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Imaging of Cerebral Perfusion during Neonatal Arterial
Switch Operation

Ferdinand Knieling, MD © Robert Cesnjevar, MD" * Adrian P Regensburger, MD © Alexandra L. Wagner, MD o
Ariawan Purbojo, MD * Sven Dittrich, MD © Frank Miinch, MS * Antje Neubert, PhD * Joachim Woelfle, MD
Jorg Jiingert, MD* © Andyré Riiffer, MD**

From the Departments of Pediatrics and Adolescent Medicine (EK., A.PR., ALW., AN., J.W, ].J.), Congenital Heart Surgery (R.C., A.R, EM.), and Pediatric
Cardiology (S.D.), University Hospital Erlangen, Friedrich-Alexander-Universitit Erlangen-Niirnberg, Loschgestrasse 15, 91054 Erlangen, Germany; and Section for Con-
genital and Pediatric Cardiac Surgery, University Heart Center Hamburg, University Hospital Hamburg, Eppendorf, Hamburg, Germany (A.R.). Received August 18, 2021;
revision requested October 22; revision received January 11, 2022; accepted February 2. Address correspondence to EX. (e-mail: Ferdinand. Knieling@uk-erlangen.de).

!Current address: Department of Paediatric Cardiothoracic Surgery, University Hospital Ziirich, Ziirich, Switzerland.

Current address: Department of Pediatric Cardiac Surgery, University Hospital Aachen (UKA), RWTH Aachen University, Aachen, Germany.

EK. and ].J. supported by the German Society for Ultrasound in Medicine (Deutsche Gesellschaft fiir Ultraschall in der Medizin). EK. and A.PR. supported by the
Interdisciplinary Center for Clinical Research. EK. supported by the ELAN fund Erlangen.

*7].J. and A.R. are co-senior authors.

Conflicts of interest are listed at the end of this article.

Radiology 2022; 000:1-9 * https://doi.org/10.1148/radiol.212044 * Content codes: @

Background: Brain injury and subsequent neurodevelopmental disorders are major determinants for later-life outcomes in neonates
with transposition of the great arteries (TGA).

Purpose:  To quantitatively assess cerebral perfusion in neonates with TGA undergoing arterial switch operation (ASO) using trans-
fontanellar contrast-enhanced US (T-CEUS).

Materials and Methods: In a prospective single-center cross-sectional diagnostic study, neonates with TGA scheduled for ASO were
recruited from February 2018 to February 2020. Measurements were performed at five time points before, during, and after surgery
(T =T,), and 11 perfusion parameters were derived per cerebral hemisphere. Neonate clinical characteristics, heart rate, mean arte-
rial pressure, central venous pressure, near-infrared spectroscopy, blood gas analyses, ventilation time, time spent in the pediatric
intensive care unit, and time in hospital were correlated with imaging parameters. Analysis of variance or a mixed-effects model were
used for groupwise comparisons.

Results: A total of 12 neonates (mean gestational age, 39 6/7 weeks * 1/7 [SD]) were included and underwent ASO a mean of 6.9
days = 3.4 after birth. When compared with baseline values, T-CEUS revealed a longer mean time-to-peak (right hemisphere, 4.3 sec-
onds * 2.1 vs 17 seconds £ 6.4 [P < .001]; left hemisphere, 4.0 seconds = 2.3 vs 21 seconds = 8.7 [P < .001]) and rise time (right
hemisphere, 3.5 seconds £ 1.7 vs 11 seconds = 5.1 [P = .002]; left hemisphere, 3.4 seconds % 2.0 vs 22 seconds * 7.8 [P = .004])

in both cerebral hemispheres during low-flow cardiopulmonary bypass and hypothermia (T,) for all neonates. Neonate age at surgery
negatively correlated with T-CEUS parameters during ASO, as calculated with the area under the flow curve (AUC) during wash-in
(R=—0.60, P =.020), washout (R = —0.82, P =.002), and both wash-in and washout (R = —0.79, P = .004). Mean AUC values were
lower in neonates older than 7 days compared with younger neonates during wash-in ([87 arbitrary units {au} = 77] X 10% vs [270 au
=+ 164] X 10% P =.049]), washout ([15 au = 11] X 10% vs [65 au = 38] X 10°, P =.020]) and both wash-in and washout ([24 au *
18] X 10% vs [92 au * 53] X 10°, P =.023).

Conclusion:  Low-flow hypothermic conditions resulted in reduced cerebral perfusion, as measured with transfontanellar contrast-
enhanced US, which inversely correlated with age at surgery.

Clinical trial registration no. NCT03215628
© RSNA, 2022
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he prognosis of patients with congenital heart disease has
Tsubstantiaﬂy improved over the past several decades, es-
pecially due to advances in surgical techniques (1,2). Arte-
rial switch operation (ASO) for transposition of the great
arteries (TGA) attempts to re-establish the connection of
pulmonal and systemic body circulation (3). Neurodevel-
opmental impairment, either from preexisting syndromic
or genetic conditions or from complex surgical interven-
tions, has become an important determinant for long-term

morbidity and mortality (4). For ASO, the age at repair
was found to be predictive of future cognitive function (5).
Refinements to the surgical procedures, such as the use of
a low-flow cardiopulmonary bypass (CPB) in comparison
with circulatory arrest, have improved early (6) and late
neurologic outcomes (7).

Several imaging studies have tried to unravel the asso-
ciation between surgical interventions in congenital heart
disease and possible later neurodevelopmental impairment
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Abbreviations

ASO = arterial switch operation, AUC = area under the flow curve, CPB
= cardiopulmonary bypass, Pco, = partial pressure of carbon dioxide,
T-CEUS = transfontanellar contrast-enhanced US, TGA = transposition
of the great arteries

Summary

Transfontanellar contrast-enhanced US enables intraoperative imaging
and quantification of cerebral perfusion during neonatal heart surgery.

Key Results

= In a prospective study of 12 neonates undergoing heart surgery,
transfontanellar contrast-enhanced US (T-CEUS) enabled quanti-
fication of cerebral perfusion undergoing arterial switch operation

(ASO).

= Neonate age at surgery negatively correlated with T-CEUS flow
parameters during ASO as calculated with area under the flow
curve during both wash-in and washout (R = —0.79, P = .004).

= Neonates undergoing surgery on the 7th day of life had lower
mean area under the flow curve values during both wash-in and
washout (24 arbitrary units [au] X 10° vs 92 au X 10 P =.02)
compared with neonates undergoing surgery before 7 days of life.

(8,9). Functional neuroimaging (eg, functional MRI) is tech-
nically challenging during ongoing neonatal cardiac surgery
and therefore has limited capabilities for longitudinal intra-
operative studies (10,11). US imaging has been recognized as
a valuable tool with which to depict cerebral flow dynamics in
infants (12). With the introduction of micron-size, gas-filled
biodegradable shelled microbubbles used as vascular-specific
US contrast agents, dynamic contrast-enhanced US has the
capability to be used for quantitative perfusion imaging (13).
Contrast-enhanced US has an excellent safety and pharmaco-
logic profile, with liver and renal independent clearance (14).
The U.S. Food and Drug Administration approved it for intra-
venous use for liver diagnostics in pediatric patients (15,16).
This suggests that it is possible to perform intraoperative real-
time transfontanellar neuroimaging studies with contrast-
enhanced US (17,18). We hypothesized that transfontanellar
contrast-enhanced US (T-CEUS) can depict and enable analysis
of cerebral blood flow during neonatal ASO. Thus, we aimed
to use T-CEUS to quantitatively assess cerebral perfusion in
neonates undergoing ASO.

Materials and Methods

Study Design and Patients

Ethical and regulatory approval were obtained for this prospec-
tive single-center cross-sectional diagnostic trial. All parents or
guardians gave written informed consent, and the trial was reg-
istered (ClinicalTrials.gov no. NCT03215628). Consecutive
patients were recruited from February 2018 to February 2020
at the University Hospital Erlangen prior to individual surgi-
cal procedures. Infants aged 4 months or younger with TGA
were eligible if they had a suitable imaging window (with open
fontanel) and reasonable general health and neurologic status,
and if a trained and certified physician qualified to perform
the procedure was available. Neonates were excluded if this US
physician was absent or if they had a known intolerance to

US contrast agents (or sulfur hexafluoride), poor general con-
dition, or preexisting brain damage. For this study, one trial
arm (neonates with TGA undergoing ASO) was analyzed. Data
generated or analyzed during the study are available from the
corresponding author by request.

Clinical Data

In all patients, continuous standard clinical monitoring was
performed during the ASO procedure. Individual patient data
before and during surgery were collected, including gestational
week, age, weight, sex, heart rate, mean arterial pressure, central
venous pressure, near-infrared spectroscopy findings, ventilation
time, time spent in the pediatric intensive care unit, and total
time in hospital. As part of standard monitoring, blood gas
analyses (non—temperature-corrected analysis, a-stat method;
temperature-corrected analysis, pH-stat method) were per-
formed by a perfusionist (EM., with 26 years of experience).

Imaging Studies

T-CEUS imaging was performed as described in previous studies
(17). Briefly, a mobile high-end US system (Zonare ZS3, version
7.5; Shenzhen Mindray Bio-Medical Electronics) together with
a curved array (Zonare C9-3 transducer; Shenzhen Mindray Bio-
Medical Electronics) was used to perform imaging with the low-
mechanical-index preset (mechanical index, 0.15). For all exami-
nations, a trained and certified physician (J.J., with >20 years
of experience in pediatric US) positioned the probe directly at
the great fontanelle and kept a constant middle coronal plane
during acquisition. For identification of clear visible anatomic
landmarks and identification of both hemispheres, a middle coro-
nal imaging plane was chosen. As reported before, the US contrast
agent (0.04 mL per kilogram of body weight; SonoVue, Bracco)
was injected intravenously as a bolus and was followed by a bo-
lus of 2 mL 0.9% NaCl (17,19,20). While CPB was running,
the US contrast agent dose was adjusted as follows: because blood
volume in newborns is mostly calculated with approximately
85-100 mlL/kg body weight (21) and the CPB was filled with
a priming volume of 148 mL of blood, a compensation weight
of 1 kg was added to the total body weight for contrast agent
dose calculation. The mean absolute US contrast agent dose was
0.17 mL * 0.02 (SD), and mean weight-adapted US contrast agent
doses were 0.04 mL/kg = 0.003 (no CPB, time points T + TS)
and 0.05 mL/kg = 0.004 (CPB, time points Tz_Ts)’ respectively.

Imaging Time Points

Imaging data were recorded at five different time points: before
surgery (T'), during high flow of the CPB at 37°C (T), during
high flow of the CPB at 25°C-28°C (T)), during low flow of the
CPB at 25°C-28°C (T), and after surgery (T) (Fig 1A, 1B).

Software-based Analysis and Quantification

One investigator (EK., with 11 years of experience in preclini-
cal and clinical contrast-enhanced US) who did not perform or
who was blinded to the results of intraoperative scanning had
full access to all data and performed the independent analyses.
Imaging data were exported as Digital Imaging and Communi-
cations in Medicine files, and quantification of time-intensity
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Figure 1:

1 TP [8]

Study flow and technical approach. (A) Standardized routine arterial switch operation (ASO) was performed with a cardiopulmonary bypass (CPB). Ao =

aorta, PA = pulmonary arfery, RA = right atrium, RV = right ventricle, RVC = right vena cava, SVC = superior vena cava. (B) Imaging was performed at five fime points during
surgery (T =T, at different body temperatures and under different CPB flow conditions. (€) In transfontanellar contrast-enhanced US, infravenous injected microbubbles were

insonated, and signals were recorded as Digital Imaging and Communications in Medicine videos. (D) These videos were used for secondary software analysis to derive fime-

intensity curves for dynamic flow parameters. Imaging timepoints were as follows: T, = before surgery; T, = high CPB flow, 37°C; T, = high CPB flow, 25°C-28°C; T, = low
CPB flow, 25°C-28°C; T,=end of surgery. FT = fall fime, mTT = mean transit time, PE = peak enhancement, TTP = time-to-peak, WIAUC = area under the curve during wash-

in, WiPI = wash-in perfusion index, WiR = wash-in rate, WiWWoAUC = area under the curve during wash-in and washout, WoAUC = area under the curve during washout,

WoR = washout rate, and RT = rise time.

Table 1: Assessed Parameters and Description for Transfontanellar Contrast-enhanced US

Parameter Unit of Measure

Explanation

Peak enhancement Arbitrary units

AUC during wash-in

Arbitrary units

Rise time Seconds
Mean transit time Seconds
Time-to-peak Seconds

Wash-in rate

Wash-in perfusion index

AUC during washout

AUC during wash-in and washout

Arbitrary units
Arbitrary units
Arbitrary units
Arbitrary units
Fall time Seconds

Wash-out rate Arbitrary units

Maximum of signal intensity, peak signal level

Integral from start (t,) to peak, signal level of wash-in

Time from ¢, to peak, time for rise of signal level

Ratio of volume and flow

Time to maximum signal, time for rise of signal level
Maximum slope ascending part

AUC during wash-in divided by rise time

Integral from peak to loss of signal (t,), signal level of washout
AUC during wash-in and AUC during washout, total signal level
t, time-to-peak

Minimum slope descending part

Note.—AUC = area under the curve, t, = time point for first detection of signal, t, = time point for loss of signal.

curves was performed with dedicated software (VueBox, version
7.1.5.58024; Bracco Suisse). The software enables generation of
time-intensity curves from recorded T-CEUS scans as surrogates
of microbubble flow over time in a predefined region of interest
(22,23). For the secondary software-based analyses, signals were
measured in both cerebral hemispheres (right and left) and in
the superior sagittal sinus (venous). For all measurements, the
manufacturer provided a calibration file specified for the used

Radiology: Volume 000: Number O—Month 2022 a radiology.rsna.org

US device and imaging probe. As a result, 11 dynamic flow
parameters were generated for subsequent analyses (Table 1).
Figure 1C and 1D describes the approach from intravenous in-
jection to generation of T-CEUS parameters. Table 1 summa-
rizes the assessed parameters and gives their description. For the
final analysis, a total of 60 investigations were included. If single
parameters could not be calculated, then these data points were
excluded from the final analysis.
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Statistical Analyses

Because no prior data were available, no power calculation was
performed. The sample size of 12 neonates was deemed ethi-
cally justified for this study. Data are given as mean * SD. Sta-
tistical analysis was performed with GraphPad Prism (version
9.0; GraphPad). Normal distribution of values was tested with
the Shapiro-Wilk test and inspected with quantile-quantile
plots. Differences of signal level in relation to baseline were
tested with repeated measures two-way analysis of variance
and the Dunnett multiple comparisons test. In case of missing
values, a mixed-effects model was used. A comparison of two
groups was performed with a two-tailed unpaired 7 test. For
correlation matrices, T-CEUS parameters of the right hemi-
sphere at every surgical step were correlated with age at surgery.
Coefhicients are reported as Pearson correlation coeflicients. P
< .05 was considered indicative of a significant difference. For
age group analyses, the study sample was empirically divided
into young (<7 days) and old (=7 days) patients based on
time to surgery (six patients per group). A receiver operating
characteristic curve was used to describe the relationship be-
tween sensitivity and specificity at different thresholds.

Results

Neonate Characteristics

Finally, 12 neonates with a mean gestational age of 39 6/7
weeks * 1/7 were included in the final analysis (Fig 2). They
underwent ASO a mean of 6.9 days * 3.4 (range, 2—16 days)
after birth. There was no associated mortality, and all neonates
were discharged alive. Two neonates experienced infectious
episodes, and one neonate had low cardiac output and under-
went extracorporeal membrane oxygenation and dialysis after
completion of ASO. In one neonate, microcephaly was no-
ticed without any other signs of syndromic disease. Median
head circumference was 34.7 cm = 1.3. Demographic data of
the neonates are summarized in Table 2.

Accessed for eligibility
during study period
n=22

Excluded (n=10)
4 unstable general condition
6 no consent/team not available

4,

Y

Included in the study

A total of 22 neonates were screened for inclusion. Four neo- n=12
nates were excluded due to their unstable general condition,
and six were excluded because the parents did not give con-
sent for the study or the imaging physician was unavailable. Figure 2:  Study flowchart.
Table 2: Characteristics of Neonates Undergoing ASO
Underwent No. of Age at Head
Participant Rashkind Gestational ~ Weight ~ Surgery  Circumference In-house Coronary
No. Diagnosis Procedure PG Weeks (kg) (d) (cm) Delivery  Artery Patterns  Other
1 D-TGA, Y Y 414/7 4.10 5 38.0 N 1: L;2:R,Cx  NA
VSD
2 D-TGA Y Y 413/7 3.70 10 35.0 N 1:L,Cx; 22 R NA
) D-TGA N Y 396/7 3.50 5 34.0 Y 1: L;2:R,Cx  NA
4 D-TGA Y Y 414/7 3.60 35.0 Y 1:L,Cx; 22 R NA
5 D-TGA N Y 402/7 3.96 16 34.0 Y 1: L, Cx; 2: R Postoperative
sepsis
6 D-TGA N Y 392/7 2.80 5 32.5 N 1:L; 2: R,Cx  Microcephaly
7 D-TGA Y Y 395/7 3.60 2 34.5 N 1:L,Cx;2: R NA
8 D-TGA, Y Y 381/7 3.45 7 34.0 N 1:L; 2R, Cx  NA
VSD
9 D-TGA N Y 382/7 3.80 6 34.0 N 1:L,Cx;2: R NA
10 D-TGA Y Y 410/7 3.80 7 35.5 N 1:L,Cx; 22 R NA
11 D-TGA Y Y 3727 2.70 7 34.5 Y 1: L; 2: R, Cx  Postoperative
ECMO, dialysis
12 D-TGA, Y Y 404/7 3.40 6 35.5 N 1: L, Cx; 2: R Postoperative,
VSD SIRS
Mean NA NA NA 396/7 £1/7 35*04 69 *34 347 %13 NA NA NA
+ SD
Note.—ASO = arterial switch operation, Cx = circumflex artery, D-TGA = dextro-transposition of the great arteries, ECMO =
extracorporeal membrane oxygenation, L = left coronary artery, N = no, NA = not applicable, PG = prostaglandin infusion, R = right
coronary artery, SIRS = systemic inflammatory response syndrome, VSD = ventricle septum defect, Y = yes.

radiology.rsna.org = Radiology: Volume 000: Number O—Month 2022
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Box and whisker plots show blood gas samples obtained during arterial switch operation. Horizontal lines indicate the mean, and lower and upper bars indi-

cate SD. During the intervention, (A) pH (at-stat method) decreased and (B) partial pressure of carbon dioxide (Pco,) increased significantly. After temperature correction
[pH-stat method), values for (€) pH and (D) Pco, showed no significant changes. * = P < .05, ** =P < 01.

Clinical Parameters during ASO

Mean radial blood pressure was 41 mmHg * 6.8 at baseline
(T)) and 48 mmHg * 13 at T, (P = .41), 39 mmHg * 13 at T,
(P=.95),29 mmHg * 12 at T, (P = .026), and 55 mmHg *
8.1 at T, (P < .001) (Fig 3A). As a result of the reconstruction
of a physiologic cardiovascular anatomy, regional cerebral oxy-
genation level of the lower body as measured with near-infrared
spectroscopy increased from 44% * 16 atT, t0 53% = 22 atT,
(P=.10),67% £ 19 ath (P=.008),62% = 16 atT4 (P=.002),
and a postoperative peak of 76% * 11 at T, (P <.001) (Fig 3B).
Regional cerebral oxygenation level measured in the bilateral
cerebral hemispheres remained within the normal range during
the entire course of ASO (Fig 3C, 3D).

As measured with the a-stat method, pH decreased, and partial
pressure of carbon dioxide (Pco,) increased at T, when compared
with baseline levels. In arterial blood samples, pH was 7.4 = 0.1 at
T,74%01acT,(P>.99),7.3 = 0.04ac T, (P=.048), 7.2 +
0.1 at T, (P=.009), and 7.4 * 0.1 at T, (P> .99) and Pco,was
40 mmHg * 7.9 at T, 41 mmHg * 5.4 at T, (P =.98), 49
mmHg * 43 atT, (P=.10), 65 mmHg = 14 at T, (P = .014),
and 37 mmHg * 6.4 at T, (P = .67) (Fig 4A, 4B). As measured
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with the temperature-corrected pH-stat method, pH and Pcore-
mained unchanged when compared with baseline values. The pH
was 7.4 £ 01 atT,74 * 01aT, (P=.89),74* 0.04at
T, (P=.60),73 = 0.1 at T, (P = .33), and 7.40 * 0.06 at T,
(P>.99), and Pco, was 40 mmHg *+ 7.9 atT , 41 mmHg * 4.6
at'T, (P=.86),29 mmHg = 3.8 at'T, (P=.13), 42 mmHg * 8.6
atT, (P=.86), and 37 mmHg * 6.4 at T, (P = .68) (Fig 4C, 4D).

Cerebral Perfusion during ASO

Dynamic flow parameters were analyzed during the course
of ASO, and secondary analyses of captured T-CEUS scans
revealed changes associated with each surgical step (Fig 5A,
Movie 1 [online]). When plotting individual time-intensity
curves, a marked change in the slope of the curves was no-
ticed, especially during T, (Fig 5B). When compared with
the baseline measurement, the quantitative analyses showed
a longer mean time-to-peak in the right hemisphere from 4.3
seconds * 2.1 at T, to 8.3 seconds * 5.2 at T, (P = .10),
9.1 seconds * 4.3 at T, (P = .024), and 17 seconds = 6.4 at
T, (P < .001) during low-flow CPB and hypothermia. Af-
ter ASO, mean time-to-peak normalized to 5.1 seconds *
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Box and whisker plots show radial artery blood pressure and near-infrared spectroscopy (NIRS) measurements obtained during an arterial switch operation

[ASO). Horizontal lines indicate the mean, and lower and upper bars indicate SD. (A) During the intervention, radial blood pressure was significantly lowered. (B) NIRS
measurements of the lower body relative cerebral oxygenation level increased after ASO, while values were normal in the individual hemispheres (€, D). * = P < .05, ** =P

< .01, ***=p< 001.

2.2 (TS, P =.73). In the left hemisphere, mean time-to-peak
also increased from 4.0 seconds = 2.3 at T to 11 seconds =
9.8 at T, (P =.12), 8.4 seconds * 2.6 at T, (P = .001), 21
seconds + 8.7 at T, (P < .001), and 5.4 seconds = 1.6 at
T, (P = .41). Similar increases were also seen for rise time in
both cerebral hemispheres (Fig 5C). All quantitative T-CEUS
parameters for measurement of both cerebral hemispheres are
presented in Tables E1 and E2 (online) and Figures E1 and E2
(online). The T-CEUS parameters in the superior sagittal sinus
remained unchanged and are given in Tables E3 and E4 (online).

Association of Imaging and Age

A negative correlation of neonate age and T-CEUS flow pa-
rameters in the right cerebral hemisphere during T, of ASO
was found for area under the flow curve (AUC) during wash-in
(r=—0.69, P=.020), washout (r= —0.82, P=.002), and both
wash-in and washout (= —0.79, P = .004). We did not find a
correlation between age at surgery and the other recorded clini-
cal parameters (Fig 6A; Fig E3 [online]).

When dividing our sample into neonates undergoing surgery
before 7 days (<7 days, 7 = 6) and on day 7 or after (=7 days,
n = 6), differences in AUC during wash-in, washout, and both
wash-in and washout were visible on color-coded perfusion maps
(Fig 6B; Movie 2 [online]). During surgical step T,, CPB flow
was reduced, which was not related to the age of the neonate and
which did not differ between the two subgroups (Fig 6C).

AUCs during wash-in ([87 arbitrary units {au} = 77] X 10%vs
[270 au = 164] X 10%, P =.049), during washout ([15 au * 11]
X 10% vs [65 au * 38] X 10%, P=.020), and during both ([24 au
* 18] X 10%vs [92 au = 53] X 103, P=.023]) were lower in neo-
nates 7 days or older at surgery than in younger neonates (Fig 5D).
Given a cutoff of 47 au X 10° for AUC during wash-in and
washout, receiver operating characteristic analysis showed a sen-
sitivity of 100% (12 of 12) and a specificity of 67% (eight of 12)
(AUCG, 0.93; 95% CI: 0.78, 1.00; P < .018) in the discrimina-
tion of younger from older neonates (Fig E4 [online]). In con-
trast, we found no difference in timing of surgical procedures
between these groups (eg, time between T, and T, in younger vs

radiology.rsna.org = Radiology: Volume 000: Number O—Month 2022
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Images show changes in perfusion during arterial switch operation (ASO). (A) A marked decrease in cerebral perfusion was found during T, {low cardiopul-

monary bypass [CPB] flow, hypothermia). (B, €) Transfontanellar contrast-enhanced US (T-CEUS) fime-intensity curves showed dltered flow profile from T, (before sur-
gery) compared with T, (low CPB flow, hypothermia) (B), with delayed influx of microbubbles resulting in a longer time-to-peak (TTP) (€] as indicated by the solid (T,) and
dashed red lines and arrow (T,, end of surgery). ** = P < .01, *** = P < .001. Imaging timepoints: T, = before surgery; T, = high CPB flow, 37°C; T, = high CPB flow,

25-28°C; T, =low CPB flow, 25-28°C; T, = end of surgery.

older neonates: 5 hours 11 minutes & 57 minutes 7 seconds vs
5 hours 35 minutes = 28 minutes 52 seconds; P = .42) (Table
ES5 [online]).

Discussion

Monitoring of cerebral blood flow during cardiac surgery in
infants with congenital heart disease is particularly important.
In this prospective trial of 12 neonates undergoing neonatal
heart surgery, we used transfontanellar contrast-enhanced US

Radiology: Volume 000: Number O—Month 2022 = radiology.rsna.org

(T-CEUS) to perform intraoperative real-time cerebral perfusion
imaging. We found a significant reduction in cerebral perfusion
associated with low-flow cardiopulmonary bypass (CPB) and
lower body temperature—both of which are essential compo-
nents of standard arterial switch operation procedures. This was
demonstrated by an increase in the mean time-to-peak value in
the right hemisphere from 4.3 seconds = 2.1 at T, to 8.3 seconds
*52atT, (P=.10),9.1seconds = 4.3 atT, (P=.024), and 17
seconds * 6.4 at T, (P <.001) during low-flow CPB and hypo-
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Figure 6: Changes of perfusion during fransposition of the great arteries (TGA) surgery with cardiopulmonary bypass (CPB). Pearson correlation matrix of the individual age
at surgery af the different surgical steps (T,~T,) and all transfontanellar contrast-enhanced US (T-CEUS) parameters. A negative correlation of cerebral perfusion and age was
found in surgical step T, (low flow, hypothermial). (A) Significant values are colored. (B) When dividing the entire study sample in neonates receiving surgery early (<7 days of
life) versus late (=7 days of life), the difference could also be seen with T-CEUS. (€) While the subgroups demonsirated no difference in absolute or relative CPB flow, (D) they
showed significant differences in the T-CEUS parameters area under the flow curve (AUC) during wash-in (WIAUC), AUC during wash-out (WoAUC), and AUC during wash-
in and washout (WiWoAUC]. * = P < 05. Imaging fime points: T, = before surgery; T, = high CPB flow, 37°C; T, = high CPB flow, 25-28°C; T, = low CPB flow, 25-28°C;
T, = end of surgery.

thermia. These effects were only transitory and disappeared after  of pregnancy (29,30). However, MRI revealed a more pro-
completion of surgery (5.1 seconds = 2.2 at T, [P = .73]) and nounced increased cerebral hypoxia in fetuses (31) and
re-establishment of normal circulatory conditions. At low-flow newborns (32) with complex congenital heart disease. On
CPB and lower body temperature, neonate age at surgery nega-  a molecular level, this hypoxic state, especially when persis-
tively correlated with T-CEUS flow parameters as indicated by ~ tent after delivery, might enhance abnormal neuronal pro-
the area under the flow curve (AUC) during wash-in (r= —0.69, liferation (33) and alter cerebral vasculature (34). This leads
P = .020), washout (»r = —0.82, P = .002), and both wash-in to phenotypic de-differentiation of cerebrovascular smooth

and washout (r = —0.79, P = .004). AUC values were lower in muscle cells and results in a loss of contractile capacity and
neonates 7 days or older at the time of surgery compared with ~ physiologic adaption mechanisms (35). Chronic hypoxia, as
younger neonates during wash-in ([87 au % 77] X 10?vs [270 au is also seen in intrauterine growth restriction, is correlated

*+ 164] X 10% P = .049), during washout ([15 au * 11] X 10° with lower vascular density, lower endothelial cell prolifera-
vs [65 au £ 38] X 10%, P =.020]) and during both wash-in and tion, and reduced pericyte and astrocyte attachment (36).
washout ([24 au * 18] X 10° vs [92 au = 53] X 10% P =.023). These mechanisms might explain why the cerebral vascula-

Impaired cerebral circulation and hypoxia negatively im-  ture of older neonates, who experienced relative hypoxia for
pact neuroanatomic and developmental outcomes in those  a longer time, may be less responsive to vasodilatory stimuli
with congenital heart disease (24,25). Although unproven, (37). These transient effects, as depicted with T-CEUS, could
there is growing evidence that earlier repair in transposition ~ possibly be enhanced by the more unfavorable physiologic
of the great arteries is beneficial (5,26), especially in terms of conditions (lower blood pressure, lower pH, and higher Pco))
lower health care costs, morbidity, and neurodevelopmental during low-flow CPB.
outcomes (27,28). In physiologic conditions, Pco, increases To date, US imaging has been widely used to depict ce-
and partial pressure of oxygen decreases during advancement rebral blood flow in neonates (12). Color duplex US of the
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extracranial cerebral arteries can be used to measure volume
of global cerebral blood flow in healthy preterm and term
neonates (38). Transfontanellar and transtemporal two- and
three-dimensional power and color Doppler US can depict
cerebral blood flow intensity in the main cerebral vessels (39).
For this, time average velocities can be measured with com-
bined pulse-wave Doppler US (9). When compared with T-
CEUS, these techniques are unable to quantitatively depict
perfusion in brain parenchyma. T-CEUS allows analysis of
dynamic flow parameters as surrogates for tissue perfusion
(22,40). Whereas the US contrast agent is cleared for intra-
vesical applications, intravenous administration in pediatric
patients is an off-label use in Europe (19).

Our study had limitations. First, our study was limited
by its small sample size and clinically heterogenous study
sample. Second, small fontanelles constrained not only the
accessibility or field of view to the central nervous system
of the newborn, but also the available space to place the US
probe during surgery. The central and symmetric position-
ing of the US probe and the reduction of movements are
essential quality parameters for transfontanellar US. Third,
the image quality could have been influenced by electric dis-
turbances like electrocautery or the cardiac output (CO), a
product of stroke volume (SV) and heart rate (HR) (CO
= SV X HR), which can be especially variable in children.
Fourth, compared with other techniques such as near-in-
frared spectroscopy, transfontanellar contrast-enhanced US
cannot be used as a method for continuous monitoring dur-
ing the entire surgery.

In conclusion, our study revealed quantitative age-depen-
dent brain perfusion patterns during arterial switch operation
(ASO). Although the technique requires further validation
with larger sample sizes and correlation with clinical param-
eters and outcome measures, the findings provide insight into
intraoperative cerebral circulation and may support earlier
ASO in neonates with transposition of the great arteries.
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