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HIGHLIGHTS

e Novel application of cerebral ultrafast Doppler in perioperative infant care.

e Simultaneous quantification and visualization of blood flow with ultrafast Doppler.
o Ultrafast Doppler results comparable to conventional spectral Doppler.

o Evaluation of the useability and practical considerations with ultrafast Doppler.

ARTICLE INFO ABSTRACT
Keywords: Background: Ultrafast cerebral Doppler ultrasound enables simultaneous quantification and visualization of ce-
Cerebral blood flow velocity rebral blood flow velocity. The aim of this study is to compare the use of conventional and ultrafast spectral

Doppler ultrasound

Ultrafast Doppler ultrasound
Pediatric anesthesia
Perioperative brain monitoring

Doppler during anesthesia and their potential to show the effect of anesthesiologic procedures on cerebral blood
flow velocities, in relation to blood pressure and cerebral oxygenation in infants undergoing inguinal hernia
repair.

Methods: A single-center prospective observational cohort study in infants up to six months of age. We evaluated
conventional and ultrafast spectral Doppler cerebral ultrasound measurements in terms of number of successful
measurements during the induction of anesthesia, after sevoflurane induction, administration of caudal anal-
gesia, a fluid bolus and emergence of anesthesia. Cerebral blood flow velocity was quantified in pial arteries
using conventional spectral Doppler and in the cerebral cortex using ultrafast Doppler by peak systolic velocity,
end diastolic velocity and resistivity index.

Results: Twenty infants were included with useable conventional spectral Doppler images in 72/100 measure-
ments and ultrafast Doppler images in 51/100 measurements. Intraoperatively, the success rates were 53/60
(88.3%) and 41/60 (68.3%), respectively. Cerebral blood flow velocity increased after emergence for both
conventional (end diastolic velocity, from 2.01 to 2.75 cm/s, p < 0.001) and ultrafast spectral Doppler (end
diastolic velocity, from 0.59 to 0.94 cm/s), whereas cerebral oxygenation showed a reverse pattern with a
decrease after the emergence of the infant (85% to 68%, p < 0.001).

Conclusion: It is possible to quantify cortical blood flow velocity during general anesthesia using conventional
and ultrafast spectral Doppler cerebral ultrasound. Cerebral blood flow velocity and blood pressure decreased,
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while regional cerebral oxygenation increased during general anesthesia. Ultrafast spectral Doppler ultrasound
offers novel insights into perfusion within the cerebral cortex, unattainable through conventional spectral ul-
trasound. Yet, ultrafast Doppler is curtailed by a lower success rate and a more rigorous learning curve compared

to conventional method.

1. Introduction

Over the past 20 years, several case reports of infants with severe
forms of encephalopathy after non-cardiac surgery have been published.
[1-3] Despite alleged uneventful anesthesia these infants presented with
new-onset seizures within 25 h after administration of anesthesia in
combination with predominant cerebral pathology, including supra-
tentorial watershed infarction in the border zones between the anterior,
middle, and posterior cerebral arteries on magnetic resonance imaging.
[1-3] These perioperative brain lesions are associated with suboptimal
neurodevelopmental outcomes. [4,5] It has been suggested that post-
operative encephalopathy might arise from local cerebral ischemia
caused by disturbances in autoregulation and cerebral perfusion in the
perioperative phase. [1,4,6] Standard monitoring techniques for
tracking vital parameters such as heart rate and blood pressure lack
sensitivity to detect altered cerebral perfusion. [7] Adequate perioper-
ative blood pressure does not warrant sufficient cerebral perfusion as
postoperative encephalopathy may occur in apparently uncomplicated
anesthesia with adequate blood pressure. [1-3]

Conventional Doppler ultrasound, characterized by a low frame rate
(10-100 frames/s), allows for 2D visualization of vessels, and represents
either mean blood flow velocity (“colour Doppler”), total blood flow
(“power Doppler”), or total blood flow and its direction (“directional
power Doppler”). [8] The cerebral blood flow velocity acts as a surro-
gate of cerebral perfusion. Another mode, conventional spectral
Doppler, is a well-established and user-friendly technique that can
measure the local blood flow velocity spectrum within a sample volume
placed over a vessel by the sonographer and also the time trace of the
maximum velocity within the sample, by estimating the envelope of the
spectral signal. [8] Spectral Doppler provides much more detailed ve-
locity information than colour Doppler but is limited to one single
sample location. [8] However, conventional modes are limited because
of the low frame rate, which restricts the measurement to either quali-
tative or quantitative data, but not both. For instance, spectral Doppler
provides detailed velocity information but is limited to one sample
location, serving as a significant drawback.

On the other hand, ultrafast Doppler ultrasound, which utilizes a
high frame rate of >500 frames per second, offers a more comprehensive
approach. It enables the simultaneous utilization of power Doppler,
colour Doppler, and spectral Doppler in every pixel of the imaging plane
using the same dataset. [9] Moreover, since we have spectral Doppler
traces for each pixel, we can calculate quantitative parameters for each
blood flow pixel in the imaging plane through the implementation of an
automatic envelope detection (spectral Doppler tracing). [10] Ultrafast
Doppler compared to conventional spectral Doppler measurements
provides an overview of cerebral cortex perfusion. This approach pro-
vides the advantage of obtaining all the desired parameters for the
whole image in a single two second ultrafast ultrasound acquisition,
potentially enhancing efficiency and accuracy.

Therefore, this study aims to evaluate and compare the use of con-
ventional and ultrafast spectral Doppler cerebral ultrasound in the
various stages of perioperative phase in neonates. Furthermore, we used
these techniques to study the influence of anesthesia on cerebral blood
flow velocity in otherwise healthy infants undergoing inguinal hernia
repair with a standardized anesthesia protocol.

2. Patients and methods
2.1. Study design

This single-center prospective observational cohort study was
approved by the Medical Ethical Review Committee of the Erasmus MC
university Medical Centre, Rotterdam (MEC-2021-0187). The trial is
registered under the number NL9749 (https://onderzoekmetmensen.
nl/en/trial/19965). Patients were included in the study after obtain-
ing written informed consent from both parents or caregivers.

2.2. Patients

Otherwise healthy infants (aged 0 to 6 months) with a unilateral or
bilateral inguinal hernia, scheduled for open surgery between 20
September 2021 and 1 March 2022 were eligible for inclusion. Exclusion
criteria were extreme preterm birth (<28 weeks), requirement of
emergency surgery for incarcerated inguinal hernia, presence of a ge-
netic syndrome.

2.3. Anesthesia and measurement protocol

All infants were operated on according to standard local practice for
open surgical inguinal hernia repair. Infants were allowed to drink
glucose until call for surgery and milk up to 4 h before the scheduled
procedure.

The induction of anesthesia took place using sevoflurane (InSevo 8%
in 80% 02 and 20% room air), after intravenous access was applied. A
laryngeal mask was placed, striving for spontaneous breathing (zero
positive end-expiratory pressure, without pressure support). The end-
tidal sevoflurane (EtSev) target concentration was 2.0-3.3% (in 40%
02 with room air). Next, perioperative analgesia was provided with
caudal analgesia using 1.0-1.2 ml/kg ropivacaine (2 mg/ml, without
additives). Preferably no opiates were administered to maintain spon-
taneous ventilation. Thereafter, 10 ml/kg fluid bolus of a balanced pe-
diatric electrolyte solution with glucose 10 g/1 (Kidialyte, Fresenius
Kabi, The Netherlands) or a Ringer's lactate solution was administered in
10 min.

The method of laryngeal mask removal (deep or awake) was left to
the discretion of the attending anesthesiologists. Administration of ox-
ygen administration in the recovery room was only applied on indica-
tion (saturation < 92%) and was not applied during the measurements
(T5). Monitoring of vital parameters took place, as described in more
detail in the’Data collection’ section.

For postoperative management of pain, 15 mg/kg intravenous
paracetamol (Perfalgan, Fresenius Kabi, Huis ter Heide, Netherlands)
was administered in combination with 0.5 mg/kg intravenous diclofe-
nac (Sandoz Novartis, Basel, Swiss) if the infant was older than 4
months. At the recovery, the infant was allowed to drink glucose water,
formula or breast milk. Deviation from this standardized anesthesia
protocol was possible on indication of the anesthesiologist (e.g., rescue
medication could be administered) and subsequently these participants
were excluded.

The cerebral ultrasound measurements took place at 5 moments
perioperatively: (T1) awake at the operating room before induction of
anesthesia, (T2) after induction of anesthesia, (T3) after administration
of caudal anesthesia, (T4) during surgery after administration of the
standard fluid bolus and (T5) after emergence of anesthesia in the re-
covery room (Fig. 1).
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2.4. Data collection

Patient characteristics were collected from the electronic patient
database HiX (version 6.1 Erasmus MC, Chipsoft, Amsterdam, The
Netherlands). The following standard monitoring parameters: non-
invasive blood pressure measurements (non-invasive blood pressure,
in mmHg), heart rate (HR, in beats per minute), peripheral oxygen
saturation (SpO2, in %), end tidal carbon dioxide (EtCO2, in kPa) and
end tidal sevoflurane concentration (EtSev, in %) during the surgery
were obtained through the Drager Infinity Network (Primus, Drager,
Luebeck, Germany). The cerebral regional oxygen saturation (in %) was
measured with near infrared spectroscopy (INVOS™ 5100C, Covidien,
Boulder, Colorado, United States). All parameters were continuously
recorded per second, except non-invasive blood pressure. The non-
invasive blood pressure was measured every 5 min and the non-
invasive blood pressure-measurement closest to the cerebral ultra-
sound measurement was used for analysis. Median values were deter-
mined for the pulse rate, EtCO2, EtSev and SpO2 and regional oxygen
saturation for two minutes before and after the five measurement
moments.

Details of the measurement setup for the conventional spectral
Doppler ultrasound measurements have been described in detail before
(Fig. 1). [11] In short, cerebral ultrasound was performed with a Zonare
ZS3 clinical ultrasound machine (Mindray Medical International, Hoe-
velaken, The Netherlands) with a high frequency linear probe (L20-5).
The ultrasound probe was placed sagittal on the infant's anterior
fontanel and the area adjacent to the lateral ventricle was located. Pa-
tients were excluded if the acoustic window was too small, because of a
closing fontanel. Conventional directional power Doppler was used to
visualize the cerebral vasculature. One recognizable pial artery was
located for a spectral Doppler measurement (Fig. 1). The settings for the
conventional directional power Doppler measurements were a fre-
quency of 11 MHz, the lowest pulse repetition frequency setting possible
for maximum sensitivity to low flow velocities (257 Hz), and a medium
wall filter. The conventional spectral Doppler was performed at 8 MHz
with a velocity range optimized for the individual pial artery flow and
the wall filter set to low, no angle correction was performed. After these
measurements, the probe was kept in position and the ultrasound ma-
chine was switched to an ultrafast mode to record 2000 frames with a
median framerate of 658 Hz (range 588-674 Hz).

Conventional spectral Doppler images were included if they met the
following criteria: sufficient signal, recognizable anatomical hallmarks
(V-shape, branch vasculature and 2nd or 3rd branch of the anterior
cerebral artery), same direction of flow and in the same pial artery.
Images were excluded when movement artefacts occurred. The ultrafast
Doppler cerebral ultrasound measurements have been performed in the
same plane and were included if they met the following criteria:
anatomical structures corresponding to conventional spectral Doppler,
signal-to-noise ratio of ultrafast Doppler sufficient; no significant motion
artefacts obstructed the processing and at least 1000 frames available for
processing.

2.5. Outcome measures and data analysis

The primary outcome was the number of successful measurements
with both conventional and ultrafast spectral Doppler cerebral ultra-
sound during various phases of standard anesthesiologic procedures.
The secondary outcome measures were the cerebral blood flow veloc-
ities expressed in peak systolic velocity, end diastolic velocity and re-
sistivity index using conventional and ultrafast spectral Doppler cerebral
ultrasound during various phases of standard anesthesiologic proced-
ures. The peak systolic velocity corresponds with each heart cycle's
maximum in the envelope of the conventional spectral Doppler. The end
diastolic velocity corresponds with the minimum in the envelope for
each cardiac cycle. The resistivity index is calculated as (peak systolic
velocity- end diastolic velocity)/peak systolic velocity and represents an
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index of pulsatile blood flow that reflects resistance to blood flow,
caused by the microvascular bed distal to the measurement site. [12]

For the conventional spectral Doppler, peak systolic velocity, end
diastolic velocity and resistivity index of the selected pial artery were
recorded as determined automatically by the ultrasound system's spec-
tral envelope detection. The outcome was visually assessed to ensure
that the tracings were accurate with expected ultrasound parameters.
The ultrafast frames per measurements were analyzed offline in a
custom-developed MATLAB processing script (R2022a, Mathworks,
Natick, MA, USA). First, stationary tissue was removed with a singular
value decomposition filter to create a power Doppler image, where an
automatic selection determined all pixels with significant blood flow
velocity. For those pixels, a spectrogram was calculated and processed to
automatically detect the envelope of this spectrogram, representing the
local blood velocity at each timepoint. The envelope allowed for
calculation of pixel-wise end diastolic velocity, peak systolic velocity
and resistivity index. Peak systolic velocity and end diastolic velocity
were calculated by finding a maximum and minimum per heartbeat in
the envelope and averaging the corresponding velocity values over all
heartbeats. This resulted in 2D maps of peak systolic velocity, end dia-
stolic velocity and resistivity index. [12] As the ultrafast Doppler cere-
bral ultrasound technique is relatively new and therefore lacks
established validation methods in the literature, we compared the di-
rection and amplitude of the changes measured with both techniques at
each time point.

2.6. Statistical analysis and sample size

Continuous data are presented as median with interquartile ranges
(IQR) and categorical data as number (n) or in percentages (%). Median
values of all valid blood flow pixels in the 2D ultrafast maps were taken
for end diastolic velocity, peak systolic velocity and resistivity index.
Differences in cerebral blood flow velocity and vital parameters using
conventional and ultrafast spectral Doppler cerebral ultrasound between
the five phases of anesthesia were investigated by linear mixed model
(LMM) analyses. Phase of anesthesia was included as independent fac-
tor, the ultrasound parameters as dependent variable, and patient as
random effect in the analyses. Statistical analyses were performed in
SPSS (version 28.0.1.0, IBM Corporation, Chicago, Illinois, United
States). A sample size calculation was not performed for this study as
insufficient information is available about the cerebral blood flow ve-
locities of ultrafast Doppler cerebral ultrasound in humans. Therefore,
an arbitrary sample size of valid measurements in 20 patients was
chosen.

3. Results

Out of 66 infants assessed for eligibility, 20 were included in the
analyses. Infants were excluded for comorbidities, absence of informed
consent, logistical and technical reasons (Fig. 2). The postmenstrual age
of infants on the day of surgery was 50 weeks and 6 days (45 weeks and
1 day - 57 weeks and 4 days). The weight at surgery was 5300
(4890-5740) grams. Participants were fasted of fluids for surgery
4h30m (4 h — 5h30m) before anesthesia (Table 1).

Measurements with conventional spectral Doppler cerebral ultra-
sound were successful in respectively 7 (35%), 16 (80%), 20 (100%), 17
(85%) and 12 (60%) infants for the 5 measurement phases (72/100).
Conventional spectral Doppler cerebral ultrasound measurements were
excluded due to different anatomy (n = 7), aberrant flow direction (n =
9) and agitation of the infant (n = 12). Conventional spectral Doppler
achieved successful measurements in 53/60 (88.3%) during anesthesia
(T2, T3 and T4) and 19/40 (47.5%) in the pre- and postoperative phase
(T1 and T5). Ultrafast spectral Doppler measurements were successful in
respectively 6 (30%), 14 (70%), 15 (75%), 12 (60%) and 4 (20%) infants
for the 5 measurement phases (51/100). 49 ultrafast Doppler cerebral
ultrasound measurements were excluded due to movement artefacts
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Fig. 1. Overview of measurements and setup.

An overview of the measurement protocol and measurement moments (upper panel). The measurements took place at 5 moments perioperatively: (T1) awake at the
operating room before induction of anesthesia, (T2) after induction of anesthesia, (T3) after administration of caudal anesthesia, (T4) during surgery after
administration of the standard fluid bolus and (T5) after emergence of anesthesia in the recovery room. Examples of five consecutive measurements in an infant with
conventional spectral Doppler cerebral ultrasound (middle panel). During each measurement, one examiner held the linear probe and located the measurement site
on the anterior fontanelle while the other examiner controlled the ultrasound machine (bottom panel). The measurements took place in the pial arteries of the 2nd or
3rd branch of the anterior cerebral artery, which is outlined in yellow for the sagittal view, coronal view, and on the visualization on the ultrasound machine (right
bottom panels). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Potential participants
assessed for eligibility (n=66)

Excluded (n=3)
_ - Cardiovascular, pulmonary, renal or

v

" oncological disease (n=1)
- Genetic syndrome (n=2)

Eligible to participate (n=63)

Excluded (n=29)
- Non-parental informed consent (n=15)

v

- COVID-19 restrictions (n=1)
- Logistic challenges (n=12)
- Emergency surgery (n=1)

v

Informed consent (n=34)

Excluded (n=14)
- Deviation from protocol (n=4)

v

- Techncial failures (n=3)
- Anterior fontanel too small (n=6)
- Fever (n=1)

v

Participants included (n=20)

Conventional spectral Doppler
images attempted to obtain

Excluded images (n=28)

- Different anatomy (n=

7)

- Abberant flow direction (n=9)
- Agitation of the participant (n=12)

Fig. 2. Inclusion chart.

Conventional spectral Doppler
images included (n=72)

Conventional spectral

Doppler images included per

timepoint
-T1n=7
-T2 n=16
- T3 n=20
- T4 n=17
-T5n=5

Ultrafast Doppler images
attemted to obtain (n=100)

Excluded images (n=49)
- Agitation of the participant (n=22)
- Technical failures (n=27)

Ultrafast Doppler images
included (n=51)

Ultrafast Doppler images
included per timepoint
-T1n=6

-T2 n=14

-T3n=15

-T4n=12

-T5n=4

An overview of the inclusion and feasibility of conventional Doppler measurements and ultrafast Doppler measurements for every measurement phase. Parental
informed consent was obtained for 48 infants. 14 infants were excluded due to logistical reasons (e.g., emergency surgery, Sars-Cov-2 restrictions). Of the 34
remaining infants, 14 infants were excluded due to inadequate measurements because of insufficient size of the anterior fontanel (n = 6), a deviation from the
anesthesiologic protocol (n = 4), fever (n = 1) or a technical failure of the equipment (n = 3).

Table 1

Patient and procedure characteristics.

Characteristics

Patients (n = 20)

Sex Male / Female

Gestational age (weeks + days)
Age at surgery (weeks + days)
Postmenstrual age (weeks + days)

Birth weight (grams)

Weight at surgery (grams)
Hernia Type: left / right / bilateral

ASA Classification: I / IT

Last oral fluid intake (hours + minutes)

Ropivacaine (ml/kg)

Intraoperative fluid administration (ml/kg)
Anesthesia duration (minutes)
Surgery duration (minutes)

18/2

36 +4 (33 +4-38+5)
14 +2(11 + 4-18 + 6)
50 + 6 (45 + 1-57 + 4)

2389 (1750-3175)

5300 (4890-5740)
9/10/1

8/12

4h30min (4 h00-5h30min)
1.1 (1.0-1.2)

23.9 (14.2-30.0)

57 m (52min30s-62 min)
22 m (16 min-29min30s)

Data are presented in numbers or as median with interquartile range.

caused by agitation of the infant before or after anesthesia (n = 22) and
technical failures (n = 27). Ultrafast spectral Doppler achieved suc-
cessful measurements in 41/60 (68.3%) during anesthesia and 10/40
(25%) in the pre- and postoperative phase.

The median duration of anesthesia was 57 min (52min30s-62 min)
and surgery was 22 min (16 min-29min30sec). During anesthesia, a total
of 23.9 ml/kg (14.2-30.1) fluid was administered. The end-tidal sevo-
flurane concentration after induction was 2.9% (2.5-3.2) and during
surgery 2.4% (2.0-2.9). EtCO2 during the surgery was 5.4 kPa
(4.90-5.80). 3 infants were given a dose of 2.06 pg/kg (0.88-2.10) of
fentanyl after the surgery (T4). In the recovery room 8 infants received a
dose of 0.04 mg/kg (0.03-0.06) morphine before T5 occurred. The non-
invasive blood pressure decreased significantly at T2 (p = 0.006) and
increased significantly at T5 (p < 0.001, Fig. 3, Supplementary Table 1).
The regional oxygen saturation increased significantly at T2 and
decreased at T5 (both p < 0.001).

In the conventional spectral Doppler measurement, peak systolic
velocity and end diastolic velocity decreased significantly at T3
compared to T1. The peak systolic velocity also decreased significantly
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Fig. 3. Overview of ultrasound parameters and vital parameters.

Boxplots showing medium with interquartile range (25 and 75%) and minimum and maximum (error bars) of the vital parameters and ultrasound parameters for the
different measurement moments: awake at the operating room before induction of anesthesia (T1), after induction of anesthesia (T2), after administration of caudal
anesthesia (T3), during surgery after administration of the standard fluid bolus (T4) and after emergence of anesthesia in the recovery room (T5). x: p < 0.05, *: p
<0.001. EDV = end diastolic velocity, PSV = peak systolic velocity, RI = resistivity index, CSD = conventional spectral Doppler, UFD = ultrafast Doppler

at T4 compared to T1. After the emergence (T5), peak systolic velocity
(4.04 cm/s at T4 to 6.18 cm/s at T5, p < 0.001) and end diastolic ve-
locity (2.01 cm/s at T4 to 2.75 cm/s at T5, p < 0.001) were significantly
higher than T2-T4 (Fig. 3). An example of an ultrafast measurement is
shown in Fig. 4. In the ultrafast measurements, the peak systolic velocity
and end diastolic velocity were both significantly higher at T5 compared
to T2-3. In the case of end diastolic velocity, there was also a significant
difference (0.59 cm/s at T4 to 0.94 cm/s at T5, p < 0.001) between T4
and T5. The peak systolic velocity and end diastolic velocity measured
with both conventional and ultrafast spectral Doppler cerebral ultra-
sound were found to be significantly higher at T5 than at T2-T3, similar

to the non-invasive blood pressure measurements. Regional oxygen
saturation has a reversed pattern compared to peak systolic velocity, end
diastolic velocity and non-invasive blood pressure with significantly
lower values at T5 compared to T2-4. Only peak systolic velocity
measured with conventional spectral Doppler cerebral ultrasound was
significantly correlated with one of the vital parameters (regional oxy-
gen saturation, p = 0.025). Although the absolute values obtained from
the two techniques were in different ranges, there was a consistent trend
in the direction of change over time. This similarity in trend suggests a
promising alignment between the two techniques, even though direct
comparison in terms of percentage change might not be feasible due to
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Example of the parameter maps for one of the measurement moments. The B-mode image (A), Power Doppler image (B), Directional power Doppler image (C) are
shown as an example. The corresponding parameter maps of respectively peak systolic velocity (D) with colormap in cm/s, end diastolic velocity (E) with colormap in
cm/s and resistivity index (F) are shown. Median values of all valid blood flow pixels in the 2D ultrafast maps were taken for end diastolic velocity, peak systolic
velocity and resistivity index calculations. Note that the values of cerebral blood flow velocity are lower in the ultrafast Doppler measurements, since these mea-
surements are from both veins and arteries, where in the conventional spectral Doppler measurements only a single artery is selected.

the differing ranges of the measurements. The potential of the conven-
tional and ultrafast spectral Doppler is presented as an example in Fig. 5
which shows the effect of the administration of caudal anesthesia and
initiation of norepinephrine infusion on conventional and ultrafast
spectral Doppler parameters. The patient was excluded from the ana-
lyses because of the initiation of norepinephrine. This example dem-
onstrates the potential use of conventional and ultrafast Doppler to
directly observe effects of anesthesiologic interventions on cerebral
blood flow velocities.

4. Discussion

The present study shows that it was possible to evaluate the changes
in cerebral blood flow velocity in pial arteries measured with conven-
tional spectral Doppler and in the cerebral cortex with ultrafast Doppler
between various phases of standard anesthesiologic procedures in in-
fants undergoing inguinal hernia repair. The present setup shows that
intraoperative conventional spectral Doppler cerebral ultrasound had a
success rate of 88.3% (53/60 sequences successfully recorded) while
ultrafast spectral Doppler cerebral ultrasound had a success rate of
68.3% (41/60). The last technique is in its early stages of development
and these first results show that it has potential for further improve-
ments and evaluation for monitoring. In awake infants, the success rate
was still too low for monitoring purposes in clinical practice. As ex-
pected, the cerebral blood flow velocity and non-invasive blood pressure
during anesthesia (T2-T4) were both lower than after recovery (T5) and
showed a reversed pattern with regional oxygen saturation which
showed an increase at T2-T4. The clinical relevance of these changes in
cerebral blood flow velocity deserve further studies. This study provides
unique information of the cerebral perfusion in infants undergoing
general anesthesia in both a single pial artery with conventional spectral
Doppler as well as the pial cortical vessels in the whole plane with ul-
trafast Doppler cerebral ultrasound.

4.1. Strength and limitations

The success rate of ultrafast Doppler measurements during anes-
thesia is encouraging. This technique has a learning curve, indicating
that the success rate could potentially increase with a larger sample size.
Expertise is required to properly position and hold the probe steady
during the measurement process. The high failure rate pre- and post-
operatively was due to the high number of motion artefacts in the awake
infants which made offline analysis impossible. This imaging technique
therefore does not seem suitable for pre- and postoperative measure-
ments without substantial improvements. The measurement setup did
not cause any inconvenience for the anesthesiologists nor the operating
room staff, despite the busy environment of the operating room. The
ultrasound device was small enough to not interfere with the workspaces
of the anesthesiologists and surgeons, also due to the mobility of the
device and probe.

Due to the challenging organization and technical factors, a rela-
tively small number of patients was included in this study. The ultrafast
processing pipeline is quite sensitive to motion artefacts and in 49% the
image quality was unsatisfactory. In awake infants it can be difficult to
minimize motion. The use of a small probe with dedicated probe holder
in a head cap might improve the feasibility of the ultrafast measure-
ments in the perioperative setting without interfering with the surgical
procedure. This would also ease relocating the same ultrasound plane. In
future research, this would enable conducting more reliable measure-
ments and gain a comprehensive understanding of the extent of fluctu-
ations in cerebral blood flow velocities over time during surgery. An
example of a wearable single-element ultrasound probe is the Neo-
Doppler probe. [13] This probe measures cerebral blood flow velocity
continuously in a cylindrical region below the anterior fontanelle
covering several large vessels. [13] This probe however does not provide
2D information, but only a general Doppler signal per depth. The
advantage of ultrafast Doppler cerebral ultrasound is that it measures
the cerebral perfusion of all the pial cortical vessels in a whole plane,
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Fig. 5. Example of using the various forms of Doppler Ultrasound in clinical practice.

Example of various forms of Doppler Ultrasound in a boy neonate operated at post menstrual age of 47 weeks with weight of 4.3 kg, born at 26 weeks gestational age
with birthweight of 840 g. The graph presents the measurements before induction of anesthesia (T1), after induction of anesthesia with inhalation of sevoflurane and
start of infusion of norepinephrine at mcg/kg/min (flow rate 2.6 ml/h) (T2), after caudal anesthesia with 1.2 ml/kg ropivacaine 2 mg/ml (T3), after 10 ml/kg bolus
infusion of NaCl during surgery (T4) and after emergence of anesthesia at recovery room (T5).

The upper panel presents the vital parameters including systolic (mm Hg left axis, blue V), diastolic (blue /) and mean blood pressure (blue I), peripheral oxygen
saturation (% left axis, yellow o), heart rate (left axis, red o), end tidal CO2 (kPa left axis, grey o), regional cerebral oxygenation left (left axis, light orange o) and right
(left axis, dark orange o), in relation to ultrasound parameters in lower panel including conventional spectral Doppler (CSD) end diastolic velocity (EDV in m/s blue
V), peak systolic velocity (PSV in m/s blue /\) and resistivity index (RI, blue o), and ultrafast Doppler (UFD) end diastolic velocity (EDV in m/s, purple /), peak
systolic velocity (PSV in m/s, purple /\) and resistivity index (RL, purple o) in relation to the phase of anesthesia.

The end diastolic velocity and peak systolic velocity as measured with conventional spectral Doppler showed an increase after caudal anesthesia and start of
norepinephrine infusion (T3) and a decrease after reduction of norepinephrine (T4) in accordance with the rise in blood pressure, whereas the end diastolic velocity
and peak systolic velocity as measured with ultrafast spectral Doppler remained unchanged at T3; and increased at T4 and at T5. This pattern is also observed in the
images (unquantified). The clinical management including initiation of norepinephrine was at the discretion of the attending physician. The actual clinical effect of
norepinephrine infusion and cessation could not be determined due to the relative low flow of infusion (0.4-1 ml/h) but the blood pressure results suggests that
norepinephrine was effective 10 min after start of infusion. The patient was excluded from the analyses because of the initiation of norepinephrine. This example
demonstrates the potential use of conventional and ultrafast Doppler to directly observe effects of anesthesiologic interventions on cerebral blood flow velocities. (For

interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

<

providing important information about places at risk for postoperative
encephalopathy in a specific location. Regardless of the ultrasound
window used, only a small slice of cerebral tissue is accessible. In neo-
nates, the anterior fontanelle (mean size at 3 months: 3 cm) offers a
much wider field of view compared to the temporal window. [14] This
allows for extensive evaluation of intracranial structures and flow pat-
terns. This is particularly relevant in conditions where cerebral hemo-
dynamics are altered, as the anterior fontanelle provides broader access
to vital cerebral arteries and veins. Currently, the processing of the ul-
trafast Doppler measurements is still time intensive and is performed
offline. Another current limitation is the time consuming saving process
of the measurements, which takes around 5 min. Consequently, only one
ultrafast Doppler measurement per operative phase was attempted,
increasing the chances of failure. Future technological developments
may provide real-time ultrafast power Doppler images on the ultrasound
machine, would provide with direct feedback on cerebral blood flow
velocities.

4.2. Cerebral blood flow velocities

A previous study of our group, which was performed in a group of
patients undergoing high-risk intervention and associated large fluctu-
ations in hemodynamics, showed that the cerebral blood flow velocities
measured with conventional spectral Doppler cerebral ultrasound in
patients with limited need of hemodynamic support are in accordance
with blood pressure. [11] The results of the present study correspond to
the results of the previous study of our group, which suggests that within
normal ranges, blood pressure might be a good representative of cere-
bral macro- and microvascular perfusion.

A previous study demonstrated the initial findings of in vivo map-
ping of comprehensive vasculature dynamics in infants using ultrafast
Doppler in awake human neonates. [10] Fourteen infants were enrolled,
and ultrafast Doppler acquisitions were performed in sagittal and par-
asagittal planes generating resistivity maps in various locations such as
the basal ganglia, thalamus, and periventricular white matter. [10]
Typical resistivity values were measured from these maps. Based on the
outcomes, the authors concluded that transtemporal ultrafast Doppler
emerged as a viable option, providing a crucial steppingstone for the
introduction of whole-brain functional imaging in pediatric populations
across various clinical settings. [10]

Our results showed that ultrafast Doppler measurements exhibited a
similar trend as the reference conventional spectral Doppler measure-
ments. Ultrafast Doppler ultrasound thus has potential in the perioper-
ative phase in a healthy population without hemodynamic support. We
used an automated spectral Doppler envelope detection, which has not
been previously documented in the operative phase in humans. This
innovative methodology holds the potential to enhance the

visualization, analysis, and quantification of cerebral hemodynamics,
differentiating our study from previous investigations.

In our study, no significant decrease in cerebral blood flow velocity
was observed after the induction with sevoflurane while blood pressure
also remained comparable (from 57 mmHg to 56 mmHg). A previous
study showed that in children under the age of 6 months, sevoflurane
caused a significant decrease of cerebral blood flow velocity in the
proximal segment of the middle cerebral artery as measured with
transcranial Doppler ultrasound through the temporal window as soon
as the mean arterial pressure decreased by 20%. [15,16] The authors
hypothesized that sevoflurane decreases cerebral blood flow velocity as
a result of a decrease in blood pressure by reducing systemic vascular
resistance. [15,16] However, another comparable study from a different
group demonstrated that the cerebral blood flow velocity in the middle
cerebral artery remains constant in healthy children at different sevo-
flurane minimum alveolar concentration (MAC) multiples (0.5, 1.0, 1.5
MAQ). [17]

Three previous studies showed that a caudal injection of ropivacaine
with 1.5 ml/kg temporarily decreases cerebral blood flow velocity in the
middle cerebral artery during elective inguinal hernia repair in infants
which might indicate a transient increase of the intracranial pressure.
[18-20] They showed that the reduction in cerebral blood flow velocity
appeared immediately after the injection and a partial reduction was
still present at 5 min post-injection. [20] Also, a reduction of regional
oxygen saturation was observed immediately after the end of caudal
injection. [20] We observed no significant difference in both cerebral
blood flow velocity measured with conventional spectral Doppler and
regional oxygen saturation after the administration of caudal analgesia
with 1.0 ml/kg of ropivacaine, but we observed that the cerebral blood
flow velocity is significantly lower and the regional oxygen saturation is
significantly higher after the combined effect of sevoflurane induction
and caudal anesthesia (T3) than before these anesthesiologic procedures
(T1). Given the timing of the T3 measurement and a minimum 5-min
interval post-caudal injection, it's unlikely that CSF cephalad displace-
ment during injection affected our results. The alterations in cerebral
blood velocity could be linked to decreased blood pressure (median
values: 57 to 56 and 50 to 49 mmHg). Additionally, paCO2 may have a
significant impact on cerebral hemodynamics. To minimize the effect of
paCO2, no to only minimal opioid doses were administered throughout
the anesthesia, and patients maintained spontaneous breathing during
the anesthesia and measurements. The levels of EtCO2, as a reflection of
paCO2, remained stable throughout the anesthesia stages (Fig. 3 and
supplementary table 1) although the interpretation of EtCO2 through
laryngeal mask should be taken with caution. Furthermore, no correla-
tion was found between EtCO2 and cerebral blood flow velocities or
blood pressure. Consequently, we posit that any notable fluctuations in
paCoO2 are unlikely to have occurred.
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The peak systolic velocity and end diastolic velocity as measured by
conventional spectral Doppler were higher after emergence than intra-
operatively which might be related to a higher blood pressure. Hypo-
thetically, upon awakening the child has a higher cerebral metabolism
and therefore a higher cerebral blood flow velocity. [21] The effect of
emergence after anesthesia on the ultrasound parameters in infants is to
our knowledge not described before.

Despite variations in peak systolic velocity, end diastolic velocity,
and non-invasive blood pressure that occur during and after surgery, the
resistivity index remained constant throughout the measurements.
However, there was an interindividual variation, primarily attributed to
the selection of different arteries in conventional spectral Doppler. The
resistivity index serves as an indicator of vascular resistance and may not
fluctuate during the procedure despite changes in cerebral metabolism.

Vital signs are being measured more frequently as a routine practice
to mitigate the risk of cerebral damage during surgery of infants. [22]
Our current and previous study showed that it is possible to measure
changes in cerebral blood flow velocity caused by fluctuations in blood
pressure, which could not be measured with regional oxygen saturation.
[23] Velocity parameters are often used as representative of cerebral
blood flow, but this might not be valid as the vessel diameter plays a
significant role between blood flow and flow velocities, and the vessel
diameter is regulated by the sympathetic nervous system. [24] Yet,
vessel diameter is not measured with cerebral ultrasound, and hence the
relationship between blood flow and flow velocities might not be linear.
Previous research found a relationship between cortical cerebral blood
flow velocity measured in preterm neonates in their first days of life and
intraventricular hemorrhages and white matter injury. [25-27] Never-
theless, correlation between Doppler parameters and structural brain
damage has not been found yet. This might be explained by the lack of
frequent and continuous measurements in previous research or that the
most significant parameter is not found yet. [28]

4.3. Implications for clinical practice and research

Ultrafast Doppler cerebral ultrasound offers the possibility to mea-
sure cerebral blood flow velocity in every image pixel simultaneously.
Multiple systems are involved to control the cerebral perfusion; cerebral
autoregulation which lessens variations in brain perfusion pressure,
neurovascular coupling which increases local blood flow in response to
increased neuronal metabolic demand, neurogenic regulation of the
cerebral blood flow with an extensive arborization of perivascular
nerves, and the arterial partial pressure of oxygen and partial carbon
dioxide pressure by regulating the vascular tone. [29] Ultrafast Doppler
cerebral ultrasound has the potential to contribute to a better under-
standing of these mechanisms, with the quantification in a specific re-
gion instead of only measuring one artery at the time.

In conclusion, it was possible to evaluate cerebral blood flow ve-
locities in the pial cortical arteries measured with conventional and
ultrafast spectral Doppler cerebral ultrasound between various phases of
standard anesthesiological procedures. We showed that cerebral blood
flow velocities together with blood pressure decreased while regional
cerebral oxygenation increased during general anesthesia. The results of
ultrafast Doppler are promising, considering the technique's early stages
and opportunities.
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