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BACKGROUND. MRI is the reference standard for neonatal brain imaging, but it is
expensive, time-consuming, potentially limited by availability and accessibility, and con-
traindicated in some patients. Transfontanelle neonatal head ultrasound is an excellent
alternative but may be less sensitive and specific than MRI. Contrast-enhanced ultra-
sound (CEUS) has the potential to improve the capabilities of ultrasound.

OBJECTIVE. The purpose of this study is to prospectively evaluate the feasibility,
safety, and diagnostic performance of transfontanelle neonatal brain CEUS, with MRI
used as the reference standard.

METHODS. Neonates in the institutional neonatal ICU who were undergoing MRI
as part of their clinical care were prospectively recruited to undergo portable brain ul-
trasound and CEUS for research purposes. Brain ultrasound and CEUS were performed
portably without moving the patient from the isolette or crib in the neonatal ICU. Ad-
verse events were recorded. Two radiologists independently evaluated ultrasound and
CEUS images for abnormalities and then reached consensus regarding discrepancies. A
separate radiologist reviewed MRI examinations. Sensitivity, specificity, and interreader
agreement were evaluated, with MRI used as the reference. Qualitative post hoc image
review was performed.

RESULTS. Twenty-six neonates (nine boys and 17 girls; mean [+ SD] age, 15.2 + 14.0
days) were included. No significant alteration in patient vital signs or adverse reaction
to the ultrasound contrast agent (UCA) occurred. The mean duration of the examina-
tion was significantly shorter for combined ultrasound and CEUS than for MRI (21.1 + 4.7
vs 74.2 + 34.8 minutes; p < .001). Interrater agreement for any abnormality was almost
perfect for both ultrasound and CEUS (k = 0.92 and 0.85, respectively). Sensitivity for
any abnormality was 86.7% for ultrasound and 93.3% for CEUS; specificity was 100.0%
for both. CEUS had sensitivity of 87.5% for acute or subacute ischemia and 100.0% for
chronic ischemia; its specificity was 100.0% for acute or subacute ischemia and chronic
ischemia. For both ultrasound and CEUS, sensitivity for subdural and intraparenchymal
hemorrhage was poor (22.2-50.0%). On CEUS but not on MRI, post hoc review showed a
case of postischemic hyperperfusion, which was confirmed by subsequently performed
contrast-enhanced CT.

CONCLUSION. The use of portable brain CEUS in neonates is feasible, safe, and more
rapid than MRI.

CLINICAL IMPACT. The potential diagnostic utility of brain neonatal CEUS relative
to conventional ultrasound, particularly for ischemia, warrants further investigation.

Brain injury in neonates is a significant source of morbidity and mortality among
preterm and term infants, often resulting in adverse neurodevelopmental outcomes
[1-3]. Early and accurate characterization of brain injury is important for prognostica-
tion and early intervention. The reference standard for neonatal brain imaging is MRI
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[4]. However, use of MRI in the neonatal period is limited given
the logistic challenges and medical risks of scanning preterm
and very-low-birth-weight patients. These include patient mo-
tion, the need for temperature control and vital sign monitoring,
and the possible need for sedation. Systems barriers include ex-
pense, limited availability and accessibility, and the need for per-
sonnel who have the technical and clinical expertise to perform
imaging appropriately.

For neonates, transfontanelle brain ultrasound is a well-estab-
lished alternative neuroimaging modality that avoids many of the
pitfalls of MRI. The technique is safe, is comparatively inexpensive,
offers superb spatial resolution, and most importantly can be per-
formed quickly and portably at the patient’s bedside, resulting in
limited disturbance of the neonate. Brain ultrasound is therefore
incorporated into nationally published and hospital-based guide-
lines [5-7]. The major disadvantage of brain ultrasound is its lower
sensitivity and specificity compared with those of MRI, with MRI
able to better show disease extent [2, 8]. Anticipated improve-
ments in the capabilities of screening brain ultrasound will en-
hance the quality of care provided to critically ill neonates.

Microbubble contrast-enhanced ultrasound (CEUS) is a well-es-
tablished safe, low-cost, and efficient imaging modality [9-14].
Microbubbles of ultrasound contrast agents (UCAs) remain intra-
vascular without diffusing into the interstitial space and are easily
visible compared with the adjacent tissue, thus improving the vis-
ibility of very small vascular structures. Therefore, real-time per-
fusion can be readily visualized. The application of this technol-
ogy has expanded the diagnostic potential of ultrasound across
organ systems. One UCA (sulfur hexafluoride lipid-type A micro-
spheres [Lumason, also known as SonoVue, Bracco Diagnostics])
is approved by the FDA for IV use to characterize focal liver lesions
in children. Although this represents off-label use based on cur-
rent approval status, several reports have described the potential
capability of transfontanelle brain CEUS, including in the setting
of hypoxic ischemic injury and in the intraoperative setting, to
monitor brain perfusion in neonates during congenital heart dis-
ease surgery [15-20]. However, to our knowledge, the safety and
diagnostic performance of CEUS for neonatal brain imaging have
not been specifically evaluated.

The purpose of the present study was to prospectively evaluate
the feasibility, safety, and diagnostic performance of transfonta-
nelle neonatal brain CEUS, with MRI used as the reference standard.

Methods
Patients

This prospective study was approved by the institutional re-
view board at the University of Pittsburgh. All activities were per-
formed in compliance with HIPAA. Informed consent was ob-
tained from both legal guardians.

The clinical MRI schedule was reviewed from August 2017 to
May 2019 to identify consecutive potentially eligible patients in
the neonatal ICU (NICU) at the UPMC Children’s Hospital of Pitts-
burgh. Neonates were eligible for the study if they either were
scheduled to undergo brain MRI for any indication or had already
undergone brain MRI within the previous 48 hours and if they al-
ready had functioning IV access for clinical care purposes. Neo-
nates who were actively treated with extracorporeal life support
were ineligible, to minimize any potential confounding effects
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HIGHLIGHTS

Key Finding

B This prospective study of 26 neonates showed that brain
CEUS performed portably in the NICU is feasible, safe, and
more rapid than MRI, with almost perfect interreader
agreement.

Importance

B Although further study is warranted, the findings suggest
the potential utility of bedside CEUS in detecting
neurovascular abnormalities in critically ill infants.

of microbubble destruction in the circuit. Study participants un-
derwent brain ultrasound and CEUS, performed portably in the
NICU, for research purposes.

Image Acquisition

Patients first underwent clinical MRI performed using a stan-
dard neonatal brain protocol at our institution, with the excep-
tion of one patient who underwent MRI after brain CEUS due
to ease of scheduling. The MRI sequences obtained varied de-
pending on the clinical indication and the protocol used, but at
a minimum they included T1- and T2-weighted images, suscep-
tibility-weighted images, and DWI with ADC mapping. Use of IV
gadolinium-based contrast material depended on the indication
and selected protocol.

Brain ultrasound and CEUS were performed portably, without
moving the patient from the isolette or crib in the NICU, as soon
as possible after MRl was performed and after informed consent
was obtained. Per institutional protocol, a radiologist was pres-
ent for all CEUS examinations. Specifically, all CEUS examinations
were performed by a single board-certified pediatric radiologist
(J.H.S., who had 3 years of CEUS experience) who was blinded
to the clinical indication for MRI and the results of MRI. Howev-
er, when available, prior head ultrasound images were reviewed,
thereby mimicking clinical workflow. A routine ultrasound exam-
ination was always performed before CEUS, consistent with stan-
dard implementation of CEUS for all organ systems. A Logiq E9
unit (GE Healthcare) was used for patients who underwent imag-
ing through August 20, 2018, at which time a Logiq E10 unit (GE
Healthcare) was acquired and used for the remaining patients.
Brain ultrasound was performed using the routine clinical pro-
tocol at our institution, including acquisition of both coronal and
sagittal still images and cinematic sweeps through the anterior
fontanelle with the use of both a curved-array transducer with
a small footprint (3-10 MHz) and a linear high-frequency (9 MHz)
transducer, as well as acquisition of transmastoid images with at-
tention given to the posterior fossa. Additional spectral Doppler
imaging of the cerebral arteries was not performed, and com-
pression imaging also was not performed. Brain CEUS was con-
ducted immediately after ultrasound. When the Logiq E9 unit was
used, only the linear 9-MHz transducer had contrast preset capa-
bility, which was utilized with the contrast ultrasound software
and baseline settings of the machine. However, for this machine,
the 3-10-MHz transducer did not have contrast preset capabili-
ty. Therefore, contrast settings were emulated as closely as pos-
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sible, with use of coded harmonic imaging, decreased acoustic
output (power) of 8%, and decreased frequency of 6 MHz based
on manufacturer recommendations. After our upgrade to use of
the Logiq E10 unit, the ultrasound contrast software and contrast
presets of the machine were used for both the curved-array 3-10-
MHz transducer and the linear 9-MHz transducer. The mechanical
index (MI) ranged from 0.09 to 0.14, whereas the thermal index
was 0.0 for all studies. After the UCA was administered, imaging
was performed only in contrast mode to minimize any potential
cavitary, thermal, or mechanical bioeffects. There was no flash
pulse or intentional destruction of microbubbles.

Any type of functioning IV access was used. Although UCA
was used off label, the FDA-approved dose, route, and number
of allowable UCA injections were followed. One dose of sulfur
hexafluoride lipid-type A microspheres (0.03 mL/kg; rounded
up to the nearest 0.1 mL) was administered IV by either the bed-
side nurse or the pediatric sonographer with use of a 1-mL sy-
ringe via the parallel hub of a three-way stopcock; a 3-mL 0.9%
normal saline flush was then administered via the perpendic-
ular hub of the stopcock at a rate of 1 mL/s. All contrast-en-
hanced imaging was performed using cinematic clips that were
saved. First, a wash-in cinematic clip obtained at the level of the
third ventricle in the coronal plane for 30 seconds after UCA ad-
ministration was saved to allow visualization of both gray and
white matter. This was followed by coronal anterior-to-poste-
rior and sagittal right-to-left cinematic sweeps performed us-
ing the curved-array 3-10-MHz transducer and, finally, axial
transmastoid superior-to-inferior cinematic sweeps. Imaging
time was kept as short as possible while visualizing all possi-
ble structures, to minimize any potential bioeffects related to
CEUS. After adequate imaging was completed, only intermit-
tent scanning in contrast mode was performed to evaluate for
spontaneous UCA clearance. After complete microbubble clear-
ance, a second dose of UCA was administered, and the same
cinematic clips were saved using the linear 9-mHz transducer.
Two injections were used to mimic the clinical protocol for eval-
uation of liver lesions with CEUS, which is the current FDA-ap-
proved use of IV sulfur hexafluoride lipid—-type A microspheres
in children, and to provide a backup acquisition given the use of
two types of transducers in this feasibility study.

Patients were monitored by the bedside nurse for potential ad-
verse reactions to the UCA before, during, and for 30 minutes af-
ter the CEUS examination. Patient monitoring included the ox-
ygen saturation percentage, respiratory rate, and continuous
cardiac rate and rhythm monitoring using the standard NICU ex-
tremity pulse oximeter and cutaneous leads. A 15% change in
the heart rate from baseline, a 15% change in the respiratory rate
from baseline, and a 5% change in oxygen saturation were con-
sidered clinically significant. In addition, patients were visually
monitored for any evidence of hypersensitivity by the radiologist
performing the examination and the bedside NICU nurse.

Image Analysis

The radiologist who performed the brain ultrasound and CEUS
examinations (J.H.S.) also reviewed the ultrasound images and
all CEUS images and clips obtained using both transducers in the
same review setting. This radiologist subjectively assessed wheth-
er each CEUS image showed diagnostic quality of enhancement.
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This radiologist also scored examinations using a binomial ap-
proach, evaluating for the presence or absence of germinal ma-
trix hemorrhage, ventriculomegaly, subdural or intraparenchy-
mal hemorrhage, ischemia, and brain malformation. The location
of all identified abnormalities was recorded. The Papile grade of
intraventricular hemorrhage was recorded [21]. Ischemia, if pres-
ent, was classified as acute or subacute if the area appeared echo-
genic or chronic (i.e., having a duration of more than 1 week) if hy-
poechoic or anechoic changes suggesting encephalomalacia were
seen in the region. Quantitative analysis was not performed.

The brain ultrasound images and all CEUS images and clips
were then separately and independently reviewed and graded
by a second pediatric radiologist (S.G., who had 2 years of CEUS
experience). No training specific to this investigation occurred
before image interpretation was conducted by either radiologist,
primarily because brain CEUS findings are not yet well described.
Discrepancies in brain ultrasound and CEUS interpretation were
then reviewed in a consensus session for ultrasound and CEUS,
and the consensus interpretation was used for analysis. Indepen-
dent analysis of the two contrast injections and transducer type
results was not performed.

A third pediatric radiologist (S.S., who had 4 years of experience
in pediatric neuroradiology), who was blinded to the clinical re-
port and ultrasound and CEUS results, independently reviewed all
MRI examinations. This radiologist evaluated MRI for the presence
or absence of the abnormalities that were also assessed on ultra-
sound and CEUS. After the initial separate evaluations of each mo-
dality, the first radiologist (J.H.S.) performed a qualitative post hoc
assessment of cases showing discrepancy between modalities.

Statistical Analysis

Continuous data are presented as mean + SD. The examina-
tion duration was compared between CEUS and MRI by use of a t
test. The examination time for CEUS included both the initial ultra-
sound examination and the subsequent CEUS examination, as well
as time for spontaneous microbubble clearance between imaging.
The examination time for MRI did not include the patient transpor-
tation time, which is not tracked and readily available at our insti-
tution. Interrater agreement for individual abnormalities and for
any abnormality was determined using Cohen kappa coefficients
with 95% Cls; kappa coefficients were classified using the bench-
marks described by Landis and Koch [22]. Sensitivity and specifici-
ty for each abnormality type and for any abnormality overall were
computed separately for ultrasound and CEUS, with MRI used as
the reference standard; 95% Cls were provided. A p <.05 was con-
sidered statistically significant. Statistical analyses were performed
using SAS/STAT software (version 9.4, SAS Institute).

Results
Patients and Examinations

A total of 97 neonates with a scheduled or recently completed
brain MRI examination were screened for study participation. Of
these neonates, 35 were ineligible because of lack of IV access.
No screened neonate was ineligible on the basis of active treat-
ment with extracorporeal life support. In addition, legal guard-
ians were unavailable for 15 neonates. Thus, the guardians of 47
neonates were approached for consent. The guardians of 20 neo-
nates declined participation. Twenty-seven neonates were there-
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fore enrolled. One neonate was later excluded because of sub-
sequent loss of IV access. This exclusion resulted in a final study
sample of 26 neonates (nine boys and 17 girls; mean [+ SD] age,
15.2 + 14.0 days; range, 1-59 days) (Fig. 1).

Six patients had congenital heart disease and/or a right-to-left
vascular shunt. CEUS used a mean dose of sulfur hexafluoride lip-
id-type A microspheres of 0.2 mL £ 0.1 mL per injection, as based
on patient weight. The mean time between MRI and CEUS was
22.1 £ 13.9 hours. The mean duration of brain MRl was 74.2 + 34.8
minutes. The mean duration of combined ultrasound and CEUS
was significantly shorter (21.1 £ 4.7 minutes; p <.001). Two MRI ex-
aminations were performed using IV gadolinium-based contrast
material because of clinical concern about infection; the remain-
ing 24 MRl examinations were performed without contrast mate-
rial. For the first 14 patients, CEUS was performed using the Logiq
E9 unit, which did not have preset capability for the curved-ar-
ray transducer, whereas CEUS was performed using the Logiq E10
unit for the remaining 12 patients.

Safety

No clinically significant alteration in patient vital signs oc-
curred before, during, or within 30 minutes after UCA adminis-
tration, including in patients with cardiac disease and shunts. No
adverse reaction to the UCA occurred.

Image Assessment

All CEUS examinations (regardless of size, type, or location of
the IV access used for contrast agent administration and use of
the linear high-frequency transducer or the curved-array trans-
ducer with a small footprint) subjectively showed diagnostic
quality of enhancement.

Agreement for any abnormality was almost perfect between
the two readers for the independent ultrasound and CEUS inter-
pretations (k= 0.92 and 0.85, respectively). For individual findings,
agreement, which was expressed using the kappa coefficient,
ranged from 0.46 to 1.00 for ultrasound and from 0.43 to 1.00 for
CEUS. Cases of discrepancy between the two readers that were
resolved by consensus included one case each of small grade 1,
2, and 3 germinal matrix hemorrhages; acute thalamus ischemia;
acute temporal lobe ischemia; and posterior fossa subdural hem-
orrhage. Additional results regarding interreader agreement are
presented in Table 1.

Results of the ultrasound, CEUS, and MRl examinations are pro-
vided in Table 2. Table 3 shows the diagnostic performance of
ultrasound and CEUS, with MRI used as the reference standard.
Sensitivity of ultrasound was 86.7%, and that of CEUS was 93.3%.
Specificity was 100.0% for both ultrasound and CEUS. Nine pa-
tients had both normal ultrasound and CEUS findings that were
confirmed by MRI (Fig. 2 and Video S1, the latter of which can be
viewed in the AJR electronic supplement to this article, available
at doi.org/10.2214/AJR.21.26274). Ultrasound and CEUS both had
100.0% sensitivity and 100.0% specificity for ventriculomegaly.
No patient had a brain malformation observed on any imaging
modality. CEUS had sensitivity of 75.0% and specificity of 86.4%
for germinal matrix hemorrhage, sensitivity of 33.3% and speci-
ficity of 100.0% for subdural hemorrhage, sensitivity of 50.0% and
specificity of 100.0% for intraparenchymal hemorrhage, sensitiv-
ity of 87.5% and specificity of 100.0% for acute or subacute isch-
emia, and sensitivity of 100.0% and specificity of 95.8% for chron-
ic ischemia. Differences between ultrasound and CEUS were not
significant given wide 95% Cls.

Post Hoc Imaging Review

All cases of subdural hemorrhage that were missed at ultra-
sound or CEUS were posterior fossa hemorrhages. In one patient
with posterior fossa subdural hemorrhage, the finding was pro-
spectively seen on CEUS but not on ultrasound (Fig. 3). Cases of
intraparenchymal hemorrhage that were not seen on ultrasound
or CEUS were hemorrhagic areas within areas of ischemia, most
likely representing hemorrhagic transformation. Areas of isch-
emia in these patients were detected by ultrasound and CEUS.
In one neonate with subacute ischemia in the middle cerebral ar-
tery territory, hyperenhancement of the area of infarct was seen
on CEUS but not on ultrasound or MRI, although MRI showed
ischemia (Fig. 4 and Video S2, the latter of which can be viewed
in the AJR electronic supplement to this article, available at doi.
org/10.2214/AJR.21.26274). Hyperperfusion was confirmed in this
patient on contrast-enhanced head CT performed for separate
clinical reasons 6 hours later.

In one patient with intraventricular pus, which was caused by
Escherichia coli on the basis of CSF culture, ultrasound and CEUS
findings were interpreted at both independent and consensus
review as grade 3 germinal matrix hemorrhage. However, in ret-
rospect, the case showed avid enhancement of the ependymal

TABLE 1: Agreement Between Two Readers for Ultrasound and Contrast-Enhanced Ultrasound (CEUS)

Ultrasound CEUS
Finding K (95% Cl) Agreement K (95% Cl) Agreement

Germinal matrix hemorrhage 0.61 (0.2-1.00) Substantial 0.43 (0.00-0.92) Moderate
Ventriculomegaly 0.84 (0.52-1.00) Almost perfect 1.00 (1.00-1.00) Almost perfect
Subdural hemorrhage 0.65 (0.01-1.00) Substantial 0.65 (0.01-1.00) Substantial
Intraparenchymal hemorrhage 1.00 (1.00-1.00) Almost perfect 0.65 (0.01-1.00) Substantial

Acute or subacute ischemia 0.69 (0.37-1.00) Substantial 0.79 (0.50-1.00) Substantial
Chronic (> 1 wk) ischemia 0.46 (0.00-1.00) Moderate 0.65 (0.01-1.00) Substantial

Brain malformation 1.00 (1.00-1.00) Almost perfect 1.00 (1.00-1.00) Almost perfect
Any abnormality 0.92 (0.78-1.00) Almost perfect 0.85 (0.64-1.00) Almost perfect

AJR:218, January 2022

155



Squires et al.

(abed 3xau uo sanuuod Z 3jqel)

S9]DLIJURA Paje|Ip

sadeds plouydeleqns pabiejul sadeds plouydeleqns pabiejug sadeds plouydeleqns pabieju3 ‘punosesyn pesy [ewiouqy 1319Y1ed \|d 96Nneb-z P OYM LE 91
JewloN JewlioN JewoN uonoyU| 1919Y3ed \|d 96Nneb-z P 0M6E 91
|ewIoN |ewoN JewoN 2InzI9g 1339438 \|d 9bNneb-yz P 03M6E z
sbeyuiowsay sbeyiiowsy sbeyiiowsay UI9A |eJOoWd)
1e[NDLIJUDARIIUI PUE [BIXERIIXT Je[NDLIJUDARIIUI PUE [BIXERIIXT JB[NDLIJUSARIIUI PUE [BIXBRIIXT IH b1 Ul DD Youal4-€ P oYM LE ol
JewloN JewoN JewoN elwadA|6odAy Juaisisiad 1319438 A\|d 96Nneb-yz P 03IM6E 8
|ewIoN |JewoN |lewIoN ejuojodAH 13)}9Y31ed A\ld 96neb-¢ pZAMBE 9
abeyrioway
|einpqns essoj 1ol2)sod
‘eILIBYDSI 9INJE DAISUDIXT BIWBYDSI 9IND. SAISUDIXT eIWAYISI ANDY s2Inz19s ‘||H 1919438 A\ld 9bNneb-yz P OIM Ly 9
|ewIoN |ewloN JewloN asy ‘sisdas ‘ainziss JAN P 9M 6E 9
uofeuUIWEeXd
|ewIoN JewloN JewoN | 2160j0inau uo sbuipuy [ewiouqy 1939438 A\ld 9bNneb-yz P 93M6E ¥
JewoN JewloN JewloN SaINzIds 1919Y1ed A\ld 96neb-z p ZMOY ¥
abeylioway jeanpgns essoy
Joniv)sod ‘(e1waydsi jo uois
-19Au0d di6eyrioway) abey.l
-toway jewAyduaiedenul SNH Joud
pue ejwaydst ande ‘g spelb HAD elwdYdSI 3nde ‘z apelb HND eIWRYDSI 91Nde ‘z dpelb HIAD uo sbuipuy [ewouge ‘esdudy 1919Y38D A\ld 9bneb-y¢ p £3M8E €
UONRUIWEXD
2160]04n3U [eWIOUQE
uoisnyadiadAy yum 'HD 7 apeib pariodal UlaA dljiseq
(K10311131 YD) BILUBYDSI 9INDY (K10311131 YD) BILUBYDS] 9INdY (1011131 YD) BILUBYDS] 93NdY Y1m snH [endsoy apisino Y61 U1 DDId Youdi4-6'L P SAMGE €
(e1waydsi jo uonew sisdas ‘saunz|as ‘uoisuspadAy
-10jsuedy dibeyrioway) sbey.l Kreuownd a19n3s ‘Adesayy
-lowdy Jewyduaiedesyul OWD3 Jo uons|dwiod pue
‘elWBYDS! 1Nk DAISUDIXT BIWSYDS! 3INDE DAISUDIXT eILBYDSI 9INDY | SwoipuAs uonelidse wniuodapy JAN pTIM LY €
(essoy Jou)sod) abeyrioway (essoy sou1sod) abeyrioway
|eanpgns ‘s apesb HAD lednpgns ‘s apelb HAD € apeib HWDO Klebawonduan dn-mojjo4 1932438 A\ld 9bneb-y¢ pL3MOg 4
BIWBYISI JIUOIYD IO § elwaYds| elwaYds|
apeab HD ou ‘ellaydsI 93Nde | DIUOIYD pue 3nde sbeyliowsy | dluolyd pue snde ‘abeyliowsy
‘abeyiIoway JejndLjudARII JejndLjuanenul pue JejndLjuaAelul pue
pue ‘lewAyduaiedenyul ‘lewAyduaiedesyul ‘leanpans ‘lewAyduasedesul ‘leanpans Ayinjewsud ‘snH
‘leanpgns ‘AjebawojndLudp | ‘AjebawojndLiuaA ‘4 apeib HAD | ‘Ajlebawojndujuan 4y apelb HAD | Joud uo abeyiiowsy jejuesdeliu] 1919Y31ed A\|d 9bneb-17 pLYM8T L
abeyiioway JejnoLjusARIUl abeylioway JejndLuaneul
‘abeyioway jewAyduasedesyul ‘abeyioway jewAydualedesiul abeyuiowsay [ewAyduaiedenul
‘AlebawondLusp ‘AlebawojnoLusp ‘AleBawojndLusp ewol|b [elueidesu) 191938 A\|d 9bneb-y¢ pL3M8E L
(uoneyaidiayu| (Buipesy snsuasuod) (Buipeay snsuasuod) sasoubeiq 19yr0 adA] 1a19y1e) ymig e aby | (p) aby
1apeay 9|buls) 3nsay YN }nsay sNID }nsay punosen|n pue |4\ 10j uonedipul Jejnosep |euone}san | juaned

s)nsay [YIW Pue ‘s3|nsay (SN3ID) punosesy|n

pa>ueyu3j-3}sesjuo) ‘sjjnsay punosei}|n UO SNSUISUO) pue [y 10} uolzedipu] Buipn|duj ‘sdi3siiajdesey) juained :z 379vY1L

pansesal s|ybL |fe ‘Ajuo asn feuossed 104 'SHY Y YBLAAOD ‘68T 01T #7288 SSopPe d | Wol4 #72/7T/90 U0 68T°0FT +72'88 Ad fio'auljuo. fe:mmm wouy pepeojumoq

AJR:218, January 2022

156



"9BeyI0WBY JRINDLIUSARIIUL = HA| ‘UOIIDLISSI YIMOIH SuLINeliul = YO | ‘10949p [e1das
1BJNDLIZUSA = S/ ‘9]0 UdWwelo) Juared = O4d ‘Anful d1waydsi J1xodAy = [|H ‘30249p |e3das [elie = ASY ‘AI9e [eIgaIad S|ppIW = YDA 493343ed [es3uad payasul A|jesayduad = DD ‘UoireuabAXo sueiquIdWw

157

|ea10d102e1IX3 = QDT 123943 SNOUDA [eD1]IgWin = DAN ‘@beyliowsy Xujew [euiuab = HAD ‘punoselyn peay = SNH ‘Al [e4ayduad = Ald *92ep|oq ul paedipul 1. s}Nsal [Y|A PU. SNID JUepIodSId—aI0N

pajejnuaA ‘snH uo
HAI L ®peib ‘gsSy ‘uoisuspadAy
abeyioway (jeriojusl) Kreuow|nd yum eisedsAp
|eanpqns ‘HIAD Z @pean HWO L 9pein HWD L opesn | Areuowndoypuoiq ‘Ayiniewsid 1319y3ed \|d 96Nneb-i7 p £3M ST 6S
abeylioway pue ejwayds| abeyrioway
31U04YD PUE 91N SAISUDIXT pue eIWBYISI 9INJR SAISUDIXT | dbeyiioway pue eluayds! 91ndy uomP3Ju| | wie Y| Ul DDId Youdi4-€ p M LS <3
abeyiioway Jejndouy
-U3ABJIUI ‘(324B)UI 3C O] [RIUOLY 04d ‘uondajul Joy
Y611 Aun) erwaydsi ANdY abeyiI0way JejnNdLUSARIU| abey1I0WaYy Je|NdLIUIARIY] UJadU0D ‘9ALIY} 0} 21N} ‘YON| 1919Y3ed A4 96Nneb-7 P 0YM8E L€
B3] 3y6u U >DId
|ewIoN JewIoN JewoN uoPAYUI‘AUNZISS | uswNnj-3|buIs Youal4-6'L p XM LE 6T
UIaA [e[oey
abeyrioway suol3edyId|ed [ejueldeliul 1ybu ul 19318Y3ed delAoIg
|einpgns essoj 10119)s0d |ewoN JewioN ‘ASA pue asy ‘sisiydso.isen pajpuun} Youai4-£'¢ p LM LE 8z
SNH uo sbulpuy
Jewlouge ‘bununys 1ybu 0}
|ewIoN |ewIoN JewloN | M3] Yum O4d ‘saposida dnouekd 13319Y3ed A\ld 9bneb-yz pP¥AM LE 87
ewneJy |ey
|ewloN |ewIoN |ewloN | -uspiddeuou 3|qissod Joj uIsdu0D 1319Y3ed A\|d 96Nneb-{z P 0M pE T4
(e1wayds1 jo uonew
-10ysues) dibeyrioway) abey.
-1oway jewyduaedesyul
pue jeanpqgns ‘HIND
Z @peib ‘ejWaYdS| 91Nd. SAISUDIXT BIWAYDS| DINJR dAISUDIXT eIWAYISI AINDY IH 1919Y31eD A\|d 9bNneb-{z POIMOY 4
snd Jejndiijuanenul
YUM SIINDLIIUSA SIHNDL3USA ASV snsisA O4d
‘HIND ou ‘AjebawojndLuay | ‘s apetb HND ‘Ajlebawonduusp | € apelb HAD ‘Ajebawojnduiuay | ‘SIHINDLIIUSA J10) 93en|eAd ‘sisdag 1319y3ed \|d 96Nneb-,7 pSIM LT 0z
Adesayy
c OWD3 Jo uonajdwod pue | ueA JejnbNfjeusaul ybu
eIWAYIS| DIUOIYD eIWBYDS| dIUOIYD BIWUBYDSI DIUOIYD | dwOoIpuAs uonesidse WNUOdSIA | Ul I933Yed UYoH Ydual4-/ P OM8E 8l
(uonelaidiayu) (Buipeay snsuasuod) (Buipeay snsuasuod) sasoubelq a2dA] 1a19y1e) yuig e aby | (p) oby
1apeay 3|buIs) YnsaYy [YN nsay SNID }|nsay punosen|n J3Y10 pue [4IA 104 uonedipu] Je|nosepn jeuonelsan | juslled

o
[
=
(]
=
-
.-
(-]
v
=]
w
v

(PeNnunUOD) s3Nsay YN Pue ‘s3|nsay (SNID) punosesyn

pa>ueyu3z-}sesjuo) ‘sjjnsay punoseiljf Uo SNSUISUO) pue Y 10} uonjedipuj Buipnpduj ‘sd13siialdesey) juaijed :z 319YL

pansesal s|ybL |fe ‘Ajuo asn feuossed 104 'SHY Y YBLAAOD ‘68T 01T #7288 SSopPe d | Wol4 #72/7T/90 U0 68T°0FT +72'88 Ad fio'auljuo. fe:mmm wouy pepeojumoq

AJR:218, January 2022



Downloaded from www.gjronline.org by 88.24.140.189 on 06/14/24 from | P address 88.24.140.189. Copyright ARRS. For personal use only; al rights reserved

Squires et al.

TABLE 3: Diagnostic Performance of Ultrasound and Contrast-Enhanced Ultrasound (CEUS) for

Individual Abnormalities and for Any Abnormality, With MRI Used as the Reference Standard

Sensitivity Specificity
Abnormality Percentage (95% Cl) | Numerator | Denominator | Percentage (95% Cl) | Numerator | Denominator
Ultrasound
GMH 75.0 (32.6-100.0) 3 4 90.9 (78.9-100.0) 20 22
Ventriculomegaly 100.0 (100.0-100.0) 4 4 100.0 (100.0-100.0) 22 22
Subdural hemorrhage 22.2(0.0-49.4) 2 9 100.0 (100.0-100.0 17 17
Intraparenchymal hemorrhage 50.0 (10.0-90.0) 3 6 100.0 (100.0-100.0) 20 20
Acute or subacute ischemia 87.5 (64.6-100.0) 7 8 100.0 (100.0-100.0) 18 18
Chronic (> 1 wk) ischemia 100.0 (100.0-100.0) 2 2 95.8 (87.8-100.0) 23 24
Brain malformation NA NA NA 100.0 (100.0-100.0) 26 26
Any abnormality 86.7 (69.5-100.0) 13 15 100.0 (100.0-100.0) n 1
CEUS
GMH 75.0 (32.6-100.0) 3 4 86.4 (72.0-100.0) 19 22
Ventriculomegaly 100.0 (100.0-100.0) 4 4 100.0 (100.0-100.0) 22 22
Subdural hemorrhage 33.3(2.5-64.1) 3 9 100.0 (100.0-100.0) 17 17
Intraparenchymal hemorrhage 50.0 (10.0-90.0) 3 6 100.0 (100.0-100.0) 20 20
Acute or subacute ischemia 87.5 (64.6-100.0) 7 8 100.0 (100.0-100.0) 18 18
Chronic (> 1 wk) ischemia 100.0 (100.0-100.0) 2 2 95.8 (87.8-100.0) 23 24
Brain malformation NA NA NA 100.0 (100.0-100.0) 26 26
Any abnormality 93.3(80.7-100.0) 14 15 100.0 (100.0-100.0) 1 "

Note—GMH = germinal matrix hemorrhage, NA = not applicable.

ventricular lining (Fig. 5), which was not seen in other patients
with intraventricular hemorrhage.

Discussion

To our knowledge, this is the first prospective evaluation of
brain CEUS in neonates that has used MRI as the reference stan-
dard. The addition of a UCA-enhanced examination to traditional
ultrasound was both feasible and safe for this off-label use in this
small cohort. The small catheters placed for clinical purposes were
used to administer the UCA, with diagnostic quality of enhance-
ment observed across all catheter types and patient gestation-
al ages. Of importance, in this potentially vulnerable population,
no adverse events occurred during or after UCA administration,
consistent with the reported low rate of adverse events for UCAs
[9-12]. Patient transport and sedation were not needed, and im-
aging was performed faster by use of the combination of ultra-
sound and CEUS than by MRI. Inclusion of transportation in the
MRI examination time would have further increased the differ-
ence in imaging time between the two modalities. These neo-
nates also usually already have IV access in place for clinical care
purposes. Thus, brain CEUS is a particularly attractive option for
imaging critically ill neonates.

The potential bioeffects of CEUS were minimized by use of me-
ticulous technique. High Ml imaging or prolonged imaging have
a theoretic risk of microbubble rupture causing damage to ad-
jacent structures, called sonoporation. Potential sonoporation
of developing intracranial structures was minimized by imaging
exclusively with low MI after UCA administration. Total CEUS im-
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aging time was kept as short as possible while still visualizing all
intracranial structures. Finally, between injections, while waiting
for spontaneous UCA clearance, we performed no high Ml imag-
ing or flash technique, and we conducted only intermittent scan-
ning with low Ml to assess spontaneous UCA clearance.

Early and accurate detection of acute brain injury in the neo-
natal period assists with prognostication as well as decision
making and early treatment [23, 24]. Although abnormalities
in individual patients were detected on CEUS but not on ultra-
sound, larger studies are needed to provide a more comprehen-
sive comparison of the accuracy of the two techniques. None-
theless, interreader agreement for any abnormality observed
on CEUS was almost perfect, despite the lack of a training ses-
sion for the two readers.

CEUS identified hyperenhancement of an area of subacute
stroke in one patient. Postischemic hypervascularity using arteri-
al spin labeling perfusion MRI has been described elsewhere [25].
To our knowledge, this is the first such case reported on CEUS.
Hyperperfusion is thought to be related to revascularization after
vessel recanalization or, possibly, to increased neuronal activity.
However, the cause and clinical significance are unknown. Imag-
ing patients with stroke over time can be easily performed using
CEUS, which could provide a more accessible differentiation of
postischemic hyperperfusion versus hypoperfusion than that of-
fered by MRI. This in turn could facilitate improved insight of the
correlation of the finding with neurodevelopmental outcomes.

Identification of hemorrhage remains a limitation of both ul-
trasound and CEUS. The sensitivity of these two modalities for
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subdural or intraparenchymal hemorrhage ranged from 22.2% to
50.0%. In our cohort, areas of ischemia were identified on CEUS,
but superimposed hemorrhagic transformation was not. Because
microbubbles travel within vascular structures, enhancement is
impeded by lack of blood flow due to either ischemia or hemor-
rhage. Thus, ischemia and hemorrhage appear similar on CEUS,
with both manifesting as nonenhancing areas. In addition, sub-
dural hemorrhages were all located in the posterior fossa, which
may be birth related and may not be clinically significant.

An important finding on CEUS in one patient, although identified
only at the post hoc review, was ventriculitis related to infection. To
our knowledge, this is the first reported case of infectious ventricu-
litis at CEUS. We suggest that this diagnosis be considered when the
appearance that we have described is encountered, particularly in
the presence of clinical suspicion for intracranial infection.

Although this is a prospective study, we acknowledge poten-
tial limitations. First, the sample size was small. In addition, ultra-
sound contrast presets were not available for both transducers
until the machine upgrade occurred. The performance of CEUS
for patients who underwent imaging before the upgrade may
have been underestimated, particularly for abnormalities in the
peripheral brain. Nonetheless, all examinations were deemed to
subjectively exhibit diagnostic quality of enhancement. The au-
thors recommend use of transducers with software presets and
use of a curved-array transducer with a small footprint when
possible. Also, the radiologist performing CEUS was blinded to
the MRI indication and results. However, it was not possible to
blind the radiologist who was performing bedside ultrasound
and CEUS to the clinical status of the patients based on visual in-
spection, which may have introduced bias. However, the second
CEUS reader was not present at the time of imaging, and inter-
rater agreement of the independent interpretations was almost
perfect. Further, consistent with clinical workflows, ultrasound
and CEUS were interpreted during the same setting, which may
have also biased the CEUS results. Finally, quantitative CEUS anal-
ysis was not performed; all analyses were based on readers’ qual-
itative visual assessment. This limitation reflects current CEUS
implementation given the current lack of widely available quanti-
fication software for CEUS in the United States. Proprietary quan-
tification software has been developed for research purposes at
some U.S. institutions but in general is not externally available.
We recognize the availability of CEUS quantification software for
research purposes in humans that is currently available outside of
the United States (e.g., VueBox, Bracco Imaging).

In conclusion, use of brain CEUS is feasible to image the neona-
tal brain portably and safely and offers almost perfect interreader
agreement. The potential diagnostic utility of brain CEUS relative
to conventional ultrasound warrants further investigation.
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Fig. 2—12-day-
old boy, born at
gestational age of

97 Neonates with scheduled
or recent brain MRI screening

examination 39 weeks 0 days,
who had normal
Ineligible due to lack results of contrast-
—
of IV access (n = 35) enhanced ultrasound
- (CEUS) performed
Legal guardians using Logiq E10

unavailable (n = 15) ultrasound machine
(GE Healthcare)

and curved-array
3-10-MHz transducer
at 17 seconds after
administration of
ultrasound contrast
agent. Coronal
CEUS image shows
homogeneous
supratentorial

and infratentorial

Legal guardians
—» | declined participation
(n=20)

27 Neonates enrolled | <“—

Loss of IV access

after consent (n=1)

v

| 26 Neonates included

¢ enhancement.
Findings of previously
CEUS perft_)rmed for performed MRI
all patients examination (not

shown) were also

normal.
Fig. 1—Flow diagram of patients screened, including those excluded and

included. CEUS = contrast-enhanced ultrasound.

A B

Fig. 3—2-day-old girl, born at gestational age of 36 weeks 3 days (late preterm), who had bilateral in utero grade 3 germinal matrix hemorrhages and posterior fossa
subdural hemorrhage.

A, Split-screen axial transmastoid image shows gray-scale image (left) and contrast-enhanced ultrasound (CEUS) image (right) obtained 1 minute and 29 seconds
after administration of ultrasound contrast agent. CEUS was performed using Logiq E10 ultrasound machine (GE Healthcare) and linear 9-MHz transducer. Images
show heterogeneously hypoechoic right posterior fossa subdural hemorrhage with no enhancement (arrowheads) adjacent to sigmoid dural venous sinus overlying
cerebellar hemisphere.

B, Coronal 3D gradient-echo MR image confirms right posterior fossa subdural hemorrhage (arrowhead).
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Neonatal Brain

Fig. 4—3-day-old girl, born at gestational age of 38 weeks 5 days, who had hyperenhancing subacute large left middle cerebral artery (MCA) territory infarct.

A, Coronal contrast-enhanced ultrasound image image was performed using Logiq E10 ultrasound machine (GE Healthcare) and curved-array 3-10-MHz transducer.
Split-screen display shows gray-scale image (left) and contrast-only image (right) obtained 20 seconds after injection of contrast agent. On contrast-only image,
intrinsic hyperechogenicity of background soft tissue is subtracted, such that only microbubbles are displayed brightly. Gray-scale image shows heterogeneous
hyperechogenicity of left middle cerebral artery territory (arrows), compatible with cytotoxic edema from subacute infarct. Contrast-only image shows
hyperenhancement of infarction (arrows), compatible with hyperperfusion. Hyperperfusion was also present on subsequent contrast-enhanced head CT (not shown).
B, Axial diffused-weighted MR image shows diffusion restriction, compatible with infarct.

A B

Fig. 5—Contrast-enhanced ultrasound (CEUS) images of brain in two infants with ventriculomegaly of
different causes. Both images were obtained using Logiq E10 ultrasound machine (GE Healthcare) and curved-
array 3-10-MHz transducer.

A, 20-day-old girl, born at gestational age of 27 weeks 5 days, who had Escherichia coli ventriculitis. CEUS
image obtained 17 seconds after administration of ultrasound contrast agent shows hyperenhancement of
ependymal lining of lateral ventricles (arrows), compatible with ventriculitis. CSF within dilated ventricles is
nonenhancing.

B, 2-day-old girl (same patient as Fig. 3), born at gestational age of 36 weeks 3 days, who had bilateral in utero
grade 3 germinal matrix hemorrhages and posterior fossa subdural hemorrhage. CEUS image obtained 20
seconds after administration of ultrasound contrast agent shows lateral ventricular ependymal enhancement
(arrows) similar to adjacent supratentorial white matter, in contradistinction to hyperenhancing ependyma
seen in Figure 5A.

(Editorial Comment starts on next page)
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Editorial Comment: Contrast-Enhanced Ultrasound of the Brain—Potential Applications in the Neonatal ICU

Assessment of the brain in critically ill neonates is crucial for
the detection of abnormalities that may influence prognostica-
tion and patient management. Current technologies include both
gray-scale and color Doppler ultrasound, which are relatively in-
sensitive to ischemic changes, and MRI, which poses challenges
related to patient transportation and the potential need for seda-
tion. Contrast-enhanced ultrasound (CEUS) is an alternative mo-
dality for addressing these limitations; early evaluation of CEUS for
assessment of the pediatric brain has been promising [1, 2].

This study expands on earlier preliminary work by prospectively
evaluating neonatal brain CEUS performed portably in the neona-
tal ICU, in comparison with MRI, which was also performed for all
patients. The authors show excellent performance of CEUS for di-
agnosing ischemia and also provide further evidence of the safe-
ty of administration of ultrasound contrast agents to neonates.
Their findings support the use of CEUS for evaluation of the neo-
natal brain not only as an adjunct to MRI but also as a potential re-
placement used for patients who are too ill to be transported or
who have a contraindication to MRI. In conjunction with the exist-
ing literature, the results should encourage practicing radiologists
to add CEUS to their diagnostic imaging armamentarium.

Given the reliable detection of intracranial abnormalities, CEUS
provides radiologists and referring physicians with an attractive
option for patients in the neonatal ICU who would benefit from

a safe bedside alternative or supplement to MRI. Furthermore, as
the authors discuss, CEUS can be used for real-time visualization
of intracranial perfusion and for longitudinal follow-up of find-
ings identified on initial ultrasound or MRI examinations (e.g.,
to assess for revascularization). Ultimately, this study provides a
foundation for wider implementation of CEUS in the ongoing ef-
forts to help these vulnerable patients.
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