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be used to evaluate fetal cerebral
perfusion: potential implications for fetal
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Abstract

Background: Fetal surgery is increasingly performed to correct congenital defects. Currently, fetal brain perfusion
cannot be assessed intra-operatively. The purpose of this study was to determine if contrast-enhanced ultrasound
(CEUS) could be used to monitor fetal cerebral perfusion during fetal surgery and if parameters correlate with fetal
hemodynamics or acid/base status.

Methods: Cannulated fetal sheep were insufflated with carbon dioxide gas in an extra-uterine support device and
in utero to mimic fetal surgery. Fetal heart rate, mean arterial pressure, and arterial blood gases were serially
measured. CEUS examinations of the brain were performed and time-dependent metrics were quantified to
evaluate perfusion. The relationships between measured parameters were determined with mixed linear effects
models or two-way repeated measures analysis of variance.

Results: 6 fetal sheep (113 ± 5 days) insufflated at multiple time-points (n = 20 experiments) in an extra-uterine
support device demonstrated significant correlations between time-dependent perfusion parameters and fetal pH
and carbon dioxide levels. In utero, 4 insufflated fetuses (105 ± 1 days) developed hypercarbic acidosis and had
reductions in cerebral perfusion parameters compared to age-matched controls (n = 3). There was no significant
relationship between cerebral perfusion parameters and fetal hemodynamics.

Conclusions: CEUS-derived cerebral perfusion parameters can be measured during simulated fetal surgery and
strongly correlate with fetal acid/base status.
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Background
Fetal surgery is being increasingly utilized to correct se-
vere congenital defects in utero prior to birth. Over the
past three decades, the field of fetal surgery has ad-
vanced rapidly with increasingly complex intrauterine
procedures now performed at more than fifty fetal cen-
ters in the United States [1, 2]. These surgeries are per-
formed at mid-gestation via maternal laparotomy and
hysterotomy, or more recently, via hysterotomy-sparing
endoscopy with partial amniotic carbon dioxide insuffla-
tion (PACI) to aid visualization [3–5]. During these
complex surgeries, maternal hemodynamics, blood gases
and lactate levels are continuously monitored via arterial
access, but analogous parameters cannot be monitored
in the fetus without invasive procedures such as arterial
line placement and repeated serum blood gas analysis,
which are prohibitively dangerous at mid-gestation [6].
As fetal surgeries continue to become more complex,

there is concern that prolonged anesthesia and carbon
dioxide insufflation may lead deleterious changes in fetal
carbon dioxide levels and acid/base status, ultimately af-
fecting fetal well-being [7, 8]. Currently two-dimensional
echocardiography is used to monitor fetuses intra-
operatively, [9] but this modality provides limited infor-
mation on end-organ perfusion which, if compromised,
could permanently affect organ development. Unfortu-
nately, until now, there has been no reliable, non-
invasive method to measure fetal brain perfusion in
utero during fetal surgery.
Contrast-enhanced ultrasound (CEUS) is an emerging,

minimally-invasive imaging technique that has been in-
creasingly used to detect cerebral perfusion defects in
neonates and adults [10–13]. Clinically, injection of gas-
filled microbubbles allows enhanced visualization of
blood vessels that rivals computed tomography without
ionizing radiation and can be performed at the patient’s
bedside [10, 13, 14]. We hypothesized that CEUS could

be used to monitor fetal cerebral perfusion during fetal
surgery. To test our hypothesis, we studied catheterized
mid-gestation fetal sheep ex utero and in utero under
normal and PACI conditions to simulate fetal surgery.
Our objectives were to determine: (1) could CEUS be
used to monitor fetal cerebral perfusion during fetal sur-
gery, and (2) does acid/base status or hemodynamics
affect perfusion parameters.

Methods
All animals were treated according to protocols approved
by the Institutional Animal Care and Use Committee at
the Children’s Hospital of Philadelphia. All animals were
housed in an on-site animal facility. Ewes had consistent
access to food and water and were allowed to feed ad libi-
tum until the night prior to surgery.

Anesthesia protocol
Time-dated pregnant ewes were fasted and transdermal
fentanyl patches (2 µg/kg/hr) were applied to animal fore-
limbs 12 to 18 h prior to surgery. Ewes were selected
when fetuses were gestational age 102–120 days which
correlates to midgestation of a human fetus in terms of
neurodevelopment [15]. Ewes were anesthetized with
intramuscular ketamine (15 mg/kg) and inhaled isoflurane
(1–4 % in O2) and positioned in left lateral decubitus.
Ventilator tidal volume (8–10 ml/kg/min) and respiratory
rate (10–18) were adjusted to achieve a maternal end-tidal
CO2 of 35-40mm Hg and arterial CO2 of 35–45 mm Hg.

Ex utero insufflation
Six time-dated fetuses [113 ± 5 days gestational age (GA)]
were exteriorized via laparotomy and hysterotomy, cannu-
lated via their umbilical vessels, and attached to a pump-
less low resistance oxygenator circuit (Fig. 1 A). Fetal
heart rate, arterial and venous blood pressure, umbilical
blood flow, sweep gas flow rate and oxygen delivery were

Fig. 1 Experimental conditions. a Fetal sheep (n=6) were cannulated via their umbilical vessels, connected to a low resistance oxygenator circuit
and supported in a fluid filled environment. b The fluid filled bag was partially drained and insufflated to 8 mm Hg with carbon dioxide to
simulate fetal surgery.c The amniotic cavities of time-dated ewes (n=4) were insufflated with carbon dioxide to simulate fetal surgery

Lawrence et al. Translational Medicine Communications             (2021) 6:9 Page 2 of 8



continuously measured (HT110 Bypass Meter and HXL
Tubing Flowsensor Transonic Systems Inc., Ithaca, NY,
USA) and recorded and (LabChart 5, ADInstruments Inc.,
Colorado Springs, CO, USA) as previously described [16].
During a 2-day acclimation period in this EXTrauterine
Environment for Neonatal Development (EXTEND),
physiologic levels of oxygen (15–20 mmHg) and carbon
dioxide (38–43 mmHg) were maintained.
After two days, the sterile extra-uterine environment

was partially drained of fluid and insufflated with CO2, he-
lium or nitrogen to 8 mmHg for 4 h (Karl Storz, Endos-
copy Tuttlington, Germany) to mimic fetoscopic surgery
conditions (Fig. 1B). Oxygenator sweep gas flow was held
constant throughout the experimental period. Serial blood
gases (i-Stat System, Abbott Point of Care Inc., Princeton,
NJ, USA) were obtained and CEUS examinations were
performed every 28 ± 9 min during insufflation as fetal po-
sitioned allowed. After a two-day recovery period and
normalization of blood gas and hemodynamic variables,
insufflation was repeated in these animals up to 5 occa-
sions for a total of 20 experiments.

In Utero Insufflation
A mid-line laparotomy was performed, and the head of
the fetus was exteriorized through a small hysterotomy at
GA 103 ± 2. The fetal carotid artery was cannulated via
neck incision with a polyvinyl catheter (ID 0.040”, Scien-
tific Commodities, Lake Havasu, AZ). The carotid catheter
was exteriorized and secured to the ewe’s flank. Prior to
hysterotomy closure, amniotic fluid was replaced with

warmed lactated ringers and treated with penicillin G
(1 million units). The hysterotomy and laparotomy were
closed, and ewes recovered from surgery.
After 2 days of recovery, baseline fetal arterial blood gas

samples were obtained and ewes re-anesthetized. Fetuses
GA 105 ± 2 days were evaluated in the operating room
under maternal anesthesia with (n = 4) or without (n = 3)
intra-amniotic CO2 insufflation to 8 mmHg for 4 h with
continuous hemodynamic assessment and serial blood gas
analysis (Fig. 1 C). Throughout the surgical procedures,
CEUS examinations were performed every 20 min.

Ultrasound evaluation
CEUS examinations of the brain were performed by a
board-certified radiologist throughout the ex utero and
in utero studies. All imaging was performed with a C2-
9 MHz transducer on a commercially-available GE Loqiq
E9 ultrasound system with contrast capabilities (GE
Healthcare, Chicago, IL, USA).
Lumason® (sulfur hexafluoride lipid-type A microspheres;

Bracco Diagnostics Inc., Monroe Township, NJ, USA)
ultrasound contrast agent was administered as a bolus via
the fetal umbilical vein (ex utero, 0.2mL) or via fetal arterial
catheter (in utero, 0.3mL) with simultaneous ultrasound
cine acquisition. Previous literature has documented CEUS
safety data in the EXTEND model [17]. Ninety-second cine
clips were obtained of the brain in a transaxial (ex utero) or
coronal (in utero) plane which included the thalami (Figs. 2
and 3). CEUS examinations were analyzed (AS) using Vue-
Box™ (Bracco Imaging Suisse SA, Geneva, Switzerland).

Fig. 2 Representative images from contrast-enhanced ultrasound examinations through the fetal brain in at various timepoints during ex utero
transaxial imaging evaluation with a, grayscale image for localization including thalami (arrows), brain parenchyma (asterisks), and midline
denoted by the dotted line and b, baseline contrast optimized image. Following bolus ultrasound contrast administration, brain parenchymal
perfusion is visualized at c, early wash-in, d, maximum enhancement of the thalami (arrows) and brain parenchyma (asterisks), e, early wash-out,
and f, late wash-out
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Regions-of-interest were placed to include the entire brain
and time-intensity-curves were created. Perfusion metrics
known to correlate with cerebral blood flow were
obtained from the analyzed datasets including time-
to-peak intensity (TTP), rise time (RT), fall time
(FT), and transit time (TT). Due to the presence of
recirculating ultrasound contrast material in this
model, which artificially increases the software-
generated mean transit time, TT was defined as
RT + FT for the purposes of analysis [10, 13, 18, 19].
CEUS examinations were excluded from analysis if

quality of time-intensity-curve fit was < 80 % with
analyzed examinations represented in the flowchart
(Fig. 4).

Statistical analysis
For extra-uterine experiments, hemodynamic parameters
and arterial blood gas measurements were compared
over time using mixed effects linear regression models
with animal and study date analyzed as random effects.
For in utero experiments, fetal hemodynamic parameters
(heart rate and blood pressure) and arterial blood gas

Fig. 3 In utero contrast-enhanced ultrasound examination through the fetal brain in a coronal plane with a, grayscale image for localization
including thalami (arrows), brain parenchyma (asterisks), and midline denoted by the dotted line and b, baseline image optimized for contrast
visualization. Following bolus contrast administration, brain parenchymal perfusion is visualized at c, early wash-in, d, at maximum enhancement
of the thalami (arrows) and brain parenchyma (asterisks), e, early wash-out, and f, late wash-out

Fig. 4 Flowchart depicting the number of contrast-enhanced ultrasound examinations performed in each study group
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measurements for insufflated and control animals were
compared over time using two-way repeated measure
analysis of variance. Perfusion parameters obtained from
ex utero and in utero studies were plotted over time and
lines of best fit were obtained for each perfusion param-
eter. Mixed effects linear regression models were used to
explore the relationships between perfusion variables
and simultaneously obtained hemodynamic (heart rate,
mean arterial pressure) and serial blood gas measure-
ments. All data are presented as mean ± standard devi-
ation, unless otherwise stated. Significance was accepted
at p ≤ 0.05. GraphPad, version 5.0 (Prism, GraphPad
Software, Inc. La Jolla, CA) and Stata, version 15 (Stata
Statistical Software: Release 15, StataCorp LLC, College
Station, TX) were used for statistical analysis and graph-
ical depictions of data.

Results
Ex utero insufflation
Fetuses were insufflated for a total of 20 experiments
within the EXTEND system for 4 h with one exception,
one study was terminated early due to animal movement
resulting in transient hemodynamic instability. The ul-
timate CEUS examination occurred at 218 ± 37 min
from insufflation initiation. Table 1 shows fetal
hemodynamics and blood gas measurements. Through-
out the study periods, fetal heart rate, mean arterial
pressure and arterial oxygen content did not change sig-
nificantly. In contrast, fetal CO2 increased over the study
period from a baseline of 34 ± 3 to 43 ± 11 (p = < 0.01)
and pH declined from a baseline of 7.37 ± 0.04 to 7.24 ±
0.08 (p = < 0.01).
Table 2 shows the relationship between CEUS perfu-

sion parameters and measured fetal variables from
mixed effect linear regression models. There is no sig-
nificant relationship between any CEUS perfusion par-
ameter and fetal oxygen content, bicarbonate level, heart
rate or mean arterial pressure. There was a significant
positive correlation between all perfusion parameters
and pH and a significant negative correlation between
all perfusion parameters and pCO2.

As an example of these relationships, post-estimation
predictive margins following the mixed effects linear re-
gression analyses were plotted for (Fig. 5 A) transit time
and pCO2 and (Fig. 5B) transit time and pH. Perfusion
parameters decline with acidosis and hypercapnia des-
pite stability of fetal hemodynamics and arterial oxygen
content (Table 1).

In Utero Insufflation
Compared to non-insufflated fetuses, insufflated fetuses
had significantly decreased pH levels and significantly in-
creased arterial CO2 levels (Fig. 6 A-B). There was no
difference in fetal arterial oxygen levels between non-
insufflated and insufflated fetuses throughout the study
period (21 ± 3 vs. 20 ± 3 mm Hg, p = 0.76) (Fig. 6 C).
Fetal heart rate (143 ± 3 vs. 145 ± 13 beats per minute,
p = 0.84) (Fig. 6D) and mean arterial pressure (40 ± 6 vs.
42 ± 3 mmHg, p = 0.73) were also maintained with no
difference between groups throughout the anesthesia
period.
Insufflated fetuses had significantly reduced TTP

(4.05 ± 0.56 vs. 7.73 ± 1.26 s, p = 0.03), RT (2.65 ± 0.38 vs.
5.24 ± 0.58 s, p = 0.01), FT (5.34 ± 0.79 vs. 11.52 ± 1.07 s,
p < 0.01) and TT (7.99 ± 1.17 vs. 16.76 ± 1.50 s, p < 0.01)
compared to non-insufflated fetuses (Fig. 6 A-B).

Discussion
In this study we utilized ex utero and in utero models to
demonstrate that CEUS could be used to monitor fetal
cerebral perfusion during fetal surgery. Furthermore, we
found that disturbances in fetal acid/base balance corre-
lated strongly with measured perfusion parameters.
These findings have important implications for the field
of fetal surgery, which is rapidly expanding, and associ-
ated monitoring techniques. In the future, this technol-
ogy could be used for intra-operative assessment of
fetuses to detect early acid/base or perfusion
disturbances.
Prolonged insufflation led to fetal acidosis and hyper-

capnia without significant changes in hemodynamics or
oxygenation. Prior in utero insufflation studies have
similarly demonstrated severe acidosis in exposed fetal
sheep [5, 7, 8]. Here we show that fetuses within EX-
TEND still develop hypercapnic acidosis, albeit much
milder than in utero fetuses. The implications of this dif-
ference between our models on human fetuses undergo-
ing fetoscopy is unclear, particularly as differences in
placentation, uterine laxity, amniotic fluid, and/or skin
keratinization in fetal sheep may limit direct translation
of findings to humans and future studies are aimed to
better delineate the mechanisms of fetal carbon dioxide
absorption. However, currently, echocardiography is
used to monitor fetal heart rate, systolic function, and
valvular regurgitation intra-operatively, [9] but here we

Table 1 Fetal variables (n=20 experiments) over time in ex utero
support device

Baseline Final P value

pH 7.37 ± 0.04 7.24 ± 0.08 <0.01*

pCO2(mm Hg) 34 ± 3 43 ± 11 <0.01*

pO2(mm Hg) 25 ± 4 27± 5 0.09

HCO3- (mEq/L) 19 ± 3 18 ± 3 0.01*

Heart rate (beats per minute) 171 ± 15 167 ± 31 0.08

Mean arterial pressure (mm Hg) 37 ± 6 39 ± 5 0.86

Fetal variables were assessed over time with mixed effects linear regression
models. Data shown as mean ± standard deviation with statistically significant
results denoted by *.
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showed that metabolic and brain perfusion disturbances
can occur without changes in heart rate or blood pressure
implying that echocardiography has limited utility in de-
tecting these early disturbances and improved methods of
detecting aberrations in fetal physiology are warranted.
Hypercapnia and acidosis cause cerebral vasodilation

which results in increased cerebral blood flow [20].
Increased cerebral blood flow is particularly poorly toler-
ated in fetuses, because of impaired cerebral auto-
regulatory mechanisms and the presence of fragile
germinal matrix blood vessels [21, 22]. Therefore, early
detection of acid/base or perfusion derangements is crit-
ical to prevent neurologic sequelae [21–23]. Our data
demonstrate that CEUS can be used to measure cerebral
perfusion during simulated fetal surgery. Importantly, we
also showed that the measured time-dependent perfusion
parameters including RT, FT, and TT, all decreased with
hypercapnia and acidosis indicating faster/increased cere-
bral blood flow, assuming a constant fetal blood volume
[10, 11]. In other words, CEUS detected increased cerebral

blood flow when fetuses became acidotic or hypercapnic
during fetal surgery making this a potentially useful moni-
toring tool during fetal surgery.
In contrast to pH and pCO2, measured cerebral perfusion

parameters did not change with fetal heart rate or blood
pressure. Maintenance of cerebral blood flow under these
conditions suggests that lamb fetuses at this gestational age
can autoregulate cerebral blood flow to a certain extent.
These results, however, may underestimate the effects of
fetal hemodynamics on cerebral blood flow. First, we did
not evaluate volume-dependent perfusion variables such as
wash-in and wash-out area under curve which may be
more sensitive to changes in hemodynamics [13]. Second
there was no significant change in fetal heart rate or blood
pressure throughout the studies which limited our ability to
study associated perfusion changes. Future studies are
planned to analyze both time and volume-dependent perfu-
sion variables over a range of hemodynamic parameters to
better understand fetal autoregulation of cerebral blood
flow during surgery.

Table 2 Relationship between CEUS perfusion parameters and fetal variables (n=20 experiments)

Perfusion parameters (s)

Time-to-peak intensity Rise time Fall time Transit time

Coefficient SE P value Coefficient SE P value Coefficient SE P value Coefficient SE P value

pH 7.09 3.18 0.03* 5.11 1.55 <0.01* 7.58 3.24 0.02* 12.35 4.11 <0.01*

pCO2(mm Hg) -0.12 0.04 <0.01* -0.74 0.02 <0.01* -0.09 0.03 0.01* -0.16 0.04 <0.01*

pO2(mm Hg) 0.02 0.07 0.72 -0.00 0.03 0.96 -0.03 0.07 0.7 -0.03 0.09 0.7

HCO3- (mEq/L) -0.05 0.11 0.67 -0.01 0.05 0.82 0.03 0.16 0.86 0.00 0.19 0.99

Heart rate (beats per minute) 0.01 0.01 0.39 0.00 0.00 0.94 -0.02 0.00 0.07 -0.02 0.01 0.15

Mean arterial pressure (mm Hg) 0.07 0.05 0.11 0.00 0.02 0.72 0.02 0.05 0.69 0.03 0.06 0.67

Relationship between perfusion parameters and fetal variables determined with mixed linear effects models presented as coefficient, standard error (SE), and p
value with statistically significant results denoted by *.

Fig. 5 Relationship between representative brain perfusion parameters and serum laboratory values (n = 20 experiments). Predictive margins
following mixed effects linear regression analyses of brain perfusion parameters and serum laboratory values from ex utero contrast-enhanced
ultrasound examinations were plotted for a, transit time and pCO2 and b, transit time and pH. Error bars show the standard error
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Limitations
There were several additional limitations to this study
which may limit clinical utility. First, contrast was deliv-
ered via umbilical vein or carotid artery which would
not be feasible using current surgical methods during
minimally invasive fetoscopic procedures. Prior to clin-
ical use, trans-placental delivery of ultrasound contrast
agents must be refined and is an area of ongoing re-
search. Second, normative fetal cerebral perfusion data
does not exist, so measured changes in cerebral perfu-
sion may be difficult to interpret in early implementation
of this technique. Future studies will be aimed to estab-
lish normative data and perform subsequent MRI to bet-
ter understand neurologic implications of perfusion
changes. Next, while we were able to demonstrate sig-
nificant relationships, sample size was limited for these
studies which increases the likelihood of a type two
error. Finally, perfusion parameters are calculated by in-
terpretation of contrast kinetics, and thus, is an intermit-
tent monitoring technique. Ideally, fetal cerebral
perfusion would be measured continuously during fetal
surgery, and future exploration into refining contrast
kinetic analyses to minimize gaps in fetal monitoring
would be useful before intra-operative implementation.

Conclusions
CEUS can be used to measure cerebral perfusion dur-
ing simulated fetal surgery in sheep. Importantly, we
also found that measured perfusion parameters correl-
ate with hypercapnia and acidosis which occurred
during prolonged insufflation. With further develop-
ment, CEUS could be a useful tool for intra-operative
fetal monitoring during investigative or clinical fetal
surgery.
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