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Abstract

OBJECTIVES: (i) To monitor cerebral blood flow velocity (CBFv) throughout aortic arch repair surgery and during the recovery period. (ii)
To examine the relationship between transcranial doppler ultrasound (TCD) and near-infrared spectroscopy (NIRS) during cardiac surgery.
(iii) To examine CBFv in patients cooled to 20�C and 25�C.

METHODS: During aortic arch repair and after surgery, measurements of TCD, NIRS, blood pH, pO2, pCO2, HCO3, lactate, Hb, haematocrit
(%) and temperature (core and rectal) were recorded in 24 neonates. General linear mixed models were used to examine differences over
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time and between two cooling temperatures. Repeated measures correlations were used to determine the relationship between TCD and
NIRS.

RESULTS: CBFv changed during arch repair (main effect of time: P = 0.001). During cooling, CBFv increased by 10.0 cm/s (5.97, 17.7) com-
pared to normothermia (P = 0.019). Once recovering in paediatric intensive care unit (PICU), CBFv had increased from the preoperative
measurement by 6.2 cm/s (0.21, 13.4; P = 0.045). CBFv changes were similar between patients cooled to 20�C and 25�C (main effect of tem-
perature: P = 0.22). Repeated measures correlations (rmcorr) identified a statistically significant but weak positive correlation between
CBFv and NIRS (r = 0.25, P<_0.001).

CONCLUSIONS: Our data suggested that CBFv changed throughout aortic arch repair and was higher during the cooling period. A weak
relationship was found between NIRS and TCD. Overall, these findings could provide clinicians with information on how to optimise long-
term cerebrovascular health.

Keywords: Transcranial doppler ultrasound • Near-infrared spectroscopy • Temperature changes • Aortic arch repair • Neurological
deficit

ABBREVIATIONS

ACP Antegrade cerebral perfusion
CBF Cerebral blood flow
CBFv Cerebral blood flow velocity
CPB Cardiopulmonary bypass
DHCA Deep hypothermic circulatory arrest
Hb Haemoglobin
HCO3 Bicarbonate
Htc Haematocrit
MCAv Middle cerebral artery velocity
MCA Middle cerebral artery
NIRS Near-infrared spectroscopy
PICU Paediatric intensive care unit
pCO2 Partial pressure of carbon dioxide
pO2 Partial pressure of oxygen
PDA Patent ductus arteriosus
rmcorr Repeated measures correlations
TCD Transcranial doppler

INTRODUCTION

Survival rates in patients born with congenital heart disease have
increased due to improvements in clinical care and treatment
options [1]. However, a significant percentage of survivors exhibit
neurological deficit [2]. The highest rates of deficit are found in
those with severe left-sided lesions such as hypoplastic or inter-
rupted aortic arch [3]. This deficit is likely multifactorial and a po-
tential contributing factor is disruptions to cerebral blood flow
(CBF) during surgery [4]. There are many factors during aortic
arch repair that can lead to instances of both cerebral tissue hyp-
oxia and regional hypoperfusion. This includes the establishment
of anaesthesia, the cessation of cardiac function, the use of car-
diopulmonary bypass (CPB) and the induction of deep hypother-
mic circulatory arrest (DHCA) [5]. Making the monitoring of
cerebral perfusion during aortic arch repair imperative in identi-
fying time periods of disrupted flow, in order to optimise neuro-
logical protection strategies.

Currently, neurological monitoring practises vary considerably
across centres with no universal guidelines [6]. Several strategies
are implemented for neurological protection which aim to re-
duce neural activity in the brain, this includes whole body cool-
ing via CPB perfusion. However, there is a lack of empirical

evidence for the optimum minimum temperatures used during
whole body cooling. The target temperature is often based on
surgical complexity and surgeon preference with temperatures
ranging from 16�C to 28�C. Another strategy to ensure adequate
perfusion is the constant monitoring of near-infrared spectros-
copy (NIRS). NIRS is a simple, cost-effective measurement of
cerebral oxygenation. However, the shortcomings of NIRS have
been previously documented, including high levels of inter-
device variability, issues related to absolute versus relative satura-
tions and variability of oxygen saturation targets/thresholds in
clinical settings [7].

More in-depth measurements of cerebral perfusion are avail-
able such as transcranial doppler (TCD) ultrasound, which pro-
vides CBF velocity (CBFv) of the major cerebral vessels.
Previously, both TCD and NIRS were employed during neonatal
aortic arch repair during full flow CPB. Periods of hyperperfusion
were reported which NIRS was unable to detect [8]; however,
measurements were not acquired throughout the whole proced-
ure. Whereas a case study measured TCD and NIRS in one male
infant (10 days old) throughout the entire procedure. An import-
ant observation was values in TCD and cerebral oxygenation
dropped to near zero at two different time points during DHCA
[9], suggesting the patient was subjected to possible periods of
cerebral ischaemia. This suggests that further research is war-
ranted in a larger population to identify periods of hypo- and
hyperperfusion. Therefore, the aim of this study was to continu-
ously monitor CBFv throughout aortic arch repair surgery and
during recovery in paediatric intensive care unit (PICU). The sec-
ondary aim was to examine the relationship between NIRS and
TCD at each time point during cardiac surgery. The final aim was
to examine difference in CBFv between patients cooled to 20�C
and 25�C as part of the neuroprotection regime.

PATIENTS AND METHODS

Ethics statement

Formal written informed consent was obtained from the parent/
guardian by a member of the surgical team prior to the proced-
ure. Ethical approval was obtained from the North West
Liverpool East Research Ethics Committee (Approval number 17/
NW/0249). The study was registered with ClinicalTrials.gov
(Identifier: NCT03047876). Neonates of infants (<1 year old) who
required surgery for aortic arch repair, interrupted aortic arch
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repair or the Norwood procedure were included. Exclusion crite-
ria consisted of patients in critical clinical conditions on inotropic
support and in metabolic acidosis. Moreover, parents unable to
give consent were not considered for the study. Other exclusion
criteria were patients with previous documented neurological
damage and those suffering from conditions which have been
known to affect CBFv such as significant elevated bilirubin levels
(patients requiring phototherapy treatment), sickle cell anaemia
and moyamoya disease.

Patients

Neonates were recruited in a clinical setting from 22 November
2018 until 26 February 2020 at Alder Hey Children’s NHS
Foundation Trust. Study size was limited to a single centre where
all patients that met the inclusion criteria during the recruitment
period were approached to reduce bias. Patients required sur-
gery for hypoplastic aortic arch (n = 16), interrupted aortic arch
(n = 6) and hypoplastic left heart syndrome (HLHS) (n = 2). Five
patients in total underwent total circulatory arrest but were
included as CBFv was comparable to those that did not require
circulatory arrest. Patients were split into two groups dependant
on lowest temperature achieved during cooling which was 20�C
(n = 8) or 25�C (n = 16; Table 1). Target cooling temperature was
predetermined by operating surgeons preference, complexity of
the procedure and predicted CPB times.

Research design

A team of three consultant cardiac surgeons performed the aortic
arch repairs with a standardised surgical technique which has
previously been described [10]. Measurements were taken using
a TCD ultrasound system (DWL, Compumedics, Germany) with a
2 or 4 MHz doppler probe alongside NIRS (ForeSight, Casmed,
UK). The results of serial arterial blood gas analysis [pH, pO2,
PCO2, HCO3, lactate, Hb, haematocrit (Htc)] were recorded dur-
ing measurements as well as mean arterial blood pressure, heart
rate and CPB flow rates. CBFv were obtained first through the
temporal window where the ultrasound probe was directed hori-
zontally. The depth and sample volume were adjusted until the
middle cerebral artery (MCA) was found using previously pub-
lished normative values for the age range [11]. However, during
paediatric cardiac surgery access to the temporal window was
not always possible without disturbing the surgical field due to

the draping and positioning of the patients head. Patients were
neonates with an open fontanelle which was accessible through-
out the procedure. Therefore, during baseline measurements and
before surgery had begun, the temporal window (which was ac-
cessible at this time point) was first used as a reference point to
ensure the MCA velocity, depth and power was similar from
both windows. For the remaining measurements, the probe was
placed on the same single vessel (right MCA) through the fonta-
nelle. The same position and the same depth were maintained
throughout. Previous research has suggested there is no signifi-
cant difference between blood flow velocities in left and right
middle cerebral vessels or hemispheres during paediatric cardiac
surgery if the circle of Willis is intact [12]. All patients had normal
cerebral vasculature.

Anaesthetic technique was standard for all patients consisting
of intravenous administration of midazolam, fentanyl and inhaled
sevoflurane. Two blood pressure monitors were used (femoral
and right radial or brachial artery) to assess preductal and post-
ductal arterial pressures. Two NIRS probes were positioned on
bilateral frontal area and monitoring started. Once the patient
was anaesthetised and prepared for theatre, a ‘baseline’ measure-
ment was recorded. Surgery was performed via median sternot-
omy, preparation for the procedure included dissection of the
head and neck vessels, ascending aorta, aortic arch and descend-
ing aorta past the aortic isthmus. Patent ductus arteriosus (PDA)
was dissected and encircled with a silk ligature, ready to be
ligated upon CPB commencement. CPB was achieved with either
a single right atrial cannula or bicaval cannulation in those
patients requiring intracardiac repairs. Aortic return was pro-
cured in the ascending aorta with a straight perfusion cannula. In
patients with a systemic duct dependent circulation such as
HLHS or interrupted aortic arch, a second cannula was posi-
tioned across the PDA via a purse string on the pulmonary trunk.
This provided adequate systemic perfusion when on CPB. In such
cases, flow rates were adjusted to provide two-third of the total
flow to the lower body, and one-third to the upper body. After
heparin administration and with an activated clotting time of
more than 300 seconds, CPB was then commenced and cooling
towards the target temperature was accomplished. In all cases
core temperature was monitored via rectal and nasopharyngeal
temperature probes. CPB full flow rates were calculated at 2.6 l/
min/m2 of body surface area. Body surface area was calculated
as the square root of [height (cm)�weight (kg)/3600]. PDA was
ligated, and in case of a second cannula, a ligature was snagged
around the main pulmonary artery to avoid pulmonary over cir-
culation and relative systemic hypoperfusion.

On initiation of full flow bypass, a CBFv measurement was
recorded and named ‘CBP’ (still at normothermia). During the
cooling phase, further dissection of the aorta and its branches
was performed to ensure a full mobilisation of the structures.
Cooling target temperature was either 20�C or 25�C. Cooling
times were at least 20 minutes and no longer than 23 minutes.
CBFv measurements were recorded when body temperature
reached 30�C, 25�C and the lowest temperature. Once the pa-
tient was cooled to 28�C, the perfusion strategy to manage
blood gases (pO2 and pCO2) was switched from alpha-stat to
pH-stat, which is a temperature corrected method. pH-stat man-
agement was only used when the patient was cooled at 28�C or
lower. At this time pCO2 was also temperature corrected.

Only after the target core temperature was reached, the sys-
temic cannula was removed in patients with two arterial

Table 1: Patient characteristics of 2 temperature groups

20�C 25�C

Mean age (days) 20 ± 16 18 ± 19
Height (cm) 48.7 ± 4.8 52.3 ± 3.9
Weight (kg) 3.3 ± 0.7 3.6 ± 0.7
Sex (females:males) 1:1 5: 11
Mean cardiopulmonary bypass

time (min)
197 ± 45 136 ± 38

Mean cross-clamp time (min) 119 ± 34 88 ± 105
Mean total circulatory arrest

time (min)
48 ± 59 (n = 2) 5 ± 3 (n = 3)

Mean antegrade cerebral perfusion
time (min)

78 ± 18 61 ± 23
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cannulas. The aortic cross-clamp was applied, and myocardial ar-
rest/protection was achieved with infusion of cold blood cardio-
plegia (ratio 1:4 blood to St. Thomas II solution) in the aortic
root. Cardioplegia infusion was repeated at 30 minute intervals.
The head and neck vessels (innominate artery, left common ca-
rotid and left subclavian arteries) were already fully dissected and
ready to be snared when the ascending aorta cannula was
advanced into the innominate artery to initiate selective ante-
grade cerebral perfusion (ACP). At this point, a measurement was
taken labelled ‘ACP’. The aortic cross-clamp in the descending
aorta was then positioned and CPB flow rates were manipulated
manually to keep cerebral oxygenation measurements (measured
using NIRS) within the ACP target, which was to maintain NIRS
within �10% of when the patient was placed onto full flow by-
pass. Five patients underwent complete hypothermic circulatory
arrest (mean time 22 ± 37 min). The aorta was transected at the
isthmus above and below the duct insertion and ductal tissue
completely removed; the arch was opened in the inner curvature
to the mid ascending aorta. End-to-end posterior anastomosis
was performed between the descending aorta and distal arch. A
pulmonary homograft was used for the reconstruction of the aor-
tic arch in all patients. In two patients who underwent the
Norwood operation, the pulmonary trunk, previously detached
from the pulmonary bifurcation, was anastomosed to the previ-
ously positioned pulmonary homograft in the inner curvature of
the reconstructed aortic arch. Once accomplished, the arch was
deaired by releasing the distal clamp. The clamps from the head
and neck vessels were removed. The tip of the aortic cannula was
moved back into the aortic arch to perfuse the whole body and
heart with blood. Once the suture lines were checked gradual
rewarming was induced. If further procedures were needed such
as a ventricular septal defect closure or atrial septal defect closure,
further doses of cardioplegia were used, and intracardiac repair was
accomplished accordingly. In such cases, longer CPB and cross-
clamp time was also needed. A measurement was recorded follow-
ing whole body reperfusion labelled as ‘whole body reperfusion’.
Patients were then rewarmed to normothermia. Measurements
were recorded at temperatures 25�C, 30�C and 36�C. Once a tem-
perature of 28�C was achieved, the stat management was switched
from pH-stats to alpha-stats. When normothermia was reached, the
patient was weaned off CPB. A further measurement was
recorded and labelled ‘off CBF’ when haemodynamics were sta-
ble. All patients recovered in PICU, and the following post-
operative day a measurement was recorded labelled as ‘PICU’.

Statistical analysis

The data were explored for normality using quantile–quantile
plots, the data were normally distributed. SPSS (SPSS Version 26,
IMB Statistics, USA) was used to perform linear mixed models to
account for missing data points. Analysis were exploratory in na-
ture with all variables compared during the entire procedure,
which included the time points baseline, CBP, during cooling at
30�C, 25�C, the lowest temperature, during cerebral perfusion,
whole body perfusion, during rewarming at 25�C, 30�C, 36�C,
once off CPB and after surgery on PICU (12 time points) and be-
tween a priori target temperatures of 20�C and 25�C (2 tempera-
tures). Follow-up post hoc comparisons to explore main effect of
time were defined a priori. Each time point was compared to
both baseline and the initiation of CBP (time points used to de-

fine cerebral perfusion during the procedure). To examine the
correlation between CBFv and NIRS repeated measures correla-
tions (rmcorr) were employed using R statistical package
(RStudio: Integrated Development Environment for R, USA). The
repeated measures variable was time that included 12 levels.
Main effects, time–temperature interactions and correlations
demonstrating a P value of <0.05 were considered statistically
significant.

RESULTS

A total of 24 patients with a mean age of 19 (±7) days, weighed
3.63 (±0.66) kg and height 51.8 (±3.4) cm were recruited
(Table 1). All patients eligible were recruited with no patients
withdrawing from the study. Patients had missing TCD data
(n = 6) and missing NIRS values (n = 7) at a single time point. All
patients had a follow-up measurement taken on PICU the follow-
ing day and there were no dropouts. There were no reports of
neurological events during cardiac surgery or recovery on PICU.

CBFv changed during the entire arch repair procedure (main
effect of time: P = 0.001). During cooling, CBFv increased by
6.6 cm/s (2.7, 12.8), 10.0 cm/s (5.97, 17.7) and 9.5 cm/s (5.85,
16.6), at 30�, 25�C and lowest temperature, respectively when
compared to during CPB (P = 0.019). Once recovering in PICU,
CBFv increased from the baseline by 6.2 cm/s (0.21, 13.4;
P = 0.045) and by 7.1 cm/s (1.2, 12.1; P = 0.005) from CPB (Fig. 1).
CBFv changes were similar between patients cooled to the a pri-
ori agreed 20�C and 25�C (main effect of temperature: P = 0.22;
time–temperature interaction; P = 0.86). NIRS values changed
during aortic arch repair procedure (main effect of time:
P = 0.028). NIRS increased during cooling from CPB by 10% [3,
11], 7% [7, 13] at 25�C and the lowest temperature (Fig. 2). There
was also an increase from CPB at ACP by 8% [4, 12] and whole
body reperfusion by 8% [4, 12]. NIRS values were similar between
patients cooled to the a priori 20�C and 25�C (main effect of tem-
perature P = 0.19; time–temperature interaction; P = 0.59). Rmcorr
identified statistically significant but weak positive correlations
between CBFv and NIRS (r = 0.25, P = 0.001). The CPB flow rates
were maintained within the start of CPB except for during ACP
where they were reduced by 0.26 l/min-1 (0.29, 0.41). The main
effect of time (P = 0.001), temperature (P = 0.47) and time–tem-
perature (P = 0.49).

Serum lactate changed during aortic arch repair procedure
(main effect of time: P = 0.001). When compared to baseline, lac-
tate increased by 2.1 mmol/l (0.93, 2.85) and remained signifi-
cantly higher throughout the procedure. Compared to CPB,
lactate increased by 1.4 mmol/l (0.08, 2.01; P = 0.010) at 30�C.
The 25�C temperature group elicited the highest lactate levels,
but there was no interaction between time and temperature
(P = 0.60). HCO3– changed during aortic arch repair procedure
(main effect of time; P = 0.001). When compared to baseline,
HCO3– increased during cooling at 25�C and the lowest tempera-
ture by 3.2 mmol/l (0.03, 4.72) and 3.1 mmol/l (0.50, 4.70;
P = 0.002), respectively; then decreased at whole body reperfu-
sion, rewarming at 25�C, 30�C and when off CPB, by 2.0 mmol/l
(0.60, 5.29), 3.5 mmol/l (0.78, 7.45), 4.3 (1.27, 8.11) and 2.2 mmol/l
(0.92, 5.21), respectively (Fig. 3). When compared to CPB, HCO3–

decreased during whole body reperfusion, 25�C, 30�C and off
CPB by 2.1 mmol/l (0.07, 5.78), 3.6 mmol/l (0.29, 7.76), 4.4 mmol/l
(0.79, 8.42) and 3.2 mmol/l (0.20, 5.75), respectively. HCO3–
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changes were similar between patients cooled to 20�C and 25�C
(main effect of temp; P = 0.094, time–temperature; P = 0.92).

pO2 changed throughout aortic arch repair (main effect of
time: P = 0.001). Compared to baseline pO2 increased by 11.6 kPa
(3.10, 15.9) on CPB (P = 0.005) and by 8.7 kPa (1.47, 14.6) at 30�C.
pO2 remained lower from 25�C during cooling until off CPB. pO2

changes were similar between patients cooled to the a priori
20�C and 25�C (main effect of temperature P = 0.37; time–tem-
perature interaction: P = 0.16). pCO2 changed throughout aortic
arch repair (main effect of time; P = 0.009). Compared to baseline
pCO2 decreased (P = 0.001) by 2.3 kPa (0.93, 3.43) at CPB, by 1.8
kPa (0.12, 2.64) at 30�C, by 1.9 kPa (0.12, 2.64) at 25�C, by 1.7 kPa
(0.33, 2.75) at the lowest temperature of cooling, 1.8 kPa (0.40,
2.85) at ACP, 1.6 kPa (0.61, 2.55) at 30�C and by 1.8 kPa (0.43,
2.89) at 36�C. Compared to baseline pCO2 increased by 0.5 kPa
(0.21, 1.36) at 30�C, by 0.4 kPa (0.10, 0.97) at lowest temperature,
by 0.5 kPa (0.17, 1.11) at ACP, by 1.2 kPa (0.43, 1.07) at whole
body reperfusion, by 0.9 kPa (0.63, 1.97) at 25�C, by 0.7 kPa (0.19,
1.55) at 30�C and by 1.0 kPa (0.21, 1.89) off CPB. pCO2 changes
were similar between patients cooled to the apriori 20�C and
25�C (main effect of temperature P = 0.47; time–temperature
interaction; P = 0.22).

Htc changed during aortic arch repair procedure (main effect
of time: P = 0.001). Htc decreased by 5.5% (0.72, 8.92) when on
CPB compared to baseline and remained significantly lower until
off CPB. When compared to CPB there was an increase during
whole body reperfusion 3.7% (0.72, 6.59), 30�C by 3.6% (0.60,
5.92) and when placed off CPB by 5.0% (0.18, 10.2). There was no
main effect of temperature (P = 0.17) or time–temperature inter-
action (P = 0.96). Hb changed during aortic arch repair procedure
(main effect of time: P = 0.003). Hb decreased by 1.4 g/dl (0.06,
2.40) when on CPB and remained lower until off CPB. When
compared to CPB, Hb decreased by 1.5 g/dl (0.02, 2.20) at ACP,
1.7 g/dl at whole body reperfusion (0.48, 2.54) and 1.6 g/dl at
25�C rewarming. With a main effect of temperature being higher
in the group cooled to 20�C (P = 0.011) and main effect of time–
temperature (P = 0.74).

DISCUSSION

The aims of this study were threefold: (i) to continuously monitor
CBFv throughout aortic arch repair surgery, (ii) investigate the re-
lationship between TCD and NIRS, (iii) compare CBFv in patients
cooled to 20�C and 25�C as part of the neuroprotection regime.
The current data indicated (i) during the cooling process there
was an increase in CBFv and NIRS, although NIRS appears to
have a delayed response following increase in CBFv and (ii) that
cooling to either 20�C or 25�C did not alter the CBFv response
during aortic arch repair surgery. Taken together, the results
imply cerebral perfusion is maintained despite deeper cooling in
the more complex and longer surgical time periods.
Nevertheless, during the cooling process there are physiologically
important changes in CBF, which NIRS alone may not be able to
detect.

A novel observation from the current data shows that NIRS
values increased during the cooling period. A previous study has
also reported an increase in cerebral oxygenation from 63 ± 11 to
88 ± 7% after 15 min of cooling during cardiac surgery [14]. In the
current study, there was also a significant increase in TCD values
during cooling which corresponds with other previous research
into paediatric aortic arch repair [9]. It appears that the changes
during cooling are not mediated through CPB flow rates as these
remained the same throughout the cooling period. There are
other possible physiological explanations for this change in per-
fusion during cooling. First, the type of stat management used
may account for these changes. In the current study, once the
patients were cooled to 28�C, pH-stat management was used ra-
ther than alpha-stats. pH-stat management is a standardised
practise used at the centre, the purpose of switching stat man-
agement at lower temperatures is to increase tissue oxygenation
during DHCA. pH-stat management consists of maintaining pH
at �7.4 at lower temperatures. To achieve this, CO2 was added
to the CPB oxygen admixture in the oxygenator (pCO2 is kept at
�40 mmHg) [15]. CO2 has been identified as a key regulator of

Figure 1: Mean and standard deviation of cerebral blood flow velocity throughout aortic arch repair. * indicates significant change from ‘baseline’ time point.
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cerebral perfusion, increases in CO2 lead to increases in CBF [13].
One previous study measured TCD differences between pH and
alpha-stat management during CPB [16]. During pH-stat manage-
ment, there was a global CBF and MCA velocity increase at 28�C
by 45.9 and 51.8%, respectively. Whereas in patients who under-
went alpha-stat management throughout cooling, CBF and MCA
velocity had a decrease by 26.4 and 22.4%, respectively at 28�C.
In the current study, CBFv had already increased at 30�C, there-
fore stat management was not the only contributing factor.
Another possible factor for the increase in CBFv during cooling
could be changes in HCO3–. Figs 1 and 3 that changes in CBFv
and HCO3– follow a similar pattern throughout aortic arch repair.
The impact of HCO3– on CBFv has recently been highlighted as
an important factor in cerebral autoregulation [17]. Changes
occur through the bicarbonate buffering system, with an increase
in HCO3– there is an increase in pCO2 and hydrogen ions. This
activates the gated calcium channels, hyperpolarising the endo-
thelial cells leading to vascular vasodilation in the arterioles and
precapillary sphincter [18]. This has been suggested to be more
predominant in sedated populations [19]. In non-sedated individ-
uals, with an increase in pCO2, usually there is a response to in-
crease breathing to reduce the amount of pCO2 in the blood.
This is unable to happen in sedated individuals with muscle
relaxants, such as during paediatric cardiac surgery. This may
provide insight into the pattern of change seen in CBFv during
paediatric aortic arch repair.

Cerebral perfusion measurements obtained during ACP dem-
onstrated a decrease in CBFv. Interestingly, NIRS values remained
elevated. The current data suggests that NIRS and CBFv does not
follow the same pattern during ACP. One potential physiological
explanation for the elevated oxygenation despite reductions in
CBFv could be the reduced brain metabolism as a result of cool-
ing [20]. This may suggest that despite a reduction in CBFv,

cerebral oxygenation remains elevated. Another novel aspect of
this study was CBFv measurements taken during rewarming and
subsequently in PICU. CBFv values obtained in PICU were higher
when compared to baseline and CBP. Post-surgery CBFv values
were comparable to normative CBFv in healthy neonates [11].

We also aimed to examine the overall relationship between
TCD and NIRS at each time point during surgery. Previous studies
have suggested a moderate and statistically significant correlation
(r = 0.55, P < 0.0001) between TCD and NIRS during CPB in adult
cardiac surgery [21]. However, a number of concerns have been
raised about solely using NIRS as a clinical tool during sedation
such as the inability to measure hyperperfusion [7]. In the current
study, rmcorr were employed to examine the relationship at each
time point during surgery. Rmcorr was employed as it averages
repeated measures for each individual, therefore the assumption
of independence is not violated using this method [22]. The current
data suggested a statistically significant but weak correlation.
Physiologically, even small changes in CBFv could have an impact
on cerebral perfusion, which could potentially be underestimated
by NIRS. This discrepancy was highlighted at the time point named
‘ACP’, where CBFv values decreased and NIRS remained elevated.

During this time, the discrepancy may not necessarily be detri-
mental. Similar findings were documented during neonatal cardiac
surgery, where despite a reduction in CBFv at ACP, levels of oxy-
genation remained elevated [23] with the conclusion that the re-
quirement of oxygenated blood decreases during DHCA. However,
this finding has highlighted a discrepancy between CBFv and NIRS,
which may have clinical importance at time periods outside of
DHCA. Taken together, the additional measurement of TCD along-
side NIRS might be beneficial to indicate global brain perfusion in
this patient group, as opposed to NIRS alone that can only give re-
gional measurements of the frontal lobes. TCD can also indicate
hyperperfusion which NIRS cannot. This would give further

Figure 2: Near infrared spectroscopy throughout aortic arch repair, represented as mean and standard deviation. * shows significant difference from ‘baseline’. # indi-
cates significant difference from ‘on CPB’ time point.
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information about perfusion in the main cerebral arteries and re-
duce the likelihood of perfusion injuries during CPB.

The final novel aspect of the current study was examining the
differences between two temperature groups. Currently in clinical
care, cooling patients to specific target temperature is based on
surgeon or centre preference. The rationale for cooling tempera-
tures of 18�C or 20�C during aortic arch repair is to maximise
neurological protection during complex and longer operations.
Data from the current study suggested there was no significant
difference in CBFv or NIRS between patients cooled to 20�C or
25�C. Using a higher temperature such as 25�C might prevent
the systemic drawback of perfusing the body at lower tempera-
tures. Moreover, it could be beneficial in reducing the cooling
and rewarming times, hence allowing for a shorter CPB time.
However, this would need to be explored further in subsequent
studies to impact clinical practise.

Methodological considerations and limitations

A limitation to the study was the relatively small sample size as
this was a single-centred study, future research should consider a
larger study. A limitation of TCD is the inability to measure vessel
diameter, therefore absolute flow cannot be quantified.
However, during a rested state vessel diameter is expected to be
maintained, meaning TCD can give an accurate indication of
flow. The anaesthetic technique was formulated to have minimal
effect on vessel diameter and CBF. Previous research has sug-
gested that the use of fentanyl and inhaled sevoflurane does not
affect CBF [24], and midazolam has minimal effect on CO2 re-
activity, CBF and blood oxygenation [25]. Future studies should
consider measuring vessel diameter to ensure diameter remains
constant during cardiac surgery. Another limitation of TCD is that
it is operator dependent. To minimise, all CBFv measurements

were taken by one trained individual. The final limitation is the
inclusion of two patients with HLHS. It was acknowledged that
patients with HLHS have differing cardiac physiology. However,
the inclusion criteria stated any patient who was undergoing
arch repair using a hyperthermic circulation. HLHS patients met
this criterion. It was also important to the main aim of the study
to capture these patients as those cooled to lower temperatures
are often undergoing more complex procedures such as the
Norwood (which includes Damus Kaye Stansel anastomosis
needing longer CPB and ACP times). It is important to highlight,
these patients had similar clinical interventions with prostaglan-
din being used to keep the PDA open and ages were compar-
able to other patients enrolled. Once they were on CPB, flow
rates were maintained as per general protocol. During the
Norwood operation with Sano modification, it was anticipated
that CBFv levels would be comparable across all patients, irre-
spective of physiology. As this was a feasibility study, it was
believed it was important to capture these patients so the com-
parison between the two temperatures could be included in the
analysis, which is a novel aspect of the study.

CONCLUSION

The main findings suggested that during the cooling process
there was an increase in both CBFv and NIRS, although there
appears to be a delayed response in NIRS. Although this delay
did not appear to be detrimental during cooling due to the
reductions in brain metabolism. But it has highlighted that NIRS
alone may not be truly reflective of cerebral perfusion, despite its
current heavy reliance during cardiac surgery. This corresponds
with the finding of an overall weak relationship between TCD
and NIRS. Another key finding was that cooling to 20�C or 25�C

Figure 3: Bicarbonate throughout aortic arch repair represented as means and standard deviation. * shows significant difference from ‘baseline’. # indicates significant
difference from ‘on CPB’ time point.
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did not alter the CBFv response during neonatal aortic arch re-
pair surgery. Overall, these findings could provide clinicians with
information on how to optimise long-term cerebrovascular
health in this population.
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Thopaz+ is a portable digital chest drainage and 
monitoring system developed by Medela. It offers 
continuous objective monitoring of fluid loss and 
air leaks, which facilitates assessment of patients’ 
progress, as well as standardisation of chest drainage 
management across different departments.1 Clinical 
evidence has demonstrated that Thopaz+ is a useful 
tool in the management of patients that require chest 
drains and has clear clinical advantages compared 
with underwater  seal drains.1–3

Thopaz+ and its predecessor, Thopaz, have been 
used within the Cardiothoracic Department at Oxford 
University Hospital NHS Trust since 2012. A report 
on this experience contributed to National Institute 
for Health and Care Excellence (NICE) Medical 
Technology Guidance 37.1,4 Use of Thopaz+ in Oxford 
has since expanded to other departments within the 
trust. This document summarises the experience 
with Thopaz+ based on interviews with healthcare 
professionals (HCPs) at Oxford University Hospital 
NHS Trust in February/March 2024.

CHEST DRAINAGE PROTOCOLS
Each department has a chest drain 
protocol based on their use of Thopaz+  
or underwater seal drains, and whether 
active suction or physio mode is needed.

MOBILISATION
Improved and earlier mobilisation is a 
major advantage of Thopaz+ in relation to 
complications associated with immobility.

OBJECTIVE AND CONTINUOUS 
MONITORING LEADS TO IMPROVED 
DECISION-MAKING
Continuous monitoring improves chest 
drain decision-making by providing 
objective estimates/measurement of 
leakage. It helps determine when air leaks 
are resolving (allowing for earlier drain 
removal and discharge planning) or when 
further intervention is needed (such as 
referral to a surgeon).

LENGTH OF STAY
Digital drainage facilitates day-case 
procedures by giving HCPs confidence 
that their patients have no persistent air 
leaks or fluid loss.

RESPIRATORY
70% of patients following pleural 
intervention and 60% undergoing 
thoracoscopy return home the same day.

CORONARY CARE UNIT (CCU)
Length of stay of 7 days with Thopaz+  
compared with 10 days with underwater  
seal drains.

THROUGHOUT THE PATIENT JOURNEY
Thopaz+ can be used throughout a 
patient’s journey, which can reduce the 
possibility of issues and errors, because 
drains can become kinked or displaced 
whenever a device is changed. Suction 
can be added to a Thopaz+ device set up 
to provide straightforward drainage simply 
by pressing a button to initiate suction via 
the device itself.

COSTS AND EFFICIENCIES
The use of the device can lead to 
improved operational efficiencies and 
cost savings, which may justify the 
acquisition costs. From an evidence-based 
practice project in the USA, a digital air 
leak detection device after pulmonary 
lobectomy led to cost savings of $2,659 
per hospital day.5

IMPROVED PATENT SAFETY
Thopaz+ is a closed system, reducing 
incidents, errors, mishaps, and infections. 
As a dry system, Thopaz+ prevents issues 
with water and device positioning. Non-
medical staff can manage Thopaz+  if it 
is knocked over, with no patient impact. 
Thopaz+ has its own suction source, 
preventing complications with wall suction 
becoming displaced or unclipped.

STAFF EXPERIENCE
Precise fluid and air leak measurements 
including time trends, improve clinician 
confidence and decision-making and 
facilitate continuity of care. The user-
friendly interface makes it easier to track 
air leaks and fluid output. Nursing time 
is saved with easy canister replacement, 
reduced manual monitoring, and visual 
and audible notifications alert HCPs 
of issues.

PATIENT EXPERIENCE
Patients can move around freely without 
nursing or healthcare assistant support. 
Earlier discharge reduces hospital stay. 
Patients can monitor their progress in 
terms of reducing volumes of fluid and 
air leaks on the display.

Real-world experience with

Thopaz+
The Oxford University Hospitals
NHS Foundation Trust experience

*Percentage of cases using Thopaz+, where known from interviews. 
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Summary of the real-world experience with Thopaz+

The experience of HCPs within Oxford University Hospitals NHS Foundation Trust over the past 12 years 
has shown that Thopaz+ has multiple benefits in the right circumstances and should be available for the 
vast majority of patients requiring a chest drain.

Francesco Di Chiara MD, MS THOR (Hons), FEBTS 
Consultant Thoracic Surgeon Oxford University 
Hospitals NHS Foundation Trust 

Overall, our experience at  Oxford University 
Hospitals NHS Foundation trust has shown that 
Thopaz+ is an indispensable asset for HCPs, 
redefining standards of care and operational 
efficiency across multiple medical departments. 
We encourage all units using chest drains to 
consider making the move from underwater seal 
drains to Thopaz+ in the vast majority of patients 
requiring chest drainage.

Quotes from interviews with a number of 
healthcare professionals at Oxford University 
Hospital NHS Trust:

From the NHS perspective, I think it 
probably allows us to make earlier decisions 
about withdrawing chest drains and getting 
people out of hospital earlier.

There are a number of ways to recoup 
the costs: efficiencies in the system, less 
litigation because things don’t go wrong, 
staff sickness due to back injuries, and 
length of stay if you can get patients home 
quicker.

Read the full report:

The summary report has been written by HSJ Advisory on behalf of Medela AG, reflecting the views 
expressed in interviews with healthcare professionals. Medela AG funded the project and had input 
into the development of this report.

Thopaz+  
#1 reference for digital 
drainage*

Turning Science into Care

Read the evidence

*Pioneering the digital chest drainage market since 2007. Market report and data show number 1 market share as of 
January 2024. Thopaz/Thopaz+ being named or referred to in >100 published studies, reports, or publicly available data.
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