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Abstract

Background: General anaesthesia is associated with neurocognitive deficits in infants after noncardiac surgery. Distur-

bances in cerebral perfusion as a result of systemic hypotension and impaired autoregulation may be a potential cause.

Our aim was to study cerebral blood flow (CBF) velocity continuously during general anaesthesia in infants undergoing

noncardiac surgery and compare variations in CBF velocity with simultaneously measured near-infrared spectroscopy

(NIRS), blood pressure, and heart rate.

Methods: NeoDoppler, a recently developed ultrasound system, was used to monitor CBF velocity via the anterior

fontanelle during induction andmaintenance of general anaesthesia until the start of surgery, and during recovery. NIRS,

blood pressure, and heart rate were monitored simultaneously and synchronised with the NeoDoppler measurements.

Results: Thirty infants, with a median postmenstrual age at surgery of 37.6 weeks (range 28.6e60.0) were included.

Compared with baseline, the trend curves showed a decrease in CBF velocity during induction and maintenance of

anaesthesia and returned to baseline values during recovery. End-diastolic velocity decreased in all infants during

anaesthesia, on average by 59%, whereas peak systolic- and time-averaged velocities decreased by 26% and 45%,

respectively. In comparison, the reduction in mean arterial pressure was only 20%. NIRS values were high and remained

stable. When adjusting for mean arterial pressure, the significant decrease in end-diastolic velocity persisted, whereas

there was only a small reduction in peak systolic velocity.

Conclusions: Continuous monitoring of CBF velocity using NeoDoppler during anaesthesia is feasible and may provide

valuable information about cerebral perfusion contributing to a more targeted haemodynamic management in anaes-

thetised infants.
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Infants undergoing surgery are at increased risk of subsequent

neurodevelopmental delay.1e3 One pathophysiological

mechanism potentially contributing to such delay may be

disturbances in cerebral perfusion during general

anaesthesia.4,5 Preterm infants and sick neonates are

particularly vulnerable to such disturbances as a result of

impaired cerebral autoregulation leading to a pressure-

passive cerebral circulation and reduced ability to maintain

stable cerebral perfusion during general anaesthesia.6e9

The most common clinical practice to ensure haemody-

namic stability during general anaesthesia is to optimise sys-

temic circulation with the overall goal to optimise end-organ

perfusion, including the brain.5,10,11 However, the definition of

systemic hypotension in infants is unclear,6,12e15 and there are

individual differences in the upper and lower limit of intact

cerebral autoregulation in sick infants.7,8,10 Furthermore, the

impact of anaesthetic drugs and the impact of changes in

physiological variables make the assessment of cerebral

perfusion challenging.16e19 The complexity and challenges in

the assessment of cerebral perfusion require better moni-

toring tools that can provide decision support and a more

individualised assessment of cerebral perfusion.

Doppler measurements have been used to assess cerebral

haemodynamics since the introduction of transcranial Doppler

in 1982.20 However, continuous measurements with trans-

cranial Doppler require a transducer coupled to a large, rigid

head accessory designed for adults, and a trained operator to

locate the vessel of interest. Although infants have the perfect

acoustic window through the anterior fontanelle, continuous

monitoring of cerebral perfusion assessed with Doppler mea-

surements has not yet been possible. Such monitoring might

identify individuals with reduced cerebral perfusion.

We hypothesised that continuous monitoring of cerebral

blood flow (CBF) velocity to assess cerebral perfusion during

general anaesthesia might reveal new insights into cerebral

haemodynamics. The primary aim was to use NeoDoppler,21 a

new ultrasound system for continuousmonitoring, to evaluate

CBF velocity during general anaesthesia in infants undergoing

noncardiac surgery. Secondary aims were to explore associa-

tions of CBF velocity with simultaneously measured near-

infrared spectroscopy (NIRS), blood pressure, and heart rate.

Methods

Design and study population

This observational study included a convenience sample of

consecutively recruited infants with an open fontanelle un-

dergoing noncardiac surgery at the Department of Paediatric

surgery, St. Olavs Hospital, Trondheim University Hospital

Norway, between May 2020 and May 2022. CBF velocity was

continuously recorded before, during induction and mainte-

nance of anaesthesia until the start of surgery, and during

recovery, using NeoDoppler. This is an operator-independent,

noninvasive ultrasound system providing continuous non-

angle-corrected velocity measurements from vessels at

different depths of the brain simultaneously.21 The velocity

measurements included peak systolic velocity, time-averaged

maximum velocity, and end-diastolic velocity. Based upon

these measurements, pulsatility index (¼[peak systolic veloc-

ityeend-diastolic velocity]/time-averaged maximum velocity)

and resistive index (¼[peak systolic velocityeend-diastolic

velocity]/peak systolic velocity) were continuously calculated

and displayed.21 As indicators of cerebral haemodynamics,

peak systolic velocity is considered to mainly reflect systemic
factors, such as cardiac output and systolic blood pressure,

whereas end-diastolic velocity is the most sensitive marker to

changes in cerebral haemodynamics, such as changes in pe-

ripheral resistance and diastolic blood pressure.22 Time-

averaged maximum velocity is considered to be directly

related to cerebral perfusion,23 and an increase in time-

averaged maximum velocity may be explained by increased

blood pressure or reduced peripheral resistance. NIRS was

used to measure regional cerebral oxygenation. Before

anaesthesia, during maintenance of anaesthesia, and during

recovery heart rate, oxygen saturation and blood pressure

were obtained. All variables were recorded and synchronised

in real time or, in some cases, vital signs were recorded every

30 s and later synchronised with the velocity measurements

and NIRS. Baseline blood pressure was measured non-

invasively before induction in a calm infant. During induction,

blood pressure was not measured, whereas during mainte-

nance of anaesthesia blood pressure was measured either

continuously (invasively) or noninvasively every 5 min. In-

terventions for blood pressure management were performed

at the discretion of the attending anaesthesiologist.

NeoDoppler

NeoDoppler consists of a small, lightweight ultrasound probe,

a scanner, and a user interface with display. The probe oper-

ates at a frequency of 7.8 MHz during monitoring. The trans-

mitted beam consists of planewaves and covers a cylindrically

shaped area with a diameter of 1 cm and measures velocities

to a depth of 35 mm. The clutter filter was set to 60 Hz. The

Doppler signal is guided by the M-mode image and no

morphological details are obtained.21 The NeoDoppler probe

was attached over the anterior fontanelle of the infant’s head

with a specifically designed soft hat. The NeoDoppler probe

and the velocity measurements were continuously surveyed

and optimised during monitoring by the first author.

Other measurements

Details of the infant’s clinical diagnosis, gestational age,

postnatal age at surgery, birth weight, and weight at surgery

were collected from the medical records.

Details of anaesthetic management, including type of

medication, drug dosage, and time, and airway management

and fluid management during induction and maintenance of

anaesthesia were registered. If the infant’s trachea was to be

intubated in the operating room, the standard inductionwas i.v.

propofol, fentanyl, and rocuronium. During maintenance of

anaesthesia, sevoflurane in combination with fentanyl and

rocuronium were standard. Events during anaesthesia were

documented. The management and interventions during

anaesthesia were at the discretion of the attending anaesthesi-

ologist, who was blinded to the NeoDoppler measurements.
Statistical methods

Real-time data acquisition of CBF velocity and post processing

were done with in-house software developed in MATLAB

(MathWorks® R2021a, Natick, MA, USA). Statistical analyses

were performed using SPSS Statistics version 27.0 (IBM,

Armonk, NY, USA) except for the linear mixed models which

were performed in R (version 4.2.1, R Foundation for Statistical

Computing, Vienna, Austria) with the lme4 package.24 Trend

curves based on the continuous recording of CBF velocity vari-

ables, NIRS, heart rate, and blood pressure were obtained and
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inspected for each infant. We analysed those parts of the re-

cordings when the curves suggested stable CBF velocity. In or-

der to select these periods as objectively as possible, we

analysed CBF velocity during 200 heart beats in the awake in-

fant before induction as baseline (P1); during the first stable

period after tracheal intubation when blood pressure mea-

surements were established (P3: ‘early anaesthesia’), immedi-

ately before surgery (P4: ‘late anaesthesia’), immediately after

the end of surgery (P5: ‘early recovery’), and the last observed

period during recovery (P6: ‘late recovery’). During induction of

anaesthesia, CBF velocities during the last 10 heartbeats just

before tracheal intubation were analysed (P2). To compare the

different periods, we used the fraction of the baseline mea-

surement for all variables. However, since blood pressure at

baselinewasmainly acquired noninvasively, we also calculated
Table 1 Background variables.

N (%) Median (range minemax)

Total 30 (100)

Sex
Male 20 (66.7)

Gestational age (weeks)
All infants 30 (100) 35.65 (24.6e41.4)
<32 weeks 7 (23.3)
32e36 weeks 11 (36.7)
�37 weeks 12 (40.0)

Birth weight (g)
All infants 30 (100) 2335.0 (591e5920)
<1500 g 7 (23.3)
1500e2500 g 9 (30.0)
�2500 g 14 (46.7)

Postmenstrual age (weeks) at surgery
All infants 30 (100) 37.55 (28.6e60.0)

Age at surgery (days)
All infants 30 (100) 2.02 (0.10e140)
<7 days 20 (66.7)
�7 days 10 (33.3)

Weight at surgery (g)
All infants 30 (100) 2587.5 (930e9530)

Table 2 Anaesthetic management of the infants monitored w

Propofol during induction (mg kg�1)
Fentanyl during induction (mg kg�1)
Rocuronium during induction (mg kg�1)
Time from intubation to start of surgery (min)
Sevoflurane % during maintenance of anaesthesia
Fentanyl during maintenance of anaesthesia (mg kg�1)
Rocuronium during maintenance of anaesthesia (mg kg�1)
Inspired oxygen during induction of anaesthesia (%)
Inspired oxygen during maintenance of anaesthesia (%)
Inspired oxygen during recovery (%)
PCO2 (capillary) before anaesthesia (kPa)
End tidal CO2 during maintenance of anaesthesia (kPa)
PCO2 (capillary) during recovery (kPa)
the blood pressure during anaesthesia as a fraction of invasive

blood pressure measurements during recovery.

Linear mixed models were used to study phase-to-phase

changes in CBF velocity and how changes in CBF velocity

were impacted by corresponding changes in blood pressure.

By using linear mixed models, we were able to include infants

whose measurements were missing at some time points. The

CBF velocity variables peak systolic velocity, time-averaged

maximum velocity, and end-diastolic velocity were averaged

for each participant for each period (P1eP6) and used as

dependent variables in three separate models. The distribu-

tions of the CBF velocity variables were explored with QQ plots

and were found to depart from the normal distribution. Thus,

log-transformation of these variables was performed to obtain

better approximations to the normal distribution. The

different time points (P1eP6) were included as categorical

covariates and a random intercept for participant was

included to account for within-subject correlations. Boot-

strapping was used to establish 95% confidence intervals by

resampling participants at random, with replacement, and

constructing new linear mixed models for each bootstrap

sample.25 This was repeated 1000 times and the 2.5 and 97.5

percentiles for each coefficient were used as lower and upper

limits, respectively, of the corresponding confidence interval.

The procedurewas repeatedwithmean arterial blood pressure

(MAP) as a separate covariate to see whether changes in blood

pressure could explain the changes in CBF velocity. In addi-

tion, sex, gestational age, birthweight, surgery before or after 7

days of age, diagnosis, and blood pressure were explored

separately as additional covariates.

We defined hypotension as an MAP <35 mm Hg,26,27 and

usedManneWhitney U-tests to compare CBF velocity between

those with and without hypotension.
Safety

The attending anaesthesiologist was free to remove the Neo-

Doppler probe if the probe was interfering with the clinical

management of the infant. The settings that influence me-

chanical and thermal index were set in advance. Because of

the unfocused probe, the highest thermal index is at the skin

surface and the temperature decreases significantly in the

depths of the brain.21 After removing the probe, the skin was

inspected for possible erythema or damage, or pressure

marks.
ith NeoDoppler. PCO2, partial pressure of carbon dioxide.

N Median (range minemax)

25 3.88 (2.67e5.29)
23 1.82 (0.52e3.62)
28 0.79 (0.25e1.98)
21 76.60 (15.32e134.4)
24 1.6 (0.85e2.55)
27 1.98 (0.52e7.53)
20 0.58 (0.29e6.45)
21 98.4 (95.3e101.1)
24 48.65 (28.5e79.7)
19 24.1 (21e30)
23 6.3 (4.98e10.2)
24 4.46 (3.22e5.85)
21 5.8 (4.32e7.9)
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The Regional Committee for Medical and Health Research

Ethics in Central Norway, the NorwegianDirectorate of Health,

and The Norwegian Medicines Agency approved the study.

Informed, written parental consent was obtained by a

research nurse or the first author.

Results

Patient data

In total, 30 infants (20males) were included. Based on themain

surgical diagnosis we defined four groups; atresia of the

gastrointestinal tract (n¼10), abdominal wall defects (n¼6),
15
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Fig. 1. Continuous trend curves displaying multimodal monitoring durin

blood flow velocity (CBF velocity) and blood pressure, near-infrared spe

atresia, gestational age 37 weeks. There is a decrease in CBF velocity du

at a level below baseline and remains stable until surgery commences

(95%), whereas invasive mean arterial pressure (MAP) measurements

values during recovery, whereas blood pressure stabilises at a higher le

during anaesthesia (P3eP4), and comparable with baseline values. N

(Medtronic Parkway, Minneapolis, MN, USA). Synchronising of the

readthedocs.io/en/latest/), an open-source Python-based software de

medical devices. The software was modified in-house and extended

Philips IntelliVue). On the receiver side a common time axis was main

available temporal resolution was captured for all signals and all data w

pressure; EDV, end-diastolic velocity; HR, heart rate; MAP, mean arte

induction of anaesthesia; P3, early anaesthesia; P4, late anaesthesia; P

systolic pressure; PSV, peak systolic velocity; RI, resistive index; SpO2,
other major surgery (n¼8) (e.g. congenital diaphragmatic her-

nia, patent ductus arteriosus ligation), andminor surgery (n¼6)

(e.g. inguinal hernia, venous access port). Background vari-

ables are shown in Table 1.
Procedures

I.V. induction was used in 24 of the 25 infants whose tracheas

were intubated in the operating room. Gas induction with

sevoflurane 4% followed by fentanyl and rocuroniumwas used

in one infant. The lungs of four infants were being mechani-

cally ventilated before entering the operating room, and the
Recovery
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g anaesthesia. The figure shows characteristic patterns of cerebral

ctroscopy (NIRS) and heart rate in one infant with gastrointestinal

ring induction (P2). After intubation (P3), the CBF velocity stabilises

(P4). During this period, from P3 to P4, NIRS is stable at high values

vary between 25 and 43 mm Hg. CBF velocities return to baseline

vel than baseline. During recovery, NIRS is still high, but lower than

IRS sensor for infants and neonates, INVOS™ 5100c OxyAlert™

monitoring variables was done using pyMIND (https://pymind.

signed to acquire and integrate multi-modal scientific data from

to capture NIRS data in addition to invasive measurements (e.g.

tained to which all measurements were synchronised. The highest

ere saved into HDF format for offline processing. EDP, end-diastolic

rial pressure; NIRS, near-infrared spectroscopy; P1, baseline; P2,

5, early recovery; P6, late recovery; PI, pulsatility index; PSP, peak

arterial oxygenation; TAV, time-averaged maximum velocity.

https://pymind.readthedocs.io/en/latest/
https://pymind.readthedocs.io/en/latest/
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airway of one infant was managed using a laryngeal mask

airway during anaesthesia. Inhalation maintenance of

anaesthesia was used in 28 infants in combination with fen-

tanyl and rocuronium. Five infants had additional regional

anaesthesia. Invasive blood pressure during anaesthesia was

used in 21 infants. For all except the six infants with minor

surgery, mechanical ventilation of the lungs was continued

during recovery. Further information regarding anaesthetic

management is shown in Table 2.

Adjustment of the probe duringmonitoringwas sometimes

necessary to optimise the Doppler signal; this sometimes

caused small changes in the beam-to-flow angle leading to

corresponding changes in the velocity measurements. Nine

infants did not have complete recordings obtained from the

same vessel from baseline (P1) to late recovery (P6), leaving 21

infants with continuous recordings during all time periods

(Supplementary Fig. S1). The main reason for missing time

periods was the need for probe adjustment (Supplementary

Table S1). Of the 21 infants with complete recordings during

anaesthesia and recovery (P1eP6), three were supported with

mechanical ventilation at baseline.

Themedian duration of monitoring with NeoDoppler was 5

h 10 min (range 1 h 56 min to 10 h 28 min).
Fig. 2. Changes in Doppler waveforms before, during and after ana

waveforms from the same infant as Figure 1 during the different period

image is not obtained, instead the depth-versus-time colour M-mode i

signal. The colour M-mode in the upper panel shows that the measu

different periods. The time scale is in seconds. The Doppler signals s

baseline and return to baseline velocities during recovery. EDV, end

systolic velocity; Q, quality; RI, resistive index; TAV, time-averaged ma
Trend curves

Variability in CBF velocity was first studied by observing the

individual trend curves. Figure 1 shows an example of a typical

trend curve where changes in CBF velocity, blood pressure,

arterial saturation, NIRS, and heart rate can be followed from

baseline (P1) until late recovery (P6). Figure 2 shows changes in

the Doppler waveforms before, during, and after anaesthesia.

Anaesthesia was associated with a statistically significant

decrease in peak systolic velocity, time-averaged maximum

velocity, and end-diastolic velocity; the largest decreasewas in

end-diastolic velocity (Fig 3a; Table 3). There was no evidence

that sex, gestational age, birth weight, surgery before or after 7

days of age or diagnosis were associated with the CBF velocity

variables (data not shown). The decreases in the CBF velocity

variables persisted when we adjusted for MAP (Fig 3b).

The variation in absolute values of the velocity variables

were large (Table 3). The fractions of baseline values of the ve-

locity variables during anaesthesia were analysed in the 21 in-

fants with complete velocity measurements. Of these, 20

infantshadbloodpressuremeasurementsat baseline, 19during

maintenance, and 17 infants during recovery (Table 3).

Compared with baseline, NIRS did not change during anaes-

thesia, whereas MAP decreased on average by 20%, mean end-
esthesia. The figure shows representative examples of Doppler

s. Detailed morphology of the brain by a two-dimensional greyscale

s used to place the sample volume where there is a strong arterial

rements are obtained in the same depth, 20e28 mm, during the

uggest a decrease in velocities during anaesthesia compared with

-diastolic velocity; HR, heart rate; PI, pulsatility index; PSV, peak

ximum velocity.
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diastolic velocity by 59%, mean peak systolic velocity by 26%,

and pulsatility index increased by 68% (Table 3). Mean end-

diastolic velocity was the only variable that decreased in all

infants (Table 3). Restricted to infantswith invasivelymeasured

blood pressure the MAP during maintenance was reduced by

23% compared with recovery. All the variables returned to

baseline values during late recovery (Table 3, Fig 3a).

Just before surgery (P4), infants with an MAP <35 mm Hg

(N¼12) had significantly lower end-diastolic velocity (median:

1.3; inter-quartile range [IQR] 0.84e1.63) than infants with an

MAP �35 mm Hg (n¼14) (median: 1.8; IQR 1.48e3.34; P¼0.011).
Safety

No infant needed the NeoDoppler probe to be removed during

the procedure. Mechanical and thermal indices were 0.06 and

0.57, respectively, during all recordings. There were no visible

skin marks after removing the NeoDoppler probe after several

hours of monitoring.
Discussion

This is the first study to use NeoDoppler in multimodal

monitoring to assess cerebral perfusion during anaesthesia in

infants undergoing noncardiac surgery. We have shown that

continuous monitoring with NeoDoppler is feasible and pro-

vides additional information on cerebral perfusion not ob-

tained with standard monitoring. There were significant

changes in all CBF velocity variables during anaesthesia,

particularly in end-diastolic velocity which was reduced by

59% compared with baseline. The reduction in end-diastolic
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velocity was greater in hypotensive compared with normo-

tensive infants.

Doppler measurements to assess cerebral perfusion during

anaesthesia and surgery in infants with an open fontanelle

have been reported in previous studies.28e31 However, these

studies used intermittent measurements at predefined time

points and were dependent on trained personnel. In contrast,

NeoDoppler enables continuous, operator-independent mea-

surements which may add unique pathophysiological knowl-

edge. The reduction in end-diastolic velocity in our patients

may indicate reduced cerebral perfusion as end-diastolic ve-

locity is the most sensitive marker of haemodynamic

changes.22,26 The same pattern is also seen in other patho-

logical conditions, such as haemodynamically significant

patent ductus arteriosus, asphyxia, and sepsis.22 By contrast,

the reduction in end-diastolic velocity may also indicate

increased peripheral resistance.30,31 However, the less marked

reduction in peak systolic velocity and the significant decrease

in time-averaged maximum velocity are consistent with our

interpretation that the observed decrease in end-diastolic ve-

locity indicates reduced CBF.

The decrease in end-diastolic velocity in our patients was

independent of gestational age, birth weight, age at surgery,

and diagnosis. This means that despite a heterogenous group

of infants, the observed changes in CBF velocity during

anaesthesia are robust. When adjusting for MAP, there was

only a marginal reduction in peak systolic velocity, whereas

the decrease in end-diastolic velocity persisted. We speculate

that these results indicate that some infants had a suboptimal

blood pressure during anaesthesia which, in combinationwith

impaired cerebral autoregulation, resulted in reduced end-
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Table 3 Absolute values of cerebral blood flow velocities, heart rate, NIRS, and blood pressure measured at baseline (P1), during maintenance of anaesthesia (P2eP4) and during recovery
(P5eP6), and fraction of baseline. *P-values from linear mixed model, log-transformed scale. yMean fraction of baseline at P2eP6, 21 infants at P1, P3eP6, 18 infants at P2. zN¼26. ¶N¼27.
xN¼25. ||N¼22. #N¼19. **N¼17.yyN¼20. EDP, end-diastolic pressure; EDV, end-diastolic velocity; HR, heart rate; IQR, inter-quartile range; MAP, mean arterial pressure; NIRS, near-infrared
spectroscopy; PI, pulsatility index; PSP, peak blood pressure; PSV, peak systolic velocity; RI, resistive index; TAV, time-averaged maximum velocity.

Baseline (P1) Induction (P2) During anaesthesia During recovery

Early (P3) Late (P4) Early (P5) Late (P6)

N¼25 N¼22 P-
values*

N¼28 P-
values*

N¼27 P-
values*

N¼25 P-
values*

N¼25 P-
values*

PSV Median (IQR) 9.82 (7.62e18.00) 7.23 (4.69e10.03) <0.001 6.76 (5.08e15.99) <0.001 7.74 (5.5e14.28) <0.001 9.91 (7.58e13.48) 0.024 11.26 (7.60e14.98) 0.487
Fractiony 1 0.67 (0.39e1.0) 0.69 (0.38e1.04) 0.74 (0.42e1.19) 0.92 (0.31e1.88) 1.01 (0.57e1.82)

TAV Median (IQR) 6.33 (5.22e9.69) 3.55 (2.61e4.67) <0.001 3.17 (2.51e6.85) <0.001 3.51 (2.84e6.26) <0.001 6.0 (3.76e8.77) 0.001 7.40 (4.66e8.94) 0.637
Fractiony 1 0.57 (0.30e1.03) 0.54 (0.26e0.81) 0.55 (0.25e1.0) 0.86 (0.29e2.26) 1.04 (0.52e1.95)

EDV Median (IQR) 3.46 (2.71e4.63) 1.57 (1.00e2.46) <0.001 1.49 (1.22e2.55) <0.001 1.66 (1.17e2.04) <0.001 3.17 (1.54e4.59) 0.01 4.27 (2.77e5.05) 0.671
Fractiony 1 0.51 (0.16e1.06) 0.47 (0.20e0.77) 0.41 (0.13e0.90) 0.88 (0.30e2.70) 1.16 (0.44e2.09)

PI Median (IQR) 1.04 (0.87e1.28) 1.49 (1.19e1.87) <0.001 1.53 (1.34e1.98) <0.001 1.68 (1.44e2.11) <0.001 1.23 (1.05e1.60) 0.009 0.97 (0.98e1.20) 0.482
Fractiony 1 1.40 (0.85e2.17) 1.49 (0.94e2.17) 1.68 (0.99e2.53) 1.20 (0.6e1.92) 0.95 (0.53e1.29)

RI Median (IQR) 0.65 (0.58e0.74) 0.75 (0.67e0.83) <0.001 0.76 (0.70e0.83) <0.001 0.78 (0.73e0.85) <0.001 0.71 (0.65e0.79) 0.037 0.63 (0.59e0.71) 0.345
Fractiony 1 1.13 (0.89e1.52) 1.15 (0.97e1.38) 1.20 (0.97e1.58) 1.06 (0.72e1.46) 0.96 (0.76e1.12)

HR Median (IQR) 139.59
(128.74e155.19)

129.54
(121.68e138.44)

0.351 137.35
(128.04e151.50)

0.196 125.88
(116.77e141.08)

0.027 127.11
(118.92e146.83)

0.534 133.48
(122.84e152.31)

0.732

Fractiony 1 0.98 (0.81e1.25) 1.04 (0.80e1.36) 0.97 (0.70e1.27) 1.00 (0.76e1.27) 1.02 (0.83e1.24)
NIRS Median (IQR) 88.68 (72.69e93.93) 90.87 (82.18e95) 0.064 83.05 (75.25e95.0) 0.118 85.88 (75.74e95.0)x 0.424 78.35 (67.93e85.20) 0.085 82.11 (73.13e87.21) 0.316

Fractiony 1 1.09 (0.85e1.31)** 1.06 (0.91e1.20)a 1.02 (0.79e1.18)# 0.96 (0.80e1.13)a 0.97 (0.53e1.25)a

PSP Median (IQR) 63.75 (56.0e79.67)z d d 47.18 (43.00e56.87)¶ 47.50 (43.70e53.97)z 62.68 (50.18e71.85)|| 57.39 (46.93e67.57)||

Fractiony 1a d d 0.75 (0.45e1.06)# 0.75 (0.51e1.03)# 0.98 (0.61e2.01)** 0.90 (0.62e1.20)**
MAP Median (IQR) 47.33 (37.13e55.92)z d d 38.68 (34.00e40.73)¶ 36.49 (32.04e42.00)z 50.74 (35.75e59.57)|| 44.33 (38.77e56.93)||

Fractiony 1yy d d 0.80 (0.46e1.20)# 0.80 (0.43e1.12)# 1.13 (0.66e2.84)** 1.03 (0.76e1.54)**
EDP Median (IQR) 36.83 (29.63e47.08)z d d 31.2 (25.51e33.00)¶ 28.49 (24.75e32.84)z 45.05 (26.00e49.69)|| 37.57 (31.42e48.71)||

Fractiony 1a d d 0.81 (0.39e1.26)# 0.79 (0.36e1.12)# 1.26 (0.6e3.20)** 1.19 (0.73e2.49)**
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diastolic velocity. Whether a significant reduction in end-

diastolic velocity may be related to an increased risk of

adverse neurodevelopment outcomewarrants further studies.

The blood pressure management during anaesthesia in

our study was consistent with current recommenda-

tions.6,11,26 In clinical practice, the anaesthesiologist relies on

blood pressure along with their overall clinical assess-

ment.10,14,27 However, the optimal blood pressure in infants

during anaesthesia is unclear,14,32,33 and a reliable method to

monitor brain perfusion directly, which would guide blood

pressure management, is lacking. Consistent with Rhondali

and colleagues,26 end-diastolic velocity in our study was

lower in infants with hypotension compared with those who

were normotensive. However, the results of this study do not

allow general recommendations regarding lower limits of

MAP during anaesthesia. With NeoDoppler, a more individual

assessment of cerebral perfusion is possible and may in

future contribute to more targeted blood pressure control

during anaesthesia.

The infants in our study maintained high and stable NIRS

values during procedures. This may suggest adequate cerebral

perfusion,34 but it could also be an effect of increased oxygen

supply9,32,34 or reduced cerebral metabolism with reduced

consumption of oxygen.34 These uncertainties in the inter-

pretation of NIRS and the lack of evidence of improved

neurological outcome when monitoring with NIRS, may

explain why NIRS monitoring is seldom used in infants un-

dergoing noncardiac surgery. Further studies are needed to

clarify whether NIRS or CBF velocity are the most appropriate

measures of cerebral perfusion, or if they should be used as

complementary measures.
Weaknesses and strengths

One limitation with NeoDoppler is that in contrast to con-

ventional ultrasound examination, we do not know exactly

which vessels are beingmeasured. This leads to a variability of

the absolute measurements such that comparison of absolute

values between patients, and across studies, is difficult.

However, the main advantage of NeoDoppler is that it is

operator-independent and enables continuous monitoring of

CBF velocity during long time periods. The large variability in

the absolute measurements is a strong argument for

measuring trends instead of intermittent measurements.

Thus, it is possible to monitor and assess cerebral perfusion

directly, noninvasively, and at the operating table. This is a

unique and original feature of NeoDoppler.21 In this research

set-up, the Doppler measurements were continuously sur-

veyed by the first author to note events and anaesthetic

management, performing small adjustments of the probe to

optimise the signal if necessary. In clinical use, NeoDoppler is

intended to be part of the regular monitoring system with an

alert to indicate poor Doppler signals requiring adjustments of

the probe.

Amajor controversy when using Doppler measurements to

assess cerebral perfusion is the extent that velocity measure-

ments reflect CBF. The velocity measurements are dependent

on the diameter of the vessel, which is continuously changing.

However, several studies have shown good correlation be-

tween velocity measurements and CBF, especially when the

changes in velocity can be followed continuously, which is the

case with transcranial Doppler.35e40 The typical trend curve

obtained with NeoDoppler shows changes in velocity
measurements compared with baseline. These changes in

velocity further support that continuous velocity measure-

ments may reflect CBF.

Amajority of the infants in this study had only noninvasive

blood pressure measurements at baseline. However, when we

restricted the analyses to infants with invasively measured

blood pressure and compared the blood pressure values dur-

ing anaesthesia with measurements at recovery, the results

were essentially unchanged.

The strength of this study was that the infants were

monitored under stable conditions, underwent similar

anaesthetic management without any significant haemor-

rhage, and the same investigator was present during the full

monitoring period for all patients. This enabled simultaneous

and reliable measurements of the three variablesdblood

pressure, NIRS, and CBF velocitydwhich, when seen in rela-

tion to each other, may contribute to a more comprehensive

and individualised understanding and assessment of CBF and

provide new possibilities to optimise brain perfusion during

anaesthesia.

Conclusions

Continuous monitoring of CBF velocity with NeoDoppler

revealed a significant decrease in end-diastolic velocity during

anaesthesia in infants with an open fontanelle undergoing

noncardiac surgery. Our results suggest that continuous

monitoring of CBF velocity with NeoDoppler during anaes-

thesia is feasible and may provide valuable information to

improve haemodynamic management. Whether improved

CBF velocity may reduce the risk for neurodevelopmental

impairments in infants undergoing noncardiac surgery should

be the aim for future research.
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