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A B S T R A C T   

Introduction: Adolescents and adults with a Fontan circulation are at risk of cognitive dysfunction; Attention and 
processing speed are notable areas of concern. Underlying mechanisms and brain alterations associated with 
worse long-term cognitive outcomes are not well determined. This study investigated brain white matter 
microstructure in adolescents and adults with a Fontan circulation and associations with resting and peak ex-
ercise oxygen saturations (SaO2), predicted maximal oxygen uptake during exercise (% pred VO2), and attention 
and processing speed. 
Methods: Ninety-two participants with a Fontan circulation (aged 13–49 years, ≥5 years post-Fontan completion) 
had diffusion MRI. Averaged tract-wise diffusion tensor imaging (DTI) metrics were generated for 34 white 
matter tracts of interest. Resting and peak exercise SaO2 and % pred VO2 were measured during cardiopulmonary 
exercise testing (CPET; N = 81). Attention and processing speed were assessed using Cogstate (N = 67 and 70, 
respectively). Linear regression analyses adjusted for age, sex, and intracranial volume were performed to 
investigate associations between i) tract-specific DTI metrics and CPET variables, and ii) tract-specific DTI 
metrics and attention and processing speed z-scores. 
Results: Forty-nine participants were male (53%), mean age was 23.1 years (standard deviation (SD) = 7.8 years). 
Mean resting and peak exercise SaO2 were 93.1% (SD = 3.6) and 90.1% (SD = 4.7), respectively. Mean attention 
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and processing speed z-scores were − 0.63 (SD = 1.07) and − 0.72 (SD = 1.44), respectively. Resting SaO2 were 
positively associated with mean fractional anisotropy (FA) of the left corticospinal tract (CST) and right superior 
longitudinal fasciculus I (SLF-I) and negatively associated with mean diffusivity (MD) and radial diffusivity (RD) 
of the right SLF-I (p ≤ 0.01). Peak exercise SaO2 were positively associated with mean FA of the left CST and 
were negatively associated with mean RD of the left CST, MD of the left frontopontine tract, MD, RD and axial 
diffusivity (AD) of the right SLF-I, RD of the left SLF-II, MD, RD and AD of the right SLF-II, and MD and RD of the 
right SLF–III (p ≤ 0.01). Percent predicted VO2 was positively associated with FA of the left uncinate fasciculus 
(p < 0.01). Negative associations were identified between mean FA of the right arcuate fasciculus, right SLF-II 
and right SLF-III and processing speed (p ≤ 0.01). No significant associations were identified between DTI- 
based metrics and attention. 
Conclusion: Chronic hypoxemia may have long-term detrimental impact on white matter microstructure in people 
living with a Fontan circulation. Paradoxical associations between processing speed and tract-specific DTI 
metrics could be suggestive of compensatory white matter remodeling. Longitudinal investigations focused on 
the mechanisms and trajectory of altered white matter microstructure and associated cognitive dysfunction in 
people with a Fontan circulation are required to better understand causal associations.   

1. Introduction 

Neurodevelopmental delay and cognitive dysfunction are among the 
most common comorbidities in children living with a Fontan circulation 
and are associated with altered brain development and growth (Marelli 
et al., 2016; Verrall et al., 2019). Advances in perioperative and clinical 
care have dramatically improved survival and the number of adults 
living with a Fontan circulation now surpasses that of children (Plappert 
et al., 2022; d’Udekem et al., 2014), however, cognitive dysfunction is a 
concern throughout the life course. 

We recently demonstrated significant cognitive impairments in an 
older Fontan population that included adolescents and adults (aged 
13–49 years). Worse neurological and cognitive outcomes were identi-
fied in the adult Fontan cohort, suggestive of continued pathophysio-
logical alterations in the brain of Fontan subjects as they age (Verrall 
et al., 2021). Cognitive impairments of particular concern included 
attention and reduced processing speed that impacted one-third of our 
cohort, with 16% and 13% demonstrating severe dysfunction in these 
domains, respectively. Similar findings have been demonstrated in other 
adolescent and adult complex congenital heart disease (CHD) cohorts, 
with an increased risk of dysfunction associated with CHD complexity 
(Klouda et al., 2017; Mills et al., 2018). These cognitive functions are 
foundational for other ‘higher-order’ cognitive abilities, such as execu-
tive functioning and memory (Harvey, 2019), that are also frequently 
reported domains of dysfunction in adolescents and adults with complex 
CHD (Verrall et al., 2021; Cassidy et al., 2015; Bellinger et al., 2015; 
Cabrera-Mino et al., 2020). Symptoms of attention deficit hyperactivity 
disorder are increased in individuals with a Fontan circulation (Hansen 
et al., 2012) and commonly emerge during adolescence alongside 
increasing educational demands and independent functioning. Fluid 
abilities such as processing speed and attention are most susceptible to 
age-related decline in typically developing populations. Consistent with 
the increased risk of dementia in adults with CHD (Bagge et al., 2018), 
our previous findings suggest possible accelerated cognitive decline in 
adults with a Fontan circulation (Verrall et al., 2021). 

Fontan physiology is characterized by unique hemodynamics, 
including prolonged mild cyanosis that often results from a patent 
fenestration (allowing right to left shunting of deoxygenated blood to 
the systemic circulation) and development of veno-venous collaterals or 
pulmonary arteriovenous malformations (Ohuchi, 2017). Reduced ex-
ercise tolerance is also a concern and may have important functional 
implications (Tran et al., 2022). Chronic hypoxemia is associated with 
long-term morbidity and late mortality, even in cases of mild desatu-
ration (Schafstedde et al., 2021; Egbe et al., 2017; Zentner et al., 2020), 
and may be an important predisposing factor for altered cerebral 
development, white matter (WM) injury, and subsequent cognitive 
functioning (Owen et al., 2011; Morton et al., 2017; Limperopoulos 
et al., 2010; Sun et al., 2015; Claessens et al., 2018; Spaeder et al., 2017; 
Claessens et al., 2019; Rajagopalan et al., 2018; Lee et al., 2021; 

Sadhwani et al., 2022). Significant reductions in global brain volume 
and subcortical gray matter (GM) volume were associated with lower 
SaO2 in our adolescent and adult Fontan cohort (Verrall et al., 2021), 
consistent with our earlier findings from adults with other forms of 
cyanotic CHD (Cordina et al., 2014). Smaller global brain volumes were 
associated with worse cognitive outcomes in our Fontan cohort (Verrall 
et al., 2021), and other older CHD cohorts (Naef et al., 2021; von Rhein 
et al., 2014). Importantly, associations between hypoxemia and WM 
microstructure in people with a Fontan circulation and subsequent 
cognitive impairment have not yet been established. 

Diffusion MRI (dMRI) is the preferred neuroimaging technique to 
visualise brain WM tracts, and to study changes in WM microstructural 
properties and network organization associated with brain develop-
ment, aging, and a variety of neurological disorders (Yang et al., 2021; 
Tamnes and Agartz, 2016). Diffusion tensor imaging (DTI) (Basser et al., 
1994; Basser et al., 1994), the simplest diffusion WM model, and its 
quantitative metrics, have been used as imaging surrogates to infer WM 
microstructural injuries in children and adolescents with complex CHD 
(Rivkin et al., 2013; Rollins et al., 2014; Watson et al., 2018; Brewster 
et al., 2015; Singh et al., 2019). Demyelination or axonal injury can be 
suggested by a DTI metrics pattern of reduced fractional anisotropy (FA) 
and increased mean diffusivity (MD) (Alexander et al., 2007); such al-
terations were shown to be associated with worse cognitive functioning 
(Rollins et al., 2014; Watson et al., 2018; Brewster et al., 2015; Singh 
et al., 2019). Altered WM microstructure in varying WM tracts has been 
reported in young adults with complex CHD (Ehrler et al., 2020), with 
notable implications for executive functioning (Ehrler et al., 2021). 
Associations between WM microstructure and cognitive functioning in a 
Fontan-specific cohort, that is inclusive of adolescents, young- and 
middle-aged adults, have not been investigated. 

This exploratory study aimed to i) investigate associations between 
resting and peak exercise SaO2 and predicted maximal oxygen uptake 
during exercise (% pred VO2) and WM tract-specific DTI metrics in ad-
olescents and adults with a Fontan circulation and ii) explore the asso-
ciations between these tract-specific DTI metrics, as surrogates of WM 
microstructural properties, with attention and processing speed. 

2. Methods 

2.1. Participants 

Full recruitment details have previously been described elsewhere 
(Verrall et al., 2021). All participants were recruited as part of the 
broader Fontan Registry ‘Functional Outcomes after Fontan Surgery’ 
study between April 2015 and November 2018, participation occurred 
at the Royal Children’s Hospital (RCH; Melbourne), The Children’s 
Hospital at Westmead and Royal Prince Alfred Hospital (CHW and 
RPAH; Sydney), and Starship Children’s Hospital (Starship; Auckland). 
Inclusion criteria included individuals with a Fontan circulation who 
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were between 13 and 49 years of age, ≥5 years post-Fontan completion 
and who were enrolled in the Australian and New Zealand Fontan 
Registry. Exclusion criteria included contraindication to undergo MRI 
and/or an existing diagnosis of severe intellectual disability or a clini-
cally diagnosed genetic syndrome associated with cognitive impairment 
identified from their medical record. Ethics approval was granted at 
each site and written informed consent was obtained from all 
participants. 

2.2. Clinical and cognitive assessment 

Resting and peak exercise arterial SaO2 and % pred VO2 were 
measured during cardiopulmonary exercise testing (CPET) and were 
included as measures of hypoxemia and related exercise tolerance, 
respectively. Clinical data were collected from existing records in the 
Australia and New Zealand Fontan Registry and from patients’ medical 
records at their treating hospitals by trained database managers. 

Attention and processing speed were included as cognitive functions 
of interest as our previous results demonstrated the greatest incidence of 
severe impairment in these domains. These functions were assessed 
using Cogstate, a validated, culture-neutral computerised assessment 
program (Maruff et al., 2009; Hammers et al., 2012). The Groton Maze 
Chase test (GMCT) is a visual measure of processing speed requiring the 
subject to chase a moving target through a maze as quickly as possible. 
The Identification test (IDN) is a measure of sustained attention that uses 
a choice reaction paradigm whereby the subject needs to identify 
whether a playing card is red by clicking “yes” or “no” as quickly as 
possible after a card is presented on screen. Participants completed the 
assessment onsite at the participating hospitals. A short pre-test practice 
was provided prior to each test for participants to familiarise themselves 
with the instructions. Raw scores underwent an automated integrity test 
to measure whether performance was in accordance with test re-
quirements, all test integrity fail scores, or completion fail scores were 
excluded from the analysis. Raw scores were standardized to z-scores 
using Cogstate pediatric and adult age normative data, and then trans-
formed so that lower scores were indicative of poorer performance. 

2.3. MRI data acquisition 

Brain MRI was performed using Siemens 3Tesla MRI scanners; RCH 
(TrioTim), RPAH (Skyra), CHW (Verio), and Starship (Skyra). Acquisi-
tion included a 3D MPRAGE T1-weighted imaging sequence at 0.8–0.9 
mm isotropic voxel resolution, and a High Angular Resolution Diffusion 
Imaging (HARDI) sequence based on the twice-refocused spin-echo 
diffusion echo-planar imaging (b = 3000 s/mm2; 60–64 noncolinear 
diffusion direction, 1–8b = 0 s/mm2 volumes; 2.3–2.4 mm isotropic 
voxel resolution). Of the original cohort (n = 102) who had Diffusion- 
Weighted Imaging (DWI), eight cases with notable distorted brain 
structural anatomy related to post-stroke cerebral encephalomalacia 
and cerebral gliosis were excluded. Processing of their MRI data would 
likely lead to complete or partial failure of tractography reconstructions 
(see tractography method below). Two additional cases were excluded 
due to suboptimal DWI quality relating to motion artifacts. The DWI 
acquisition details from the four participating sites are summarized in 
the supplemental materials. 

2.4. Data processing 

Per-subject DWIs were processed using a combination of the software 
packages including MRtrix3 (version 3.160 RC3, https://www.mrtrix. 
org/) (Tournier et al., 2019), FSL, BrainSuite (https://brainsuite.org), 
ANTs, and TractSeg (Wasserthal et al., 2018) in the following sub-
sections. To avoid the variances introduced by the inconsistencies in 
data acquisition within the RPAH site, we used only the data acquired at 
b-value = 3000 s/mm2. 

2.4.1. DWI pre-processing 
The DWI data were pre-processed sequentially to correct for: data 

thermal noise (Veraart et al., 2016); Gibbs-ringing artifacts (Kellner 
et al., 2016); EPI susceptibility-induced geometric distortions (Bhushan 
et al., 2015); eddy current and motion-induced distortions (Andersson 
et al., 2003; Andersson and Sotiropoulos, 2016); and b1-bias field 
induced inhomogeneity (Tustison et al., 2010). 

2.4.2. WM tract segmentation and tractography 
Tissue-specific response functions for WM, GM, and cerebrospinal 

fluid (CSF) were first estimated using an unsupervised single-shell three- 
tissue response function estimation algorithm (Dhollander et al., 2016) 
for each individual. Voxel-wise fiber orientation distributions (FODs) 
were computed based on individual’s WM and CSF response functions 
and the multi-tissue constrained spherical deconvolution (CSD) to esti-
mate the WM-FOD and CSF compartment (Jeurissen et al., 2014); lmax =

8. Seventy-two WM tracts were reconstructed from each DWI dataset 
using TractSeg, an automated WM tract segmentation technique. 
TractSeg predicts the probability of WM tract from the provided WM 
FOD peaks, through a deep-learning algorithm (Wasserthal et al., 2018). 
To minimize the partial volume effect that includes GM and CSF com-
partments in the selected WM voxels, the TractSeg tract masks were 
further refined by confining to only the WM voxels for analysis (see 
Supplementary Document 1 for further details). 

2.4.3. Tract-specific diffusion quantitative metrics 
Thirty-four out of the 72 segmented WM tracts were selected as tracts 

of interest (TOI) in the current study analysis (Fig. 1). The selection 
criteria were determined based on previously reported associations be-
tween DTI metrics and processing speed and/or attention in people with 
CHD, including individuals with a Fontan circulation, and other clinical 
populations and healthy individuals (Watson et al., 2018; Brewster 
et al., 2015; Sasson et al., 2013;7:32–; Chiang et al., 2020; Cremers et al., 
2016). The TOI included: bilateral association tracts (arcuate fasciculus 
(AF), cingulum, inferior fronto-occipital fasciculus (IFO), inferior lon-
gitudinal fasciculus (ILF), superior longitudinal fasciculus (SLF; com-
ponents I, II, and III; hereinafter SLF-I, SLF-II, and SLF-III), and uncinate 
fasciculus (UF)), bilateral projection tracts (anterior thalamic radiation 
(ATR), corticospinal tract (CST), and fronto-pontine tract (FPT)), the 
corpus callosum (CC; 7 divisions based on the Witelson’s classification 
(Witelson, 1989), and the brainstem tracts (bilateral superior and infe-
rior cerebellar peduncle (SCP and ICP, respectively) and the middle 
cerebellar peduncle (MCP)). 

The diffusion tensor was computed using the iterative weighted 
linear least square estimator (Basser et al., 1994; Veraart et al., 2013). 
The following averaged tract-specific DTI metrics were then derived 
from the respective diffusion scalar maps, within each tract mask: FA, 
MD, axial diffusivity (AD) and radial diffusivity (RD). 

2.4.4. Data harmonization 
To account for the multi-site, inter-scanner variances on the derived 

diffusion metrics, ComBat, a batch-effect correction method, was 
applied to all tract-wise DTI metrics, prior to the statistical analysis 
below (Fortin et al., 2017). Prior to data harmonization, we found that 
some DTI metrics were biased by acquisition protocol and site effect; 
ComBat adjustment effectively removed all significant site variability. 

2.5. Statistical analysis 

Data were analysed using SPSS version 28 (IBM Corp) and R software 
version 4.1.2 (R Foundation). Independent sample t-tests were per-
formed to investigate differences in dMRI data between i) participants 
that had available CPET data compared to those that did not, and ii) 
participants that had attention and processing speed results compared to 
those that did not. Linear regression analyses adjusted for age, sex, and 
intracranial volume (ICV) were performed to investigate associations 
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between i) CPET variables (i.e. resting and peak exercise SaO2 and % 
pred VO2; independent variables) and FA, MD, AD and RD of each TOI 
(dependant variables), and ii) FA, MD, AD and RD of each TOI (inde-
pendent variables) and cognitive performance (i.e. attention and pro-
cessing speed z-scores; dependant variables). A secondary analysis was 
performed that included an interaction term between age and the tract- 
specific DTI metrics in the linear regression models. A likelihood ratio 
test was also performed to compare the difference between the models 
with and without the interaction term. A secondary linear regression 
analysis adjusted for age, sex and ICV was performed to investigate as-
sociations between pre-Fontan SaO2 and tract-specific DTI metrics. For 
all the analyses above, MD, AD and RD values were multiplied by 10,000 
for reporting purposes. Bonferroni correction was applied to adjust for 
multiple comparisons (i.e. 0.05 divided by 4 (rounded to two decimal 
places), to adjust for the four DTI metrics included for each TOI) and a 
significance level of p ≤ 0.01 was used to determine statistical 
significance. 

3. Results 

3.1. Cohort characteristics 

From our original cohort (Verrall et al., 2021), 92/127 participants 
had dMRI and were included in the current study; 49 (53%) were male, 
mean age was 23.1 years (standard deviation (SD) = 7.8), clinical data 
for the current cohort are presented in Table 1. Of those, 81 participants 
had CPET. Mean resting and peak exercise SaO2 were 93.1% (SD = 3.67) 
and 90.1% (SD = 4.71), respectively. Mean resting and peak exercise 
SaO2 were significantly lower for those with a patent fenestration 
compared to those without (p ≤ 0.02, see Supplementary Table 2). Sixty- 
seven participants had attention z-scores (mean = -0.63, SD = 1.07) and 
70 had processing speed z-scores (mean = -0.72, SD = 1.44). Twenty 
participants did not complete the Cogstate assessment due to study 
limitations that would have required the participant to attend the hos-
pital on a second occasion, the remaining missing data reflect failed test 
integrity or test completion (five and two participants, respectively). 
Mean FA, MD, AD and RD for each TOI are included in the Supplemental 
Materials (see Supplementary Table 3 and Supplementary Fig. 1). There 
were no significant differences in FA, MD, AD or RD between those that 
had CPET data, attention z-scores or processing speed z-scores and those 
that did not. 

3.2. Oxygen saturations and tract-specific DTI metrics 

Resting SaO2 were positively associated with mean FA of the left CST 
(B = 0.002, [95% CI = 0 to 0.003], p = 0.01), and mean FA of the right 
SLF-I (B = 0.002, [0.001 to 0.004], p = 0.01) and negatively associated 
with mean MD and RD of the right SLF-I (B = -0.03, [-0.05 to − 0.01], p 
= 0.01; B = -0.03, [-0.05 to − 0.01], p = 0.01, respectively). Peak ex-
ercise SaO2 were positively associated with mean FA of the left CST (B =

Fig. 1. Selected white matter tracts of interest in this study. A: 7 divisions of the corpus callosum (CC1-7) as per Witelson’s classification, B: arcuate fasciculus, C: 
3 components of the superior longitudinal fasciculus (SLF-I to III), D: fronto-pontine tract, E: corticospinal tract, F: cingulum (CING) and anterior thalamic radiation 
(ATR), G: inferior longitudinal fasciculus (ILF) and uncinate fasciculus (UF), H: inferior fronto-occipital fasciculus, I: middle cerebellar peduncle, J: superior 
cerebellar peduncle (SCP) and inferior cerebellar peduncle (ICP). 

Table 1 
Clinical characteristics.  

Variables  

Age at Fontan, mean (SD) 6.08 (4.62) 
Number of procedures prior to Fontan completion, n (%) 

0 
1 
2 
3 
4 or more  

2 (2%) 
27 (29%) 
35 (38%) 
16 (17%) 
12 (13%) 

Pre-Fontan SaO2, mean (SD)* 82.3% (4.75) 
Time since Fontan, mean (SD) 16.98 (6.54) 
Primary diagnostic category, n (%) 

Hypoplastic left heart syndrome 
Pulmonary atresia with intact ventricular septum 
Pulmonary atresia with VSD 
Double inlet left ventricle 
Double outlet right ventricle 
Transposition of the great arteries 
Tricuspid atresia 
AVSD/atrioventricular canal 
Tetralogy of Fallot 
Aortic atresia  

8 (9%) 
10 (11%) 
1 (1%) 
16 (17%) 
19 (21%) 
8 (9%) 
20 (22%) 
8 (9%) 
1 (1%) 
1 (1%) 

Ventricular morphology, n (%) 
Left 
Right 
Biventricular 
Indeterminate  

55 (60%) 
25 (27%) 
7 (8%) 
5 (5%) 

Type of Fontan, n (%) 
Atriopulmonary 
Lateral tunnel 
Extracardiac conduit 
AP converted to extracardiac conduit 
Unknown  

11 (12%) 
22 (24%) 
57 (62%) 
1 (1%) 
1 (1%) 

Patent fenestration, n (%) 18 (20%) 

*N = 70 due to some missing data; VSD = ventricular septal defect; AVSD =
atrioventricular septal defect. 
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0.001, [0 to 0.003], p = 0.01) and were negatively associated with mean 
RD of the left CST (B = -0.01, [-0.02 to − 0.004], p < 0.01), MD of the left 
FPT (B = -0.01, [-0.02 to − 0.003], p = 0.01), MD, RD and AD of the right 
SLF-I (B = -0.04, [-0.06 to − 0.02], p = 0.001; B = -0.04, [-0.06 to 
− 0.01], p < 0.01; B = -0.03, [-0.05 to − 0.01], p = 0.01, respectively), 
RD of the left SLF-II (B = -0.02, [-0.03 to − 0.004], p = 0.01), MD, RD 
and AD of the right SLF-II (B = -0.02, [-0.03 to − 0.01], p = 0.01; B =

-0.02, [-0.03 to − 0.004], p = 0.01; and B = -0.02, [-0.03 to − 0.01], p =
0.01, respectively) and MD and RD of the right SLF-III (B = -0.01 [-0.02 
to − 0.003]. p = 0.01 and B = -0.01, [-0.03 to − 0.003], p = 0.01, 
respectively); see Fig. 2 and Supplementary Tables 4 and 5. No signifi-
cant age interaction effects were identified when this was included in the 
models, and no significant differences were demonstrated between the 
models with versus without the interaction term. 

Fig. 2. Significant associations between resting and peak exercise oxygen saturations and tract-specific DTI metrics. A: Resting oxygen saturations, B: Peak 
exercise oxygen saturations, C: Percent predicted VO2. FA = fractional anisotropy; MD = mean diffusivity; RD = radial diffusivity; AD = axial diffusivity; CST =
corticospinal tract; FPT = fronto-pontine tract; SLF = superior longitudinal fasciculus (components I, II and III). 
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A significant positive association was identified between % pred VO2 
and mean FA of the left UF (B = 0.001, [0 to 0.001], p < 0.01). No 
significant associations were found between pre-Fontan SaO2 and tract- 
specific DTId metrics. 

3.3. Cognitive functioning and tract-specific DTI metrics 

Significant associations were detected between mean FA of the right 
AF, right SLF-II and right SLF-III and processing speed whereby higher 
FA was associated with slower processing speed (B = -28.82, [-48.73 to 
− 8.91], p < 0.01; B = -21.35 [-38.12 to − 4.59], p = 0.01; and B =
-21.21, [-37.95 to − 4.47], p = 0.01, respectively), Fig. 3. No significant 
associations were identified between attention and tract-specific DTI 
metrics (see Supplementary Tables 6 and 7). No significant age inter-
action effects were identified when this was included in the models, and 
no significant differences were demonstrated between the models with 
versus without the interaction term. 

No significant associations were identified between resting and peak 
exercise SaO2 and attention or processing speed (Supplementary 
Table 8). 

4. Discussion 

The current findings demonstrate significant associations between 
resting and peak exercise SaO2 and WM tract-specific DTI metrics in 
adolescents and adults with a Fontan circulation, whereby lower SaO2 
were associated with lower FA and higher MD, RD and/or AD in several 
long association and projection WM tracts, including the left CST, left 
FPT, right SLF-I and right SLF-III, and bilateral SLF-II. Lower % pred VO2 
was associated with lower FA of the left UF. 

Unexpectedly, processing speed was negatively associated with FA of 
the right SLF-II, right SLF-III and right AF, and no significant associa-
tions were identified between tract-specific DTI metrics and attention, 
suggesting that associations between DTI metrics and cognitive func-
tioning may not have a uniform interpretation. 

The current findings suggest that reduced SaO2 during rest and in 
response to physical activity (thought to reflect persisting hypoxemia) 
could be a modifiable contributing factor to long-term alterations in WM 
microstructure in people with a Fontan circulation. These findings 
complement our earlier results demonstrating important associations 
between resting SaO2 and brain volumetrics in people with a Fontan 
circulation (Verrall et al., 2021) and other complex CHD (Cordina et al., 
2014). Reduced cerebral oxygen delivery peri-operatively has been 
associated with lower FA in children with complex CHD (Kelly et al., 
2019) and smaller neonatal aorta size has been found to correlate with 
lower FA across multiple WM tracts during adolescence in people with 
Fontan physiology, suggesting perinatal cerebral blood flow may have a 
lasting impact on WM development in patients with a Fontan circulation 
(Zaidi et al., 2018). While oxygen saturations are corrected to near- 
normal levels at the time of Fontan completion for many children with 
single ventricle physiology, persisting hypoxemia occurs within varying 

severity for some individuals and may be associated with surgical fac-
tors. Fenestration of the Fontan circulation is performed in cases that are 
at increased risk for poor Fontan outcomes (Lemler et al., 2002) and may 
also be determined by institutional preferences. While fenestration may 
be beneficial in the early post-operative course, the presence of a patent 
fenestration is associated with long-term oxygen desaturation (Verrall 
et al., 2021) and greater desaturation during exercise (Heal et al., 2017) 
that may contribute to alterations in WM microstructure, however 
further investigation surrounding such associations is required beyond 
this current exploratory study. While we can only speculate on the 
mechanisms underlying the associations between lower oxygen satura-
tions and WM microstructure, research in other clinical hypoxemic co-
horts suggest that chronic hypoxia may be associated with 
demyelination and/or axonal injury (Issar et al., 2018; Martinez Sosa 
and Smith, 2017 Oct 12). It is possible that chronic hypoxemia may also 
impact myelin repair in response to persisting hypoxic-ischemic events 
(Cayre et al., 2021). Reduced SaO2 in our cohort could be a surrogate for 
other issues including a small prenatal aortic arch, elevated central 
venous pressures, and/or low cardiac output (Ohuchi, 2017). Future 
longitudinal research including more detailed phenotyping is needed to 
determine causative associations. While pulse oximetry provides a non- 
invasive measure of SaO2, the collection of invasive hemodynamic data 
in future studies is justified and further research investigating associa-
tions with cardiorespiratory fitness are warranted. 

Lower regional and tract-specific FA has been related to worse 
cognitive performance in recent adolescent CHD studies (Rollins et al., 
2014). In a cohort of children and adolescents with a Fontan circulation, 
processing speed was significantly correlated with lower FA in the 
bilateral forceps minor and major, cerebral peduncle, IFO and ILF, as 
well as left CST and right external capsule, but these correlations were 
not identified in control subjects (Watson et al., 2018). Ehrler and col-
leagues recently demonstrated significant associations between worse 
executive function performance and reduced FA in the left superior 
corona radiata and left CST in emerging adults with complex CHD (aged 
18–32 years) (Ehrler et al., 2021). In another young adult CHD cohort, a 
positive correlation between FA of the MCP and better auditory atten-
tion span has been demonstrated (Brewster et al., 2015). 

In the current cohort inclusive of older adults with a Fontan circu-
lation, counterintuitive associations were identified: FA correlated 
negatively with processing speed of the right SLF-II, right SLF-III and 
right AF, whereas there were no significant associations between tract- 
wise averaged DTI metrics and attention. The SLF-II, SLF-III, and AF 
contain long-range fronto-parietal and fronto-temporal association fi-
bers that share a close anatomical location. In the right hemisphere, 
these tracts connect key cortical regions involved in visuospatial infor-
mation and visuomotor processing with frontal areas involved in 
attentional allocation (Barbeau et al., 2020; Nakajima et al., 2020). In 
normally developing and other clinical cohorts, the FA values of the SLF 
were reported to be positively associated with processing speed (Jeur-
issen et al., 2014; McKenna et al., 2015). The GMCT task used to mea-
sure processing speed in our cohort is a visual measure, the efficient 

Fig. 3. Significant associations between tract-specific DTI metrics and processing speed. FA = fractional anisotropy; AF = arcuate fasciculus; SLF = superior 
longitudinal fasciculus (components II and III). 
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completion of which is dependent to an extent on visuospatial and 
visuomotor abilities, making this finding particularly unexpected. Hoeft 
and colleagues (2007) demonstrated similar paradoxical findings in a 
cohort of adults with Williams syndrome, whereby increased FA in the 
right SLF-II was significantly associated with worse visuospatial abilities 
(Hoeft et al., 2007). Counterintuitive associations between higher FA 
and worse cognitive functioning have also been identified in other 
clinical cohorts, including children and adolescents with autism spec-
trum disorder (Fitzgerald et al., 2015), and in people with schizophrenia 
despite lower mean FA compared to healthy controls (Jung et al., 2020; 
Kim et al., 2021). The inconsistent findings between the inferred WM 
microstructural properties and cognitive functioning in ours and other 
clinical cohorts suggests that the interpretation of these associations is 
not always uniform, and that higher FA does not always suggest 
improved cognitive functioning. Alterations in DTI metrics may reflect 
factors such as neuroinflammation, glial cell abnormalities and cerebral 
edema that can occur in response to hypoxic brain injury (Concha, 2014; 
Huang et al., 2014). Attention and processing speed are both considered 
to be complex neurobiological processes and it is also possible that tract- 
specific associations may be too simple to capture the complexity of 
neural networks involved in these functions (Penke et al., 2010). In 
addition, the interpretation of DTI metrics may be influenced by crossing 
fiber regions, particularly in the region of the centrum semiovale that 
includes the AF and SLF-I to -III (Groeschel et al., 2014). 

It is postulated that the paradoxical associations between increased 
FA and worse cognitive functioning observed in other clinical cohorts 
might reflect compensatory but maladaptive, activity-dependent mye-
lination that is not associated with restored cognitive functioning (Kim 
et al., 2021; Gibson et al., 2018). Although speculative and beyond the 
scope of this study, it is possible that aberrant WM remodelling and/or 
the engagement of compensatory neural circuits (Reuter-Lorenz and 
Park, 2014) may be occurring in response to early and persisting 
cognitive dysfunction and the accumulative burden of neurological 
injury across the lifespan of people with a Fontan circulation. Longitu-
dinal data in healthy aging adults have shown that progressive re-
ductions in FA have variable associations with processing speed despite 
significant associations at baseline assessment (Oschwald et al., 2019); 
highlighting between-person variability in cognitive deterioration that 
is likely reflective of cognitive reserve, that is an important vulnerability 
in adults with cyanotic CHD (Bagge et al., 2018). Longitudinal studies 
looking at the mechanisms and trajectory of WM alterations in 
conjunction with cognitive functioning in the older Fontan adult cohort 
are warranted to understand the pathophysiology underlying dysfunc-
tion in the aging Fontan population. 

The interactive role of external and environmental factors should 
also be considered in future investigations and likely play a com-
pounding factor in determining long-term cognitive outcomes. We pre-
viously demonstrated that geographical remoteness was significantly 
associated with executive functioning and visual learning in this cohort 
(Verrall et al., 2021). Length of ICU and post-operative hospital stay are 
considered key determinants of early- and medium-term neuro-
development and cognition in children with complex CHD (Newburger 
et al., 2003), and sociodemographic factors such as maternal education 
and socioeconomic status have been associated with poorer develop-
mental outcomes in children with single ventricle physiology (Bucholz 
et al., 2021). Educational and occupational achievements are hindered 
in some people with a Fontan circulation due to early cognitive diffi-
culties, and challenges with socioemotional cognition has important 
implications for relationships and societal engagement. Combined, these 
outcomes contribute to poorer mental health and quality of life (Idorn 
et al., 2013). The accumulation of these challenges likely has a cyclical 
and exacerbating effect on long-term cognitive functioning, and more-
over are possible modifiable factors that may promote more resilient 
cognitive reserve (Sattler et al., 2012). 

Our selected imaging analytic strategy focused on WM tract specific 
measures that differ from a whole-brain voxel-based approach and tract- 

based spatial statistics methods that have been utilized in other DTI- 
based Fontan studies, which may account for some of the differences 
in our findings. In our study, additional steps were taken to minimize the 
partial volume effect, resulting in more WM specific diffusion metrics. 
We elected a multi-fiber WM model (i.e. multi-tissue CSD) as the basis to 
model the WM tract reconstructions (Jeurissen et al., 2014), overcoming 
the limitation of inaccurate WM tract mapping over crossing fiber re-
gions, which is present in more than 70% of brain WM regions (Jeurissen 
et al., 2013). 

We elected to use an automated tractography segmentation tech-
nique to ensure a standardized, data-driven tractography method is 
used, and to avoid potential tracking bias introduced by manual delin-
eation of tracking regions-of-interest that is prone to high tracking 
variability (Schilling et al., 2021). The use of TractSeg does not explicitly 
account for the effect of brain pathology (Wasserthal et al., 2018), 
however, the included case cohorts contain WM microhemorrhage and 
small GM infarcts that do not result in significant anatomical distortion. 
The effects of these microscopic cerebral insults are likely able to be 
accounted for by the multi-tissue CSD, disentangling diffusion signal 
contributions by the different tissue-types presented in each dMRI voxel 
(Dhollander et al., 2016). Few cases with notable distorted brain anat-
omy, post-stroke cerebral encephalomalacia and gliotic changes were 
excluded prior to running TractSeg. Performance of TractSeg has also 
been previously evaluated using clinical grade dMRI data containing 
degrees of brain anatomy distortions, such as those with ventricular 
enlargement, and showed anatomically plausible results (Wasserthal 
et al., 2018). 

4.1. Limitations 

We selected the HARDI b = 3000 s/mm2 data for the purpose of 
optimizing WM segmentation and tractography accuracy over the 
crossing fiber regions, but this could be suboptimal for DTI metrics 
estimation. Changes in DTI metrics can only be used as an indirect 
surrogate to infer WM microstructure injuries, as they are also subjected 
to alterations due to the effects of different neuropathological processes, 
such as chronic cerebral inflammation, and also by the crossing fiber 
axonal arrangements (Tournier et al., 2011; Tuch et al., 2002). The use 
of a more appropriate fiber-specific diffusion metric derived from a 
higher-order diffusion model is not applicable in this study due to the 
small sample size with heterogenous demographics from each partici-
pating site, and the lack of site-specific healthy, age-matched control 
data to establish effects of normal variance (Raffelt et al., 2017; Smith 
et al., 2020). 

In a related point, ComBat, the data harmonization technique 
employed in this study for DTI metrics is well justified, given its effec-
tiveness in reducing site variance had been previously demonstrated in 
large scale, multisite clinical cohort DTI studies (Hatton et al., 2020; 
Villalón-Reina et al., 2020) but its use for diffusion metrics derived from 
higher-order diffusion models had not been widely investigated. While 
multi-site MRI studies are frequently challenged for limitations sur-
rounding scanner variability, the rarity of adult survivors with a Fontan 
circulation makes multi-site data-pooling beneficial to increase access to 
potential study participants. 

Lastly, we elected to study selected TOI based on the functional role 
of the selected WM tracts described in the literature, thus enabled us to 
formulate appropriate a priori hypotheses. While we considered the 
tracts selected formulate a strong foundation for our exploratory anal-
ysis, an alternative approach would be to perform a network based 
analysis by reconstructing whole-brain structural connectome using the 
dMRI data, and to analyze connectome based metrics as surrogate to 
infer changes in WM microstructural properties and network organiza-
tion (Yeh et al., 2021). However, such analysis scheme is not suited to 
the current multi-site dataset, including the lack of healthy controls as 
described previously. In addition, it was not appropriate to perform 
Bonferroni correction to account for the number of TOI included in this 
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exploratory analysis due to the sample size being underpowered, as such 
the current findings should be interpreted with caution. 

5. Conclusions 

Resting and peak exercise SaO2 are associated with altered patterns 
of tract-specific DTI metrics in several key WM tracts in adolescents and 
adults with a Fontan circulation, suggesting that chronic hypoxemia 
may impact long-term brain WM microstructure. Future efforts to 
minimize persisting hypoxemia may be beneficial. Paradoxical associ-
ations were identified between tract-specific DTI metrics and processing 
speed that could reflect compensatory WM remodeling. Further in-
vestigations are required to understand the trajectory and mechanisms 
underlying altered WM microstructure in this cohort. 
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