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Abstract

Cardioplegia is fundamental to the surgical repair of congenital heart defects by
protecting the heart against ischaemia-reperfusion injury, characterised by low
cardiac output and troponin release in the early postoperative period. The
immature myocardium exhibits structural, physiological, and metabolic
differences to the adult heart, with a greater sensitivity to calcium overload-
mediated injury during reperfusion. del Nido cardioplegia was specifically
designed to protect the immature heart, is widely used in North America, and may
provide better myocardial protection in children; however, it has not been
commercially available in the United Kingdom, where most centres use St
Thomas’ blood cardioplegia. There are no phase Il clinical trials in children to
support one solution over another and this lack of evidence, combined with
variations in practice, suggest the presence of clinical equipoise. The best
cardioplegia solution for use in children, and the impact of age and other clinical

factors, remains unknown.

In this Hunterian lecture, | propose an evidence-based strategy to improve
myocardial protection during cardiac surgery in children through 1) conducting
multi-centre clinical trials of established techniques; 2) improving our knowledge
of ischaemia-reperfusion injury in the setting of cardioplegic arrest; 3) applying
this to drive innovation, moving beyond current cardioplegia solutions; 4)
empowering personalised medicine, through combining clinical and genomic
data, including ethnic diversity; and 5) understanding the impact of cardioplegic

arrest on the late outcomes that matter to patients and their families.
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During most surgery for congenital heart disease, it is necessary to stop the heart,
allowing access to a still and bloodless field to enable repair of intracardiac
defects, while the patient is supported on cardiopulmonary bypass. A cross-
clamp is placed across the proximal aorta, separating the coronary arteries from
the rest of the systemic circulation, and cardioplegia solution administered,
usually antegrade via the aortic root, leading to electromechanical quiescence.
Cardioplegia has been fundamental to arresting the heart and protecting against
ischaemia-reperfusion injury during surgery for over 50 years, with approx. 2,500
cardiac surgical operations with cardioplegic arrest performed in children in the
United Kingdom and Republic of Ireland each year [1]. There is a perception that
if the heart stops and re-starts when needed, and the patient recovers to go
home, the procedure has been a success and myocardial protection is a problem
solved; yet myocardial injury occurs routinely following aortic cross-clamping in
children, with the ubiquitous release of troponin in the early postoperative period
[2,3], and this has been shown to strongly correlate with clinical outcomes
including inotropic support, duration of ventilation, ventricular dysfunction, and
early death [3]. Low cardiac output syndrome in the early postoperative period
reflects the degree of myocardial injury or the presence of a major residual lesion,
with a need for inotropic support to maintain adequate tissue perfusion. It is a
major determinant of outcome after heart surgery in children, with around half of
deaths in the early postoperative period attributed to either low cardiac output or
failure to separate from bypass [4]. Myocardial protection during surgery is

therefore a key determinant of heart function and outcome.

Cardioplegic arrest is a profound moment in the life story of a heart, usually the

first and only time that it will stop beating during a lifetime, and whilst this has



become routine practice worldwide, its impact should not be ignored. There is a
perception amongst many surgeons that it doesn’t really matter which tonic is
used as ‘they all stop the heart’ [5] but adequate protection is not the same as
optimal protection. We do not understand enough about what happens during
cardioplegic arrest, how well it really protects the heart from injury, which of the
many available solutions offers the best protection for which patients, and the
long-term consequences of arresting the immature heart during multiple
operations. In this Hunterian lecture, | describe an evidence-based approach to
improving myocardial protection and outcomes in children undergoing cardiac

surgery during the next decade.

Protecting the immature myocardium

The immature myocardium has significant structural, physiological, and metabolic
differences from the adult heart, including sarcoplasmic reticulum development,
mitochondrial density, substrate utilisation, calcium handling and antioxidant
defences [6]. It may be less tolerant of ischaemia and more sensitive to calcium
overload-mediated injury during reperfusion, particularly in the presence of
hypoxaemia [2,7]. However, current paediatric cardioplegia techniques are
primarily derived from adult or laboratory models, and myocardial protection that
is effective in adults may not be optimal for young children, especially neonates

and those with chronic preoperative cyanosis [8].

del Nido cardioplegia



Originally patented in the early 1990s, del Nido cardioplegia is unique in that it
was developed specifically to enhance protection of the paediatric myocardium
[9]. It is a modified depolarising solution, delivered with 20% by volume of fully
oxygenated autologous blood from the bypass circuit. Like most other solutions,
it causes arrest by elevating extracellular potassium but provides additional

cellular protection through several other components:

- lidocaine, a sodium channel blocker that prevents intra-cellular sodium and
calcium ion accumulation during arrest and increases the refractory period of the

cardiac myocyte.

- mannitol, an oxygen free radical scavenger that has osmotic effects to reduce

myocardial oedema.

- a lower proportion of autologous whole blood than other types of blood
cardioplegia, which maintains physiological buffering via erythrocyte carbonic
anhydrase but has only a trace calcium concentration, reducing myocardial

accumulation during ischaemia.

There is extensive laboratory data to support the principle of del Nido cardioplegia
for the immature myocardium. In a neonatal piglet model, Bolling et al
demonstrated the superiority of a hypocalcaemic blood cardioplegia in hypoxic
hearts, with better preservation of ventricular function and energetics [7]. In rat
hearts, van Emous showed that lidocaine reduced sodium influx during ischaemia
leading to improved functional and metabolic recovery [10]. In large animal
models, del Nido’s group demonstrated the benefits of this highly buffered, low-
calcium, glycolysis-promoting solution over standard hyperkalaemic solutions in

neonates, with improved myocardial contractility and oxidative metabolism [11].



del Nido cardioplegia is thereby customised to reduce the impact of ischaemia-
reperfusion on the immature myocardium. Combined with the need for only a
single dose in most cases, reducing interruptions to surgical flow, has led to its
increasing popularity in the United States, with a recent survey finding it is

preferred by 76% of centres performing complex surgery in neonates [12].

Lack of clinical trial evidence

Cardioplegia used to be a hot topic for research in adult cardiac surgery. A simple
PubMed search reveals that clinical trial publications on cardioplegia peaked in
the mid-1990s but have since declined to only a handful each year worldwide; in
contrast there have been few trials in children (figure 1). In our systematic review
of randomised controlled trials of cardioplegia in children, we identified 26 studies
that were exclusively single centre, phase Il trials, recruiting few patients (median
48, IQR 30-99) and at risk of systematic bias [13]. The most frequent comparison
was blood versus crystalloid in 10 trials, with only two comparing del Nido with
St. Thomas’ blood cardioplegia. The most common endpoints were biomarkers
of myocardial injury (17, 65%), inotrope requirements (15, 58%) and length of
stay in ICU (11, 42%). However, the heterogeneity of patients, interventions and
reported outcome measures prohibited meta-analysis. Of concern, these trials
included only 21 (1.4%) neonates, a high-risk group in whom the effects of
cardioplegia are less well understood [6]. We concluded that the current literature
contains no late phase trials and the small size, inconsistent use of endpoints and
poor quality of reported trials provides a limited evidence-base to guide patient
care. Several more recent trials have compared del Nido with other blood
cardioplegia, but all were small with significant methodological issues, including
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poor design, lack of sample size calculation, and inadequate or no blinding. The

best cardioplegia solution for children therefore remains unknown.

Variations in clinical practice

Many types of cardioplegia solution are available worldwide and there is wide
variation in their use. In a 2012 survey of Congenital Heart Surgeon’s Society
members in North America [14], 86% of respondents preferred blood
cardioplegia, with del Nido (38%) the most popular; but the next most frequent
was ‘other’ (34%), custom-mixed solutions unique to an individual centre,
effectively a ‘none of the above’ homebrew with little or no evidence to support
its use [13]. Most surgeons used their ‘standard’ solution across all ages,
suggesting that their strategy was determined by surgeon factors, not patient
factors. Similarly, in the 2016 international survey of paediatric perfusion practice
[15], there were wide variations in practice, with del Nido predominant in North
America, depolarising solutions widely used elsewhere, and Custodiol HTK
common across continental Europe and Central/South America; myocardial
protection strategy was therefore strongly influenced by geographical rather than
patient factors. In our recent survey of practice in the United Kingdom and Ireland,
we found that St. Thomas’ blood cardioplegia (Harefield preparation) was used
routinely by 59% of surgeons from 8 (67%) centres, with another 22% using
similar types of blood cardioplegia [16]; no centre used del Nido cardioplegia as
it has not been commercially available in the United Kingdom. However, 91% of
surgeons would be willing to randomise patients to del Nido in a clinical trial, with
the combination of del Nido and St. Thomas’ blood cardioplegia having the

greatest acceptability.



These variations in practice, driven by a lack of high-quality evidence to inform
clinical decision-making, suggest the presence of clinical equipoise. Which
cardioplegia solution is best for children, how does this change with age, and
what is the impact of other clinical factors, such as prematurity or chronic
cyanosis? This knowledge would enable the care of the child undergoing surgery
to be individualised, could reduce perioperative myocardial injury, morbidity, and
costs, and may improve long-term cardiac function and quality of life. Indeed, the
recent James Lind Alliance Priority Setting Partnership in Congenital Heart
Disease identified improving organ protection during surgery as the #1 priority for

research in children [17].

Building an evidence-based strategy

To advance research in paediatric myocardial protection that can translate into
improved patient outcomes, | propose a systematic approach to generate better

evidence in several key areas:

1. Multi-centre clinical trials of established techniques

Despite being fundamental to most cardiac surgery, there are no published phase
[l clinical trials of cardioplegia in children [13]; indeed, most paediatric cardiac
surgery trials are small, single-centre studies of low value and uncertain quality,
providing a limited evidence base for contemporary practice [18]. Surgical trials
in children are challenging but can be achieved with thoughtful trial design,
committed leadership, a collaborative approach, and engagement with families

to better understand their decision-making [19]. The Single Ventricle



Reconstruction trial randomised 555 neonates with single-ventricle lesions (84%
of those eligible) undergoing the Norwood procedure, to either a modified Blalock-
Taussig shunt or a right ventricle to pulmonary artery shunt, across 15 sites in
just over 3 years [20]. This landmark trial demonstrated both the power of
collaboration to increase sample size in a rare condition and the willingness of
surgeons and parents to randomise children to different treatments, even in high-

risk complex neonatal cardiac surgery, when there is clinical equipoise.

The del Nido v St Thomas’ blood cardioplegia in the young (DESTINY) trial
(ISRCTN13638147) is a UK multi-centre, individually randomised clinical trial that
is funded by the British Heart Foundation and opened to recruitment in February
2022. It is evaluating whether del Nido cardioplegia improves myocardial
protection, compared with St Thomas’ blood cardioplegia, in children undergoing
surgery by reducing myocardial injury, shortening ischaemic time, improving
clinical outcomes, and modulating heart metabolism during ischaemia. Informed
by our survey of practice, it is designed and conducted with extensive patient and
public involvement, with broad inclusion and few exclusion criteria to maximise
the applicability of its findings. In developing the trial, we partnered with Stockport
Pharmaceuticals, an NHS manufacturing pharmacy, to produce del Nido
cardioplegia with an extended 12-month refrigerated shelf-life, significantly
beyond the 45 days limit for the US commercial product, so that the trial is
evaluating a product that is sustainable in the NHS. The trial will also demonstrate
the ability of the UK paediatric cardiac surgery community to conduct a complex,

multi-centre surgical trial, and provide a platform for future trials.



2. Ischaemia-reperfusion injury

To improve treatments, we need to better understand the pathophysiology of the
disease. In their landmark paper, Chouchani et al. showed that tissue ischaemia
leads to local accumulation of succinate, a citric acid cycle metabolite, through
reversal of succinate dehydrogenase, fumarate overflow from purine nucleotide
breakdown, and partial reversal of the malate/aspartate shuttle [21]. On
reperfusion, the accumulated succinate is rapidly re-oxidized, driving a burst in
production of reactive oxygen species by reverse electron transport at
mitochondrial complex |, and leading to widespread oxidative damage, opening
of the mitochondrial permeability transition pore and cell death. However, the
mechanism of ischaemia-reperfusion injury in cardioplegic arrest is different to
that of classical models of global ischaemia; this is clear from the outcome, as an
hour of the former is usually well tolerated whilst a similar period of the latter leads
to widespread myocardial infarction. Our study of cardioplegia in a Langendorff
mouse model, analysing the whole heart using ultra-performance liquid
chromatography-mass spectrometry (UPLC-MS), demonstrates that ischaemic
succinate accumulation does not occur during a moderate period of cardioplegic
arrest, and suggests a different mechanism for subsequent injury (unpublished

data).

The classic studies by Buckberg and colleagues demonstrated that
electromechanical arrest reduces myocardial oxygen uptake, and that
hypothermia leads to a further stepwise reduction [22]. The cooled, empty,
arrested heart had an oxygen consumption of approximately 3.5% of the perfused
beating heart, but importantly this was not zero, signalling an ongoing basal

cellular energy requirement during arrest. Cardioplegia therefore modulates the
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impact of ischaemia-reperfusion, extending the period of ischaemic tolerance but
with ongoing, time-dependent myocardial injury, as longer aortic cross-clamp
time is associated with worse outcomes [2]. We therefore need to better
understand the impact of cardioplegia on the mechanisms of ischaemia-
reperfusion, how the associated injury could be further mitigated, and the effect
of clinical factors, such as cyanosis. Does the hypoxic stress of chronic cyanosis
have a preconditioning effect on the heart prior to surgery [23], or does it

predispose the myocardium to start ischaemia in a worse metabolic state [8]?

3. Innovation

The release of troponin following reperfusion reflects myocardial injury with all
current protective strategies and so these techniques are not a silver bullet. We
know that the immature myocardium is different to the adult heart, including
substrate utilisation, calcium handling, and antioxidants, but we have little insight
into when the transition to the adult phenotype occurs, how this process is
regulated, or what factors may modulate it. Evolving our understanding of
myocardial maturation and the interaction with ischaemia-reperfusion will allow
us to move beyond current cardioplegia solutions, developing new and innovative
strategies to maintain homeostasis, harness innate protective mechanisms, and

thereby reduce the impact of surgery.

One such approach that has gained considerable interest over the last 20 years
is remote ischaemic preconditioning (RIPC) but its role as an adjunct to
cardioplegia during surgery remains unclear. This simple, low cost and readily

available technique showed great promise in early pre-clinical studies but has
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failed to translate into clinical practice, with trials in both children and adults
producing mixed results [23-25]. Whilst the precise mechanism of RIPC is not
fully understood, there are several practical reasons why these trials may have
failed, including subclinical reperfusion during ischaemia, and the use of propofol
anaesthesia, which interferes with the preconditioning pathway. Our two-centre
Bilateral Remote Ischaemic Conditioning in Children (BRICC) trial
(ISRCTN12923441) is due to report shortly and will shed more light on the value
of RIPC in young children, with or without preoperative cyanosis, undergoing

surgery for congenital heart disease [26].

4. Personalised medicine

Many surgeons use their ‘standard’ approach to cardioplegia in most if not all
cases, determined by their personal preferences and local practice [12,14-16].
But patients differ by age, presence and extent of cyanosis, and a multitude of
genetic factors, so a one-size-fits-all approach is unlikely to be optimal. Cardiac
surgery is already a personalised speciality, delivering a bespoke operation to
match the patient’s unique anatomy and requirements, so why not optimise
myocardial protection through a tailor-made strategy for each patient, considering
their individual age, physiologic and genetic characteristics? Until recently, this
may have sounded like a step too far, but in 2023, precision oncology has already
become the standard of care for cancer treatment. Next generation sequencing
molecular analysis of tumours is being used to guide adjuvant therapy [27],
through clinical trials and sharing of linked molecular/clinical datasets, and

machine learning to refine patient selection and better predict outcome.
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Genomic analysis in the clinic will grow in importance in cardiac surgery too. The
development of an NHS Genomic Medicine Service supported by supra-regional
Genomic Laboratory Hubs and expansion of the National Genomic Test Directory
will rapidly enable whole genome sequencing to become embedded across
routine clinical care. ldentifying genomic factors that impact on myocardial
protection, combined with clinical data linked to outcomes, will improve our
understanding of genotype-phenotype interactions and selection of the optimal

strategy for individual patients.

In the United Kingdom, the South Asian population is disproportionately affected
by congenital heart disease and experience worse outcomes from surgery than
white ethnic groups, which is only partially explained by socioeconomic
deprivation and access to healthcare [28]. Such ethnic disparity is likely to have
a basis in genomic diversity, with population demography, genetic drift, and
environmental adaptation over hundreds of generations, translating into differing
cellular responses to therapies [29]. Yet European ancestries dominate genomic
research, with South Asians making up <2% of participants in genome-wide
association studies. To better understand such variation and thereby improve
outcomes, it is essential that diverse and under-represented individuals are

included in future genomic cohorts.

5. Impact on late outcomes

Beyond early postoperative survival, patients and families focus on long-term
quality of life: how do they feel and what can they do? Yet there are no studies

on the effects of myocardial protection strategies on daily symptoms, exercise
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capacity, or late systolic and diastolic ventricular function. Are there differences
between cardioplegia types? What is the impact of multiple operations during
their life course? These outcomes are challenging to assess, due to the long
interval between surgery and endpoints, with loss to follow-up, delayed return on
funding, and potentially comparing children of different ages. However, it should
be an important consideration in large, well-funded trials, following the example
of the Pediatric Heart Network’s Single Ventricle Reconstruction Il extension trial,
evaluating ventricular function in later school age children (>10 years old)

following the Norwood operation as a neonate [30].

Conclusions

Cardioplegia is fundamental to the surgical management of children with
congenital heart disease and yet myocardial protection is not a problem solved.
Myocardial injury occurs routinely following every open-heart operation with
cardioplegic arrest, suggesting the need for renewed focus and innovation to
improve patient outcomes. The immature myocardium is different to the adult
phenotype yet there is limited evidence to support one cardioplegia solution over
another; whilst St Thomas’ blood cardioplegia is the most widely used in the
United Kingdom, del Nido solution was specifically designed in the United States
to protect the paediatric heart and may provide better protection. In this Hunterian
lecture, | propose a systematic approach to improving myocardial protection in
children, through multi-centre clinical trials and better understanding of the
pathophysiological process, to establish which of the current solutions is best for
which patient, drive innovation and look beyond perioperative outcomes. An
anatomically appropriate operation should be matched with physiologically

14



optimised myocardial protection, and by embracing the era of personalised
medicine, we will continue to improve care and outcomes for our patients and

their families.
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Figure 1. Clinical trials of cardioplegia published by year, in children and adults.
PubMed search: cardioplegia [tiab]; limit: clinical trial; results by year; paediatric

studies identified using the Improved CCG child filter; performed on 19 April 2022.

22



