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Patterns of Brain Injury in Newborns Treated with
Extracorporeal Membrane Oxygenation

M.A. Wien, ““M.T. Whitehead, ““'D. Bulas, M. Ridore, ““'L. Melbourne, “*G. Oldenburg, “*B.L. Short, and “*’ AN. Massaro

ABSTRACT

BACKGROUND AND PURPOSE: Neonates treated with extracorporeal membrane oxygenation are at risk for brain injury and subsequent
neurodevelopmental compromise. Advances in MR imaging and improved accessibility have led to the increased use of routine MR imaging
after extracorporeal membrane oxygenation. Our objective was to describe the frequency and patterns of extracorporeal membrane
oxygenation—related brain injury based on MR imaging findings in a large contemporary cohort of neonates treated with extracorporeal
membrane oxygenation.

MATERIALS AND METHODS: This was a retrospective study of neonatal patients treated with extracorporeal membrane oxygenation
from 2005-2015 who underwent MR imaging before discharge. MR imaging and ultrasound studies were reviewed for location and type of
parenchymal injury, ventricular abnormalities, and increased subarachnoid spaces. Parenchymal injury frequencies between patients
treated with venoarterial and venovenous extracorporeal membrane oxygenation were compared by x? tests.

RESULTS: Of 81neonates studied, 46% demonstrated parenchymalinjury; 6% showed infarction, mostly in vascular territories (5% anterior
cerebral artery, 5% MCA, 1% posterior cerebral artery); and 20% had hemorrhagic lesions. The highest frequency of injury occurred in the
frontal (right, 24%; left, 25%) and temporoparietal (right, 14%; left, 19%) white matter. Sonography had low sensitivity for these lesions.
Other MR imaging findings included volume loss (35%), increased subarachnoid spaces (44%), and ventriculomegaly (17% mild, 5% moderate,
1% severe). There were more parenchymal injuries in neonates treated with venoarterial (49%) versus venovenous extracorporeal mem-
brane oxygenation (29%, P = .13), but the pattern of injury was consistent between both modes.

CONCLUSIONS: MRimaging identifies brain injury in nearly half of neonates after treatment with extracorporeal membrane oxygenation.
The frontal and temporoparietal white matter are most commonly affected, without statistically significant laterality. This pattern of injury
is similar between venovenous and venoarterial extracorporeal membrane oxygenation, though the frequency of injury may be higher
after venoarterial extracorporeal membrane oxygenation.

ABBREVIATIONS: CUS = cranial ultrasound; ECMO = extracorporeal membrane oxygenation; VA = venoarterial; VV = venovenous

xtracorporeal membrane oxygenation (ECMO) is a therapy
for neonates with severe cardiac and/or respiratory failure
caused by conditions such as congenital diaphragmatic hernia,
persistent pulmonary hypertension, meconium aspiration syn-
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drome, and sepsis. Intracranial injury is a major complication and
cause of mortality from treatment with ECMO. ECMO-related
brain injury can be attributed to hypoxic-ischemic insults caused
by cardiopulmonary instability in the pre-ECMO period, se-
quelae of carotid artery ligation, and hemorrhagic injury related
to systemic anticoagulation.' The incidence of brain injury after
ECMO varies in the literature, but has been estimated to range
between 10%-59%." However, these estimates are limited be-
cause of the variability in neuroimaging modalities used to iden-
tify injuries, the small sample sizes included in most reports, and
the description of historical cohorts who underwent care decades
ago.

Initial studies focusing on the documentation and description
of neurologic injury from ECMO focused mainly on cranial ul-
trasound (CUS). More recently, the added utility of head CT over
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FIG 1. Types of intracranial injury associated with ECMO. Acute infarct within the right thalamus on DWI (arrow, A) and ADC (arrow, B) is
classified as minor. Subacute infarct within the left MCA territory on T1(arrows, C) and T2 (arrows, D) is classified as major. Punctate hemorrhage
within the right frontal subcortical white matter on T2*-weighted angiography (arrow, E) is classified as minor. Hemorrhage within the cerebel-
lum on T1 (arrow, F) and T2*-weighted angiography (arrow, G) is classified as major. Enlarged subarachnoid spaces are visible on axial T2 (H) and
coronal T2 (/) views. Narrowing of the right ICA is visible on TOF MRA (arrows, J).

CUS for identifying brain injury in neonates treated with ECMO
has been reported.”> Although advances in MR imaging and
improved accessibility have led to increased use of routine
posttreatment MR imaging, few studies have described pat-
terns of post-ECMO brain injury on MR imaging. Further-
more, most studies have imaged a relatively small cohort of

+6-11 and do not reflect the current era of care, when

patients
time changes and advances have been made with regard to
equipment (eg, centrifugal pump, hollow-fiber oxygenator,
and cerebral oximetry) and management strategies (eg, ap-
proach to anticoagulation) used to provide ECMO life sup-
port. Current estimates of the amount of post-ECMO cerebral
injury are essential for counseling families regarding the risk-
benefit ratio of this life-saving therapy.

The main objective of our study was to describe the frequency
and patterns of ECMO-related brain injury based on MR imaging
in a relatively large contemporary cohort of neonates treated with
ECMO. Secondarily, we aimed to compare the sensitivities of MR
imaging and CUS for post-ECMO brain injury and to evaluate
whether the type and frequency of brain injury differ between
patients undergoing venoarterial (VA) ECMO and those treated
with venovenous (VV) ECMO.

MATERIALS AND METHODS

Study Population and Data Collection

This institutional review board—approved, Health Insurance Por-
tability and Accountability Act compliant retrospective study in-
cluded neonatal patients treated with ECMO, admitted to a
single-center level IV neonatal intensive care unit in a free-stand-
ing academic children’s hospital, between July 2005 and February
2015, who underwent brain MR imaging before discharge ac-

cording to unit protocol. At our institution, all neonatal pa-
tients treated with ECMO undergo MR imaging before dis-
charge when they are deemed clinically stable enough to
tolerate the procedure. Demographic and clinical data were
compiled from the Extracorporeal Life Support Organization
registry and medical records including demographic and pre-
senting characteristics as well as mode and duration of ECMO.

Assessment of Brain Injury with MR Imaging

MRIs were reviewed for location and type of parenchymal injury
by using a method similar to that described by Bulas et al.” Infarc-
tions were classified as minor (small [<1 cm] foci of signal abnor-
mality [Fig 1A, -B]) or major (>1 cm, including large vascular
territories [Fig 1C, -D]). Hemorrhages classified as minor in-
cluded extra-axial hemorrhages without mass effect, parenchymal
hemorrhages (single or multiple) smaller than 1 cm (Fig 1F), and
grade 1 or 2 intraventricular hemorrhage. All other hemorrhages
were classified as major (Fig 1G). Lesions were also assessed based
on their acuity, taking into account the proximity to ECMO de-
cannulation. Specifically, attention was paid to signal character-
istics on diffusion, T1, and T2 sequences to classify infarcts and
hemorrhages as acute, subacute (early and late in the case of hem-
orrhage), or chronic by methods previously described.'*'* En-
largement of the subarachnoid spaces (Fig 1 H, -I) was assessed by
measuring the space anterior to the frontal poles. If greater than or
equal to 6 mm, the spaces were labeled “enlarged.”

All MR images were performed on either a 1.5T or 3T MR
scanner (GE Healthcare, Milwaukee, Wisconsin). Scans were per-
formed with a “feed and bundle” protocol during the patients’
natural sleep. Sedation was used at the discretion of the clinical
provider, typically in cases where the baby was weaning from sed-
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Table 1: Clinical characteristics of patient population®

rience (D.B.). Because more than 1 CUS

Total VA ECMO VV ECMO P per study patient was typically available
Characteristics (n=81) (n=67) (n=14) Value®  for review, the cumulative assessment of

Gestational age (wk) 3812 £312 37.98 =282 3879 =435 382 imaging was included for analysis. In

Birth weight (kg) 316 £ 076 312+ 072 335+ 0.94 303 other words, of serial sonography exam-

Male, no. (%) 48 (59) 39 (8)) 9(19) 674 o .

Race, no. (%) inations, those with the most severe
White 16 (20) 13(81) 3(19) 804 findings were used to document injury
Black 41(50) 35(85) 6(15) and compare with subsequent MR im-
Other 24(30) 19(79) 5(21) aging. As with MR imaging, these exam-

Ap]gr::irs:jorec 5() 5 () 405) 699 inations were also reviewed for location
5 il 70) 75(2) 70) 691 and type of parenchymal injury by using

Diagnosis, no. (%) a method similar to that described by
MAS 34 (42) 25 (37) 9 (64) 033 Bulas et al.®
CDH 17 (21) 17(25) 0(0)

Cepss 04 70 o) Data Analysis
Other 6(0) 6(9) 0(0) Descriptive statistics included standard

Age on ECMO (d)°* 2(2) 2(3) 15(1.5) 645 measures of central tendency/variance

ECMO hours® 168 (127) 190 (128) 103 (98) 006 and frequencies for continuous and cat-

Age at MRI (d)° 26 (24) 32(24) 16 (10) .560 egoric variables, respectively. Paren-

Time from decannulation 12 (16) 13(19) 8(4) .034 chymal injury frequencies were mapped

to MRI (d)°

Note:—CDH indicates congenital diaphragmatic hernia; MAS, meconium aspiration syndrome; PPHN, persistent pul-

monary hypertension of the newborn.

? Data presented as mean * SD or proportions except where noted.
b Comparison between VA and VV.

¢ Data presented as median (interquartile range).

9 Data available for 79/81 patients.

€ Data available for 67/81 patients.

atives or failed a prior nonsedated examination. Technical param-
eters varied throughout the 10-year imaging period, though most
scans included T1 fast-spoiled gradient-echo, T2, proton density,
DWI, susceptibility-weighted angiography, or T2* gradient-echo
sequences. Spectroscopy was performed in some neonates, all
with a 2 X 2 cm voxel placed in the left basal ganglia. The TE
varied from intermediate (144 ms) in most patients to short (35
ms) and long (270 ms or 288 ms) in others. Some patients also
underwent arterial spin-labeling perfusion imaging as part of a
newer protocol. All MR imaging examinations were also assessed
for evidence of a right distal ICA flow void of asymmetrically
decreased caliber (narrowing [Fig 1]]), a common, albeit nonspe-
cific, finding suggesting carotid stenosis, occlusion, or slow flow
in patients who have undergone right carotid decannulation after
VA ECMO.

Images were reviewed on a PACS workstation by a board-
certified neuroradiologist with a clinical practice of 100% pediat-
ric neuroradiology and more than 5 years of clinical experience
(M.T.W.) as well as by a pediatric neuroradiology fellow (M.A.W.).
Interpretations were determined in consensus. Reviewers were
blinded to the clinical data and the clinical radiology reports cor-
responding to each examination.

Assessment of Brain Injury by CUS

CUS is routinely performed before ECMO to assess for major
abnormalities or injuries that would exclude patients from
ECMO, then daily to every other day during ECMO to monitor
for hemorrhagic complications that would prompt discontinua-
tion of ECMO. The CUS studies we used were reviewed by a
board-certified pediatric radiologist with a clinical practice of
100% pediatric radiology and more than 25 years of clinical expe-
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by brain region using Matlab software
(MathWorks, Natick, Massachusetts).
Frequencies of injury between patients
treated with VA ECMO and those
treated with VV ECMO were compared
by x” tests.

RESULTS

Study Population

One hundred sixty-one neonates underwent ECMO in the period
from July 2005 to February 2015. Overall ECMO mortality was
13%. Of 140 total survivors, 81 (58%) underwent imaging with
both CUS and MR imaging. Of the 81 neonates who underwent
imaging, mean birth weight was 3.16 * 0.76 kg, gestational age at
birth was 38.0 = 3.12 weeks, and 59% were male. The most com-
mon diagnosis on admission was meconium aspiration syndrome
(42%), followed by congenital diaphragmatic hernia (21%), per-
sistent pulmonary hypertension of the neonate (16%), and sepsis
(14%). Most neonates were started on ECMO within 1 week of
birth, most commonly on the second day of life. Median duration
of ECMO was 7 days (range, 2—18 days), and median age at MR
imaging was 26 days (Table 1).

Frequency, Type, and Location of Brain Injury by

MR Imaging

Of the 81 neonates studied, 37 (46%) demonstrated imaging evi-
dence of intracranial injury. Hemorrhagic lesions were identified
in 19 patients (23%). Of these, most (84%) were classified as mi-
nor and 16% were classified as major. Most hemorrhages demon-
strated signal intensities that were not specific for timing in terms
of association with ECMO. In other words, these hemorrhages
could have occurred either before ECMO, during ECMO, or in
the interim between ECMO decannulation and MR imaging. In-
farction was seen in 18 patients (22%), mostly in vascular territo-
ries (5% anterior cerebral artery, 5% MCA, 1% posterior cerebral
artery). Of these, 56% were classified as minor and 44% were
classified as major. Only approximately half of these lesions could



Table 2: Distribution of hemorrhagic and ischemic brain injuries
by MRP®

Ischemic
Injury (n =18)

Hemorrhagic

Description of Injury Injury (n =19)

Focality
Unifocal (total) 4(21) 4(22)
Unilateral right 3(16) 3(17)
Unilateral left 1(5) 1(6)
Multifocal (total) 15(79) 14 (78)
Unilateral right 1(5) 1(6)
Unilateral left 2(10) 4(22)
Bilateral 12 (63) 9(50)
Supratentorial 16 (84) 16 (89)
Infratentorial 6(32) 1(6)
Anatomic location
Cortex and white matter 2(10) 12(67)
White matter only 10 (52) 5(28)
Deep gray nuclei 2(10) 7(39)
Brain stem 3(16) 1(6)
Cerebellum 5(26) 0(0)
Vascular territory
ACA NA 4(22)
MCA NA 4(22)
PCA NA 1(6)
Extra-axial
Minor (no mass effect) 7(37) NA
Major (mass effect) 1(5) NA

Note:—ACA indicates anterior cerebral artery; NA, not applicable; PCA, posterior
cerebral artery.
? Data presented as no. of patients (%).

be definitively associated with ECMO based on timing from signal
intensity. Distribution of hemorrhagic and ischemic injuries are
described in Table 2.

Opverall, the highest frequency of injury occurred in the frontal
(right, 24%; left, 25%) and temporoparietal (right, 14%; left,
19%) white matter (Fig 2A). There was a slight left-sided predom-
inance of injury, but this difference was not statistically significant
(P > .05). Other MR imaging findings included volume loss
(35%), increased subarachnoid spaces (44%), and ventriculo-
megaly (17% mild, 5% moderate, 1% severe; Table 3).

MR Spectroscopy and Arterial Spin-Labeling

MR spectroscopy was performed on 25 neonates. Fifteen under-
went intermediate TE only (144 ms). Nine underwent short TE
(35 ms) and long TE (270 or 288 ms). One underwent only long
TE (288 ms). Six (24%) had evidence of lactate. Age at MR imag-
ing was similar between infants with and without lactate (median
age, 17 days [interquartile range, 4 days] versus 17 days [inter-
quartile range, 23 days], respectively; P > .05), as was proximity of
scan to day of decannulation (median, 7 days [interquartile range,
16 days] versus 8.5 days [interquartile range, 9 days]; P > .05). Of
the 6 infants with lactate who underwent MR spectroscopy, 2 had
histories of perinatal asphyxia and 3 had significant postnatal
events requiring cardiopulmonary resuscitation. All neonates had
normal ratios of NAA/Cr and Cho/Cr for their ages.

A total of 24 neonates underwent arterial spin-labeling perfu-
sion imaging. Most images were normal (n = 18; 75%). Three
infants (13%) had symmetrically increased perfusion, and 1 in-
fant had symmetrically decreased perfusion. Asymmetric perfu-
sion (left side greater than right) was observed in 2 infants.

Comparison of MR Imaging and CUS Assessments of
Brain Injury

Compared with MR imaging, CUS had low sensitivity for intra-
parenchymal lesions (Fig 2B). CUS missed 15 of 16 (94%) minor
hemorrhages and 1 of 3 (33%) major hemorrhages. The missed
major hemorrhage was located in the right parietotemporal cor-
tex and subcortical white matter. CUS missed all minor infarc-
tions and 3 of 8 (38%) major infarctions. Of the major infarctions
missed, all 3 involved MCA territories.

Comparison of Brain Injury in VA ECMO Versus VV ECMO
Most (82%) patients were treated with VA ECMO. Distribution
of diagnoses differed between the 2 groups, with babies with con-
genital diaphragmatic hernia being exclusively treated with VA
ECMO. Patients treated with VA ECMO spent significantly more
time on ECMO compared with those treated with VV ECMO (7.9
days versus 4.3 days, respectively; P = .006). Otherwise, baseline
characteristics were similar between the 2 groups (Table 1). Com-
parison of MR imaging findings based on mode of ECMO is sum-
marized in Table 3. More parenchymal injuries were seen in pa-
tients treated with VA ECMO (49%) compared with those treated
with VV ECMO (29%), though this difference was not statistically
significant (P = .16). The pattern of injury was consistent between
the 2 modes (Fig 2C, D). All major hemorrhages and major in-
farcts were seen in patients on VA ECMO. Patients treated with
VA ECMO had higher frequency of increased subarachnoid
spaces (51%) compared with those treated with VV ECMO (14%;
P = .01). Right ICA narrowing was present in 73% of patients
(n = 59). However, as expected, narrowing was much more com-
mon in patients treated with VA ECMO than those treated with
VV ECMO (85% versus 14%; P < .001). Of the patients on VA
ECMO who had arterial spin-labeling as part of their scan, most
(14/17 [82%]) showed symmetric perfusion.

DISCUSSION

In the largest, most comprehensive study to date, we used MR
imaging to describe the frequency and patterns of brain injury in
neonates who have undergone therapy with ECMO. Nearly half of
surviving neonatal patients treated with ECMO had intracranial
injury detected by MR imaging, and these lesions were largely
missed by CUS. We describe both structural changes (such as
parenchymal hemorrhage and infarction, enlarged subarachnoid
spaces, and ventriculomegaly) and physiologic changes (such as
differences in cerebral perfusion by arterial spin-labeling and
metabolic profiles by MR spectroscopy). There was a higher fre-
quency of injury in patients treated with VA ECMO compared
with those treated with VV ECMO, but the differences were not
statistically significant. The patterns of injury were similar be-
tween the 2 modes of cannulation. These data can serve as impor-
tant benchmarks that can be used when counseling families about
the risks, benefits, and potential outcomes of ECMO support
in the modern era of care.

Our findings are overall in concert with, and serve to comple-
ment, those of prior studies examining ECMO-associated pat-
terns of intracranial injury on CUS, CT, and MR imaging. The
prevalence of injury reported in the current study (46%) is similar
compared with prior CT-based studies performed at our institu-
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FIG 2. Location and frequency of brain injury. Heat maps demonstrate frequency of parenchymal injury on MR imaging (A) and sonography (B)
in addition to comparison between VA (C) and VV (D) ECMO based on MR imaging lesions. MR imaging region key: 1, frontal cortex (left); 2, frontal
cortex (right); 3, temporoparietal cortex (left); 4, temporoparietal cortex (right); 5, occipital cortex (left); 6, occipital cortex (right); 7, frontal white
matter (left); 8, frontal white matter (right); 9, temporoparietal white matter (left); 10, temporoparietal white matter (right); 11, occipital white
matter (left); 12, occipital white matter (right); 13, caudate (left); 14, caudate (right); 15, putamen (left); 16, putamen (right); 17, globus pallidus (left);
18, globus pallidus (right); 19, thalamus (left); 20, thalamus (right); 21, cerebellum (left); 22, cerebellum (right); and 23, brain stem. Sonography region
key: 1, frontal (left); 2, frontal (right); 3, temporoparietal (left); 4, temporoparietal (right); 5, occipital (left); 6, occipital (right); 7, basal ganglia (left);
8, basal ganglia (right); 9, thalamus (left); 10, thalamus (right); and 11, posterior fossa.

tion.>'* Likewise, similar rates of injury have been reported by
prior studies evaluating injury on MR imaging.®” We used a clas-
sification scheme previously devised by our group that specifically
describes injuries known to occur in patients with ECMO.” It
should be noted that studies that did not include volume loss
or increased subarachnoid spaces as a form of injury have
described lower rates of injury (17%-26%).'>'® That CUS is less
sensitive than MR imaging (or CT) is also consistent with prior
studies.>*”'*'¢ Although we used the cumulative assessment
of brain injury across serial CUS to optimize the sensitivity of
this technique,'® it is acknowledged that the direct comparison
of sensitivities between CUS and MR imaging is limited be-
cause these studies were not performed at the same time. We
cannot exclude that injuries occurring between the last CUS
and performance of the MR imaging could impact our esti-
mates of injury frequencies.

824 Wien Apr 2017 www.ajnr.org

The most common type of injury involved intraparenchymal
ischemic or hemorrhagic lesions, most frequently in the frontal,
parietal, and temporal subcortical white matter, without signifi-
cant laterality. Ischemic lesions or infarctions likely result from a
combination of risk factors, including pre-ECMO hemodynamic
instability and hypoxia as well as potential cerebral blood flow
alterations associated with cannulation. The increased risk of
hemorrhage in patients treated with ECMO may relate to treat-
ment with systemic anticoagulation as well as to increased cere-
bral venous pressure resulting from cannulation/ligation of the
right internal jugular vein causing venous outflow obstruction.'”
The same alteration in venous physiology has been implicated in
causing the enlarged subarachnoid spaces in these patients as a
result of decreased CSF resorption.'® The relatively high fre-
quency of increased subarachnoid spaces in our study (44%) is
overall similar to the prevalence reported in prior studies.>®



Table 3: Comparison of intracranial injuries seen on MRI by type of ECMO?

sedated for MR imaging. However,

Total VA ECMO VV ECMO P given the small number of patients with
MRI Findings (n=81) (n=67) (n=14) Value®  bnormal arterial spin-labeling results
Any injury (hemorrhage, infarction, 37 (46) 33(49) 4(29) 157 who were sedated (4 of 25 total neo-
:jéirlgi:]zisig:g:ca:;d nates), the exact impact is difficult to
Any hemorrhage 19(23) 15(22) 426) 947 determine. Furthermore, the perfusion
Major hemorrhage 3(4) 3(4) 0(0) 420 pattern in these neonates was quite vari-
Minor hemorrhage 16 (20) 12 (18) 4(29) 362 able. Of these 4 neonates, 2 had asymmet-
Any infarctiop ) ] 18(22) 16(24) 2(14) 432 ric perfusion (left side more pronounced
Major |nfarct:on (tota! including 8(10) 8(12) 0(0) 173 than right), 1 had symmetrically increased
arterial,“ venous infarcts, : .
and others) perfusion, and 1 had symmetrically de-
Arterial: ACA territory 4(5) 4(6) 0(0) .879 creased perfusion.
Arteria:: MCA territory 48) 4?5;) ggg; 272 Our findings of increased number
Arterial: PCA territor 11 11 .64 p PP .
Minor infarctions (tozal) 10 (13) 8(12) 2(14) .808 and severlt?l of injuries seén WIFh YA
Cerebellar injury 5(6) 5(7) 0(0) 991 ECMO are in accordance with prior lit-
Volume loss erature.”” It should be noted that those
Any 28 (35) 25(37) 3(21) 256 neonates who undergo VA ECMO gen-
Cortical 5(6) 5(7) 0(0) 291 erally demonstrate inherently increased
UGy 277(33) 24(36) 3(2) 299 disease severity compared with those on
Deep gray nuclei 3(4) 3(4) 0(0) 420 o .
Sl 3(4) 3(4) 0(0) 420 VV ECMO, necessitating both cardio-
Brain stem 3(4) 3(4) 0(0) 420 vascular and respiratory support. We
Ventricular size have shown that decreasing caliber of
S:rmal 62 g;ﬂ 43 g;) ](: g‘);) ‘;733 the distal right ICA is a common finding
i . .
Mild ventriculomegaly 14 (17) 11(16) 3(21) .652 in those neon.ates who have undergone
Moderate ventriculomegaly 4(5) 4(6) 0(0) 879 VA ECMO, likely as a result of altered
Severe ventriculomegaly 1(1) 1(1) 0(0) 646 vascular anatomy after carotid cannula-
Increased subarachnoid spaces 36 (44) 34 (5]) 2 (]4) .012 tion. It is uncertain Why some patients

2 Data presented as no. of patients (%).
® Comparison between VA and VV.
¢ There was overlap among arterial territories on some studies.

Of the neonates who had MR spectroscopy of the left basal
ganglia included as part of their MR imaging protocol, 24% dem-
onstrated evidence of anaerobic metabolism with the presence of
lactate. NAA/Cr and Cho/Cr ratios were normal in all patients,
suggesting retained neuronal/cell membrane integrity within the
areas of interest. Only 1 prior study evaluated MR spectroscopy in
9 neonates who had undergone ECMO and reported similar re-
sults regarding normal NAA/Cr and Cho/Cr ratios, though only 1
of their patients had mildly elevated lactate.'® It is important to
note that observation of lactate may be dependent upon the tem-
poral proximity of imaging to the precipitating hypoxic-ischemic
event. Because the presence of lactate on MR spectroscopy has
been associated with poor outcomes in neonates with hypoxic-
ischemic encephalopathy and in other high-risk populations,'**°
evaluating infants with MR spectroscopy after ECMO may allow
for identification of a subset of infants with the most significant
brain injury.

Similarly, although most neonates had normal perfusion by
arterial spin-labeling, 3 (13%) had symmetrically increased per-
fusion, which can be seen as a postischemic reperfusion re-
sponse.”’ It is uncertain why most patients treated with VA
ECMO had normal, symmetric cerebral blood flow. This finding
may relate to compensation by collateralization, such as from the
vertebrobasilar system. Both of the neonates with asymmetric
perfusion in our study demonstrated left side greater than right. It
is possible that these infants had compromise to their right hemi-
spheric perfusion related to carotid ligation. Some patients were

treated with VA ECMO had no evidence

of ICA narrowing. This finding may re-

late to collateralization of flow (such as
external carotid to ICA collateral vascularization beyond the
point of ligation).

Neuroimaging findings may prove useful in the prediction of
neurodevelopmental outcomes in neonates who have undergone
ECMO. Unfortunately, we were unable to collect robust long-
term neurodevelopmental outcome data in this retrospective
study, and therefore, we were not able to assess the relationship of
reported imaging findings with functional deficits. Prior studies
have shown that intracranial injury diagnosed on neuroimaging
studies can predict future neurologic deficits in other high-risk
neonatal patients,” including patients treated with VA ECMO.”**
However, a recent study questioned the prognostic value of MR
imaging in neonatal patients treated with ECMO, though this
study included a relatively small number of patients with outcome
data.® Future studies are needed in larger populations of neonatal
ECMO survivors to establish functional correlates of specific MR
imaging findings because this information can help guide family
counseling and the direction of rehabilitative care.

Our study has several limitations. Our results have an inherent
survivorship bias in that only those neonates who survived ECMO
were included in our study. Therefore, it is more than likely that
overall injury from ECMO is worse than what we have reported.
However, it is this survivorship data that will be most useful for
correlation with neurodevelopmental outcomes and subsequent
use for counseling of families of ECMO survivors. Another limi-
tation is the fact that the MR imaging protocols were not stan-
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dardized across our research population. The variability in the
timing of MR imaging after ECMO decannulation precluded the
ability to precisely time lesions to determine acuity and relation-
ship to ECMO. This study spanned a 10-year period, practically
an eternity when it comes to the rapid pace of innovation in radi-
ology. In keeping pace with such innovation, MR imaging proto-
cols and sequence parameters were updated on a continuous ba-
sis. Although our cohort of patients was larger than that of most
previous studies, our study remains limited by the relatively small
overall sample size, especially in the evaluation of arterial spin-
labeling and MR spectroscopy.

CONCLUSIONS

In a large contemporary cohort of neonatal patients treated with
ECMO, MR imaging identified brain injury in nearly half of the
patients after treatment, with increased sensitivity compared with
sonography. The frontal and temporoparietal white matter are
most commonly affected, without significant laterality. This pat-
tern of injury is similar between VV ECMO and VA ECMO,
though frequency of injury may be higher after VA ECMO. Future
studies should strive to correlate post-ECMO injury with neuro-
developmental outcomes.
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