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People with a Fontan circulation are at risk of neurodevelopmental delay and disability, and cognitive dysfunction, that has significant implications for academic and occupational attainment, psychosocial functioning, and overall quality of life. Interventions for improving these outcomes are lacking. This review article discusses current intervention practices and explores the evidence supporting exercise as a potential intervention for improving cognitive functioning in people living with a Fontan circulation. Proposed pathophysiological mechanisms underpinning these associations are discussed in the context of Fontan physiology and avenues for future research are recommended.
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Introduction

Neurodevelopmental and cognitive deficits are recognised as the most common comorbidities associated with complex congenital heart disease (CHD) (1). Individuals born with single ventricle heart disease, typically resulting in the Fontan circulation, are at the greatest risk of cognitive dysfunction (2–5). The complex Fontan anatomy is associated with neurological vulnerability and injury, that accumulates over the lifetime (Figure 1). Emerging research suggests that early neurodegenerative decline and dementia may also be an impending issue in this newly aging population (2, 6). These issues compound the spectrum of medical and health challenges impacting individuals with a Fontan circulation, and contribute to reduced quality of life, restricted educational and occupational achievements and increased mental health issues (4, 7).
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FIGURE 1
Accumulative neurodevelopmental and cognitive risk factors across the lifespan.


The implementation of routine neurodevelopmental and cognitive screening and increased accessibility to neuropsychological assessment is vital for many individuals with a Fontan circulation, however, a coexisting and paramount problem is the lack of resources and evidence-based intervention strategies for those identified with deficits. While this issue is not entirely unique to the CHD population, additional considerations may be required in the development of safe and effective intervention strategies for people with Fontan physiology. Interventions that optimise outcomes beyond improved cognitive abilities would be a major advantage.

For the purpose of this review, we focus on exercise as a proposed intervention strategy following Fontan completion. While the distinction between early neurodevelopmental disability and longer-term cognitive dysfunction is blurred in this cohort, who have a lifetime prevalence of risk factors that contribute to reduced functioning, we refer to alterations in cognitive functioning in response to exercise, acknowledging that this is not mutually exclusive to early neurodevelopmental outcomes. Proposed mechanisms underpinning the exercise-cognition relationship are summarised in Figure 2. While this review specifically focuses on individuals with a Fontan circulation, the discussion may have broad relevance to people living with other types of complex CHD.
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FIGURE 2
Multi-level factors associated with exercise and improved cognitive functioning.




Established neurodevelopmental and cognitive interventions

Hospital-based interventions that target early infant neurodevelopment in babies born with a functional single ventricle are vital for optimising the developmental trajectory. While significant brain abnormality and injury occur perinatally and are associated with patient-specific factors, advances in medical and surgical strategies have optimised cerebral protection and outcomes (8). Individualised neurodevelopmental follow-up programs including formal evaluation, environmental modifications, and therapeutic intervention, have been implemented into routine clinical practice in some paediatric cardiac intensive care settings, however, are not currently standardised care (9, 10). Longer-term neurodevelopmental follow-up programs existing as part of routine cardiac care are even less common. Individually tailored developmental care plans have been shown to contribute to improved neurodevelopmental outcomes in children with CHD (11). Where neurodevelopmental delay or disability is identified, traditional interventions may typically include occupational therapy, speech pathology, and/or physiotherapy, that are often initiated within the inpatient environment. Parent-focused psychoeducation is associated with improved mental, social, and emotional development in children with CHD at 6-months of age and is associated with better family functioning and less school days missed in early childhood (11). Family-focused education should form an integral component of neurodevelopmental care for children with CHD (12).

Beyond the neurodevelopmental interventions implemented in early life, interventions may typically occur in the school setting and are predominantly focused on improving learning outcomes and academic achievement. Classroom strategies may include assisted learning and tutoring, behavioural therapies, or compensatory strategies, such as additional time to complete tasks. However, in our clinical experience, many children with a Fontan circulation who demonstrate milder cognitive difficulties, such as inattention (which is particularly common) (13, 14), often “slip through the cracks” and their learning challenges are not always recognised due to a lack of formal assessment. Where attention deficit hyperactivity disorder (ADHD) is diagnosed, stimulant medication remains the frontline treatment for children over 6 years of age and is generally considered effective and safe for people with CHD. However, the choice of stimulant medication should be guided by cardiovascular risk factors on an individual basis and appropriate monitoring is required (15). Multifactorial intervention models incorporating stimulant and behavioural intervention are considered more effective than pharmacological intervention alone (16). Exercise has been shown to be particularly beneficial in people with ADHD; Notably, moderate-to-large positive effects have been identified between exercise and a broad range of executive functions in child and adult ADHD cohorts (17–20). Exercise may be an effective alternative treatment for people with ADHD who have contraindication or opposition to commence pharmacological intervention, or where stimulant medication has been ineffective (21). Psychotherapy or the use of anti-depressants to improve low mood or anxiety may have secondary benefits for cognitive ability (22, 23), however findings are mixed and may depend on the severity of psychological symptoms and the type of treatment (24).

Cognitive remediation strategies typically utilised in adult cohorts include compensatory behavioural and environmental modifications, “brain-training” strategies, or medication when cognitive dysfunction is associated with a psychiatric or neurological condition. As the adult Fontan population continues to increase rapidly, so does the need for longer term cognitive interventions that take into account the unique and lifelong medical and psychosocial complexities associated with Fontan physiology.

The only prospective, randomised control intervention trial including individuals with a Fontan circulation investigated the benefits of computerised working memory training on executive functioning and social outcomes in people with complex CHD. Benefits in self-regulatory control were identified. However, working memory, that was the primary outcome measure, did not significantly change post-intervention. Possible long-term benefits to other cognitive domains are not yet established (25). The effectiveness of computerised cognitive training programs remains widely debated.



Exercise, cognition, and Fontan physiology

Historically, exercise participation was discouraged for people with a Fontan circulation due to the perceived risks associated with their complex cardiac physiology, including haemodynamic derangement and sudden cardiac death. Emerging research has demonstrated that increased physical activity may not only be beneficial, but of great importance for individuals living with a Fontan circulation (26, 27). Reduced exercise capacity in this cohort is associated with worse long-term prognosis (28, 29). Exercise training has been shown to positively affect stroke volume, cardiac output, lung function, and skeletal muscle mass, subsequently optimising overall physical function and exercise capacity (30–34). Exercise participation is now strongly encouraged as a safe therapy for most children and adults with Fontan physiology (35, 36), although guidance regarding the nature and intensity of exercise should continue to be provided to patients on an individualised basis (37).

In healthy children and adults, greater exercise capacity and physical fitness are associated with better cognitive functioning (38–40) and physical inactivity is a risk factor for cognitive impairment (41, 42). Longitudinal studies have shown improved cognitive functioning after aerobic and/or resistance exercise training programs (43). Notably, improvements in executive functioning associated with increased physical fitness and greater exercise participation have been widely reported in both children and adults (44–46), which is a key area of dysfunction in people with a Fontan circulation (2, 47). Greater exercise capacity and physical activity may have a neuroprotective role by promoting cognitive resilience and preventing neurodegenerative decline and dementia (42). This is an important consideration for individuals with a Fontan circulation, who are predicted to be at increased risk of reduced cognitive reserve and early-onset dementia (6). Emerging research has shown significant associations between exercise capacity and sustained attention and adaptive functioning in people with a Fontan circulation (48). The extent to which exercise capacity may improve other cognitive functions (e.g., working memory, processing speed, executive function and/or internalising symptoms) were undetermined in this cohort, that was limited by modest sample sizes. Self-reported improvements in cognitive functioning have also been observed in children and young adults with a Fontan circulation and tetralogy of Fallot following a standardised 12-week aerobic exercise program (49). However, to our knowledge, no other studies have investigated the effect of exercise on cognitive performance among individuals with a Fontan circulation, or other CHD cohorts.



Neural mechanisms underpinning the exercise-cognition relationship


Structural morphology: brain volumes and white matter microstructure

The pathophysiological mechanisms underpinning associations between exercise and cognitive functioning are not fully understood. Neuroimaging studies have demonstrated that improved cognitive function associated with exercise capacity and physical activity is paralleled by differences in brain structure, connectivity, and functioning (45). Associations between brain morphology and cognitive functioning in people living with a Fontan circulation are also incompletely understood, however smaller brain volumes are considered a key structural underpin associated with worse cognitive outcomes (2, 50, 51). Significant associations between exercise and brain volumes have been observed in healthy aging adults. Greater levels of physical activity have been associated with larger total brain and white matter volume (52–54) and hippocampal volume (55). Notable associations are reported between cardiorespiratory fitness and grey matter volumes in regions that typically show the greatest age-related volume loss, including frontal, superior parietal, and temporal cortices, and the hippocampus (56–58). These are regions that have associated roles in executive functioning and memory decline. Taken together, these findings suggest that exercise capacity and physical activity may attenuate progressive brain volume loss associated with aging, that appears to be accelerated in adults living with a Fontan circulation (2). However, future research is necessary to determine causal associations. Other factors such as gender, comorbidities, and interindividual variation are also likely to influence the relationship between exercise capacity and brain structure (59–61).

Significant associations between hippocampal volume, fitness, and memory performance have been demonstrated in healthy pre-adolescent children (62), and an emerging study by Valkenborghs and colleagues has identified changes in hippocampal metabolism and working memory in response to a 6-month exercise intervention program in adolescents (63); Suggesting that exercise may enhance hippocampal development and structure in the developing brain, as well as possibly mitigate age-related volume loss in the aging adult brain. In infants and young children with a Fontan circulation, smaller brain volumes are predominantly attributed to cerebral dysmaturation that is associated with altered cerebral perfusion and blood flow, placental insufficiency, and genetic vulnerability (3, 64). Associated perioperative white matter injury is a major concern (65). Early interventions to mitigate these factors remain experimental but are vital for promoting early neurodevelopment, however the extent that perinatal brain dysmaturation can be modified remains unknown. These early interventions are not the focus of the current review and have been discussed in detail elsewhere (3). Exercise may be a beneficial therapeutic strategy beyond the unstable surgical period to enhance brain volumes and mitigate the impact of early brain injury by promoting neurogenesis and synaptic plasticity, which has been shown to continue in certain brain regions throughout the human lifespan, notably in the hippocampal region (66, 67). Extensive animal studies have shown that exercise promotes repair processes, including enhanced neurogenesis, new-born neuron maturation and increased functional plasticity in the hippocampus of rodents (68); These alterations are likely to be associated with improved learning and memory and mood regulating processes (69). In the first controlled intervention study of its kind, Riggs et al. (2017) demonstrated that aerobic exercise promoted hippocampal growth and improved the white matter architecture of various white matter tracts in children who had been treated with radiation therapy for a brain tumour. White matter damage and smaller bilateral hippocampal volume were present prior to the intervention, and changes in fractional anisotropy and hippocampal volume were observed irrespective of typical age-related brain maturational changes—These findings suggest that exercise may have the potential to promote neural recovery during childhood (70). We can only speculate on these associations in the context of Fontan physiology, especially given that the mechanisms of cerebral injury vary, however these findings warrant investigation. Hippocampal volume is significantly reduced in adolescents with a Fontan circulation and is associated with worse memory performance (50). Widespread alterations in white matter microstructure are reported across the lifespan in people with a Fontan circulation and have shown variable associations with cognitive performance (71–75). Cross-sectional studies in healthy child and adult cohorts support associations between exercise and enhanced white matter microstructural architecture (76, 77), however associations in other clinical cohorts are scarce and the extent that exercise-induced changes in white matter microstructure extends to improvements in cognitive functioning is undetermined (78). Exploratory work by our research team demonstrated a significant positive association between predicted peak oxygen uptake during exercise (an indicator of aerobic fitness) and fractional anisotropy of the uncinate fasciculus in an adolescent and adult Fontan cohort (75), suggesting the association between exercise capacity and white matter microstructure may apply to this cohort. Predovan et al. (2021) similarly found increased fractional anisotropy of the uncinate fasciculus associated with increased aerobic exercise in healthy adults following a 6-month randomised exercise intervention program, although significance was lost after correction for multiple comparisons (79). These findings were inconsistent in another similar study (80). An issue across diffusion MRI research surrounds the heterogeneity in methodologies utilised and continual advances are being made in the recommended diffusion data acquisition, processing methods, and analysis pipelines (81). Further research is necessary to determine associations between exercise and white matter architecture and consistent methodologies are required when investigating the replicability of findings across cohorts.

Our previous work demonstrated significant positive associations between resting and/or peak exercise oxygen saturations and brain volumes; white matter microstructural organisation was also worse in the setting of reduced oxygen saturations (2, 75). Low oxygen saturations may impair exercise performance due to reduced oxygen delivery to the peripheral muscles (34, 82), although the extent to which this is a causative factor remains undetermined (26). Nevertheless, efforts to maximise oxygen saturations in people with Fontan physiology may be important to consider for optimising both exercise capacity and brain morphology.



Cellular, molecular and vascular processes

Exercise may have a potential role in protecting the brain against the persisting and accumulative burden of hypoxic-ischaemic events, that is an ongoing concern throughout life for people living with a Fontan circulation (2, 64). Animal studies have demonstrated that exercise training preconditions brain ischaemic tolerance and facilitates functional recovery following brain injury through a series of cellular and molecular mechanisms, including the promotion of angiogenesis, mediation of the inflammatory response, inhibition of gamma aminobutyric acid (GABA), protection of the blood brain barrier, and inhibition of apoptosis (83), suggesting that patients with high risk for chronic brain injury should engage in regular exercise to promote neuroprotection. Exercise is associated with increased expression of brain derived neurotrophic factor (BDNF) and insulin-like growth factor-1 (IGF-1), that are directly involved in neuronal and synaptic growth, and angiogenesis. In humans, BDNF and IGF-1 have been shown to mediate improvements in executive function after a 12-month aerobic exercise intervention program (84) and are considered crucial for long-term memory functioning (83). Furthermore, increased BDNF concentrations are observable following acute exercise participation and are associated with immediate improvements in processing speed, executive functioning, learning speed, and memory after high intensity training, suggesting that exercise may induce acute benefits on cognitive functioning and daily participation in exercise may bolster day-to-day cognitive functioning (85, 86). Increased expression of neurotrophic factors may also protect against neurodegenerative decline (83).

Skeletal muscle mass may be an important mediator in the relationship between exercise and neuroprotective mechanisms. Skeletal muscle secretes circulating myokines in response to exercise, that have a role in molecular and cellular neuroprotective processes in the brain, including the expression and regulation of BDNF, among others (87–89). Indeed, significant associations have been identified between sarcopenia and cognitive decline in healthy aging cohorts (90–92). Fontan-associated myopenia is a recently established phenomena (93) and may contribute to the myriad of risk factors associated with Fontan physiology and reduced cognitive functioning.

Emerging research also highlights the role of the cerebral endothelium in the release and synthesis of BDNF, that is considered to be an important link between endothelial function and cognition. Other important processes associated with endothelial function, include the regulation of inflammatory and immune responses, thrombosis, neuroplasticity, angiogenesis, and cerebral blood flow (94, 95). Endothelial dysfunction is common in people living with a Fontan circulation and is associated with reduced exercise capacity and health related quality of life (96). In other cardiovascular disease cohorts, endothelial dysfunction is linked to cerebrovascular damage including white matter hyperintensities, lacunar infarct, brain atrophy, and cerebral hypoperfusion (97–99). In adults with cyanotic CHD, endothelial dysfunction has been associated with reduced global grey matter volume (100), however associations with neurological outcomes in a Fontan cohort are yet to be examined. Markers of endothelial dysfunction are associated with worse performance in various cognitive domains, including processing speed, attention, executive function, memory, and visuospatial abilities (101–104). Endothelial dysfunction may be an early predictor of neurodegenerative disease (105). Aerobic and resistance exercise training have independently been shown to improve endothelial function in healthy individuals and those with cardiovascular disease (106–108), providing further evidence to support the relationship between exercise and brain health. Improvement in endothelial function following a 3-month exercise intervention has been associated with improved overall cognition in individuals with coronary artery disease (109). However, to our knowledge, no randomised controlled studies exist investigating these associations and causative links are undetermined. Non-invasive markers of endothelial dysfunction provide an accessible opportunity to investigate these factors. Future longitudinal and cross-sectional studies are encouraged to include such measures when investigating associations between exercise and neurological and cognitive outcomes in people with Fontan physiology.



Functional brain activation in response to exercise

Less is known about functional brain changes occurring in response to exercise, however functional MRI (fMRI) research using Blood Oxygen Level Dependent (BOLD) signal as indirect markers of neuronal activities has provided additional support for the association between vascular risk factors and cognitive dysfunction (110). Changes in BOLD functional brain activation are observed following acute bouts of physical exercise, and sustained exercise over an 8-month period has been shown to improve spatial refinement of several key functional brain networks at rest (111). However, the associated changes in cognitive functioning with exercise-induced functional brain activation are variable and limited research investigating these associations has been conducted to date (112, 113). Patterns of exercise-induced functional brain activation also vary across different cohorts and may be influenced by levels of cardiorespiratory fitness (113). Studies including individuals with a Fontan circulation are required to understand these associations in the context of Fontan physiology and will provide insight into functional brain connectivity in this cohort. Even less is known about exercise-induced changes in neurotransmitter release and associated cognitive performance.




Psychosocial and behavioural mediators of the exercise-cognition relationship


Psychological functioning

It is likely that improved behavioural and psychosocial functioning associated with exercise participation and greater fitness, also mediate improvements in cognitive functioning. Children and adults with a Fontan circulation are at an increased risk of psychological distress and developing psychiatric disorders, that is associated with a myriad of factors linked to their cardiac anatomy (114). Physical restrictions and reduced exercise capacity likely contribute to these issues. The lifetime prevalence of a psychiatric disorder in people living with a Fontan circulation has been reported as 65% and includes a high incidence of depression, anxiety, and medically related trauma, reduced psychosocial functioning is also prevalent (4, 115, 116). People with major depressive disorder and high levels of anxiety demonstrate reduced attention, executive functioning, and memory (117), that are cognitive domains similarly most affected by physical inactivity (118). The rate of comorbidity between psychological disorders and cognitive dysfunction in people living with a Fontan circulation is anticipated to be high but has not yet been investigated.

The relationship between exercise and improved mental health and overall quality of life is well-established and broadly applies to clinical and healthy populations (119–123). Furthermore, participation in physical activity and sport is considered to improve social health and functioning through increased opportunities to socialise and connect with peers (124), that may also provide opportunities to practice behavioural and emotional self-regulation. In children and young adults with a Fontan circulation, exercise training is associated with improved health related quality of life and psychosocial functioning (49, 125, 126). These benefits are anticipated to extend to better family functioning and improved quality of life for caregivers and siblings, who are also importantly impacted (127, 128). Important associations have also been identified between physical inactivity and greater rates of depression in people with various forms of congenital heart disease (129). No studies have yet directly investigated the link between exercise, psychosocial functioning, and cognitive outcomes in people with a Fontan circulation. Importantly, interventions to promote psychological functioning, independent of cognitive dysfunction, are also greatly needed in this cohort (114).



Sleep

Sleep disturbance and fatigue are also important risk factors that may contribute to reduced cognitive functioning and are commonly reported by people with a Fontan circulation. In a large study of children with a Fontan circulation, self- and parent-reported sleep disturbance was strongly associated with increased odds of attentional problems, the use of medication for ADHD, behavioural issues, developmental delay, learning problems, mood concerns, and reduced health related quality of life (130). Hedlund et al. (2019) have demonstrated positive associations between total sleep time and time engaged in moderate-vigorous physical activity in children and adolescents with a Fontan circulation (131). Patients and controls with low sleep efficiency (amount of time in bed spent sleeping) at baseline demonstrated increased sleep efficiency following exercise endurance training. Consistent with this, Callegari et al. (2022) found a significant association between daily minutes of moderate-vigorous physical activity and a lower incidence of sleep disturbance in a similar Fontan cohort (132). Sleep efficiency has been shown to mediate the relationship between physical activity and improved executive functioning in healthy young and older adults (133). In contrast, total sleep duration does not always show consistent associations as this may be impacted by sleep interruptions that interfere with important sleep cycle stages that are associated with restorative pre-frontal and hippocampal functioning (134). Excessive sleep may also reflect depressed mood or chronic fatigue. Increased exercise and improved cardiorespiratory fitness may also alleviate symptoms of sleep disordered breathing, that is a recognised concern in children and adults with a Fontan circulation (135–137), and may be a modifiable contributor to reduced cognitive performance (138).




Uncertainties and future directions

Exercise training is garnering much enthusiasm as a possible non-pharmacological therapy for a range of physical, psychological, and cognitive illnesses. However, the mechanisms by which exercise exerts benefit on cognitive outcomes are not fully understood and are likely multifactorial and influenced by interindividual differences. In addition, methods to investigate cellular and molecular neural changes in-vivo are limited, and much of what we currently know has come from animal studies that may have limited applicability. Well-designed and adequately powered, randomised controlled human intervention studies are critically needed to investigate these associations in the context of Fontan physiology and detailed phenotyping is required to understand possible mediating factors. Where feasible, minimally invasive methods to directly, or indirectly, investigate underlying mechanisms are required. Animal models with Fontan physiology may provide additional avenues for future research in this regard.

The type, frequency, and intensity of regular exercise are likely important factors for facilitating cognitive change, and overall, there appears to be a dose-response relationship between exercise and cognitive performance (118, 139). Moderate to vigorous exercise shows the most consistent benefit on cognitive performance, however some studies have found that participation in low intensity exercise, such as walking, yoga, and balance or resistance training also improves cognitive outcomes (140–143), which may be promising for patients with more severe exercise limitation. Different types of exercise appear to be associated with different underlying neural mechanisms associated with cognitive outcomes (144). Aerobic exercise is predominantly associated with the production and regulation of BDNF, whereas resistance training is associated with increased expression of IGF-1 (145, 146). Combined training programs incorporating both aerobic and resistance training are therefore considered optimal to target varying molecular pathways that have a beneficial impact on brain health. Better understanding the detailed mechanisms by which exercise improves cognitive outcomes may provide an opportunity to develop novel therapeutic interventions that mimic these mechanisms in individuals with Fontan physiology who are unable to exercise.

Exercise interventions introduced early in childhood will likely yield maximum benefits for people with a Fontan circulation, both physically and cognitively. Engagement in exercise as a child is associated with continued exercise participation in adulthood, which is anticipated to maximise cognitive resilience for aging adults with a Fontan circulation. The long-term benefits of exercise interventions programs remain largely undetermined, and it is likely that regular and consistent exercise participation is required to maintain optimum cognitive functioning.

While current recommendations highlight the importance of exercise for people living with a Fontan circulation (26, 34, 37, 147), the optimal methods and guidelines surrounding exercise prescription remain poorly characterised. The primary target of exercise intervention in this cohort is to optimise cardiac and physical functioning, however investigations should consider the intensity, duration and type of exercise that is required to also maximise cognitive outcomes. Additional efforts will likely be required to facilitate long-term behaviour change surrounding exercise participation in many people with a Fontan circulation, given the multitude of factors that contribute to reduced physical activity in a large proportion of the population.


The Fontan-Fitness Intervention Trial (F-FIT)

To our knowledge, the Fontan-Fitness Intervention Trial (F-FIT) (26) will be the first multicentre, randomised controlled exercise intervention trial investigating the impact of aerobic and resistance exercise training on physiological and cognitive outcomes in people with a Fontan circulation. Participants will be recruited across eight quaternary CHD centres in Australia and will include people with a Fontan circulation aged 10–55 years, who are a minimum of 6 months post-Fontan completion; broader inclusion and exclusion criteria are described by Tran et al. (2022). The protocol includes a range of outcome measures that aims to contribute to our knowledge surrounding the associations and risk factors contributing to cardiorespiratory fitness, cognitive functioning, psychosocial outcomes, and overall quality of life in people with Fontan physiology. This includes a detailed evaluation of aerobic exercise capacity, respiratory muscle and lung function, musculoskeletal fitness, body composition, habitual physical activity levels, dietary intake and nutritional status, peripheral venous pressure, endothelial function, neurohormonal activation, metabolites, cardiac function, cognitive and psychosocial functioning, quality of life, and sleep. A subset of participants with Fontan physiology will undergo neuroimaging, including structural and diffusion weighted brain MRI and measurement of cerebral blood flow.

For adolescents and adults (≥16 years), the protocol includes a three-arm blinded randomisation to either (i) traditional fitness facility-based exercise training, (ii) telehealth exercise training, or (iii) waitlist control. Investigation into the efficacy of a telehealth-based cognitive intervention is a key advantage of the F-FIT protocol. Socioeconomic status and geographic remoteness are associated with worse cognitive outcomes in adolescents and adults living with a Fontan circulation (2) and these individuals may have additional barriers to accessing appropriate heath care. Exercise may be a cost-effective life-long therapeutic management strategy for this cohort, which is a particularly important consideration given the high financial burden associated with Fontan physiology (148).




Conclusion

Individuals with Fontan physiology are at heightened risk of neurodevelopmental and cognitive dysfunction. Interventions focused on improving these outcomes are needed. Exercise may be a low-risk and broadly advantageous physical and cognitive intervention strategy in this cohort and may protect and optimise brain health across the life span. High quality experimental research is required and should aim to include comprehensive phenotyping and investigate optimum exercise “prescription”. Scalable and accessible interventions that also facilitate behaviour change are essential.



Author contributions

CV reviewed all relevant literature and wrote the first draft of the manuscript. DT, JY, DL, DW, JA, DC and RC provided clinical expertise and relevant edits to the manuscript. All authors contributed to manuscript revision, read, and approved submitted version.



Funding

This study was supported by the NSW Health Cardiovascular Research Capacity Program—Early-Mid Career Researcher Grant (Ref: H21/174585). DT was supported by the Medical Research Future Fund—Cardiovascular Health Mission—Congenital Heart Disease Grant (ARGCHDG000016). JY receives positional funding from the Royal Children's Hospital Foundation (Grant number: RCHF 2022-1402).



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

The reviewer AP declared a shared affiliation with the author DW to the handling editor at the time of review.



Publisher's note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



References

1. Marino BS, Lipkin PH, Newburger JW, Peacock G, Gerdes M, Gaynor JW, et al. Neurodevelopmental outcomes in children with congenital heart disease: evaluation and management. Circulation. (2012) 126(9):1143–72. doi: 10.1161/CIR.0b013e318265ee8a

2. Verrall CE, Yang JYM, Chen J, Schembri A, d'Udekem Y, Zannino D, et al. Neurocognitive dysfunction and smaller brain volumes in adolescents and adults with a fontan circulation. Circulation. (2021) 143(9):878–91. doi: 10.1161/circulationaha.120.048202

3. Verrall CE, Blue GM, Loughran-Fowlds A, Kasparian N, Gecz J, Walker K, et al. ‘Big issues’ in neurodevelopment for children and adults with congenital heart disease. Open Heart. (2019) 6(2):e000998-e. doi: 10.1136/openhrt-2018-000998

4. Calderon J, Newburger JW, Rollins CK. Neurodevelopmental and mental health outcomes in patients with fontan circulation: a state-of-the-art review. Front Pediatr. (2022) 10:826349. doi: 10.3389/fped.2022.826349

5. du Plessis K, d'Udekem Y. The neurodevelopmental outcomes of patients with single ventricles across the lifespan. Ann Thorac Surg. (2019) 108(5):1565–72. doi: 10.1016/j.athoracsur.2019.05.043

6. Bagge CN, Henderson VW, Laursen HB, Adelborg K, Olsen M, Madsen NL. Risk of dementia in adults with congenital heart disease: population-based cohort study. Circulation. (2018) 137(18):1912–20. doi: 10.1161/CIRCULATIONAHA.117.029686

7. Kasparian NA, Kovacs AH. Quality of life and other patient-reported outcomes across the lifespan among people with fontan palliation. Can J Cardiol. (2022) 38(7):963–76. doi: 10.1016/j.cjca.2022.04.025

8. Wong V, El-Said H, Mueller D, Nigro JJ, Suttner D, Werho DK. Current trends and critical care considerations for the management of single ventricle neonates. Curr Pediatr Rep. (2020) 8(4):157–69. doi: 10.1007/s40124-020-00227-4

9. Butler SC, Huyler K, Kaza A, Rachwal C. Filling a significant gap in the cardiac ICU: implementation of individualised developmental care. Cardiol Young. (2017) 27(9):1797–806. doi: 10.1017/S1047951117001469

10. Miller TA, Lisanti AJ, Witte MK, Elhoff JJ, Mahle WT, Uzark KC, et al. A collaborative learning assessment of developmental care practices for infants in the cardiac intensive care unit. J Pediatr. (2020) 220:93–100. doi: 10.1016/j.jpeds.2020.01.043

11. Cassidy AR, Butler SC, Briend J, Calderon J, Casey F, Crosby LE, et al. Neurodevelopmental and psychosocial interventions for individuals with CHD: a research agenda and recommendations from the cardiac neurodevelopmental outcome collaborative. Cardiol Young. (2021) 31(6):888–99. doi: 10.1017/S1047951121002158

12. Eagleson K, Campbell M, McAlinden B, Heussler H, Pagel S, Webb K-L, et al. Congenital heart disease long-term improvement in functional hEalth (CHD LIFE): a partnership programme to improve the long-term functional health of children with congenital heart disease in Queensland. J Paediatr Child Health. (2020) 56(7):1003–9. doi: 10.1111/jpc.14935

13. Spillmann R, Polentarutti S, Ehrler M, Kretschmar O, Wehrle FM, Latal B. Congenital heart disease in school-aged children: cognition, education, and participation in leisure activities. Pediatr Res. (2021). doi: 10.1038/s41390-021-01853-4. [Epub ahead of print]34853428

14. Hansen E, Poole TA, Nguyen V, Lerner M, Wigal T, Shannon K, et al. Prevalence of ADHD symptoms in patients with congenital heart disease. Pediatr Int. (2012) 54(6):838–43. doi: 10.1111/j.1442-200X.2012.03711.x

15. Berger S. Attention deficit hyperactivity disorder medications in children with heart disease. Curr Opin Pediatr. (2016) 28(5):607–12. doi: 10.1097/mop.0000000000000388

16. Wolraich ML, Hagan Jr JF, Allan C, Chan E, Davison D, Earls M, et al. Clinical practice guideline for the diagnosis, evaluation, and treatment of attention-deficit/hyperactivity disorder in children and adolescents. Pediatrics. (2019) 144(4):e20192528. doi: 10.1542/peds.2019-2528

17. Liang X, Li R, Wong SHS, Sum RKW, Sit CHP. The impact of exercise interventions concerning executive functions of children and adolescents with attention-deficit/hyperactive disorder: a systematic review and meta-analysis. Int J Behav Nutr Phys Act. (2021) 18(1):68. doi: 10.1186/s12966-021-01135-6

18. Liang X, Qiu H, Wang P, Sit CHP. The impacts of a combined exercise on executive function in children with ADHD: a randomized controlled trial. Scand J Med Sci Sports. (2022) 32(8):1297–312. doi: 10.1111/sms.14192

19. Mehren A, Özyurt J, Lam AP, Brandes M, Müller HHO, Thiel CM, et al. Acute effects of aerobic exercise on executive function and attention in adult patients with ADHD. Front Psychiatry. (2019) 10:132. doi: 10.3389/fpsyt.2019.00132

20. Verburgh L, Königs M, Scherder EJA, Oosterlaan J. Physical exercise and executive functions in preadolescent children, adolescents and young adults: a meta-analysis. Br J Sports Med. (2014) 48(12):973. doi: 10.1136/bjsports-2012-091441

21. Torres-Acosta N, O’Keefe JH, O’Keefe CL, Lavie CJ. Cardiovascular effects of ADHD therapies: JACC review topic of the week. J Am Coll Cardiol. (2020) 76(7):858–66. doi: 10.1016/j.jacc.2020.05.081

22. Prado CE, Watt S, Crowe SF. A meta-analysis of the effects of antidepressants on cognitive functioning in depressed and non-depressed samples. Neuropsychol Rev. (2018) 28(1):32–72. doi: 10.1007/s11065-018-9369-5

23. Baune BT, Renger L. Pharmacological and non-pharmacological interventions to improve cognitive dysfunction and functional ability in clinical depression: a systematic review. Psychiatry Res. (2014) 219(1):25–50. doi: 10.1016/j.psychres.2014.05.013

24. Shilyansky CMD, Williams LMP, Gyurak AP, Harris AMD, Usherwood TP, Etkin AD. Effect of antidepressant treatment on cognitive impairments associated with depression: a randomised longitudinal study. Lancet Psychiatry. (2016) 3(5):425–35. doi: 10.1016/S2215-0366(16)00012-2

25. Calderon J, Wypij D, Rofeberg V, Stopp C, Roseman A, Albers D, et al. Randomized controlled trial of working memory intervention in congenital heart disease. J Pediatr. (2020) 227:191–8.e3. doi: 10.1016/j.jpeds.2020.08.038

26. Tran D, Gibson H, Maiorana A, Verrall C, Baker D, Clode M, et al. Exercise intolerance, benefits, and prescription for people living with a fontan circulation: the fontan fitness intervention trial (F-FIT)—rationale and design. Front Pediatr. (2022) 9:799125. doi: 10.3389/fped.2021.799125

27. Cordina R, d'Udekem Y. Long-lasting benefits of exercise for those living with a Fontan circulation. Curr Opin Cardiol. (2019) 34(1):79–86. doi: 10.1097/hco.0000000000000582

28. Diller G-P, Giardini A, Dimopoulos K, Gargiulo G, Müller J, Derrick G, et al. Predictors of morbidity and mortality in contemporary fontan patients: results from a multicenter study including cardiopulmonary exercise testing in 321 patients. Eur Heart J. (2010) 31(24):3073–83. doi: 10.1093/eurheartj/ehq356

29. Ohuchi H, Negishi J, Noritake K, Hayama Y, Sakaguchi H, Miyazaki A, et al. Prognostic value of exercise variables in 335 patients after the fontan operation: a 23-year single-center experience of cardiopulmonary exercise testing. Congenit Heart Dis. (2015) 10(2):105–16. doi: 10.1111/chd.12222

30. Cordina RL, O'Meagher S, Karmali A, Rae CL, Liess C, Kemp GJ, et al. Resistance training improves cardiac output, exercise capacity and tolerance to positive airway pressure in fontan physiology. Int J Cardiol. (2013) 168(2):780–8. doi: 10.1016/j.ijcard.2012.10.012

31. Dirks S, Kramer P, Schleiger A, Speck HM, Wolfarth B, Thouet T, et al. Home-based long-term physical endurance and inspiratory muscle training for children and adults with fontan circulation-initial results from a prospective study. Front Cardiovasc Med. (2021) 8:784648. doi: 10.3389/fcvm.2021.784648

32. Kodama Y, Koga K, Kuraoka A, Ishikawa Y, Nakamura M, Sagawa K, et al. Efficacy of sports club activities on exercise tolerance among Japanese middle and high school children and adolescents after fontan procedure. Pediatr Cardiol. (2018) 39(7):1339–45. doi: 10.1007/s00246-018-1900-1

33. Tran DL, Maiorana A, Davis GM, Celermajer DS, d’Udekem Y, Cordina R. Exercise testing and training in adults with congenital heart disease: a surgical perspective. Ann Thorac Surg. (2021) 112(4):1045–54. doi: 10.1016/j.athoracsur.2020.08.118

34. Baker DW, Tran D, Cordina R. The Fontan circulation: is exercise training the solution? Prog Pediatr Cardiol. (2020) 59:101314. doi: 10.1016/j.ppedcard.2020.101314

35. Longmuir PE, Brothers JA, Ferranti S, Hayman LL, Hare GFV, Matherne GP, et al. Promotion of physical activity for children and adults with congenital heart disease. Circulation. (2013) 127(21):2147–59. doi: 10.1161/CIR.0b013e318293688f

36. Anderson CAJ, Suna JM, Keating SE, Cordina RM, Tran DL, Ayer JM, et al. Safety and efficacy of exercise training in children and adolescents with congenital heart disease: a systematic review and descriptive analysis. Am Heart J. (2022) 253:1–19. doi: 10.1016/j.ahj.2022.06.006

37. Tran D, Maiorana A, Ayer J, Lubans DR, Davis GM, Celermajer DS, et al. Recommendations for exercise in adolescents and adults with congenital heart disease. Prog Cardiovasc Dis. (2020) 63(3):350–66. doi: 10.1016/j.pcad.2020.03.002

38. Donnelly JE, Hillman CH, Castelli D, Etnier JL, Lee S, Tomporowski P, et al. Physical activity, fitness, cognitive function, and academic achievement in children: a systematic review. Med Sci Sports Exerc. (2016) 48(6):1197–222. doi: 10.1249/mss.0000000000000901

39. Chaddock-Heyman L, Hillman CH, Cohen NJ, Kramer AFIII. The importance of physical activity and aerobic fitness for cognitive control and memory in children. Monogr Soc Res Child Dev. (2014) 79(4):25–50. doi: 10.1111/mono.12129

40. Westfall DR, Gejl AK, Tarp J, Wedderkopp N, Kramer AF, Hillman CH, et al. Associations between aerobic fitness and cognitive control in adolescents. Front Psychol. (2018) 9:1298. doi: 10.3389/fpsyg.2018.01298

41. Aichberger MC, Busch MA, Reischies FM, Ströhle A, Heinz A, Rapp MA. Effect of physical inactivity on cognitive performance after 2.5 years of follow-up: longitudinal results from the survey of health, ageing, and retirement (SHARE). GeroPsych. (2010) 23(1):7–15. doi: 10.1024/1662-9647/a000003

42. Cunningham C, O’Sullivan R, Caserotti P, Tully MA. Consequences of physical inactivity in older adults: a systematic review of reviews and meta-analyses. Scand J Med Sci Sports. (2020) 30(5):816–27. doi: 10.1111/sms.13616

43. Northey JM, Cherbuin N, Pumpa KL, Smee DJ, Rattray B. Exercise interventions for cognitive function in adults older than 50: a systematic review with meta-analysis. Br J Sports Med. (2018) 52(3):154. doi: 10.1136/bjsports-2016-096587

44. Kramer AF, Hahn S, Cohen NJ, Banich MT, McAuley E, Harrison CR, et al. Ageing, fitness and neurocognitive function. Nature. (1999) 400:418–9. doi: 10.1038/22682

45. Erickson KI, Hillman CH, Kramer AF. Physical activity, brain, and cognition. Curr Opin Behav Sci. (2015) 4:27–32. doi: 10.1016/j.cobeha.2015.01.005

46. Lubans DR, Leahy AA, Mavilidi MF, Valkenborghs SR. Physical activity, fitness, and executive functions in youth: effects, moderators, and mechanisms. Curr Top Behav Neurosci. (2022) 53:103–30. doi: 10.1007/7854_2021_271

47. Cassidy AR, White MT, DeMaso DR, Newburger JW, Bellinger DC. Executive function in children and adolescents with critical cyanotic congenital heart disease. J Int Neuropsychol Soc. (2015) 21(1):34–49. doi: 10.1017/s1355617714001027

48. Cooney SJ, Campbell K, Wolfe K, DiMaria MV, Rausch CM. Is neurodevelopment related to exercise capacity in single ventricle patients who have undergone fontan palliation? Pediatr Cardiol. (2021) 42(2):408–16. doi: 10.1007/s00246-020-02497-7

49. Dulfer K, Duppen N, Kuipers IM, Schokking M, van Domburg RT, Verhulst FC, et al. Aerobic exercise influences quality of life of children and youngsters with congenital heart disease: a randomized controlled trial. J Adolesc Health. (2014) 55(1):65–72. doi: 10.1016/j.jadohealth.2013.12.010

50. Pike NA, Roy B, Moye S, Cabrera-Mino C, Woo MA, Halnon NJ, et al. Reduced hippocampal volumes and memory deficits in adolescents with single ventricle heart disease. Brain Behav. (2021) 11(2):e01977. doi: 10.1002/brb3.1977

51. Cabrera-Mino C, Roy B, Woo MA, Singh S, Moye S, Halnon NJ, et al. Reduced brain mammillary body volumes and memory deficits in adolescents who have undergone the fontan procedure. Pediatr Res. (2020) 87(1):169–75. doi: 10.1038/s41390-019-0569-3

52. Spartano NL, Davis-Plourde KL, Himali JJ, Andersson C, Pase MP, Maillard P, et al. Association of accelerometer-measured light-intensity physical activity with brain volume: the framingham heart study. JAMA Netw Open. (2019) 2(4):e192745-e. doi: 10.1001/jamanetworkopen.2019.2745

53. Benedict C, Brooks SJ, Kullberg J, Nordenskjöld R, Burgos J, Le Grevès M, et al. Association between physical activity and brain health in older adults. Neurobiol Aging. (2013) 34(1):83–90. doi: 10.1016/j.neurobiolaging.2012.04.013

54. Sexton CE, Betts JF, Demnitz N, Dawes H, Ebmeier KP, Johansen-Berg H. A systematic review of MRI studies examining the relationship between physical fitness and activity and the white matter of the ageing brain. NeuroImage. (2016) 131:81–90. doi: 10.1016/j.neuroimage.2015.09.071

55. Raichlen DA, Klimentidis YC, Bharadwaj PK, Alexander GE. Differential associations of engagement in physical activity and estimated cardiorespiratory fitness with brain volume in middle-aged to older adults. Brain Imaging Behav. (2020) 14(5):1994–2003. doi: 10.1007/s11682-019-00148-x

56. Erickson KI, Leckie RL, Weinstein AM. Physical activity, fitness, and gray matter volume. Neurobiol Aging. (2014) 35(Suppl 2):S20–8. doi: 10.1016/j.neurobiolaging.2014.03.034

57. Colcombe SJ, Erickson KI, Raz N, Webb AG, Cohen NJ, McAuley E, et al. Aerobic fitness reduces brain tissue loss in aging humans. J Gerontol A Biol Sci Med Sci. (2003) 58(2):176–80. doi: 10.1093/gerona/58.2.m176

58. Stillman CM, Uyar F, Huang H, Grove GA, Watt JC, Wollam ME, et al. Cardiorespiratory fitness is associated with enhanced hippocampal functional connectivity in healthy young adults. Hippocampus. (2018) 28(3):239–47. doi: 10.1002/hipo.22827

59. Gogniat MA, Robinson TL, Miller LS. Exercise interventions do not impact brain volume change in older adults: a systematic review and meta-analysis. Neurobiol Aging. (2021) 101:230–46. doi: 10.1016/j.neurobiolaging.2021.01.025

60. Frederiksen KS, Larsen CT, Hasselbalch SG, Christensen AN, Høgh P, Wermuth L, et al. A 16-week aerobic exercise intervention does not affect hippocampal volume and cortical thickness in mild to moderate Alzheimer’s disease. Front Aging Neurosci. (2018) 10:293. doi: 10.3389/fnagi.2018.00293

61. Dougherty RJ, Schultz SA, Boots EA, Ellingson LD, Meyer JD, Van Riper S, et al. Relationships between cardiorespiratory fitness, hippocampal volume, and episodic memory in a population at risk for Alzheimer's disease. Brain Behav. (2017) 7(3):e00625. doi: 10.1002/brb3.625

62. Chaddock L, Erickson KI, Prakash RS, Kim JS, Voss MW, Vanpatter M, et al. A neuroimaging investigation of the association between aerobic fitness, hippocampal volume, and memory performance in preadolescent children. Brain Res. (2010) 1358:172–83. doi: 10.1016/j.brainres.2010.08.049

63. Valkenborghs SR, Hillman CH, Al-Iedani O, Nilsson M, Smith JJ, Leahy AA, et al. Effect of high-intensity interval training on hippocampal metabolism in older adolescents. Psychophysiology. (2022) 59(11):e14090. doi: 10.1111/psyp.14090

64. Selvanathan T, Smith JMC, Miller SP, Field TS. Neurodevelopment and cognition across the lifespan in patients with single-ventricle physiology: abnormal brain maturation and accumulation of brain injuries. Can J Cardiol. (2022) 38(7):977–87. doi: 10.1016/j.cjca.2022.02.009

65. Beca J, Gunn JK, Coleman L, Hope A, Reed PW, Hunt RW, et al. New white matter brain injury after infant heart surgery is associated with diagnostic group and the use of circulatory arrest. Circulation. (2013) 127(9):971–9. doi: 10.1161/circulationaha.112.001089

66. Kempermann G, Gage FH, Aigner L, Song H, Curtis MA, Thuret S, et al. Human adult neurogenesis: evidence and remaining questions. Cell Stem Cell. (2018) 23(1):25–30. doi: 10.1016/j.stem.2018.04.004

67. Lucassen PJ, Fitzsimons CP, Salta E, Maletic-Savatic M. Adult neurogenesis, human after all (again): classic, optimized, and future approaches. Behav Brain Res. (2020) 381:112458. doi: 10.1016/j.bbr.2019.112458

68. Cooper C, Moon HY, van Praag H. On the run for hippocampal plasticity. Cold Spring Harb Perspec Med. (2018) 8(4):a029736. doi: 10.1101/cshperspect.a029736

69. van Praag H. Neurogenesis and exercise: past and future directions. Neuromolecular Med. (2008) 10(2):128–40. doi: 10.1007/s12017-008-8028-z

70. Riggs L, Piscione J, Laughlin S, Cunningham T, Timmons BW, Courneya KS, et al. Exercise training for neural recovery in a restricted sample of pediatric brain tumor survivors: a controlled clinical trial with crossover of training versus no training. Neuro Oncol. (2016) 19(3):440–50. doi: 10.1093/neuonc/now177

71. Ehrler M, Latal B, Kretschmar O, von Rhein M, O'Gorman Tuura R. Altered frontal white matter microstructure is associated with working memory impairments in adolescents with congenital heart disease: a diffusion tensor imaging study. NeuroImage Clin. (2020) 25:102123. doi: 10.1016/j.nicl.2019.102123

72. Ehrler M, Schlosser L, Brugger P, Greutmann M, Oxenius A, Kottke R, et al. Altered white matter microstructure is related to cognition in adults with congenital heart disease. Brain Commun. (2021) 3(1):fcaa224. doi: 10.1093/braincomms/fcaa224

73. Rollins CK, Watson CG, Asaro LA, Wypij D, Vajapeyam S, Bellinger DC, et al. White matter microstructure and cognition in adolescents with congenital heart disease. J Pediatr. (2014) 165(5):936–44. doi: 10.1016/j.jpeds.2014.07.028

74. Watson CG, Stopp C, Wypij D, Bellinger DC, Newburger JW, Rivkin MJ. Altered white matter microstructure correlates with IQ and processing speed in children and adolescents post-fontan. J Pediatr. (2018) 200:140–9.e4. doi: 10.1016/j.jpeds.2018.04.022

75. Verrall CE, Chen J, Yeh C-H, Mackay MT, d'Udekem Y, Winlaw DS, et al. A diffusion MRI study of brain white matter microstructure in adolescents and adults with a Fontan circulation: investigating associations with resting and peak exercise oxygen saturations and cognition. NeuroImage Clin. (2022) 36:103151. doi: 10.1016/j.nicl.2022.103151

76. Chaddock-Heyman L, Erickson KI, Kienzler C, Drollette ES, Raine LB, Kao SC, et al. Physical activity increases white matter microstructure in children. Front Neurosci. (2018) 12:950. doi: 10.3389/fnins.2018.00950

77. Bashir S, Al-Sultan F, Jamea AA, Almousa A, Alnafisah M, Alzahrani M, et al. Physical exercise keeps the brain connected by increasing white matter integrity in healthy controls. Medicine. (2021) 100(35):e27015. doi: 10.1097/md.0000000000027015

78. Voss MW, Heo S, Prakash RS, Erickson KI, Alves H, Chaddock L, et al. The influence of aerobic fitness on cerebral white matter integrity and cognitive function in older adults: results of a one-year exercise intervention. Hum Brain Mapp. (2013) 34(11):2972–85. doi: 10.1002/hbm.22119

79. Predovan D, Gazes Y, Lee S, Li P, Sloan RP, Stern Y. Effect of aerobic exercise on white matter tract microstructure in young and middle-aged healthy adults. Front Hum Neurosci. (2021) 15:81634. doi: 10.3389/fnhum.2021.681634

80. Clark CM, Guadagni V, Mazerolle EL, Hill M, Hogan DB, Pike GB, et al. Effect of aerobic exercise on white matter microstructure in the aging brain. Behav Brain Res. (2019) 373:112042. doi: 10.1016/j.bbr.2019.112042

81. Tax CMW, Bastiani M, Veraart J, Garyfallidis E, Okan Irfanoglu M. What's new and what's next in diffusion MRI preprocessing. NeuroImage. (2022) 249:118830. doi: 10.1016/j.neuroimage.2021.118830

82. Goldberg DJ, Avitabile CM, McBride MG, Paridon SM. Exercise capacity in the Fontan circulation. Cardiol Young. (2013) 23(6):823–30. doi: 10.1017/S1047951113001649

83. Zhang F, Wu Y, Jia J. Exercise preconditioning and brain ischemic tolerance. Neuroscience. (2011) 177:170–6. doi: 10.1016/j.neuroscience.2011.01.018

84. Leckie RL, Oberlin LE, Voss MW, Prakash RS, Szabo-Reed A, Chaddock-Heyman L, et al. BDNF mediates improvements in executive function following a 1-year exercise intervention. Front Hum Neurosci. (2014) 8:985. doi: 10.3389/fnhum.2014.00985

85. Ferris LT, Williams JS, Shen C-L. The effect of acute exercise on Serum brain-derived neurotrophic factor levels and cognitive function. Med Sci Sports Exerc. (2007) 39(4):728–34. doi: 10.1249/mss.0b013e31802f04c7

86. Winter B, Breitenstein C, Mooren FC, Voelker K, Fobker M, Lechtermann A, et al. High impact running improves learning. Neurobiol Learn Mem. (2007) 87(4):597–609. doi: 10.1016/j.nlm.2006.11.003

87. Burtscher J, Millet GP, Place N, Kayser B, Zanou N. The muscle-brain axis and neurodegenerative diseases: the key role of mitochondria in exercise-induced neuroprotection. Int J Mol Sci. (2021) 22(12):6479. doi: 10.3390/ijms22126479

88. Oudbier SJ, Goh J, Looijaard SMLM, Reijnierse EM, Meskers CGM, Maier AB. Pathophysiological mechanisms explaining the association between low skeletal muscle mass and cognitive function. J Gerontol A Biol Sci Med Sci. (2022) 77(10):1959–68. doi: 10.1093/gerona/glac121

89. Scisciola L, Fontanella RA, Cataldo V, Paolisso G, Barbieri M. Sarcopenia and cognitive function: role of myokines in muscle brain cross-talk. Life. (2021) 11(2):173. doi: 10.3390/life11020173

90. Tessier A-J, Wing SS, Rahme E, Morais JA, Chevalier S. Association of low muscle mass with cognitive function during a 3-year follow-up among adults aged 65 to 86 years in the Canadian longitudinal study on aging. JAMA Netw Open. (2022) 5(7):e2219926-e. doi: 10.1001/jamanetworkopen.2022.19926

91. Nishiguchi S, Yamada M, Shirooka H, Nozaki Y, Fukutani N, Tashiro Y, et al. Sarcopenia as a risk factor for cognitive deterioration in community-dwelling older adults: a 1-year prospective study. J Am Med Dir Assoc. (2016) 17(4):372.e5–e8. doi: 10.1016/j.jamda.2015.12.096

92. Beeri MS, Leugrans SE, Delbono O, Bennett DA, Buchman AS. Sarcopenia is associated with incident Alzheimer's dementia, mild cognitive impairment, and cognitive decline. J Am Geriatr Soc. (2021) 69(7):1826–35. doi: 10.1111/jgs.17206

93. Tran D, D'Ambrosio P, Verrall CE, Attard C, Briody J, D'Souza M, et al. Body composition in young adults living with a Fontan circulation: the myopenic profile. J Am Heart Assoc. (2020) 9(8):e015639. doi: 10.1161/JAHA.119.015639

94. Marie C, Pedard M, Quirié A, Tessier A, Garnier P, Totoson P, et al. Brain-derived neurotrophic factor secreted by the cerebral endothelium: a new actor of brain function? J Cereb Blood Flow Metab. (2018) 38(6):935–49. doi: 10.1177/0271678x18766772

95. Trigiani LJ, Hamel E. An endothelial link between the benefits of physical exercise in dementia. J Cereb Blood Flow Metab. (2017) 37(8):2649–64. doi: 10.1177/0271678x17714655

96. Goldstein BH, Urbina EM, Khoury PR, Gao Z, Amos MA, Mays WA, et al. Endothelial function and arterial stiffness relate to functional outcomes in adolescent and young adult Fontan survivors. J Am Heart Assoc. (2016) 5(9):e004258. doi: 10.1161/JAHA.116.004258

97. Manolio TA, Kronmal RA, Burke GL, Poirier V, O'Leary DH, Gardin JM, et al. Magnetic resonance abnormalities and cardiovascular disease in older adults. The cardiovascular health study. Stroke. (1994) 25(2):318–27. doi: 10.1161/01.str.25.2.318

98. O’Rourke MF, Safar ME. Relationship between aortic stiffening and microvascular disease in brain and kidney. Hypertension. (2005) 46(1):200–4. doi: 10.1161/01.HYP.0000168052.00426.65

99. Hoth KF, Tate DF, Poppas A, Forman DE, Gunstad J, Moser DJ, et al. Endothelial function and white matter hyperintensities in older adults with cardiovascular disease. Stroke. (2007) 38(2):308–12. doi: 10.1161/01.STR.0000254517.04275.3f

100. Cordina R, Grieve S, Barnett M, Lagopoulos J, Malitz N, Celermajer DS. Brain volumetric, regional cortical thickness and radiographic findings in adults with cyanotic congenital heart disease. Neuroimage Clin. (2014) 4:319–25. doi: 10.1016/j.nicl.2013.12.011

101. Heringa SM, van den Berg E, Reijmer YD, Nijpels G, Stehouwer CDA, Schalkwijk CG, et al. Markers of low-grade inflammation and endothelial dysfunction are related to reduced information processing speed and executive functioning in an older population – the hoorn study. Psychoneuroendocrinology. (2014) 40:108–18. doi: 10.1016/j.psyneuen.2013.11.011

102. Groeneveld ON, van den Berg E, Johansen OE, Schnaidt S, Hermansson K, Zinman B, et al. Oxidative stress and endothelial dysfunction are associated with reduced cognition in type 2 diabetes. Diab Vasc Dis Res. (2019) 16(6):577–81. doi: 10.1177/1479164119848093

103. Miralbell J, López-Cancio E, López-Oloriz J, Arenillas JF, Barrios M, Soriano-Raya JJ, et al. Cognitive patterns in relation to biomarkers of cerebrovascular disease and vascular risk factors. Cerebrovasc Dis. (2013) 36(2):98–105. doi: 10.1159/000352059

104. Smith PJ, Blumenthal JA, Hinderliter AL, Watkins LL, Hoffman BM, Sherwood A. Microvascular endothelial function and neurocognition among adults with major depressive disorder. Am J Geriatr Psychiatry. (2018) 26(10):1061–9. doi: 10.1016/j.jagp.2018.06.011

105. Grammas P, Martinez J, Miller B. Cerebral microvascular endothelium and the pathogenesis of neurodegenerative diseases. Expert Rev Mol Med. (2011) 13:e19. doi: 10.1017/S1462399411001918

106. Silva JKTNF, Menêses AL, Parmenter BJ, Ritti-Dias RM, Farah BQ. Effects of resistance training on endothelial function: a systematic review and meta-analysis. Atherosclerosis. (2021) 333:91–9. doi: 10.1016/j.atherosclerosis.2021.07.009

107. Pedralli ML, Marschner RA, Kollet DP, Neto SG, Eibel B, Tanaka H, et al. Different exercise training modalities produce similar endothelial function improvements in individuals with prehypertension or hypertension: a randomized clinical trial. Sci Rep. (2020) 10(1):7628. doi: 10.1038/s41598-020-64365-x

108. Gao J, Pan X, Li G, Chatterjee E, Xiao J. Physical exercise protects against endothelial dysfunction in cardiovascular and metabolic diseases. J Cardiovasc Transl Res. (2022) 15(3):604–20. doi: 10.1007/s12265-021-10171-3

109. Saleem M, Herrmann N, Dinoff A, Mazereeuw G, Oh PI, Goldstein BI, et al. Association between endothelial function and cognitive performance in patients with coronary artery disease during cardiac rehabilitation. Psychosom Med. (2019) 81(2):184–91. doi: 10.1097/psy.0000000000000651

110. Gonzales MM, Tarumi T, Tanaka H, Sugawara J, Swann-Sternberg T, Goudarzi K, et al. Functional imaging of working memory and peripheral endothelial function in middle-aged adults. Brain Cogn. (2010) 73(2):146–51. doi: 10.1016/j.bandc.2010.04.007

111. Krafft CE, Pierce JE, Schwarz NF, Chi L, Weinberger AL, Schaeffer DJ, et al. An eight month randomized controlled exercise intervention alters resting state synchrony in overweight children. Neuroscience. (2014) 256:445–55. doi: 10.1016/j.neuroscience.2013.09.052

112. Valkenborghs SR, Noetel M, Hillman CH, Nilsson M, Smith JJ, Ortega FB, et al. The impact of physical activity on brain structure and function in youth: a systematic review. Pediatrics. (2019) 144(4):20184032. doi: 10.1542/peds.2018-4032

113. Herold F, Aye N, Lehmann N, Taubert M, Müller NG. The contribution of functional magnetic resonance imaging to the understanding of the effects of acute physical exercise on cognition. Brain Sci. (2020) 10(3):175. doi: 10.3390/brainsci10030175

114. Kovacs AH, Brouillette J, Ibeziako P, Jackson JL, Kasparian NA, Kim YY, et al. Psychological outcomes and interventions for individuals with congenital heart disease: a scientific statement from the American Heart Association. Circ Cardiovasc Qual Outcomes. (2022) 15(8):e000110. doi: 10.1161/HCQ.0000000000000110

115. DeMaso DR, Calderon J, Taylor GA, Holland JE, Stopp C, White MT, et al. Psychiatric disorders in adolescents with single ventricle congenital heart disease. Pediatrics. (2017) 139(3):e20162241. doi: 10.1542/peds.2016-2241

116. Marshall KH, D'Udekem Y, Sholler GF, Opotowsky AR, Costa DSJ, Sharpe L, et al. Health-related quality of life in children, adolescents, and adults with a Fontan circulation: a meta-analysis. J Am Heart Assoc. (2020) 9(6):e014172. doi: 10.1161/jaha.119.014172

117. Hammar Å, Ronold EH, Rekkedal G. Cognitive impairment and neurocognitive profiles in major depression-a clinical perspective. Frontr Psychiatry. (2022) 13:764374. doi: 10.3389/fpsyt.2022.764374

118. Erickson KI, Hillman C, Stillman CM, Ballard RM, Bloodgood B, Conroy DE, et al. Physical activity, cognition, and brain outcomes: a review of the 2018 physical activity guidelines. Med Sci Sports Exerc. (2019) 51(6):1242–51. doi: 10.1249/mss.0000000000001936

119. Morres ID, Hatzigeorgiadis A, Stathi A, Comoutos N, Arpin-Cribbie C, Krommidas C, et al. Aerobic exercise for adult patients with major depressive disorder in mental health services: a systematic review and meta-analysis. Depress Anxiety. (2019) 36(1):39–53. doi: 10.1002/da.22842

120. Gordon BR, McDowell CP, Lyons M, Herring MP. The effects of resistance exercise training on anxiety: a meta-analysis and meta-regression analysis of randomized controlled trials. Sports Med. (2017) 47(12):2521–32. doi: 10.1007/s40279-017-0769-0

121. Rebar AL, Stanton R, Geard D, Short C, Duncan MJ, Vandelanotte C. A meta-meta-analysis of the effect of physical activity on depression and anxiety in non-clinical adult populations. Health Psychol Rev. (2015) 9(3):366–78. doi: 10.1080/17437199.2015.1022901

122. Cooney G, Dwan K, Mead G. Exercise for depression. J Am Med Assoc. (2014) 311(23):2432–3. doi: 10.1001/jama.2014.4930

123. Marquez DX, Aguiñaga S, Vásquez PM, Conroy DE, Erickson KI, Hillman C, et al. A systematic review of physical activity and quality of life and well-being. Transl Behav Med. (2020) 10(5):1098–109. doi: 10.1093/tbm/ibz198

124. Eime RM, Young JA, Harvey JT, Charity MJ, Payne WR. A systematic review of the psychological and social benefits of participation in sport for children and adolescents: informing development of a conceptual model of health through sport. Int J Behav Nutr and Phys Act. (2013) 10(1):98. doi: 10.1186/1479-5868-10-98

125. Jacobsen RM, Ginde S, Mussatto K, Neubauer J, Earing M, Danduran M. Can a home-based cardiac physical activity program improve the physical function quality of life in children with Fontan circulation? Congenit Heart Dis. (2016) 11(2):175–82. doi: 10.1111/chd.12330

126. Sutherland N, Jones B, Westcamp Aguero S, Melchiori T, du Plessis K, Konstantinov IE, et al. Home- and hospital-based exercise training programme after Fontan surgery. Cardiol Young. (2018) 28(11):1299–305. doi: 10.1017/s1047951118001166

127. Denniss DL, Sholler GF, Costa DSJ, Winlaw DS, Kasparian NA. Need for routine screening of health-related quality of life in families of young children with complex congenital heart disease. J Pediatr. (2019) 205:21–8.e2. doi: 10.1016/j.jpeds.2018.09.037

128. Schamong AS, Liebermann-Jordanidis H, Brockmeier K, Sticker E, Kalbe E. Psychosocial well-being and quality of life in siblings of children with congenital heart disease: a systematic review. J Child Health Care. (2022) 26(2):319–37. doi: 10.1177/13674935211012933

129. Ko JM, White KS, Kovacs AH, Tecson KM, Apers S, Luyckx K, et al. Differential impact of physical activity type on depression in adults with congenital heart disease: a multi-center international study. J Psychosom Res. (2019) 124:109762. doi: 10.1016/j.jpsychores.2019.109762

130. Knobbe K, Partha M, Seckeler MD, Klewer S, Hsu CH, Edgin J, et al. Association between sleep disturbances with neurodevelopmental problems and decreased health-related quality of life in children with Fontan circulation. J Am Heart Assoc. (2021) 10(21):e021749. doi: 10.1161/JAHA.121.021749

131. Hedlund ER, Villard L, Lundell B, Sjöberg G. Physical exercise may improve sleep quality in children and adolescents with Fontan circulation. Cardiol Young. (2019) 29(7):922–9. doi: 10.1017/S1047951119001136

132. Callegari A, Faeth K, Pfammatter C, Jung R, Berger F, Burkhardt B, et al. Physical activity in Fontan patients relates to quality of life and sleep quality. Frontr Cardiovasc Med. (2022) 9:915810. doi: 10.3389/fcvm.2022.915810

133. Wilckens KA, Erickson KI, Wheeler ME. Physical activity and cognition: a mediating role of efficient sleep. Behav Sleep Med. (2018) 16(6):569–86. doi: 10.1080/15402002.2016.1253013

134. Krause AJ, Simon EB, Mander BA, Greer SM, Saletin JM, Goldstein-Piekarski AN, et al. The sleep-deprived human brain. Nature Rev Neurosci. (2017) 18(7):404–18. doi: 10.1038/nrn.2017.55

135. Cg S, Rm J, Ad K, E Y, Cg S, Mn K, et al. Prevalence of sleep-disordered breathing in a cohort of adult Fontan patients. Pediatr Cardiol. (2020) 41(7):1438–44. doi: 10.1007/s00246-020-02403-1

136. Combs D, Skrepnek G, Seckeler MD, Barber BJ, Morgan WJ, Parthasarathy S. Sleep-disordered breathing is associated with increased mortality in hospitalized infants with congenital heart disease. J Clin Sleep Med. (2018) 14(9):1551–8. doi: 10.5664/jcsm.7334

137. Nanayakkara B, Lau E, Yee B, Gauthier G, Melehan K, Celermajer D, et al. Sleep disordered breathing in adults living with a Fontan circulation and CPAP titration protocol. Int J Cardiol. (2020) 317:70–4. doi: 10.1016/j.ijcard.2020.05.060

138. Combs D, Edgin JO, Klewer S, Barber BJ, Morgan WJ, Hsu C-H, et al. OSA and neurocognitive impairment in children with congenital heart disease. Chest. (2020) 158(3):1208–17. doi: 10.1016/j.chest.2020.03.021

139. Gallardo-Gómez D, del Pozo-Cruz J, Noetel M, Álvarez-Barbosa F, Alfonso-Rosa RM, del Pozo Cruz B. Optimal dose and type of exercise to improve cognitive function in older adults: a systematic review and Bayesian model-based network meta-analysis of RCTs. Ageing Res Rev. (2022) 76:101591. doi: 10.1016/j.arr.2022.101591

140. Kirk-Sanchez NJ, McGough EL. Physical exercise and cognitive performance in the elderly: current perspectives. Clinical Interv Aging. (2014) 9:51–62. doi: 10.2147/cia.S39506

141. Gothe NP, McAuley E. Yoga and cognition: a meta-analysis of chronic and acute effects. Psychosom Med. (2015) 77(7):37. doi: 10.1097/PSY.0000000000000218

142. Telles S, Singh N, Bhardwaj AK, Kumar A, Balkrishna A. Effect of yoga or physical exercise on physical, cognitive and emotional measures in children: a randomized controlled trial. Child Adolesc Psychiatry Ment Health. (2013) 7(1):37. doi: 10.1186/1753-2000-7-37

143. Dora K, Suga T, Tomoo K, Sugimoto T, Mok E, Tsukamoto H, et al. Similar improvements in cognitive inhibitory control following low-intensity resistance exercise with slow movement and tonic force generation and high-intensity resistance exercise in healthy young adults: a preliminary study. J Physiol Sci. (2021) 71(1):22. doi: 10.1186/s12576-021-00806-0

144. Loprinzi PD, Moore D, Loenneke JP. Does aerobic and resistance exercise influence episodic memory through unique mechanisms? Brain Sci. (2020) 10(12):913. doi: 10.3390/brainsci10120913

145. Cassilhas RC, Lee KS, Fernandes J, Oliveira MGM, Tufik S, Meeusen R, et al. Spatial memory is improved by aerobic and resistance exercise through divergent molecular mechanisms. Neuroscience. (2012) 202:309–17. doi: 10.1016/j.neuroscience.2011.11.029

146. Dinoff A, Herrmann N, Swardfager W, Liu CS, Sherman C, Chan S, et al. The effect of exercise training on resting concentrations of peripheral brain-derived neurotrophic factor (BDNF): a meta-analysis. PLoS One. (2016) 11(9):e0163037. doi: 10.1371/journal.pone.0163037

147. Khoury M, Cordina R. Exercise training for people living with Fontan circulation: an underutilized intervention. Can J Cardiol. (2022) 38(7):1012–23. doi: 10.1016/j.cjca.2022.01.008

148. Willems R, Ombelet F, Goossens E, De Groote K, Budts W, Moniotte S, et al. Long-term healthcare utilization, medical cost, and societal cost in adult congenital heart disease. Congen Heart Dis. (2020) 15(6):399–429. doi: 10.32604/CHD.2020.011709



OPS/xhtml/Nav.xhtml




Contents





		Cover



		Exercise as therapy for neurodevelopmental and cognitive dysfunction in people with a Fontan circulation: A narrative review

		Introduction



		Established neurodevelopmental and cognitive interventions



		Exercise, cognition, and Fontan physiology



		Neural mechanisms underpinning the exercise-cognition relationship



		Structural morphology: brain volumes and white matter microstructure



		Cellular, molecular and vascular processes



		Functional brain activation in response to exercise











		Psychosocial and behavioural mediators of the exercise-cognition relationship



		Psychological functioning



		Sleep











		Uncertainties and future directions



		The Fontan-Fitness Intervention Trial (F-FIT)











		Conclusion



		Author contributions



		Funding



		Conflict of interest



		Publisher's note



		References



















OPS/images/cover.jpg
, frontiers ‘ Frontiers in Pediatrics

Exercise as therapy for
neurodevelopmental and cognitive
dysfunction in people with a Fontan
circulation: A narrative review









OPS/images/crossmark.jpg
(®) Check for updates.





OPS/images/fped-11-1111785-g002.jpg
Cardiovascular Function

« Improved exercise capacity

+ Increased cardiac output

« Enhanced pulmonary endothelial
function

Increased muscle mass, muscle
strength and peripheral muscle
oxygenation

Reduced cardiovascular risk factor;
hypertension, obesity, diabetes

Psychosocial Functioning

« Greater perceived health related quality of lfe
« Improved psychological functioning and
resiience

Improved sleep and sleep disorder
‘symptomology

Increased opportunity for socialinteraction and
involvement with peers

Brain Structure and Function

« Increased grey and white matter volumes
« Enhanced white matter microstructure

« Enhanced functional connectivity

Neuroprotective and Reparative

Cellular and Molecular Processes

« Neurogenesis, newborn neuronal
maturation, synaptic plasticity

«  Angiogenesis

« Increased expression of neurotrophic
factors and mediation of inflammatory
responses

« Endothelial and metabolic functioning

Cognitive Reserve and Resilience
« Reduced risk of neurodegenerative
decline and dementia






OPS/images/logo.jpg
& frontiers | Frontiers in Pediatrics





OPS/images/fped-11-1111785-g001.jpg
Neural abnormalities: continued atered brain
maturation and accumulative cerebralinjury

Multiple cardiac procedures: cardiopuimonary.
bypass, deep hyperthermic circulatory arrest,
‘anaesthetics, non-native materials,

i

Fetalissues: Accumulating medical
Placental pathology

extracorporeal membrane oxyg

Aterd certral ophysology: persising hypo
Crcaston B low cadad ctind, nioated 356
substatedefvery Feitoparafs couplcain mx m:amic e pressure, reduced exercise capacy
Fetal bran il v
e an B i e Peychosocilfators: Psychlogicldorders =
o exted and profoned o sty eprson, s e
admistione [ o e i Soopan Sksp isorders redced
Geneticsand e e e marien, | | oo e s i scion
Cosencics et seep ca
atema P A S

psychological stress parental mental health, socioeconomic status






