoperfusion on DOL 1, first results), but this
work has not been published previously.

Please address correspondence to Pia Wintermark, MD, Montreal Children’s Hospital,
Division of Newborn Medicine, 2300 Rue Tupper, C-920, Montréal QC H3H 1P3; e-mail:
Pia.Wintermark@bluemail.ch

Indicates open access to non-subscribers at www.ajnr.org

Indicates article with supplemental on-line tables.
http://dx.doi.org/10.3174/ajnr.A2708

cies, leading to cell death and definitive brain injuries (second-
ary lesions).! The biochemical cascade accompanying
restoration of brain perfusion (so-called “reperfusion injury”)
is a primary target for neuroprotective interventions, but such
interventions are currently limited by insufficient knowledge
of the timing and duration of the therapeutic window in neo-
nates.”* As the only clinically tested neuroprotective treat-
ment to minimize brain injury in asphyxiated term neo-
nates,” '* induced hypothermia has been shown to lower CBF
and to mitigate reperfusion injury.'" It is unclear why induced
hypothermia seems effective in preventing brain injury and
improving neurologic outcome in some asphyxiated neonates
but not in all of them, especially not in those with severe
HIE.®'® Methods for early identification of patients who
would benefit from adjustments in their hypothermia therapy
or from adjunctive neuroprotective therapies'> would be
useful.

This study was designed to assess the following: 1) the pat-
tern of brain perfusion in the first week of life by MR imaging
and ASL-PI in asphyxiated term neonates, and 2) whether
brain perfusion abnormalities during the first week of life in
asphyxiated neonates treated with induced hypothermia cor-
relate with brain injury observed in these patients after hypo-
thermia treatment is completed. The latter may help identify
asphyxiated neonates undergoing hypothermia treatment
who might benefit from tailoring of neuroprotective strategies.

Materials and Methods
We conducted a prospective cohort study of consecutive term neo-
nates with HIE admitted during their first week of life to the neonatal
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intensive care unit. They were enrolled if they met criteria for treat-

ment with induced hypothermia,®”*'°

or if they had evidence of
perinatal depression and manifested HI brain injury on subsequent
brain imaging (ie, BG pattern, watershed pattern, or total cortical
injury pattern).'>'> Markers of perinatal depression included sei-
zures within 72 hours of birth or at least 2 of the following criteria: 1)
an acute perinatal event; 2) umbilical artery pH < 7.1; 3) 10-minute
Apgar score, =5; or 4) multiorgan failure.'>'®'” Eligible patients re-
ceived whole-body cooling to an esophageal temperature of 33.5°C,
initiated by 6 hours of life, and continued for 72 hours (unless con-
traindications developed), and then they were slowly rewarmed.” Per
protocol, patients who arrived after the first 6 hours of life were not
eligible for induced hypothermia. Neonates with strokes, metabolic
disorders, or venous patterns of injury were not included.

Four additional term neonates without any signs of encephalopa-
thy were included as healthy controls; findings on their brain MR
images were normal. Each of them was only scanned once, on days 2,
3, 4, and 10 of life, respectively.

Neonates treated with induced hypothermia were categorized ac-
cording to their initial background pattern of aEEG into 2 categories:
moderately or severely abnormal.*'® The aEEG recording was started
as soon as the patient was admitted to the neonatal intensive care unit.
Hypothermia treatment was usually initiated at the same time to
avoid delay. Seizures evident clinically or identified by aEEG or stan-
dard EEG were also recorded. Other variables influencing the CBF
(temperature, pCO,, FiO,, hematocrit levels, mechanical ventilation,
pressor support, sedation, antiepileptic treatment) were also recorded
on the day of the MR imaging.

This study was approved by the institutional review board, and
parental consent was obtained. One or 2 MR images were obtained in
each asphyxiated neonate during the first week of life, preferably an
MR imaging on DOL 1 and on DOL 2-3 in neonates treated with
induced hypothermia. Patients receiving hypothermia treatment had
hypothermia maintained during the MR imaging without any adverse
events.'” Any ventilatory support, pressor support, or sedation was
also maintained during the MR imaging process; additional sedation
was avoided. MR imaging was performed with a 3T Magnetom Trio
scanner (Siemens, Erlangen, Germany), by using a 32-channel head
coil in most cases (Siemens)? or a standard 12-channel head coil. A
pulsed ASL sequence?' (with TR/TE, 2400/13 ms; matrix size, 64 X
64; FOV, 192 mm; 15 axial sections with a section thickness of 4.9
mm) was acquired with high-spatial-resolution anatomic T1- and
T2-weighted images and DWI. Anatomic sequences included a T1-
weighted magnetization-prepared rapid acquisition of gradient echo
(TR/TE, 1600/2.2 ms; matrix size, 192 X 192; FOV, 180 mm; 160
sagittal sections with a section thickness of 1.0 mm) and a T2-
weighted fast spin-echo (TE, 123 ms; matrix size, 256 X 256; FOV,
220 mm; 110 axial sections with a section thickness of 1.0 mm). They
were supplemented by single-shot spin-echo echo-planar diffusion-
weighted (b = 750 s/mm?) isotropic images (TR/TE, 8400/84 ms;
matrix size, 128 X 128; FOV, 220 mm; 50 axial sections with a section
thickness of 2.2 mm). ADC maps were generated off-line. Regional
CBF maps were obtained from the PASL Postprocessing Functor (Sie-
mens). Quantitative estimates of regional CBF were made by using
the formula described by Wang et al*%:

AMAM

rCBE = 2aMOTIlexp(—TI2/T1a)

M, was estimated by measuring the fully relaxed signal intensity and
AM by the average difference in signal intensity between control and
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Fig 1. Axial PASL images showing the manually drawn regions of interest. A total of 9
regions of interest were placed in 3 types of tissue. a, CGM (within frontal, parietal, and
occipital cortices). b and ¢, WM (within the frontal and posterior WM and the centrum
semiovale) (b) and BG (within the lentiform nucleus and the posterior limb of internal
capsule and the thalamus) (c).'>"7?* Measurements were obtained in the right and left
sides of the cerebrum in these tissue regions. Regions of interest were always drawn on
the ASL data by 1 observer in similar brain areas for all the MR images by looking at the
same time at the ASL data and the corresponding T2-weighted imaging.

tag acquisitions. The conversion efficiency o was assumed to be 95%
and the blood/tissue water partition coefficient A, to be 1.2 mL/g, with
TI, / T1, = 700/1400 ms and the longitudinal relaxation time of blood
T,, = 1500 ms.>> The imaging sections were positioned axially cov-
ering the brain, and the acquisition order was ascending (inferior to
superior) to reduce the required TL,. The labeling slab had a thickness
of 50 mm and was positioned with a gap of 10 mm below the most
proximal section. The labeling slab thus covered the lower part of the
head and the neck but not the upper part of the chest, and thus not the
heart. Quantification of regional CBF was performed by using the
relative CBF images. Manually drawn regions of interest (Fig 1) were
placed in 3 types of tissue: CGM (within the frontal, parietal, and
occipital cortices), WM (within frontal and posterior white matter
and the centrum semiovale), and BG (within the lentiform nucleus,
the posterior limb of the internal capsule, and the thalamus).'>'”** A
total of 9 regions of interest were thus used; measurements were ob-
tained in the right and left side of the cerebrum in these tissue regions.
Their sizes depended on the location of the regions of interest. Re-
gions of interest were always drawn by 1 observer in similar brain
areas for all the MR images, without regarding the presence or absence
of brain injury on DWT or other MR images. Regions of interest were
manually drawn on the ASL data, by looking at the same time at the
ASL data and the corresponding T2-weighted imaging; coregistration
was not used. Motion during the MR imaging may cause severe arti-
facts in the acquired images, especially the PASL images. These were
minimized by wrapping the neonates in an MR imaging—compatible
vacuum cushion. In addition, a 3D prospective acquisition-correc-
tion technique was used with the PASL sequence for reducing mo-
tion-induced effects on magnetization history.

Conventional sequences were obtained during the same or later
MR imaging studies and were used to define the extent of brain injury
in these patients and to correlate it with brain perfusion measure-
ments. Neuroradiologists, who were blinded to the clinical condition
of the neonates, interpreted the brain MR images (T1- and T2-
weighted images and DWI). Each MR image was evaluated for BG
injury, watershed pattern injury, and/or BG/watershed pattern in-
jury.?® This MR imaging assessment provided a description of the
distribution and extent of injury. The MR imaging results were cate-
gorized as “abnormal” or “normal,” depending on whether they
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Fig 2. Brain MR imaging in a control neonate; comparison between the perfusion map and images obtained from conventional sequences. A, CBF map obtained by perfusion imaging by
ASL shows higher brain perfusion in GM and in BG compared with WM. B, ADC map. C, DWI. D, T2-weighted imaging.

showed MR imaging evidence for HI brain injury in the CGM, WM,
and/or BG.*

Statistical analysis was focused on comparisons between CBF val-
ues measured in the first week of life and the presence or absence of
later brain injury. We calculated the mean of the CBF values for each
region of interest in each subject. After obtaining these values, we then
divided the asphyxiated neonates into 2 groups, based on the presence
or absence of later brain injury in each region of interest, and com-
pared the values in these 2 groups with the control group of neonates.
To compare CBF values between each group, we performed statistical
analyses by using a logistic regression model with the presence or
absence of injury as the variable and mean brain perfusion as the
outcome. We also considered, in the regression model, the possible
effects of other variables influencing CBF, such as temperature, pCO,,
FiO,, hematocrit level, ventilatory support, pressor support, sedation,
and antiepileptic treatment. The P value was derived from the null
hypothesis that the regression coefficient for the presence or absence
of injury is equal to zero. The test is the Wald test for regression
coefficients. A P value <.05 was considered significant.

Results

Eighteen term neonates with perinatal HIE were enrolled (On-
line Table 1), 11 of whom received therapeutic hypothermia.
Among the neonates treated with induced hypothermia, 4 had
an initial moderately abnormal aEEG background, and 7 had
an initial severely abnormal aEEG background. None of the
neonates with an initial moderately abnormal aEEG back-
ground (patients 1, 2, 3, and 4) developed significant HI brain
injury. Among the 7 neonates who had an initial severely ab-
normal aEEG background, 3 did not develop clear MR imag-
ing evidence of HI brain injury, but 4 did. Of note, HI brain
injury in these 4 patients was not evident on the first DOL by
conventional MR imaging modalities, including anatomic T1-
and T2-weighted imaging, and DWI but did became apparent
on the later MR images.

The 7 neonates who were not cooled but who developed
significant MR imaging evidence of HI brain injury were ad-
mitted beyond the 6-hour time interval in which they would
have been eligible for cooling. aEEG was not available in these
7 neonates; however, EEG findings were available for those
with suspected seizures and confirmed the seizures in these
patients.

Four control term neonates with normal brain MR imag-
ing findings were also enrolled.

CBF values were measured on the different scans (On-line
Table 2).

In the neonates treated with induced hypothermia who did
not develop hypoxic-ischemic brain injury, CBF values mea-
sured in the first DOL were decreased in the CGM and BG
compared with control patients; values in the WM were sim-
ilar to values measured in control patients. The hypoperfusion
measured in the CGM and BG was more pronounced in the
first hours after birth and in neonates with an initial severely
abnormal aEEG background and tended to normalize during
the first DOLs. On DOL 2, CBF values in the CGM, WM, and
BG in neonates with an initial moderately abnormal aEEG
background were very similar (CGM and WM) or only slightly
decreased (BG) compared with controls, even if the patients
were being treated with induced hypothermia during the MR
imaging. In neonates with an initial severely abnormal aEEG
background, perfusion in the CGM and BG became similar
only on DOL 3 compared with control neonates. Of note,
patient 1 had much lower CBF values in the CGM and BG.
This may be due, in part, to the timing of the scan relative to
the HI event. Additionally, this was the only patient with pCO,
values of 26.8 mm Hg just before MR imaging (all the other
patients had pCO, values between 30 and 40 mm Hg).

Compared with control patients and asphyxiated neonates
who were treated with hypothermia but who did not develop
brain injury, CBF values were more markedly decreased on
DOL 1 in the brain areas subsequently exhibiting injury in the
neonates treated with hypothermia, who developed MR imag-
ing evidence of HI brain injury (Figs 2-4). On DOL 2, CBF
values were increased in the injured brain areas (Figs 2—4) in
these neonates. The only exception was patient 9 with BG in-
jury, in whom CBF remained decreased in the BG. In these
neonates, the brain regions that did not show any later brain
injury had CBF values comparable with those of patients with
an initial severely abnormal aEEG background who did not
develop brain injury.

In the neonates who were not treated with induced hypo-
thermia but who developed HI brain injury, CBF values were
increased in the injured brain areas during the first week of life.
Increased CBF was already present on DOL 1 (as demon-
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Fig 3. Brain MR imaging on DOL 2 in patient 5 while he was treated with induced hypothermia; comparison between the perfusion map and images obtained from conventional sequences.
A and B, CBF maps obtained by perfusion imaging by ASL show decreased brain perfusion on DOL 1 (A) followed by increased brain perfusion on DOL 2 (B) in the GM, WM, and BGs
bilaterally, compared with the control patient. Cand D, ADC map (C) and DWI (D) on DOL 2 display multifocal areas of restricted diffusion within bilateral BGs and both cerebral hemispheres
involving GM and WM. £, Changes on T2-weighted imaging on DOL 2 are subtle.

C DOL 2

D DOL2 =

Fig 4. Brain MR imaging on DOL 2 in patient 8, while he was treated with induced hypothermia; comparison between the perfusion map and images obtained from conventional sequences.
Aand B, CBF maps obtained by perfusion imaging by ASL show decreased brain perfusion on DOL 1 (A) followed by increased brain perfusion on DOL 2 (B) in bilateral thalami, and relatively
lower perfusion in GM and the remaining BG, compared with the control patient. Cand 0, ADC map (C) and DWI (D) on DOL 2 display restricted diffusion within bilateral thalami. £, Changes

on T2-weighted imaging on DOL 2 are subtle.

strated in patient 12), seemed to peak around DOL 2-3, and,
though less marked, persisted to the end of the first week of
life. In these neonates, the brain regions that did not show any
later brain injury displayed CBF values comparable with those
in control patients. As with the infants who received hypother-
mia, these early findings of abnormal CBF predicted future
injury on the later MR imaging.

After adjustment for temperature and pCO, (On-line Ta-
ble 3), results from the regression model showed that brain
perfusion values in the first week of life were significantly dif-
ferent in those neonates developing brain injury compared
with those who did not. There was a significant difference
between the injury and noninjury group in the different re-
gions of interest on DOL 2—6 (P = .0005 for each region of
interest). Only comparison between means of CBF values is
represented (Fig 5B), but comparisons between medians and
quartiles of CBF values were also performed and yielded sim-
ilar results. Similar analyses were difficult to perform on DOL
1, considering the small number of patients with brain injury,
especially in the CGM and WM (Fig 5A); however, the same
statistical significance was found for the BG area (P = .0005)
on DOL 1. The effect of FiO, and hematocrit levels were non-
significant after the inclusion of the presence or absence of
injury, temperature, and pCO, values. We were unable to con-
trol for ventilatory support, pressors, sedation, or antiepileptic
treatment in the multiple regression model, due to the small
sample size and the uniformity of treatment.
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Discussion

Lowering body temperature, as in therapeutic hypothermia, is
thought to decrease CBF in patients with HIE.*” However,
hypothermia alone does not account for all of the decrease in
CBF values observed in our patients studied during hypother-
mia treatment. Our data suggest that the encephalopathy itself
also decreases CBF. On DOL 1, CBF values were lower in ne-
onates with HIE treated with hypothermia with an initial se-
verely abnormal aEEG background who did not develop brain
injury, compared with the ones with initial moderately abnor-
mal aEEG background. On DOL 2, while they were still treated
with induced hypothermia, those with an initial moderately
abnormal aEEG background had similar CBF values com-
pared with control patients. This finding suggests that the
therapeutic value of induced hypothermia may not depend on
any effect on regional CBF. Moreover, neonates with an initial
severely abnormal aEEG background who did not develop
brain injury had still lower CBF values on DOL 2 and became
similar to control patients only on DOL 3. This finding sug-
gests that the severity of encephalopathy has an important
effect on brain perfusion in the first DOLs, as demonstrated in
animal data.”® A better understanding of the degree to which
the severity of the HIE influences brain perfusion and of the
relation between brain perfusion and brain activity measured
by aEEG would be useful. ASL-PI performed in these neonates
just before initiation of hypothermia and repeated shortly af-
ter the beginning and again later during treatment might im-
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Fig 5. Comparison of means of CBF values in each region of interest between neonates developing brain injury in these regions of interest compared with those who did not, on DOL 1 (A)
and on DOL 2-6 (B). Box-and-whisker plots (median, minimum, and maximum, in milliliters/100 g/minute) representation. The group of neonates developing brain injury is noted as the
“INJURY" group, and the group of neonates who did not as “NO injury” group. The different regions of interest consist of the following: 1) CGM, including parietal CGM and remaining
CGM with frontal and occipital cortical regions; 2) WM, including frontal and posterior WM and the centrum semiovale; 3) BG, including the thalamus and remaining BG with the lentiform
nucleus and posterior limb of internal capsule. Dashed lines are drawn horizontally through the mean values of CBF in the CGM, WM, and BG of control neonates, to facilitate comparisons.
Of note, CBF values of patient 12 are not included in the graph A, because this subject was the only asphyxiated neonate not treated with induced hypothermia; he presented with
hyperperfusion on DOL 1. Patient 9 with BG injury in whom CBF was still decreased in the BG on DOL 2 is not included in the graph B because he was the only patient with persistent

relative hypoperfusion on DOL 2.

prove understanding of the effect of hypothermia on brain
perfusion in asphyxiated neonates.

In our study, CBF values on DOL 1 were decreased in the
brain areas that were later found to be injured. These CBF
findings were evident earlier than changes observed with con-
ventional MR imaging modalities because the brain injury in
these 5 patients was not evident on the first DOL by conven-
tional sequences. In addition, patient 9, who developed brain
injury in bilateral BGs despite hypothermia treatment, had
persistently low CBF values on DOL 2. Of interest, conven-
tional sequences and DWI also performed in this patient on
the same day were initially read as having negative findings;
subtle abnormalities in BG were only retrospectively identified
after reviewing later imaging.

The significance of the hypoperfusion observed in the first
DOLs in our study remains unclear. This initial hypoperfusion
phase has been previously observed in some asphyxiated neo-
nate humans?®® not treated with hypothermia. In animals, this
transient hypoperfusion phase has also been described after
HI. Its onset time and duration become earlier and longer
respectively as the severity of the insult is increased.” It is
debated whether this hypoperfusion phase exacerbates future
brain injury’"** or protects the brain due to the reduced met-
abolic demand.>** The protective theory is one of the physi-
ologic bases behind induced hypothermia treatment, which is
intended to prolong the state of reduced metabolic demand."'
It is also possible that these hypoperfused regions represent
areas of immediate neuronal death not amenable to neuropro-
tective therapies, because induced hypothermia can only pre-
vent secondary or delayed neuronal death.’ It is also known
that brain perfusion changes during the first 24 hours of life
and might be very different at 6 compared with 24 hours of life
or later.” Given the small number of neonates with injured

areas on DOL 1, the lack of normal measurements with this
technique in healthy neonates during the first DOL, and the
wide range in hours of the MR imaging in our patient popu-
lation, there is insufficient evidence to conclude that this hy-
poperfusion might be used for early determination of neo-
nates at risk for developing brain injury despite hypothermia
treatment, as suggested by some animal studies.”®

On DOL 2-3, the asphyxiated neonates developing brain
injury despite hypothermia treatment displayed hyperperfu-
sion in the brain areas subsequently exhibiting injury, in a very
similar way to that in the asphyxiated neonates not treated
with hypothermia who developed brain injury.'® The cause of
this hyperperfusion is unknown, though experimental data
suggest roles for nitric oxide, free radicals, adenosine, and
prostaglandins.' This state of vasodilation and vasoparalysis is
most likely a marker of tissue injury.?” Our results suggest that
early hyperperfusion correlates with later brain injury even in
infants treated with induced hypothermia. Therefore this
finding might be used to help identify or predict future brain
injury in asphyxiated neonates undergoing hypothermia
treatment. In our study, when hyperperfusion was found early
in the course of neonatal HIE, systemic cooling for 72 hours
appears not to have prevented future brain injury. It is cur-
rently unclear whether induced hypothermia can mitigate fur-
ther brain injury'' when this hyperperfusion is present. In our
study, hypothermia was associated with a smaller increase of
CBF in patients 10 and 11, who developed bilateral thalami
injury, compared with patient 15, who was not treated with
induced hypothermia and who also developed injury in the
bilateral BGs.

The natural history of this hyperperfusion phase is de-
scribed here by brain perfusion measured in 7 asphyxiated
neonates who did not receive induced hypothermia. Increased
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CBF was already present on DOL 1 in 1 patient, peaked around
days 2-3 of life, and, though less marked, persisted through 1
week after delivery. These findings suggest that autoregulation
of the CBF takes time to recuperate in the most severely in-
farcted areas.'” If the hyperperfusion stage persists for at least
a week after the event and if induced hypothermia mitigates
some of this hyperperfusion and extension of brain injury,
perhaps induced hypothermia should be continued for longer
than 72 hours or at lower temperatures than 33.5°C in patients
with severe HIE demonstrating early hyperperfusion in areas
of injured brain. Additional studies are needed to determine
whether prolongation of hypothermia or deeper cooling could
mitigate this hyperperfusion phase and prevent more second-
ary or delayed neuronal death.

These findings also raise the question of the timing of the
transition between the hypoperfusion phase and the hyperper-
fusion phase. In some cases, induced hypothermia might
prolong the duration of this initial hypoperfusion phase and
prevent delayed hyperperfusion.'"*****® Patient 8 with gen-
eralized brain injury already had hyperperfusion on his second
scan, even though he was scanned sooner, on DOL 2, than
patient 9. Thus if a transition time does exist, it may differ
according to the different patterns of HI injury'>'® and the
specific timing, duration, or severity of the HI at birth.

Ours is one of only a few studies measuring brain perfusion
with ASL-PI in neonates.** It is the only such study of brain
perfusion in neonates with HIE, to our knowledge. Compared
with other methods of measuring brain perfusion, including
Doppler sonography, near-infrared spectroscopy, positron-
emission tomography, or xenon-enhanced CT, only ASL-PI
permits the direct assessment of CBF values in different areas
of the brain without injecting contrast. Absolute measure-
ments, despite their known limitations,?>*° permit the nonin-
vasive assessment of perfusion in different regions of interest
of neonate brains, as well as comparison among the neonates.
The distribution of CBF in the CGM, WM, and BG obtained in
the control term neonates showed higher brain perfusion in
CGM and BG compared with WM. This is in general accor-
dance with previous measurements in neonates by using other
approaches.'>?**749*2 However, the current limitation of the
quantitation by this method might be that some of the labeling
persisted in the major arteries in neonates (as demonstrated in
our figures), and the entire label may thus not have reached the
imaging plane, limiting the accuracy of the results. The current
results in asphyxiated neonates treated with induced hypo-
thermia show the feasibility of the ASL method and support
the addition of ASL-PI to current imaging sequences in these
patients.

Conclusions

ASL-PI performed during the first week of life in term asphyx-
iated neonates shows that an initial hypoperfusion phase fol-
lowed by a hyperperfusion phase in specific brain regions is
correlated with the development of brain injury in those re-
gions, despite treatment with induced hypothermia. Further-
more, 72 hours of induced hypothermia at 33.5°C may not
prevent injury when hyperperfusion is found early in the
course of neonatal HIE. The value of ASL-PI for identifying
asphyxiated neonates already undergoing hypothermia treat-
ment who are at risk of developing brain injury and who might
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be ideal candidates for adjustments in their hypothermia ther-
apy or for adjunctive neuroprotective therapies should be fur-
ther assessed, as well as its potential role for tailoring the neu-
roprotective strategies to the specific clinical and imaging
findings of individual patients to improve the future neurode-
velopmental outcome.
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