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Abstract
Life expectancy in adults with congenital heart disease (ACHD) has increased. As these patients grow older, they experience 
aging-related diseases more than their healthy peers. To better characterize this field, we launched the multi-disciplinary 
BACH (Brain Aging in Congenital Heart disease) San Donato study, that aimed at investigating signs of brain injury in ACHD. 
Twenty-three adults with repaired tetralogy of Fallot and 23 age- and sex-matched healthy controls were prospectively recruited 
and underwent brain magnetic resonance imaging. White matter hyperintensities (WMHs) were segmented using a machine-
learning approach and automatically split into periventricular and deep. Cerebral microbleeds were manually counted. A subset 
of 14 patients were also assessed with an extensive neuropsychological battery. Age was 41.78 ± 10.33 years (mean ± standard 
deviation) for patients and 41.48 ± 10.28 years for controls (p = 0.921). Albeit not significantly, total brain (p = 0.282) and 
brain tissue volumes (p = 0.539 for cerebrospinal fluid, p = 0.661 for grey matter, p = 0.793 for white matter) were lower in 
ACHD, while total volume (p = 0.283) and sub-classes of WMHs (p = 0.386 for periventricular WMHs and p = 0.138 for 
deep WMHs) were higher in ACHD than in controls. Deep WMHs were associated with poorer performance at the frontal 
assessment battery (r = -0.650, p = 0.012). Also, patients had a much larger number of microbleeds than controls (median and 
interquartile range 5 [3–11] and 0 [0–0] respectively; p < 0.001). In this study, adults with tetralogy of Fallot showed specific 
signs of brain injury, with some clinical implications. Eventually, accurate characterization of brain health using neuroimaging 
and neuropsychological data would aid in the identification of ACHD patients at risk of cognitive deterioration.
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Abbreviations
ACHD	� Adults with congenital heart disease
CMB	� Cerebral microbleed
CSF	� Cerebrospinal fluid
FAB	� Frontal assessment battery
FLAIR	� Fluid-attenuated inversion recovery
GM	� Grey matter
MRI	� Magnetic resonance imaging
NYHA	� New York Heart Association
IQR	� Interquartile range
PVE	� Partial volume estimates
SD	� Standard deviation
SVD	� Small vessel disease
WM	� White matter
WMH	� White matter hyperintensity

Introduction

Surgical and medical advancements have allowed people 
born with congenital heart defects to live longer. Mortality 
in these patients has shifted away from infancy to adulthood, 
leading to the development of a large population of adults 
with congenital heart disease (ACHD) (Diller et al., 2015). 
Although most infants can go on to lead a normal child-
hood and adolescence after correction of the heart defect(s), 
grown-up patients require continuous medical attention and 
are particularly exposed to acquired cardiovascular disorders 
(Marelli et al., 2016).

The association between heart failure, a highly prevalent 
complication in ACHD, and both imaging signs of brain 
injury (Vogels et al., 2007) and impaired cognitive function-
ing (Trojano et al., 2003) has been extensively addressed. 
The risk of brain injury in patients with cardiovascular dis-
orders goes well-beyond the clinical setting of symptomatic 
heart failure and involves both heart dysrhythmia (Mayasi 
et al., 2018) and acquired vascular disorders (Friedman 
et al., 2014). For this reason, the hypothesis of dementia as 
a cardiovascular-driven disease has been recently put for-
ward (de Roos et al., 2017), supported by the increasing 
evidence of the often co-existing signs of cerebrovascular 
disease with findings of Alzheimer’s pathology (Attems & 
Jellinger, 2014).

People with ACHD are prone to developing acquired 
cardiovascular risk factor for brain injury and are thereby 
expected to experience dementia more than the general pop-
ulation (Bagge et al., 2018). Reduced brain reserve due to 
neurodevelopmental alterations in infancy is the substrate on 
which acquired cardiovascular disorders act as triggers for 
impaired cognition (Mebius et al., 2018). Despite the abun-
dance of studies dealing with neurodevelopmental issues in 
children with heart defects, few studies investigated brain 

structure and cognitive functioning in ACHD (Marelli et al., 
2016; Melazzini et al., 2019).

Moreover, available studies on brain integrity in ACHD 
carry several limitations such as, among others, inclusion of 
patients with unrepaired heart defects (Cordina et al., 2014; 
Horigome et al., 2006; Jensen et al., 2015), heterogeneous 
study samples as regards type and severity of congenital 
heart disease (Kessler et al., 2020), lack of control groups 
(Chai et al., 2018; Jensen et al., 2015; Sluman et al., 2017), 
undisclosed imaging protocols (Sluman et al., 2017) and 
qualitative-only characterization of the imaging signs of 
brain injury (Horigome et al., 2006; Jensen et al., 2015). 
With the only exception of a brief neuropsychological 
assessment performed in (Sluman et al., 2017) and an esti-
mate of the intelligence quotient in (Kessler et al., 2020), the 
available studies did not investigate the associations between 
patients’ imaging findings and cognitive functioning.

In our previous work, we performed a preliminary study 
on a homogenous sample of adult patients with repaired 
tetralogy of Fallot, the most common form of complex 
congenital heart disease (Apitz et al., 2009), who under-
went magnetic resonance imaging (MRI) of the brain to 
explore the occurrence of signs of cerebrovascular damage. 
We found an increased prevalence of cerebral microbleeds 
(CMBs) in the patients’ group compared to their age- and 
sex-matched healthy peers. The number of CMBs was not 
associated with neither severity of symptoms of heart fail-
ure, age at corrective surgery or use of extracorporeal cir-
culation. However, patients with more severe symptoms of 
heart failure showed higher white matter hyperintensities 
(WMHs) volume. The observed imaging findings suggested 
an increased susceptibility to brain damage and precocious 
brain ageing in ACHD patients (Codari et al., 2018), which 
prompted the need for a larger validation and a more in-
depth evaluation of the relationship with cognition.

Considering this, in addition to the limited available evi-
dence on the topic of cerebrovascular damage in ACHD, 
we set out to expand the sample from our preliminary study 
and launched the BACH (Brain Aging in Congenital Heart 
disease) San Donato study. We investigated the prevalence of 
imaging signs of brain vascular damage and their association 
with patients’ cognitive functioning.

Materials and methods

The BACH study population

The BACH study is an observational cross-sectional pro-
spective study that aims at identifying whether ACHD 
patients show more signs of cerebrovascular damage than 
their healthy peers.



1723Brain Imaging and Behavior (2022) 16:1721–1731	

1 3

To be included in this study, subjects had to be more than 
18 years of age and with a tetralogy of Fallot diagnosis, 
regardless of the type of corrective surgery they underwent. 
To contact eligible patients, we sent out invitation letters 
signed by the chief of the radiology, cardiology, cardiac sur-
gery and clinical psychology units of the IRCCS Policlinico 
San Donato to all tetralogy of Fallot subjects from North-
ern Italy who were being followed up at our Institute. Once 
interested patients contacted us, they were reached by phone 
to check for exclusion criteria. Patients were excluded from 
the study if they presented any of the following: absolute 
contraindications to undergoing an MRI scan; pregnancy; 
inflammatory, infectious, demyelinating or dysmyelinating 
diseases of the central nervous system; ischemic, haem-
orrhagic, or traumatic brain events with possible gliotic, 
malacic, or lacunar sequelae; mendelian or mitochondrial 
genetic diseases of the central nervous system, including 
cerebral autosomal dominant arteriopathy with subcortical 

infarcts and leukoencephalopathy; cerebral amyloid angi-
opathy; cerebral arteriovenous malformations; primary or 
metastatic brain neoplasms; previous cranial/brain surgery; 
patent oval foramen; atrial tachycardia; pregnancy; migraine 
with aura. Patient selection criteria are depicted in Fig. 1.

The ethical committee of the San Raffaele Research Hos-
pital approved this study on May 10th, 2018 (protocol name: 
LEUCO) and written informed consent was obtained from 
all enrolled subjects. Upon signing the informed consent, a 
questionnaire on lifestyle was administered and, for patients 
only, the most recent cardiological evaluation was also col-
lected. The questionnaire was conceived to include numeric 
response questions only; data on total education, smoking 
habits, alcohol intake and physical activity were collected. 
The New York Heart Association (NYHA) score for symp-
toms of heart failure, age at corrective surgery, number of 
cardiac surgeries using extra-corporeal circulation, number 
of percutaneous cardiac interventions, systolic and diastolic 
blood pressure and blood oxygen saturation were extracted 
from the cardiological evaluation.

Imaging protocol and image processing

Information on the imaging protocol and image processing 
for the 20 subjects enrolled in the preliminary study was 
previously described (Codari et al., 2018).

Brain MRI scans were acquired for the 26 new subjects 
(13 patients and 13 healthy controls) using a 1.5-T scanner 
(Magnetom Symphony Tim, Siemens Healthineers, Erlan-
gen, Germany) equipped with a 12-channel head coil using 
the protocol reported in Table 1.

All images were processed and analysed using FMRIB 
Software Library (FSL) v.6.0 tools (Jenkinson et  al., 
2012). We used FSL-FAST (Zhang et  al., 2001) on 
T1-weighted images to perform tissue type segmentation 
and calculate maps of partial volume estimates (PVE) for 
the three brain tissue classes (grey matter [GM], white 
matter [WM] and cerebrospinal fluid [CSF]). Total vol-
umes for the three tissue classes were obtained by mul-
tiplying the PVE output mean by the output volume for 
non-zero voxels. White matter hyperintensities segmen-
tation was automatically performed with the algorithm 
FSL-BIANCA on FLAIR images (Griffanti et al., 2016). 

Fig. 1   Flowchart depicting patient selection and inclusion/exclusion 
criteria for the study

Table 1   MRI protocol sequence parameters

MRI Sequence Inversion Time 
(ms)

Echo Time 
(ms)

Repetition Time 
(ms)

Flip Angle (°) Resolution (mm3)

3D gradient echo (GRE) T1-weighted 900 2.8 2,200 8 0.98 × 0.98 × 1.00
3D turbo spin echo fluid-attenuated inversion 

recovery
2,200 358 6,000 120 1.02 × 1.02 × 1.00

Axial GRE T2*-weighted - 26 822 20 0.45 × 0.45 × 4.00
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The algorithm was trained with the WMH masks manu-
ally delineated in the preliminary study sample (n = 20) 
(Codari et al., 2018) and applied on the 26 new subjects. 
The algorithm output underwent subsequent postprocess-
ing to automatically classify WMHs into periventricular 
and deep (Melazzini et al., 2021a). The segmentation 
output was manually inspected and, if needed, manual 
refinement was also performed by a Ph.D. student with 
6 years of clinical experience, specifically trained by a 
neuroradiologist, using ITK-SNAP (Yushkevich et al., 
2006). Manual count of CMBs on T2*-weighted images 
was performed by the same operator who manually cor-
rected the WMH masks.

Neuropsychological assessment

Patients underwent a thorough neuropsychological exami-
nation that investigated attention, executive functioning, 
memory, and the visuospatial and sensorimotor systems. 
Notably, the following tests were administered: mini-
mental state examination (Giovanni Measso, Cavarzeran, 
et al., 1993; Measso, Zappalà, et al., 1993), frontal assess-
ment battery (FAB) (Appollonio et al., 2005), symbol 
digit test (Amodio et al., 2002), attentive matrices (Della 
Sala et al., 1992), trail-making test A and B (Giovagnoli 
et al., 1996), Weigl’s sorting test (Inzaghi, 2010; Laiacona 
et al., 2000), digit span test (Orsini et al., 1987), visuospa-
tial span (Corsi, 1973; Orsini et al., 1987), Babcock story 
recall text (Carlesimo et al., 2002), letter fluency (Calta-
girone et al., 1995; Carlesimo et al., 1995), category flu-
ency (Novelli et al., 1986), pantomime of object use (De 
Renzi et al., 1980) and coloured progressive matrices (G 
Measso et al., 1993; Measso, Cavarzeran, et al., 1993). 
Test raw scores were adjusted for age and education and 
transformed into equivalent scores (ES) in the form of a 
5-point scale (0–4, where 0 indicates a performance lower 
than the fifth centile of the normal population, and an ES 
of 4 means equal or better than the median) as described 
in Capitania and Laiacona (1997). If alternate forms of 
the same tests were available, they were used in order to 
limit the possible learning effect of the patients in the re-
test phase (Benedict & Zgaljardic, 1998). A brief descrip-
tion of each test is reported in Table 2.

This part of the study was carried out in cooperation 
with the Clinical Psychology Service at IRCCS Policlin-
ico San Donato. The neuropsychological assessment was 
conducted by two qualified neuropsychologists (EGB and 
VF) with high level of experience in the adult and older 
adult cognitive functioning and assessment. The total 
time for the administration of the neuropsychological 
battery was approximately 60–75 min.

Statistical analysis

After checking for normality of data distribution using the 
Shapiro–Wilk test, demographic variables in the two groups 
were compared using either the t-test or the Mann–Whit-
ney U test. Significant differences on brain tissue volumes 
and WMH volumes between ACHD and healthy controls 
were explored using the analysis of covariance (ANCOVA) 
approach, using the total brain volume as covariate for 
adjusting for individual differences in brain size (O’Brien 
et al., 2011). P-values in ANCOVA were corrected for mul-
tiple comparisons using the Bonferroni method (Bonfer-
roni, 1936). Pearson’s correlation coefficient (r) was used 
for quantifying the associations between MRI volumetric 
data and demographics, clinical data, or neuropsychological 
tests scores. The Mann–Whitney U test was used to compare 
CMBs between ACHD patients and healthy controls, and the 
nonparametric Spearman’s correlation coefficient (ρ) was 
used for testing any associations between CMBs count and 
volumetric data, demographics, clinical data, or neuropsy-
chological tests scores. Statistical significance level was set 
at p-value ≤ 0.05 (Di Leo & Sardanelli, 2020).

Statistical analysis was performed using SPSS version 
25.0 (IBM Corp., Armonk, NY).

Results

The patients’ group consisted of 13 males and 10 females 
(n = 23), with a mean (standard deviation [SD]) age of 41.78 
(10.33) years. The controls’ group was composed of age- and 
sex-matched healthy subjects (n = 23), with a mean (SD) age 
of 41.48 (10.28) years. Demographics related to the patients’ 
and healthy controls’ groups and clinical data for ACHD 
patients are summarised in Table 3.

We did not find any statistically significant difference in 
demographics and clinical data distributions between ACHD 
patients and healthy controls.

Median and interquartile range (IQR) for number of 
CMBs in the patients’ group were 5 [3–11] CMBs and 0 
[0–0] CMBs in the healthy controls’ group (p < 0.001). Cere-
bral microbleeds were found in 22 (95.7%) out of 23 patients 
and in one (4.3%) out of 23 healthy controls.

Differences in brain imaging volumetric data between 
patients and healthy controls did not reach statistical 
significance.

Mean and SD for volumetric brain imaging measures 
(WMHs, WMH sub-classes and brain tissues volumes) are 
reported in Table 4.

The neuropsychological test battery was introduced fol-
lowing the preliminary results described in (Codari et al., 
2018) and was thereby performed on 14 out of 23 (60.87%) 
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ACHD patients. Mean and SD of neuropsychological tests 
equivalent scores are reported in Table 5.

Higher deep WMH volume was significantly associ-
ated with poorer FAB scores (r = -0.650, p = 0.012; Fig. 2). 
Among other volumetric data, a higher GM volume was 
significantly associated with better scores at the coloured 
progressive matrices test (r = 0.598, p < 0.001). Cerebral 
microbleeds were not associated with the cognitive perfor-
mance in any of the neuropsychological tests.

We did not find any statistically significant association 
between volumetric imaging data and demographics, clinical 

data or cognitive performance. Cerebral microbleeds were 
positively associated with the amount of physical activity 
per week (r = 0.329, p = 0.027).

Discussion

The aim of this study was to investigate signs of cerebro-
vascular damage in a group of adult patients with tetralogy 
of Fallot. Coherently with our preliminary findings (Codari 
et al., 2018), we found a considerably higher number of 

Table 3   Demographics and clinical data of the study sample. Both the patients’ and healthy controls’ groups comprised 13 male and 10 female 
participants each (P-value = 1). Clinical data are available for the patients’ group only

ACHD: adults with congenital heart disease; SD: standard deviation; NYHA: New York Heart Association scale for symptoms of heart failure; 
ECC: extracorporeal circulation; SBP: systolic blood pressure; DBP: diastolic blood pressure; Sat02: fraction of oxygen-saturated haemoglobin 
relative to total haemoglobin
# Distribution of variables was analysed using the Shapiro–Wilk test. Age and body mass index were compared using the t-test due to symmetri-
cal distribution of data. Education, smoking, alcohol intake and physical activity were compared using the Mann–Whitney U test due to asym-
metrical distribution of data

ACHD patients (n = 23) Healthy controls (n = 23) P-values#

Demographics Mean SD Median IQR Mean SD Median IQR

Age [years] 41.78 10.33 46.00 33.00—49.00 41.48 10.28 46.00 32.50—48.50 0.851
Education [years] 14.76 4.10 16.00 13.00—17.00 14.13 3.28 16.00 13.00—16.00 0.631
Body mass index [kg/m2] 24.41 4.07 24.88 21.00—27.31 24.97 3.93 24.39 22.75—26.77 0.642
Smoking [pack/day*year] 0.02 0.11 0.00 0.00—0.00 3.83 11.50 0.00 0.00—0.00 0.084
Alcohol intake [units/week] 3.59 6.87 1.00 0.00—3.50 4.83 5.01 4.00 1.00—7.00 0.122
Physical activity [h/week] 2.41 2.68 2.00 0.00—3.75 1.52 1.31 1.00 0.00—3.00 0.485
Clinical data (patients only)
NYHA [score I-IV] 1.57 0.59 2.00 1.00—2.00
Age at corrective surgery [months] 50.91 0.59 48.00 24.00—63.00
Cardiac surgeries using ECC 1.78 0.67 2.00 1.00—2.00
Percutaneous interventions 0.26 0.62 0.00 0.00—0.00
SBP [mmHg] 117.31 12.51 119.50 105.00—130.00
DBP [mmHg] 71.38 12.51 72.50 63.00—80.00
Sat02 [%] 96.88% 5.68% 98% 97—99%

Table 4   Brain imaging volumetric data of the study sample

ACHD: adults with congenital heart disease; SD: standard deviation; IQR: interquartile range; WMHs: white matter hyperintensities; CSF: cer-
ebrospinal fluid; GM: grey matter; WM: white matter; TBV: total brain volume (i.e., sum of CSF, GM and WM)
# P-values were obtained from analysis of covariance (ANCOVA) with total brain volume as covariate

ACHD patients (n = 23) Healhy controls (n = 23) P-values#

Mean SD Median IQR Mean SD Median IQR

WMHs [ml] 3.99 2.07 3.15 2.47—5.43 3.57 1.71 3.50 0.97—4.21 0.283
WMHs Periventricular [ml] 3.56 1.74 3.09 2.35—4.88 3.32 1.55 3.36 0.96—3.90 0.386
WMHs Deep [ml] 0.43 0.52 0.29 0.086—0.55 0.25 0.23 0.19 0.01—0.35 0.138
CSF [ml] 264.30 30.99 257.30 239.20—282.91 275.04 31.66 279.48 213.56—289.93 0.539
GM [ml] 561.41 49.78 561.67 517.71—584.33 572.08 47.17 585.01 459.70—598.88 0.661
WM [ml] 510.37 52.28 495.59 470.96—542.92 526.18 63.28 519.13 376.25—584.67 0.793
TBV [ml] 1,336.08 109.06 1,313.17 1,258.58—1,414.19 1,373.30 122.50 1,401.70 1,064.77—1,477.31 0.282
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cerebral microbleeds in ACHD patients than in controls. 
Albeit not significant, WMH total volume and subclasses 
of WMHs were higher, while total brain and brain tissues 
volumes were lower, in ACHD patients than in controls. 
Considering that all these measures are in favour of a rela-
tively injured brain in ACHD patients, it is likely that the 
lack of statistically significant differences may be due to the 
relatively small sample size. Interestingly, we found signifi-
cantly higher deep WMH volume in patients who performed 
worse at the FAB.

Cerebral microbleeds are radiological signs of small 
vessel disease (SVD) that are visible in T2*-weighted and 
susceptibility-weighted images (Haller et al., 2018). They 
are commonly associated with hypertension and cerebral 

amyloid angiopathy and are linked to an increased risk 
of all-type dementia in patients with vascular risk factors 
(Miwa et al., 2014). It has been found that 76% of patients 
performing cardiac surgery showed cerebral microbleeds 
that were absent before the heart intervention (Patel et al., 
2019). It is worth noting that CMBs were detected in 96% 
of our patients; this very high prevalence may suggest an 
intrinsic influence of the heart disease on developing CMBs, 
independently from any cardiac procedure. We do not have 
brain MRI studies available before surgical or percutaneous 
treatments allowing us to confirm this hypothesis. In this 
view, serial brain MRI scans before/after interventions may 
enable the assessment of CMBs over time and characterize 
their link to cognitive performance. The general meaning of 

Table 5   Overview of 
neuropsychological tests scores. 
A higher value indicates a better 
performance (equivalent scores, 
range 0–4)

Mean Standard devia-
tion

Median Interquartile range

Mini-Mental State Examination 4.00 0.00 4.00 4.00 – 4.00
Frontal assessment battery 2.86 1.29 3.00 2.00 – 4.00
Symbol Digit Test 4.00 0.00 4.00 4.00 – 4.00
Attentive matrices 3.14 0.86 3.00 2.25 – 4.00
Trail making test A-B 3.57 1.16 4.00 4.00 – 4.00
Weigl’s sorting test 3.21 0.70 3.00 3.00 – 4.00
Digit span test 3.07 1.44 4.00 2.25 – 4.00
Babcock story recall text 3.14 1.10 3.50 3.00 – 4.00
Letter fluency 3.64 0.63 4.00 3.25 – 4.00
Category fluency 3.79 0.58 4.00 4.00 – 4.00
Pantomime of object use 4.00 0.00 4.00 4.00 – 4.00
Coloured Progressive Matrices 3.57 0.76 4.00 3.25 – 4.00

Fig. 2   Scatter diagram with 
linear regression line for frontal 
assessment battery score on 
normalised deep white matter 
hyperintensities volume
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the finding of higher cerebral microbleeds in patients who 
performed more physical activity is yet to be elucidated.

White matter hyperintensities are radiological signs of 
SVD and brain frailty (Group, 2015; Melazzini et al., 2021b) 
and are associated with a twofold increased risk of dementia 
and a threefold increased risk of stroke (Debette & Markus, 
2010). Moreover, WMHs are linked to a faster decline in 
global cognitive performance, executive function and pro-
cessing speed (Debette & Markus, 2010). Beside assessing 
total WMH volume, we sub-classified WMHs into periven-
tricular and deep, in view of our recent finding of sub-classes 
of WMHs that are specifically linked to poorer cognitive 
performance in the general population (Melazzini et al., 
2021a). In this study, we found that ACHD patients had 
higher total, periventricular and deep WMH volumes than 
controls, without reaching statistical significance. However, 
we excluded patients with acquired disorders that are highly 
prevalent in ACHD, such as atrial dysrhythmia (Ávila et al., 
2017) and migraine with aura (Truong et al., 2008), and that 
are known to be associated with an increased WMH burden 
(Bashir et al., 2013; Gaita et al., 2013). For this reason, we 
believe that the estimate of WMHs in our sample may under-
estimate the actual volume of total/sub-classes of WMHs in 
the general tetralogy of Fallot population. Interestingly, we 
found that higher deep WMH volume in ACHD patients was 
significantly associated with lower scores at the FAB. This 
mirrors the finding of lower executive performance with 
higher deep WMHs in frontal areas, recently described by 
(Brugulat-Serrat et al., 2019) in a middle-age cohort of cog-
nitively healthy subjects. Sub-classifying WMH proved to 
be useful despite the small sample size; we thereby believe 
it may provide added value when investigating the WMHs’ 
link to cognition.

Total brain and brain tissue volumes were lower in ACHD 
patients than in controls, albeit not significantly. This finding 
is coherent with a recent study by (Naef et al., 2021) that 
found lower total brain volumes in a heterogeneous popula-
tion of ACHD patients. Higher grey matter volume in our 
study was significantly associated with better scores at the 
coloured progressive matrices test. Coloured progressive 
matrices reasoning ability seems to be related to the activation 
of networks in the dorsolateral prefrontal cortex (associated 
with visuospatial abilities) and in the inferior frontal regions 
(associated with verbal reasoning) (Yang et al., 2014). We 
did not provide any information about regional grey matter 
volume in our sample. For this reason, we cannot ascribe this 
neuropsychological finding to patients’ volumetric data in 
specific cortical or deep grey matter regions. Segmentation 
of brain lobes or voxel-based morphometry may give further 
insights on regional grey matter loss in ACHD patients.

The main limitation of this study is its small sample size. 
This is essentially due to two reasons. Firstly, we adopted 

strict inclusion/exclusion criteria on an already-rare pop-
ulation. Secondly, we were not allowed to bring ACHD 
patients to the hospital for research purposes, since they are 
at higher risk for severe illness from coronavirus disease. 
Another limitation is that the neuropsychological test bat-
tery was only administered to the ACHD patients, therefore 
we are currently unable to test if the observed association 
between deep WMHs and impaired performance at the FAB 
is disease-specific or could also be found in healthy controls. 
Also, this study has a prospective cross-sectional design. 
To establish whether biomarkers of SVD may serve as pre-
dictors of cognitive decline in tetralogy of Fallot, patients 
should be followed up over time and multiple imaging and 
neuropsychological examinations be performed. Patients 
from several cardiovascular centres could also be recruited 
so to avoid recruitment bias. The enrolment of a larger lon-
gitudinal multi-centric patient cohort who undertake both 
brain MRI and cognitive assessment would allow for inves-
tigating the reliability, validity, causation, and diagnostic 
power of the identified brain MRI features. Thereafter, a 
multi-variate model for the risk of cognitive decline in tetral-
ogy of Fallot could eventually be built and fully translated 
into clinical practice. Moreover, future studies performing 
both pre- and post-surgery/catheterization MRI scans could 
determine how specific cardiac procedures affect brain 
health.

Conclusions

Adults with repaired tetralogy of Fallot showed an increased 
burden of brain vascular damage. We believe that our find-
ings may help improve the understanding on the implications 
that congenital heart diseases carry on the cerebrovascular 
system. We hope that confirmatory results will come out 
once the estimated sample size will be reached. Overall, we 
stress the need for a holistic evaluation of ACHD patients’ 
health, with the final aim to increase patients’ self-awareness 
and improve their quality of life.

Acknowledgements  The authors would like to express their most sin-
cere gratitude to AICCA Onlus (Associazione Italiana dei Cardiopatici 
Congeniti Adulti) and to the BACH study participants, without whom 
this research would have not been possible.

Authors’ contributions  Author contributions included conception and 
study design (LM, MaCh, MZ, MaCa, AF, AG, EC, MaCo and FrSa), 
data collection or acquisition (LM, FiSa, PV, EGB, VF), statistical 
analysis (LM, MaCo), interpretation of results (LM, MaCo, FrSa), 
drafting the manuscript work or revising it critically for important 
intellectual content (LM, MaCo, LG) and approval of final version 
to be published and agreement to be accountable for the integrity and 
accuracy of all aspects of the work (All authors).



1729Brain Imaging and Behavior (2022) 16:1721–1731	

1 3

Funding  Open access funding provided by Università degli Studi di 
Milano within the CRUI-CARE Agreement. This study was partially 
supported by Ricerca Corrente funding from the Italian Ministry of 
Health to IRCCS Policlinico San Donato. This study received no spe-
cific grant from any funding agency in the public, commercial, or non-
profit sectors.

Availability of data and material  The de-identified data are available 
from the corresponding author upon reasonable request.

Declarations 

Ethics approval  The BACH Study has been approved by the ethical 
committee of the San Raffaele Research Hospital on May 10th, 2018 
(protocol name: LEUCO). All participants accepted the study proce-
dures by signing an informed consent form.

Reporting guidelines  The Strengthening the Reporting of Observa-
tional Studies in Epidemiology - STROBE checklist has been applied.

Conflicts of interest/Competing interests  The authors declare that 
they have no conflict of interest.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

References

Amodio, P., Wenin, H., Del Piccolo, F., Mapelli, D., Montagnese, S., 
Pellegrini, A., et al. (2002). Variability of trail making test, sym-
bol digit test and line trait test in normal people. A normative 
study taking into account age-dependent decline and sociobiologi-
cal variables. Aging Clinical and Experimental Research, 14(2), 
117–131.

Apitz, C., Webb, G. D., & Redington, A. N. (2009). Tetralogy of Fallot. 
The Lancet, 374(9699), 1462–1471.

Appollonio, I., Leone, M., Isella, V., Piamarta, F., Consoli, T., Villa, M. 
L., et al. (2005). The Frontal Assessment Battery (FAB): norma-
tive values in an Italian population sample. Neurological Sciences, 
26(2), 108–116.

Attems, J., & Jellinger, K. A. (2014). The overlap between vascular 
disease and Alzheimer’s disease-lessons from pathology. BMC 
Medicine, 12(1), 206.

Ávila, P., Oliver, J. M., Gallego, P., González-García, A., Rodríguez-
Puras, M. J., Cambronero, E., et al. (2017). Natural History and 
Clinical Predictors of Atrial Tachycardia in Adults With Congeni-
tal Heart Disease. Circulation: Arrhythmia and Electrophysiology, 
10(9). https://​doi.​org/​10.​1161/​CIRCEP.​117.​005396

Bagge, C. N., Henderson, V. W., Laursen, H. B., Adelborg, K., Olsen, 
M., & Madsen, N. L. (2018). Risk of dementia in adults with con-
genital heart disease: Population-based cohort study. Circulation, 
137(18), 1912–1920.

Bashir, A., Lipton, R. B., Ashina, S., & Ashina, M. (2013). Migraine 
and structural changes in the brain: A systematic review and meta-
analysis. Neurology, 81(14), 1260–1268.

Benedict, R. H. B., & Zgaljardic, D. J. (1998). Practice effects during 
repeated administrations of memory tests with and without alter-
nate forms. Journal of Clinical and Experimental Neuropsychol-
ogy, 20(3), 339–352. https://​doi.​org/​10.​1076/​jcen.​20.3.​339.​822

Bonferroni, C. (1936). Teoria statistica delle classi e calcolo delle 
probabilita. Pubblicazioni Del R Istituto Superiore Di Scienze 
Economiche e Commericiali Di Firenze, 8, 3–62.

Brugulat-Serrat, A., Salvadó, G., Sudre, C. H., Grau-Rivera, O., 
Suárez-Calvet, M., Falcon, C., et al. (2019). Patterns of white 
matter hyperintensities associated with cognition in middle-aged 
cognitively healthy individuals. Brain Imaging and Behavior, 
14(5), 1–12.

Caltagirone, C., Gainotti, G., Carlesimo, G. A., & Parnetti, L. 
(1995). Batteria per la valutazione del deterioramento men-
tale: I. Descrizione di uno strumento di diagnosi neuropsico-
logica. Archivio Di Psicologia, Neurologia e Psichiatria, 56(4), 
461–470.

Capitani, E., & Laiacona, M. (1997). Composite neuropsychological 
batteries and demographic correction: Standardization based on 
equivalent scores, with a review of Published Data. Journal of 
Clinical and Experimental Neuropsychology, 19(6), 795–809. 
https://​doi.​org/​10.​1080/​01688​63970​84037​61

Carlesimo, G. A., Buccione, I., Fadda, L., Graceffa, A., Mauri, M., 
Lorusso, S., et al. (2002). Normative data of two memory tasks: 
Short-Story recall and Rey’s Figure. Nuova Rivista Di Neuro-
logia, 12(1), 1–13.

Carlesimo, G., Caltagirone, C., Gainotti, G., Nocentini, U., Fadda, 
L., Gallassi, R., et al. (1995). Batteria per la valutazione del 
deterioramento mentale (parte II): standardizzazione e affida-
bilità diagnostica nell’identificazione di pazienti affetti da sin-
drome demenziale. Archivio Di Psicologia, Neurologia e Psi-
chiatria, 56(4), 471–488.

Chai, Y., Chen, J., Galarza, C., Sluman, M., Xu, B., Vu, C. Q., 
et al. (2018). Cerebral blood flow and predictors of white mat-
ter lesions in adults with tetralogy of Fallot. 2018 IEEE 15th 
International Symposium on Biomedical Imaging (ISBI 2018), 
1309–1312. IEEE.

Codari, M., Papini, G. D. E., Melazzini, L., Pluchinotta, F. R., Sec-
chi, F., Carminati, M., et al. (2018). Does Tetralogy of Fallot 
affect brain aging? A proof-of-concept study. PloS One, 13(8), 
e0202496.

Cordina, R., Grieve, S., Barnett, M., Lagopoulos, J., Malitz, N., & 
Celermajer, D. S. (2014). Brain volumetrics, regional cortical 
thickness and radiographic findings in adults with cyanotic con-
genital heart disease. NeuroImage: Clinical, 4, 319–325.

Corsi, P. M. (1973). Human memory and the medial temporal region 
of the brain. ProQuest Information & Learning.

De Renzi, E., Motti, F., & Nichelli, P. (1980). Imitating gestures: A 
quantitative approach to ideomotor apraxia. Archives of Neurol-
ogy, 37(1), 6–10.

de Roos, A., van der Grond, J., Mitchell, G., & Westenberg, J. 
(2017). Magnetic resonance imaging of cardiovascular func-
tion and the brain: Is dementia a cardiovascular-driven disease? 
Circulation, 135(22), 2178–2195.

Debette, S., & Markus, H. S. (2010). The clinical importance of 
white matter hyperintensities on brain magnetic resonance 
imaging: systematic review and meta-analysis. Bmj, 341, c3666.

Della Sala, S., Laiacona, M., Spinnler, H., & Ubezio, C. (1992). A 
cancellation test: Its reliability in assessing attentional deficits 
in Alzheimer’s disease. Psychological Medicine-London, 22, 
885.

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1161/CIRCEP.117.005396
https://doi.org/10.1076/jcen.20.3.339.822
https://doi.org/10.1080/01688639708403761


1730	 Brain Imaging and Behavior (2022) 16:1721–1731

1 3

Di Leo, G., & Sardanelli, F. (2020). Statistical significance: p value, 
0.05 threshold, and applications to radiomics—reasons for a 
conservative approach. European Radiology Experimental, 
4(1), 1–8.

Diller, G.-P., Kempny, A., Alonso-Gonzalez, R., Swan, L., Uebing, 
A., Li, W., et al. (2015). Survival prospects and circumstances 
of death in contemporary adult congenital heart disease patients 
under follow-up at a large tertiary centre. Circulation, 132(22), 
2118–2125.

Friedman, J. I., Tang, C. Y., de Haas, H. J., Changchien, L., Goliasch, 
G., Dabas, P., et al. (2014). Brain imaging changes associated 
with risk factors for cardiovascular and cerebrovascular disease 
in asymptomatic patients. JACC: Cardiovascular Imaging, 7(10), 
1039–1053.

Prevalence of Silent Cerebral Ischemia in Paroxysmal and Persistent 
Atrial Fibrillation and Correlation With Cognitive Function. 
Journal of the American College of Cardiology, 62(21), 1990–
1997. https://​doi.​org/​10.​1016/j.​jacc.​2013.​05.​074

Giovagnoli, A. R., Del Pesce, M., Mascheroni, S., Simoncelli, M., Lai-
acona, M., & Capitani, E. (1996). Trail making test: Normative 
values from 287 normal adult controls. The Italian Journal of 
Neurological Sciences, 17(4), 305–309.

Griffanti, L., Zamboni, G., Khan, A., Li, L., Bonifacio, G., Sundaresan, 
V., et al. (2016). BIANCA (Brain Intensity AbNormality Clas-
sification Algorithm): A new tool for automated segmentation of 
white matter hyperintensities. Neuroimage, 141, 191–205.

Group, I.-3 C. (2015). Association between brain imaging signs, early 
and late outcomes, and response to intravenous alteplase after 
acute ischaemic stroke in the third International Stroke Trial (IST-
3): secondary analysis of a randomised controlled trial. The Lan-
cet Neurology, 14(5), 485–496.

Haller, S., Vernooij, M. W., Kuijer, J. P. A., Larsson, E. M., Jäger, 
H. R., & Barkhof, F. (2018). Cerebral microbleeds: Imaging and 
clinical significance. Radiology, 287(1), 11–28.

Horigome, H., Iwasaki, N., Anno, I., Kurachi, S., & Kurachi, K. (2006). 
Magnetic resonance imaging of the brain and haematological 
profile in adult cyanotic congenital heart disease without stroke. 
Heart, 92(2), 263–265.

Inzaghi, M. G. (2010). Valutare le capacitadi astrazione: il test di 
Weigl. Items, Giunti OS, Firenze.

Jenkinson, M., Beckmann, C. F., Behrens, T. E. J., Woolrich, M. W., & 
Smith, S. M. (2012). Fsl. Neuroimage, 62(2), 782–790.

Jensen, A. S., Idorn, L., Thomsen, C., Von der Recke, P., Mortensen, J., 
Sørensen, K. E., et al. (2015). Prevalence of cerebral and pulmo-
nary thrombosis in patients with cyanotic congenital heart disease. 
Heart, 101(19), 1540–1546.

Kessler, N., Feldmann, M., Schlosser, L., Rometsch, S., Brugger, 
P., Kottke, R., et al. (2020). Structural brain abnormalities in 
adults with congenital heart disease: Prevalence and association 
with estimated intelligence quotient. International Journal of 
Cardiology.

Laiacona, M., Inzaghi, M. G., De Tanti, A., & Capitani, E. (2000). Wis-
consin card sorting test: A new global score, with Italian norms, 
and its relationship with the Weigl sorting test. Neurological Sci-
ences, 21(5), 279–291.

Marelli, A., Miller, S. P., Marino, B. S., Jefferson, A. L., & New-
burger, J. W. (2016). Brain in congenital heart disease across the 
lifespan: The cumulative burden of injury. Circulation, 133(20), 
1951–1962.

Mayasi, Y., Helenius, J., McManus, D. D., Goddeau, R. P., Jun-
O’Connell, A. H., Moonis, M., & Henninger, N. (2018). Atrial 
fibrillation is associated with anterior predominant white mat-
ter lesions in patients presenting with embolic stroke. Journal of 
Neurology, Neurosurgery & Psychiatry, 89(1), 6–13.

Measso, G, Zappalà, G., Cavarzeran, F., Crook, T. H., Romani, L., 
Pirozzolo, F. J., et al. (1993). Raven’s colored progressive matri-
ces: a normative study of a random sample of healthy adults. Acta 
Neurologica Scandinavica, 88(1), 70–74.

Measso, G., Cavarzeran, F., Zappalà, G., Lebowitz, B. D., Crook, T. H., 
Pirozzolo, F. J., et al. (1993). The mini‐mental state examination: 
Normative study of an Italian random sample. Developmental 
Neuropsychology, 9(2), 77–85.

Mebius, M. J., Roofthooft, M. T. R., & Bos, A. F. (2018). Editorial 
based on:“Risk of dementia in adults with congenital heart dis-
ease: Population-based cohort study.” Journal of Thoracic Dis-
ease, 10(Suppl 17), S2048.

Melazzini, L., Codari, M., Vitali, P., & Sardanelli, F. (2019). Brain vas-
cular changes in adults with congenital heart disease: A systematic 
review. NeuroImage: Clinical, 23, 101873.

Melazzini, L., Mackay, C. E., Bordin, V., Suri, S., Zsoldos, E., Filip-
pini, N., et al. (2021a). White matter hyperintensities classified 
according to intensity and spatial location reveal specific asso-
ciations with cognitive performance. NeuroImage: Clinical, 30, 
102616. https://​doi.​org/​10.​1016/j.​nicl.​2021.​102616

Melazzini, L., Vitali, P., Olivieri, E., Bolchini, M., Zanardo, M., 
Savoldi, F., et al. (2021b). White matter hyperintensities quantifi-
cation in healthy adults: A systematic review and meta‐analysis. 
Journal of Magnetic Resonance Imaging, 53(6), 1732–1743.

Miwa, K., Tanaka, M., Okazaki, S., Yagita, Y., Sakaguchi, M., Mochi-
zuki, H., & Kitagawa, K. (2014). Multiple or mixed cerebral 
microbleeds and dementia in patients with vascular risk factors. 
Neurology, 83(7), 646–653.

Naef, N., Schlosser, L., Brugger, P., Greutmann, M., Oxenius, A., 
Wehrle, F., et  al. (2021). Brain volumes in adults with con-
genital heart disease correlate with executive function abili-
ties. Brain Imaging and Behavior.  https://​doi.​org/​10.​1007/​
s11682-​020-​00424-1

Novelli, G., Papagno, C., Capitani, E., & Laiacona, M. (1986). Tre 
test clinici di ricerca e produzione lessicale. Taratura su sogetti 
normali. Archivio Di Psicologia, Neurologia e Psichiatria.

O’Brien, L. M., Ziegler, D. A., Deutsch, C. K., Frazier, J. A., Herbert, 
M. R., & Locascio, J. J. (2011). Statistical adjustments for brain 
size in volumetric neuroimaging studies: Some practical implica-
tions in methods. Psychiatry Research: Neuroimaging, 193(2), 
113–122. https://​doi.​org/​10.​1016/j.​pscyc​hresns.​2011.​01.​007

Orsini, A., Grossi, D., Capitani, E., Laiacona, M., Papagno, C., & 
Vallar, G. (1987). Verbal and spatial immediate memory span: 
Normative data from 1355 adults and 1112 children. The Italian 
Journal of Neurological Sciences, 8(6), 537–548.

Patel, N., Banahan, C., Janus, J., Horsfield, M. A., Cox, A., Li, X., et al. 
(2019). Perioperative cerebral microbleeds after adult cardiac sur-
gery. Stroke, 50(2), 336–343.

Sluman, M. A., Richard, E., Bouma, B. J., Van Dalen, J. W., Van 
Wanrooij, L. L., Groenink, M., et al. (2017). Impact of structural 
cerebral damage in adults with tetralogy of fallot. Circulation, 
135(19), 1873–1875.

Trojano, L., Incalzi, R. A., Acanfora, D., Picone, C., Mecocci, P., 
Rengo, F., & Investigators, C. H. F. I. S. (2003). Cognitive impair-
ment: A key feature of congestive heart failure in the elderly. Jour-
nal of Neurology, 250(12), 1456–1463.

Truong, T., Slavin, L., Kashani, R., Higgins, J., Puri, A., Chowdhry, M., 
et al. (2008). Prevalence of Migraine Headaches in Patients With 
Congenital Heart Disease. The American Journal of Cardiology, 
101(3), 396–400. https://​doi.​org/​10.​1016/j.​amjca​rd.​2007.​08.​047

Vogels, R. L. C., van der Flier, W. M., van Harten, B., Gouw, A. A., 
Scheltens, P., Schroeder-Tanka, J. M., & Weinstein, H. C. (2007). 
Brain magnetic resonance imaging abnormalities in patients with 
heart failure. European Journal of Heart Failure, 9(10), 1003–1009.

https://doi.org/10.1016/j.jacc.2013.05.074
https://doi.org/10.1016/j.nicl.2021.102616
https://doi.org/10.1007/s11682-020-00424-1
https://doi.org/10.1007/s11682-020-00424-1
https://doi.org/10.1016/j.pscychresns.2011.01.007
https://doi.org/10.1016/j.amjcard.2007.08.047


1731Brain Imaging and Behavior (2022) 16:1721–1731	

1 3

Yang, W., Liu, P., Wei, D., Li, W., Hitchman, G., Li, X., et al. (2014). 
Females and males rely on different cortical regions in raven’s 
matrices reasoning capacity: evidence from a voxel-based mor-
phometry study. PloS One, 9(3), e93104.

Yushkevich, P. A., Piven, J., Hazlett, H. C., Smith, R. G., Ho, S., Gee, J. 
C., & Gerig, G. (2006). User-guided 3D active contour segmenta-
tion of anatomical structures: Significantly improved efficiency 
and reliability. NeuroImage, 31(3), 1116–1128.

Zhang, Y., Brady, M., & Smith, S. (2001). Segmentation of brain 
MR images through a hidden Markov random field model and 
the expectation-maximization algorithm. IEEE Transactions on 
Medical Imaging, 20(1), 45–57.

Publisher’s note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.


	Adults with tetralogy of Fallot show specific features of cerebral small vessel disease: the BACH San Donato study
	Abstract
	Introduction
	Materials and methods
	The BACH study population
	Imaging protocol and image processing
	Neuropsychological assessment
	Statistical analysis

	Results
	Discussion
	Conclusions
	Acknowledgements 
	References


