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“Il pensiero è grande, agile e 

libero, è la luce del mondo e la 

più importante gloria 

dell’uomo” 

                            (Bertrand Russel)  
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Summary 

 

Aim 

Imaging biomarkers in medical fields other than oncology tend to be confined to research settings. 

In neuroimaging, biomarkers of cerebral small vessel disease (SVD) have shown promising results 

for translation into the clinic but need further validation. In this work, we strove for a more clinically-

oriented classification of one of the most representative of SVD biomarkers, i.e. white matter 

hyperintensities (WMHs), on a large cohort of community-dwelling subjects. We also used this 

classification to better analyse signs of SVD in a selected population of adults with congenital heart 

disease. Lastly, we evaluated the steps to be taken for achieving standardisation of WMH 

assessment. 

Cerebral small vessel disease in adults with tetralogy of Fallot: preliminary results 

In this section we describe our exploratory research on a small sample of 10 adult patients with 

surgically corrected tetralogy of Fallot and 10 age- and sex-matched control subjects. Cerebral 

microbleeds were visible in every patient and in one control subject. Also, a significant correlation 

between WMH volume and severity of symptoms of heart failure was observed. Even though the 

aetiology of the observed findings remained obscure, cerebral microbleeds and WMHs may indicate 

an increased susceptibility to brain microvascular damage in congenital heart disease and have been 

deemed worthy of further investigations. 

Imaging biomarkers of small vessel disease in adults with congenital heart disease: a systematic 

review 

Considering our preliminary findings, we extensively reviewed the available literature on vascular 

injury in adults with congenital heart disease. We found few preliminary studies on this topic, all of 

which carried several methodological limitations. However, all studies reported a variety of brain 

vascular changes in the examined patients, ranging from signs of SVD to silent stroke and cortical 

atrophy. The assumption that these findings differ from those visible in children with heart defects 

needs to be confirmed. For this purpose, neuroimaging studies in adults with congenital heart 

disease are needed to differentiate past global lesion burden from present chronic ongoing 

cerebrovascular disease. 
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Automatic sub-classification of white matter hyperintensities: application to a large community-

dwelling cohort 

As WMH total volume is variably associated with cognition, we developed an automatic method to 

classify them into four categories according to lesion location (periventricular versus deep) and 

lesion intensity in T1 and T2-weighted sequences. We applied this method on brain scans from 684 

older adults from the Whitehall II study. We also showed that periventricular white matter 

hyperintensities that appear hypointense in T1-weighted images were significantly associated with 

poorer performance in several cognitive tests in this cohort. Interestingly, we found no association 

between total WMH volume and cognition. These findings suggest that sub-classifying WMHs 

according to both location and intensity in T1-weighted images provides added value when studying 

the clinical correlates of this imaging biomarker. 

Inconsistency in quantifying and reporting white matter hyperintensities volume: a systematic 

review 

We tried to estimate a normative range for WMH volume in healthy ageing using the highest level 

of evidence. We meta-analysed 2743 healthy subjects’ WMH volume reported from 17 studies. Our 

results showed an extremely high heterogeneity across the examined studies. We thereby proposed 

methodological strategies needed to overcome the current inconsistency in WMH assessment, such 

as harmonization of image acquisition and standardisation of anatomical definitions. Most 

importantly, effective communication between researchers and clinicians is strongly warranted to 

translate technical know-how for imaging biomarkers assessment into clinical practice. 

The BACH Study 

In view of our preliminary results and considering the dearth of scientific evidence on the topic of 

brain involvement in adults with congenital heart disease, we launched the Brain Aging in Congenital 

Heart disease (BACH) San Donato study. This multidisciplinary study comprises an extensive brain 

imaging protocol to investigate signs of small vessel disease and a thorough neuropsychological 

battery to test patients’ cognitive performance. We found that automatically-detected white 

matter hyperintensities located in the deep white matter were associated with poorer performance 

at the frontal assessment battery. Also, this study confirmed that patients had a much larger number 

of cerebral microbleeds than healthy controls. 

Conclusions 

In this thesis we showed that cerebral microbleeds are over-expressed in adult patients with 

congenital heart disease. Longitudinal studies will aid in clarifying the role of this and other 

biomarkers of SVD in predicting clinical outcomes. Meanwhile, much effort must be put into 

reaching standardisation of WMH assessment. Optimal characterisation of brain vascular health in 

congenital heart disease would enable physicians to adopt prompt strategies to prevent the risk of 

cognitive deterioration in this category of patients. Full translation of research findings into clinical 

practice would then be achieved. 
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Thesis Overview 

 

A biomarker is defined as “a characteristic that is objectively measured and evaluated as an indicator 

of normal biological processes, pathogenic processes, or pharmacologic responses to a therapeutic 

intervention” (Group et al., 2001). Imaging Biomarkers -i.e. biomarkers that are extracted and 

measured from medical images- are extensively used in patients with cancer but also in drug 

research/clinical trials, where they can substitute clinical endpoints and serve as surrogate markers 

or proxies of clinical endpoints (O’Connor et al., 2017). Since imaging biomarkers in other medical 

fields tend to be confined to research settings, the aim of translational imaging studies is to endorse 

biomarkers clinical usability by bridging the gap “from bench to bedside”. 

 

Small vessel disease refers to the combination of brain changes of vascular aetiology, predominantly 

visible on magnetic resonance images (MRI), that can either give few or no symptoms or coexist 

with neurodegenerative diseases (Wardlaw et al., 2013). Neuroimaging biomarkers of small vessel 

disease (SVD) comprise recent small subcortical infarcts, lacunes, white matter hyperintensities 

(WMHs), enlarged perivascular spaces, microbleeds, and brain atrophy (Fig. 1). Among the most 

thoroughly investigated neuroimaging signs of SVD, white matter hyperintensities (also referred to 

as leukoaraiosis, meaning rarefaction of the white matter), together with signs of old infarcts and 

brain atrophy, are also considered signs of brain frailty (Group, 2015) and could thereby serve as 

indicators of brain vulnerability and susceptibility to developing brain diseases.  
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Figure 1. Overview of imaging findings of cerebral small vessel disease. Instructions to differentiate 

among lesions according to image intensity on MRI are also provided (Wardlaw et al., 2013). MRI: 

magnetic resonance imaging, DWI: diffusion weighted images; FLAIR: fluid-attenuated inversion 

recovery images; GRE: gradient eco sequences; SWI: susceptibility-weighted images. 

 

Cognitive impairment due to vascular disease accounts for half of dementia cases and often acts in 

conjunction with Alzheimer pathology (Banerjee et al., 2016). Most of vascular brain injury is caused 

by SVD and can be clinically unrecognized until revealed by MRI (Smith et al., 2019). The assessment 

of imaging biomarkers of cerebral SVD with MRI can aid in predicting the risk of cognitive decline in 

otherwise cognitive healthy adults. Nowadays, however, brain MRI scans are generally reserved to 

patients that already show signs of mild cognitive impairment (MCI), leaving limited or no room for 

therapeutic intervention. To enable the implementation of effective therapeutical strategies for 

halting development of MCI and progression to dementia is in fact necessary to intervene - by acting 

on modifiable risk factors- before symptoms take hold (Jefferson, 2014). 
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In this setting, we focused our attention on adults with congenital heart disease (ACHD), who are 

treated and followed-up in the third-level referral centre for heart diseases where this work was 

carried out. After surgical correction of the heart defects during infancy, over 90% of ACHD patients 

are expected to survive into adulthood (Diller et al., 2015). In infancy, brain development of this 

population can be affected by mechanisms related to the heart disease itself but is often so mild to 

give no overt cognitive deficits, e.g. a relatively well-preserved intelligent quotient (Marelli et al., 

2016). As these children become adults, there is a progressive shift from congenital risk factors to 

acquired ones that may impact brain health. Notably, it has been shown that in both children and 

adults with CHD, cardiovascular disease may hamper achievement, executive function, memory, 

language, social interactions, and quality of life (Marelli et al., 2016). Magnetic resonance imaging 

and more specifically radiological assessment of signs of SVD may help monitor and characterise 

vascular brain health in ACHD before the onset of overt cognitive decline. This very investigation 

represents the core of this work. 

 

In the era of machine learning, medical research on imaging biomarkers -signs of SVD among others- 

has witnessed a transition from qualitative and semi-quantitative approaches to quantification of 

imaging biomarkers with varying degrees of automation. Despite this trend, the clinical usability of 

imaging when studying biomarkers remains scarce, due to the lack of standardization in data 

acquisition and analysis, and lack of longitudinal studies on biomarkers’ predictive role in diseases 

(deSouza et al., 2019). Despite the growing interest WMHs have raised when studying physiological 

brain ageing and disease, some aspects of the validation of this biomarker are lacking with few large 

comparisons of different quantification tools and a dearth of longitudinal data. For this reason, 

WMHs are not yet adopted as proxies of clinical endpoints in clinical trials (Smith et al., 2019). On 

this basis, alongside the assessment of imaging signs of SVD in ACHD, we studied whether any sub-

classification of WMHs would carry a stronger association with cognitive performance in a large 

sample drawn from the Whitehall II imaging sub-study on civil servants. Moreover, we extensively 

reviewed the scientific literature on WMHs measurement in cognitive ageing and provided potential 

strategies to overcome the current limitations in the standardization of SVD assessment. 
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CEREBRAL SMALL VESSEL DISEASE IN ADULTS WITH TETRALOGY OF FALLOT: 

PRELIMINARY RESULTS 

This section is based on the conference abstracts: 

L. Melazzini, M. Codari, G. D. E. Papini, F. R. Pluchinotta, F. Secchi, M. Carminati, A. Frigiola, F. Sardanelli. “Assessment 

of White Matter Hyperintensities Burden in Adult Patients with Tetralogy of Fallot: A Pilot Study”. 24th Congress of the 

European Society of Radiology, Vienna 2018. 

 

L. Melazzini, M. Codari, G. D. E. Papini, F. R. Pluchinotta, F. Secchi, F. Sardanelli. “Carico di microbleeds cerebrali in 

pazienti adulti affetti da tetralogia di Fallot: uno studio pilota”. 48th Congress of the Italian Society of Medical Radiology, 

Genoa 2018. 

 

M. Codari, L. Melazzini, F. R. Pluchinotta, F. Secchi, M. Carminati, A. Frigiola, A. Giamberti, M. Chessa, F. Sardanelli. 

“Cerebral Small Vessel Disease in Adults with Tetralogy of Fallot: A Pilot Study”. 10th European Meeting on Adults with 

Congenital Heart Disease, Zagreb 2019. 

 

And the published paper: 

 

Codari, M., Papini, G. D. E., Melazzini, L., Pluchinotta, F. R., Secchi, F., Carminati, M., ... & Sardanelli, F. (2018). Does 

Tetralogy of Fallot affect brain aging? A proof-of-concept study. PloS one, 13(8), e0202496. 

 

 

INTRODUCTION 

 

Thanks to modern advancements in cardiac surgery, the adult population living with complex 

congenital heart disease (CHD) has increased over the last decades. In particular, the survival of 

those affected by the most common cyanotic CHD, namely Tetralogy of Fallot (ToF), has been 

documented up to the 7th or 8th decade of life (Apitz et al., 2009). 

 

Clinicians are facing the challenge of an aged ToF population, including the possibility of adverse 

outcomes even many years after cardiac surgery (Apitz et al., 2009). In this scenario, monitoring 

both the cardiovascular and the central nervous system of adult ToF patients has become a major 

issue. Even though prevalence for traditional cardiovascular risk factors and outcomes were already 

investigated in adult ToF population (Bradley et al.,2013) , at present no report has ever investigated 

the impact of complex CHD on brain aging. 

 

The aging process entails several brain changes over time. Cerebral microbleeds (CMBs) and white 

matter hyperintensities (WMHs) are neuroimaging biomarkers of cerebral small vessels disease 

(cSVD), typically investigated through magnetic resonance imaging (MRI) (Wardlaw et al., 2013). 

CMBs, presenting as small black dots on T2*-weighted gradient-echo images (GRE), have a 

prevalence of about 25% in the elderly and tend to increase with age (Vernooij et al., 2008). In 

addition to being imaging markers of cSVD and biological aging (Haller et al., 2018), CMBs were 

found to be independent predictors of increased risk of stroke, dementia, and all-cause mortality 

(Charidimou et al., 2018). Together with CMBs, WMHs, seen on MRI using T2-weighted dark-fluid 
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images, are considered a valid biomarker of brain aging, also in asymptomatic subjects (Gunning-

Dixon et al., 2009). They are associated with an increased risk of stroke, cerebral atrophy, cognitive 

impairment, and transition to disability (Inzitari et al., 2009; Debette et al., 2010; Appelman et al., 

2009). 

 

We hypothesized that ToF patients could exhibit signs of brain aging, construed as an increased 

cSVD burden, earlier than healthy peers. This hypothesis was driven by the consideration of an 

earlier onset of cardiovascular risk factors for brain injuries such as, among others, hypertension, 

metabolism disorders and dysrhythmias, impacting the brain and contributing to a precocious 

neurocognitive decline in these patients (Marelli et al., 2016). 

 

In support of this argument, an increased CMBs count was observed in paediatric CHD patients after 

cardiac surgery (Kim et al., 2017), while a high prevalence of WMHs, qualitatively (Horigome et al., 

2006; Jensen et al., 2015) and semi-quantitatively (Cordina et al., 2014) assessed on MRI images, 

has been reported in adult patients with unrepaired CHDs. 

 

The investigation of the general linkage between cardiovascular and brain health is gaining 

importance in order to develop tailored strategies to prevent or delay cognitive impairment in 

patients affected with cardiovascular disease (Marelli et al., 2016; Gorelick et al., 2017). Thus, brain 

MRI studies in adult CHD patients can offer insights into this key relation. In this light, this proof-of-

concept study focused on the assessment of CMBs and WMHs, herein used as hallmarks of age-

related brain changes, in adult ToF patients versus a control group. 

 

MATERIALS AND METHODS 

 

The study population 

We recruited 10 patients: 8 subjects affected by ToF and 2 patients with similar clinical conditions 

(pulmonary valve atresia combined with interventricular septal defect) who came to our institution 

to undergo a scheduled cardiac MRI from June 2017 to May 2018. In parallel, 10 age- and sex-

matched control subjects were asked to participate to this study. The ethical committee of the San 

Raffaele Research Hospital approved this study on 8th June 2017 (protocol name: LEUCO) and 

written informed consent was obtained from all patients. All subjects underwent brain MRI at our 

institution from June 2017 to May 2018. Exclusion criteria for both patients and controls were: age 

< 18 years; inflammatory, infectious, demyelinating or dysmyelinating diseases of the central 

nervous system; ischemic, haemorrhagic, 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 angiopathy; cerebral arteriovenous malformations; primary 

or metastatic brain neoplasms; previous cranial/brain surgery; patent oval foramen; pregnancy; 

migraine with aura (Bashir et al., 2013). Controls were matched to patients for age and sex. One-

year age absolute difference between ToF and controls was deemed acceptable. In addition to 

imaging data, we collected information about patients’ clinical condition and surgical history, such 
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as: number of surgical interventions with extracorporeal circulation (ECC), age at corrective surgery 

(expressed in months) and New York Heart Association (NYHA) class. 

 

MRI protocol 

The MRI protocol included the following sequences: a three-dimensional T1-weighted scan; a three-

dimensional T2-weighted dark-fluid scan; and a two-dimensional axial T2*-weighted scan (Fig 1). 

 

 
 

Figure 1. Examples of images obtained from the MRI protocol. A) Three-dimensional T1-weighted 

image; B) Three-dimensional dark-fluid T2-weighted image; C) two-dimensional axial T2*-weighted 

image. 

 

Examinations were performed using a 1.5-T scanner (Magnetom Aera, Siemens Healthineers, 

Erlangen, Germany). Sagittal three-dimensional T1-weighted images were obtained using a 

magnetization-prepared rapid gradient-echo sequence with the following technical parameters: 

inversion time [TI] 900 ms; echo time [TE]: 2.26 ms; repetition time [TR]:2,200 ms; flip angle [FA]: 

8°; resolution 0.98×0.98×1.00 mm3). Sagittal three-dimensional dark-fluid T2-weighted images were 

obtained using a “sampling perfection with application optimized contrasts using different flip angle 

evolution” (SPACE) sequence (TI 1,800 ms; TE 335 ms; TR 5,000 ms; FA 120°; resolution 

1.02×1.02×1.00 mm3). Axial T2*-weighted images were obtained using a spoiled GRE sequence (TE 

25 ms; TR 965 ms; FA 20°; resolution 0.45×0.45×4.00 mm3;). brain MRI scans were acquired in 

controls using a second 1.5 T scanner (Magnetom Symphony Tim, Siemens Healthineers, Erlangen, 

Germany) using a similar sequence protocol: T1-weighted scan (TI 900 ms; TE 2.8 ms; TR 2,200 ms; 

FA 8°; resolution 0.98×0.98×1.00 mm3); dark-fluid T2-weighted scan (TI 2,200 ms; TE: 358 ms; TR: 

6,000 ms; FA 120°; resolution 1.02×1.02×1.00 mm3): 2D T2*-weighted scan (TE 26 ms; TR 822 ms; 

FA 20°; resolution 0.45×0.45×4.00 mm3) 

 

Image interpretation and biomarker quantification 

The image reading was performed by a PhD student specifically trained by a neuroradiologist with 

6 years of clinical experience. CMBs were counted on T2*-weighted images. To quantify the WMHs 
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burden, a semi-automated segmentation method based on local intensity thresholds was used and 

then manually refined. ITK-Snap software was used to this aim (Yushkevich et al., 2006). Finally, the 

total burden of the WMHs was expressed as their volume extent in mm3. To assess and inter-

operator agreement, the segmentation was performed by a second reader, a medical student 

previously trained by a neuroradiologist with 6 years of clinical experience in a subsample of subjects 

(5 randomly selected patients and their respective controls). As for WMH, to evaluate inter-operator 

agreement CMBs were counted by two operators in the same subsample of subjects. 

 

Statistical analysis 

Kolmogorov–Smirnov test was applied to check normality of data distribution. The Wilcoxon signed-

rank test was then applied to compare the two groups. Moreover, the non-parametric Spearman’s 

correlation coefficient (ρ) was used to quantify the association between MRI biomarkers (i.e. WMHs 

burden and CMBs count) and demographics or clinical/surgical data. Finally, we investigated and 

inter-observer variability using the Bland-Altman analysis for the WMHs burden and the percentage 

of concordance between operators in CMBs counting. Statistical significance level was set at p-value 

≤ 0.05. Statistical analysis was performed using Matlab r2016a (MathWorks, Natick, MA, USA). 

 

 

RESULTS 

 

The patient group consisted of 10 subjects (6 males and 4 females), with a median age of 45.0 years 

(interquartile range [IQR] 30.5–49.5 years; range 22–64 years). The control group was composed of 

age-and sex-matched prospectively selected controls, with a median age of 46.0 years (IQR 30.5–

49.8 years; overall range 22–63 years). Table 1 summarizes clinical and surgical history data of our 

patient sample. 

 

Table 1. Summary of patients’ clinical and surgical history. 

# 

Patient 
Sex Age [years] NYHA 

Age at corrective surgery 

[months] 
PPVI 

Cardiac surgeries 

using ECC 

Total 

procedures 

1 M 52 2 48 - 3 3 

2 F 30 2 16 2 1 3 

3 M 32 1 6 1 2 3 

4 M 48 2 108 1 1 2 

5 F 47 2 228 - 1 1 

6 M 22 2 11 1 2 3 

7 M 28 1 12 - 2 2 

8 F 50 1 96 - 1 1 

9 M 64 2 48 - 2 2 

10 F 43 2 36 1 2 3 

 

NYHA = New York Heart Association; ECC = extracorporeal circulation; PPVI = percutaneous pulmonary valve 

implantation; CMBs = cerebral microbleeds; WMHs = white matter hyperintensities. 
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WMHs were identified in 100% of our samples, while CMBs were identified in 100% of ToF subjects 

and in one control only. Due to the non-normal distribution of WMHs volume and CMBs count in 

both patient and controls (p<0.001), nonparametric tests were used. Median and IQR value of CMBs 

count were 6.0 (4.0–7.8) in ToF patients and 0.0 (0.0–0.0) in controls (p = 0.002). Fig 2 shows several 

examples of CMBs visible on T2*-weighted MRI of three ToF patients. 

 

 
 

Figure 2. White arrows highlight cerebral microbleeds (CMBs) on T2*-weighted scans depicted 

according to brain location in three patients affected by Tetralogy of Fallot. (A) Two cerebellar CMBs 

in a 50-year-old female. (B) Right thalamic CMB in a 22-year-old male. (C) Left frontal CMB in a 43-

year-old female. 

 

Median (IQR) of the WMHs burden was 2,506 (1,557–2,900) mm3 in ToF patients and 2,184 

(1,774.5–2542.8) mm3 in controls (p = 0.160). Fig 3 shows the distribution of WMHs burden and 

CMBs count in patient and controls. 
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Figure 3. Box-plot of the estimated white matter hyperintensities (WMHs) burden and cerebral 

microbleeds (CMBs) count in patients with Tetralogy of Fallot and in control subjects. 

 

A positive, albeit not significant, correlation between WMHs burden and age was found in both 

controls (ρ = 0.49; p = 0.154) and patients (ρ = 0.190; p = 0.608). The same trend was observed when 

assessing the association between CMBs and age in both patient (ρ = 0.12; p = 0.737) and controls 

(ρ = 0.41; p = 0.244). Spearman’s rank correlations among MRI biomarkers of cSVD are reported in 

Table 2. The only significant association was that between NYHA class and WMHs burden in patients 

(p = 0.006). Fig 4 shows the distribution of WMHs burden in subject belonging to different NYHA 

classes. Fig 5 shows the volumetric representation of segmented WMHs in two patients of 

comparable age graded with different NYHA scores (I and II). 

 

Table 2. MRI biomarkers and clinical data. Spearman’s rank correlations between MRI biomarker of 

cerebral small vessel disease and clinical/surgical data. 

MRI biomarkers Clinical data ρ p-value 

WMHs NYHA class 0.798 0.006 

 Age at corrective surgery 0.128 0.725 

 Surgical interventions with ECC 0.281 0.431 

 Total procedures 0.178 0.623 

CMBs NYHA class -0.268 0.455 

 Age at corrective surgery -0.107 0.769 

 Surgical interventions with ECC 0.384 0.273 

 Total procedures 0.106 0.771 

 
NYHA = New York Heart Association; ECC = extracorporeal circulation; PPVI = percutaneous pulmonary valve 

implantation; CMBs = cerebral microbleeds; WMHs = white matter hyperintensities. 
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Figure 4. Boxplot representation of WMHs volume in ToF subjects graded I or II class of the New 

York Heart Association (NYHA) scale. 

 

 

 
 

Figure 5. Volumetric rendering of total brain volume in two subjects with Tetralogy of Fallot. A) 

NYHA I, 50 years-old female. B) NYHA II, 52 years-old male. White matter hyperintensities are 

labelled in blue. 
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Inter-operator Bland-Altman analysis for reproducibility in quantifying WMHs burden showed a bias 

of 196.7 mm3, a coefficient of repeatability of 530.1 mm3, an average measurement of 2,226.4 mm3, 

resulting in a reproducibility equal to 77%. On the other hand, inter-operator concordance rate 

among readers in CMBs count resulted equal to 60%. When expressed on a dichotomous scale 

(present/absent) the concordance rate in CMBs detection was equal to 90%.  

 

DISCUSSION 

 

To proof the concept of a possible earlier brain aging in CHD patients, we compared the cSVD burden 

in a small group of adult ToF patients with that in a sample of age- and sex-matched controls. We 

worked under the well-established assumption that CMBs on T2*-weighted images and WMHs on 

dark-fluid T2-weighted images represent a biomarker of brain aging (Wardlaw et al., 2013), herein 

investigated in the most common cyanotic CHD (Apitz et al., 2009). 

 

It is acknowledged that CHD newborns show signs of white matter vulnerability, possibly due to 

abnormal brain development in utero (Miller et al., 2007) and perform lower scores in cognitive and 

muscle function scales than normative means as they reach childhood (Gaynor et al., 2015). 

Nevertheless, the fact that impaired neurodevelopment becomes early brain aging and 

neurocognitive decline in adult CHD patients has not yet been proven (Marelli et al., 2016). 

 

In this study, CMBs were found to be significantly higher in patients, with controls basically not 

displaying any of them (p = 0.002). The detection of CMBs on GRE images represents a challenge. 

Radiologists may slightly disagree when estimating their size or burden, like in our case 

(concordance rate of 60%). However, when CMBs were dichotomically described only as present or 

absent, the concordance rate between the two readers became excellent (90%). In this scenario, 

due to the overwhelming absence of CMBs in control sample, readers’ discordance can be 

considered as a marginal issue. 

 

The presence of CMBs could be related to disease severity, number and type of therapeutic 

procedures, the precocious occurrence of traditional cardiovascular risk factors and their interplays. 

In fact, the outcome in terms of brain aging could be ostensibly secondary to a mutually self-

sustaining circle among the above-mentioned contributory causes. 

 

Cardiac surgery may harm the brain through cerebral micro- o macro-embolism and hypoperfusion, 

the latter being worsened by the inflammatory events resulting from cardiopulmonary bypass and 

ischemia/reperfusion injury (Grogan et al., 2008). Moreover, percutaneous valve-replacement 

manoeuvres that call for valve manipulation, balloon expansion, and big vessels mechanical stress 

could generate small cerebral embolic infarcts (Ghanem et al., 2010). Even though post-operative 

lesions represent acute injures rather than a long-term outcome from small vessel diseases under 

consideration, still their chronic MRI correlates may be alike. 

 



19 
 

Differently form CMBs, WMHs burden in ToF patients was not significantly higher than in controls 

(p = 0.160). We did not resort to visual rating scale due to their well-established lack of reliability in 

comparison to volumetric assessments, particularly in low-burden WMHs, which represent the vast 

majority of cases (Olsson et al., 2013). In this study, we quantified WMHs burden with a semi-

automatic method improved with manual contouring, which showed an acceptable intra-operator 

reproducibility. Considerable variability was encountered in patients, whose WMHs volumetric 

burden was even very low or very high, with controls displaying a more homogeneous trend. It is 

reasonable to expect that this not significant difference would become more pronounced in further 

studies endowed with larger samples. 

 

Interestingly, among the associations we analysed, the one between NYHA class and WMHs burden 

was the only significant, coherently with previously reported results in cardiac failure patients 

(Vogels et al., 2007). The difference between ToFs and control subjects was remarkable (see Fig 4), 

thus supporting the concept of a strong association among cardiac function, brain status, and daily 

living physical activities. How cardiac function may affect white matter integrity can be visually 

rendered by the examples shown in Fig 5. We hypothesize that the inclusion of subject belonging 

the third and fourth NYHA classes will strength this association, thus spotlighting the need to further 

investigate the link between cardiac function and brain status in ToF subjects. 

 

We found a trend for a positive correlation between all imaging biomarkers of cSVD and age in both 

groups, probably not significant due to the small sample size of this preliminary study. While varying 

degrees of cSVD were found in young individuals of both groups, a definite upward trend was found 

in the elderly. These findings are consistent with the well-known phenomenon of cSVD increase 

with aging of general population (Wardlaw et al., 2013; Vernooij et al., 2008; Haller et al., 2018; 

Grueter and Schulz, 2012). 

 

Besides, the use of CMBs and WMHs as a neuroimaging biomarker of brain aging deserve a general 

comment. The underlining pathology for WMHs is an open issue. Arteriolosclerosis, subependymal 

gliosis, axonal damage, and demyelination at different stages were previously reported on brain 

autopsy studies (Fazekas et al., 1993; Shim et al., 2015). Thus, WMHs lack pathological specificity 

and are associated with a variety of both vascular and inflammatory conditions. Conversely, among 

MRI findings related to cSVD, CMBs are more specific. They represent a direct effect of 

microvascular leakiness, which causes blood breakdown products to extravasate through a 

damaged blood-brain barrier (BBB) and be engulfed by brain macrophages and microglia. Thus, the 

failure of the BBB as a prominent pathophysiological mechanism for CMBs occurrence may also play 

a role for other manifestations of cSVD that acknowledge a common ischemic genesis and are 

indeed strongly associated with CMBs, WMHs at first (Charidimou and Werring, 2011). Hence, it is 

supposed that a disrupted BBB and an extravasation of cells and plasma components may lead to 

demyelination and gliosis, contributing to WMHs initiation or progression (Shi et al., 2016) as well 

as hemosiderin deposits occurrence, i.e. CMBs. 
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In our study, we hypothesize that the increased burden of cSVD in CHD patients, whose 

cardiovascular risk propensity is undoubtedly high, may be mediated by vascular damage, 

presumably via cyanosis prior to surgical repair, surgical brain damage and cardiac failure, eventually 

leading to BBB disruption and subsequent MRI-detectable changes. However, it is uncertain 

whether age at first corrective surgery may impact cSVD neuroimaging findings in adults, since 

postoperative lesions in children have been shown to regress short after surgery (Beca et al., 2013). 

Indeed, our results did not show a significant correlation between age at repair surgery, namely 

time of cyanosis prior to surgical correction, and either WMHs burden (p = 0.725) or CMBs count (p 

= 0.769). 

 

Occurrence of CMBs right after cardiac surgery has been previously reported, both in children with 

CHD (Kim et al., 2017) and in adults undergoing on-pump coronary artery bypass grafting 

(Michałowska et al., 2015). It is however unclear whether those micro-haemorrhages observed on 

brain MRI may persist long after surgical repair (Haller et al., 2018). For this reason, we cannot 

establish if the strikingly high CMBs burden we encountered was brought about by chronic 

microvascular damage or heart surgery. We believe they both may play a role in harming cerebral 

vessels so to contribute to brain aging and vulnerability. In support of this argument, we did not find 

any correlation between number of surgeries performed with ECC or number of total cardiac 

procedures and cSVD, so that cardiac surgery on its own cannot account for the CMBs burden we 

observed. 

 

In the specific case of our sample, the joint presence of four CMBs in a 64-year-old patient, with a 

record of three cardiac surgeries (two of them requiring ECC), and a four-fold CMBs count in a 50-

years-old patient who underwent a single surgical procedure (with ECC) highlights the weakness of 

the possible association between surgical history and number of CMBs. 

 

Stated the above, residual issues concern the assessment of the imaging biomarkers under 

consideration. Spoiled GRE and other paramagnetic-sensitive MRI sequences allow to detect CMBs 

(Charidimou et al., 2018), although it may be difficult to tell them apart from their mimics, 

particularly when phase images are not employed (Haller et al., 2018). To improve the current MRI 

protocol to overcome CMBs detection issues, we will introduce sequences for susceptibility-

weighted imaging (SWI) aimed at visualizing them with the highest in vivo sensitivity (Charidimou 

and Werring, 2011). 

 

Dark-fluid T2-weighted images can help to distinguish WMHs from silent brain infarcts that appear 

as CSF-filled cavities or lacunes. However, they can overestimate WMHs burden: almost a third of 

lacunar infarctions do not develop lacunes and so are indistinguishable from WMHs (Koch et al., 

2011). Importantly, WMHs represent only radiological finding, not a clinical finding. A blurred border 

exists between the “incomplete infarction” (Pantoni and Garcia, 1997) at the bottom of white 

matter rarefaction and those silent strokes that withstand cavitation. Therefore, it is reasonable to 

consider WMHs and not-cavitating silent brain infarcts as a continuous entity for the purposes of 

this study. 
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This preliminary study has some limitations. First, the small sample size, which did not prevented us 

to obtain a statistical significance for the difference in CMBs occurrence in patients and controls. 

Conversely, the lack of statistical power limited the assessment of correlation between cSVD burden 

and age in both patients and controls, to be investigated in future larger studies. Second, in respect 

of our primary aim, median age and interquartile range of 45.0 (29.5–50.5) years for the patients’ 

group are lower than desirable. A confirmation and a strengthening of the observed results for elder 

individuals is thus needed. 

 

Third, we did not investigate the possible clinical correlate of the increased cSVD burden in patients. 

The latter will be a necessary aim of larger transversal and longitudinal studies that shall be provided 

with neuropsychological assessments. 

 

We will further investigate thoroughly on the topic of cSVD and brain aging on CHD patients. We 

will first implement our MRI protocol with new SWI sequences to evaluate non-heme iron 

deposition on basal ganglia, which have been proven to be a promising biomarker of neural and 

cognitive declines in normal aging (Daugherty et al., 2015). 

 

We will also administer a questionnaire on lifestyle and psycho-social status specifically designed 

for adult CHD patients. Further clinical data such as blood pressure and pulse oximetry will be 

collected to assess vascular health. Finally, to link neuroimaging findings to cognitive functioning, 

enrolled CHD patients will undergo a neuropsychological test battery to investigate attention, 

executive functions, memory, visuospatial and sensorimotor domains which are typically altered in 

this population (Marelli et al., 2016). 

 

To summarize, we found a significantly higher burden of CMBs in adult ToF patients than in controls. 

WMHs volumetric burden was instead not significantly higher in patients, albeit a noteworthy 

association with NYHA class was observed. This proof-of-concept study is a pilot investigation 

inspirational for future research, since the relationship between CHDs and cerebral aging has never 

been thoroughly investigated via neuroimaging tools. If confirmed, this finding could play a role for 

predicting and preventing transition to disability in patients with CHD such as ToF, who are currently 

able to reach older and older ages due to modern standard of care. 
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IMAGING BIOMARKERS OF SMALL VESSEL DISEASE IN ADULTS WITH CONGENITAL 

HEART DISEASE: A SYSTEMATIC REVIEW 

This section is based on the conference abstract: 

L. Melazzini., M. Codari, P.Vitali, F. Sardanelli “Vascular Brain Changes in Grown-ups with Congenital 

Heart Disease”. 4th UK Dementia MRI Conference, Oxford 2019. 

And the published paper: 

Melazzini, L., Codari, M., Vitali, P., & Sardanelli, F. (2019). Brain vascular changes in adults with 

congenital heart disease: A systematic review. NeuroImage: Clinical, 23, 101873. 

 

INTRODUCTION 

Congenital heart disease (CHD) affects almost one out of 100 livebirths with similar prevalence 

around the world (Triedman and Newburger, 2016). About 90% of patients with complex CHD (i.e. 

atrioventricular septal defect, interrupted or hypoplastic aortic arch, pulmonary atresia, truncus 

arteriosus communis, totally anomalous pulmonary venous drainage, transposition of great arteries, 

tetralogy of Fallot and univentricular heart) survive into adulthood thanks to the advancement of 

surgical and medical care. As a consequence, there are now more adults with CHD (ACHD) than 

children with CHD (Triedman and Newburger, 2016). Adequate management of this new population 

requires comprehensive evaluation of the effect of ACHD on patients' aging and possible 

comorbidities as well as on the potential long-term impact of related treatments (Marelli et al., 

2016). Among potential comorbidities, brain vascular changes may be a direct complication of CHD. 

A large retrospective multicentric study (including 23,153 patients) reported an incidence of 

cerebrovascular accidents in CHD subjects up to 100 times higher than that observed in healthy 

subjects of comparable age (Hoffmann et al., 2010). A recent Danish population-based cohort study 

has reinforced concern over the risk of cerebrovascular disease in describing a twofold higher risk 

of developing dementia of all-types for those with complex CHD (Bagge et al., 2018). Indeed, the 

hazard ratio (HR) for early-onset dementia (<65 years of age) was 2.6 (95% confidence interval [CI], 

1.8–3.8) when considering all CHD diagnostic groups compared with controls (Bagge et al., 2018). 

When statistical correction for comorbidities (acquired cardiovascular disease and diabetes 

mellitus) was performed, ACHD still carried a slightly higher risk for developing dementia than 

healthy subjects (HR = 1.48, 95% CI (1.11–1.97)). According to the authors, a possible explanation 

might center on a multifactorial altered brain reserves, i.e. decreased tolerance to brain aging 

changes (Bagge et al., 2018), in which brain vascular disease is expected to prevail over the effects 

of neurodevelopmental abnormalities as patients with CHD get older (Marelli et al., 2016). In this 

regard, it is known that patients with CHD show signs of brain immaturity already at birth and 

demonstrate poorer neurodevelopmental scores later on (Mebius et al., 2017). Infants with CHD 

show a low preoperative cerebral blood flow (Licht et al., 2004) and a high incidence of white matter 

abnormalities, similar to that reported in preterm newborns. Both populations suffer from hypoxic-

ischemia injury with possible impaired delivery of energy substrates, oxidative stress, and pro-
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inflammatory states, exacerbated in CHD by the presence of cardiopulmonary bypass (Miller and 

McQuillen, 2007). Brain dysmaturation together with genetic and epigenetic alterations may 

account for the adverse, albeit heterogeneous, motor and functional outcomes observed in children 

and adolescents who undergo repair of complex CHD. In this context, brain MRI studies in these 

young patients are intended to discriminate between those deficits resulting from genetic 

abnormalities, in particular brain development in fetal life, and postnatal injuries, in particular those 

associated with surgical procedures (Marelli et al., 2016). 

In adults, early onset of cardiovascular risk factors for brain injury such as, among others, 

hypertension, metabolism disorders and dysrhythmia, together with an increased incidence for 

ischemic and hemorrhagic stroke, may impact the brain and contribute to precocious 

neurocognitive decline in ACHD (Lanz et al., 2015; Marelli et al., 2016). The brain in CHD patients is 

primed for vulnerability to insults. As the cardiovascular disease burden shifts from those factors 

associated with the heart disease itself to acquired cardiovascular comorbidities, the decreasing 

gradient of neurodevelopmental abnormalities is replaced by an increasing gradient of 

neurovascular disease (Marelli et al., 2016). 

In spite of the clear association between CHD and acquired vascular brain changes, in-depth 

knowledge on the evolution of neurocognitive functions and correlated imaging biomarkers of brain 

vascular damage in ACHD is currently lacking. Herein, we present a summary of literature reports 

aimed at investigating this association. 

 

MATERIALS AND METHODS 

Search strategy and eligibility criteria 

In January 2019, a systematic search was performed using MEDLINE (PubMed, www.pubmed.gov) 

for neuroimaging investigations of adults with congenital heart disease. The search query was: 

(brain volume[Title]) OR magnetic resonance imaging of the brain[title]) OR cortical thickness[Title]) 

OR cerebral blood flow[Title]) OR cerebral damage[Title]) OR brain damage[Title]) OR brain 

aging[Title]) OR cerebral and pulmonary thrombosis[Title])) AND (tetralogy of Fallot[Title] OR 

congenital heart disease[Title])). The search was limited to original articles published in English in 

peer-reviewed journals with an available abstract. Studies on fetuses, newborns, children and 

adolescents were excluded. No limits were applied regarding publication date. 

The initial screening of eligible articles was performed, based only on title and abstract, by two 

independent readers. Eligible articles were those that reported in the abstract qualitative or 

quantitative brain features obtained through neuroimaging in adult patients with congenital heart 

disease. The full text of all eligible articles was thereafter evaluated. Finally, the reference lists of 

the included articles were hand-searched for additional eligible studies. 
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Data extraction 

We extracted the journal name, year of publication, study design, and numbers of patients and 

controls for each included article. We also extracted the type of CHD and the demographic details 

of the patient group. Moreover, we reported magnetic field strength, MRI protocol and brain 

imaging features. We provided descriptive statistics for numerical variables and qualitative 

descriptions for nominal variables like MRI protocols and brain features. 

 

RESULTS 

General overview 

From the initial search, 14 articles were retrieved of which 5 were eligible for inclusion. One 

additional article was retrieved from the reference lists of the 5 selected articles. All six articles had 

a cross-sectional design with prospective patient enrollment. The number of enrolled ACHD subjects 

ranged from 10 (Codari et al., 2018; Cordina et al., 2014) to 72 (Jensen et al., 2015) with a median 

value of 31 subjects and a interquartile range (IQR) of 11–60 subjects. Inclusion and exclusion 

criteria for patients' eligibility among the studies were heterogeneous (Table 1) or even not specified 

(Jensen et al., 2015). 

A control group was absent in three of the six articles (Chai et al., 2018; Jensen et al., 2015; Sluman 

et al., 2017). The age of the enrolled ACHD patients ranged from 18 years (Horigome et al., 2006) to 

69 years (Sluman et al., 2017). However, due to the heterogeneity of the reported results, 

descriptive statistics were not performed for this variable. Table 1 summarizes the information 

extracted from the included studies. 

The image modality of choice was always MRI. The magnetic field strength was 1.5 T in three studies 

(Codari et al., 2018; Cordina et al., 2014; Horigome et al., 2006) and 3 T in the remaining studies 

(Chai et al., 2018; Jensen et al., 2015; Sluman et al., 2017). Detailed characteristics of the MR 

sequences used are presented in Table 2.
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Table 1. Data extracted from the study included in this review. 

Study 

ACHD type 

of 

Patient 

enrollment 

Control 

group 

Patients 

undergoing 

MRI Exclusion criteria 

ACHD sample 

age (years) 

ACHD 

sample 

males n (%) Brain features 

Measurement 

scale 

Horigome 

et al., 

2006 

Unrepaired 

cyanotic 

Prospective Yesa (n = 9) 15 Patients with history of 

stroke, procedure related 

cerebrovascular event, brain 

abscess, or atrial fibrillation 

or with a prosthetic valve. 

Contraindications for MRI. 

18–45, M = 24 NA Silent chronic 

cerebral infarcts; 

cortical atrophy; 

intracranial 

circulation 

Counts 

Cordina 

et al., 

2014 

Unrepaired 

cyanotic 

Prospective 

(patients) and 

retrospective 

(controls) 

Yes 

(n = 10) 

10 Patients with major physical 

or intellectual impairment. 

Contraindications for MRI. 

40 (m) ± 4 (SE) 7 (70%) GM, WM and CSF 

volumes, cortical 

thickness, WMH 

(Scheltens scale), 

intracranial 

circulation, lacunes, 

ventricles 

morphology 

Qualitative, 

counts and 

quantitative 

Jensen et 

al., 2015 

Unrepaired 

cyanotic 

Prospective 

(patients) 

No 72 NA 40 (m) ± 14 

(SD) 

43 (44%)b  Acute and chronic 

cerebral infarcts, 

WMH count 

Counts 

Sluman 

et al., 

2017 

Repaired 

Tetralogy 

of Fallot 

Prospective 

(patients) 

No 64 Patients with chromosomal 

disorders. Contraindications 

for MRI. 

20–69, M = 37 30 (47%) Cerebral infarcts, 

WMH volume 

Counts and 

quantitative 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6545412/table/t0005/?report=objectonly#tf0005
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Chai et 

al., 2018 

Repaired 

Tetralogy 

of Fallot 

Prospective 

(patients) 

No 46c Not reported (extracted 

from (Sluman et al., 2017) 

23–69, 37.4 

(m) ± 14.0 (SD) 

22 (48%) WMH count, 

cerebral blood flow 

Counts and 

quantitative 

Codari et 

al., 2018 

Repaired 

Tetralogy 

of Fallot 

Prospective 

(patients and 

controls) 

Yes 

(n = 10) 

10 CNS disease, previous brain 

surgery, patent oval 

foramen. Contraindications 

for MRI. 

22–64 ,M = 45 

IQR 30.5–49.5 

6 (60%) WMH volume, 

cerebral 

microbleeds 

Quantitative 

and counts 

m = mean; M = median; SD = standard deviation; IQR = interquartile range; GM = gray matter; WM = white matter; WMH = white matter hyperintensities; CSF = cerebrospinal 

fluid; CNS = central nervous system. aControls do not undergo MRI. bNumbers refer to the whole study sample of 98 ACHD which comprises 72 patients (% for male and female 

unknown) undergoing MRI. cFLAIR images processed in 36 subjects only due to motion artefacts. 

 

Table 2. Magnetic field strength and sequence protocols adopted in studies investigating brain MRI in ACHD patients. 

Study Field strength T1-weighted T2-weighted FLAIR MRA T2*-weighted DWI ADC Perfusion 

Horigome et al., 2006 1.5-T ✓ ✓ ✓ ✓ – – – – 

Cordina et al., 2014 1.5-T ✓ – ✓ ✓ ✓ ✓ – – 

Jensen et al., 2015 3-T ✓ ✓ ✓ ✓ ✓ ✓ ✓ – 

Sluman et al., 2017 3-T Protocol not reported 

Chai et al., 2018 3-T ✓ – ✓ – – – – ✓ 

Codari et al., 2018 1.5-T ✓ – ✓ – ✓ – – – 

ACHD = adults with congenital heart disease; FLAIR = fluid-attenuated inversion recovery; MRA = magnetic resonance angiography; DWI = diffusion-weighted imaging; 

ADC = apparent diffusion coefficient; ASL = arterial spin labelling. 
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Main findings 

Horigome et al. reported on 15 ACHD patients that had not undergone cardiopulmonary bypass or 

catheter interventions. Seven (47%) patients showed MRI signs of chronic brain infarctions, which 

were visible as lesions characterized by low signal intensity on T1-weighted images and high signal 

intensity on T2-weighted images. Three patients also showed diffuse cortical atrophy. One-way 

ANOVA revealed statistically significant differences in terms of packed cell volume (p = .016), 

protein C activity (p = .002) and oxygen saturation (p < .001) between healthy subjects and patients. 

A post-hoc analysis revealed lower oxygen saturation (77.9% ± 5.8% vs. 88.0% ± 6.6%, p < .005); 

higher packed cell volume (63.2% ± 7.6% vs. 54.3% ± 7.3%, p < .05); and reduced protein C activity 

(65.6% ± 15.9% vs. 88.7% ± 3.4%, p < .05) in patients with brain MRI abnormalities compared to 

patients with normal brain MR images (Horigome et al., 2006). 

Cordina et al. evaluated brain MRI features in ACHD patients without any history of stroke or 

neurological deficits. Imaging and blood sampling analysis were performed on ten cyanotic ACHD 

patients with unrepaired defects. Aside from generalized global gray and white matter volume 

reduction, cortical gray matter was symmetrically thinned in the dorsolateral prefrontal cortex. The 

cortical thickness showed a significant negative correlation with serological biomarkers of 

inflammation linked to heart failure such as high sensitivity C-reactive protein (R = −0.964, 

p < .0001), endothelial dysfunction (asymmetric dimethylargine, R = −0.75, p = .026) and neuro-

hormonal activation (brain natriuretic peptide, R = −0.89, p = .009). No significant correlation was 

noted between MRI brain volume measures and oxygen saturations, packed cell volume and 

viscosity. In addition, lacunar infarcts were observed in nine patients. Finally, the white matter 

hyperintensities (WMH) burden was also found to be high at semi-quantitative assessment. 

Peculiarly, four patients displayed multiple sub-tentorial (cerebellar) lacunes (Cordina et al., 2014). 

Jensen et al. investigated pulmonary and cerebral thrombosis in ACHD patients assessed through 

multimodal imaging. Seventy-two cyanotic ACHD patients (40.0 ± 14.0 years) with residual 

unidirectional or bidirectional shunts and oxygen saturation (83% ± 7%) underwent brain MRI. 

While 34/72 patients showed lacunar and/or cortical signs of previous stroke, only 7/72 (10%) 

patients presented with a history of stroke. The remaining 27 patients were considered to have 

silent brain infarcts. A high prevalence of WMH (47/72 patients, 65%) was also reported (Jensen et 

al., 2015). 

Sluman et al. reported on brain damage in patients with repaired ACHD. An increased mean volume 

for discrete foci of WMH was noted in patients (469 mm3 ± 960 mm3) than in controls 

(188 mm3 ± 258 mm3 retrieved from a previously published database (Neema et al., 2009)). 

Furthermore, a higher frequency of cerebral infarcts was observed in 64 patients with Tetralogy of 

Fallot (age 38.5 ± 10.5 years) that underwent cardiac and brain MRI than in the general population. 

The prevalence of cerebral infarcts was 19% (n = 12, seven cortical and five subcortical infarcts). 

Neuropsychological testing revealed cognitive impairment in 21 patients (32% of the study sample), 

mostly affecting areas related to language and executive functioning (Sluman et al., 2017). 
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Chai et al. performed quantitative analysis of cerebral blood flow (CBF) using arterial spin labelling 

(ASL) in 46 adult patients with repaired Tetralogy of Fallot (age 37.4 ± 14.0 years; mean ± SD) (Chai 

et al., 2018). WMH was found in 83% (n = 30) of 36 subjects on which assessments were made. 

Logistic regression analysis revealed significant correlations between WMH burden and age at first 

surgery (p < .010), body mass index (p < .050) and patient age (p < .05). Moreover, the year of first 

surgery and age remained independent predictors of WMH presence at multivariate analysis 

(combined R2= 0.44). Regarding cerebral perfusion in different vascular territories, the difference in 

CBF between areas of normal appearing white matter and WMH were only borderline significant 

(p = .070) (Chai et al., 2018). 

Finally, a proof-of-concept study by our group investigated early signs of brain aging in ACHD 

through the evaluation of imaging signs of cerebral small vessel disease (cSVD) in 10 adult patients 

with repaired Tetralogy of Fallot (median age 45.0 years; range 22–64 years). The authors noted a 

high number of cerebral microbleeds (CMBs) in the patient group (6.0 [4.0–7.8]; median and [IQR]) 

and no CMBs at all in an age and sex-matched control group (p = .002). However, no significant 

correlation was found between the presence of CMBs and the number of surgical interventions with 

cardiopulmonary bypass (ρ = 0.384, p = .273) Moreover, a significant positive correlation (ρ = 0.80, 

p = .005) was found between WMH burden and New York Heart Association (NYHA) functional 

classification (Codari et al., 2018). 

 

DISCUSSION 

In 2006, Horigome et al. (Horigome et al., 2006) performed the first neuroimaging investigation on 

ACHD. The lower arterial oxygen saturation and higher haematocrit observed in the patient group 

allowed the authors to postulate a link between reactive erythrocytosis and cerebrovascular 

accidents (Horigome et al., 2006). They suggested that chronic hypoxemia and a resulting increase 

in haematocrit may have caused cerebral infarctions in patients with ACHD with uncorrected heart 

disease. An impact on the coagulation system, namely suppression of the thrombomodulin-protein 

C-protein S system, was suggested by a significant reduction in protein C activity in ACHD patients 

with brain MRI abnormalities compared with ACHD patients without abnormal MRI findings. This 

may have resulted from primary downregulation of the coagulation system due to chronic vessel 

injury from hyper-viscosity, hypoxemia, and consumption of coagulation factors and platelets. The 

authors noted multiple and scattered subclinical ischemic lesions to support the abovementioned 

mechanisms (Horigome et al., 2006). 

In 2014 Cordina et al. (Cordina et al., 2014) reported quantitative measures of brain features in 

patients with ACHD. Their results revealed focal reduction of the dorsolateral prefrontal cortex, 

which is involved in cognitive processes related to executive functions. According to the authors, 

vascular injury due to inflammation, endothelial dysfunction, and neuro-hormonal activation was 

considered to underpin the observed loss of grey matter. In contrast with the previous report, 

oxygen saturation and blood viscosity were not correlated with any of the measures of brain 

volume. 
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In 2015, Jensen et al. (Jensen et al., 2015) used multiple imaging modalities to investigate cerebral 

and pulmonary thrombosis in patients with cyanotic congenital heart disease. Complexity of the 

heart disease and low oxygen saturation were both found to be significant risk factors for cerebral 

infarction. Overall, the study looks at thromboembolism as a potential pathogenetic mechanism in 

determining either symptomatic or subtle brain pathological changes. Specifically, the authors did 

not find any statistical significance for the association between haemostatic imbalance or reactive 

erythrocytosis and cerebral thrombosis, suggesting that ischemia rather than thromboembolism 

could underpin the MRI findings reported. According to the authors, the high number of brain 

infarcts located in the subependymal area and the increased WMH burden support the ischemic-

driven argument (Jensen et al., 2015). 

Recently, Sluman et al. (Sluman et al., 2017) reported a lower prevalence of cerebral infarcts in 

cyanotic ACHD patients than had previously been described (Horigome et al., 2006; Jensen et al., 

2015). In their studies, brain damage was significantly related to patient age and age at first surgery, 

in agreement with the hypothesis that prenatal and ante-surgical brain injury play a crucial role for 

subsequent brain parenchymal integrity. Interestingly, no statistically significant difference was 

found in the number of surgeries between patients with abnormal MRI findings and those without. 

Consequently, cardiac surgery could not be held entirely responsible for the pathological 

neuroimaging findings observed, indicating possibly different, unconsidered aetiologies. Moreover, 

the observed cognitive impairment mainly affecting language and executive functioning support the 

imaging findings reported by Cordina et al. (Cordina et al., 2014) involving thinned cortical thickness 

of the dorsolateral prefrontal cortex. 

Chai et al. emphasized the statistical significance of age at first surgery as a possible predictor for 

WMH, supporting the findings of Sluman et al. (Sluman et al., 2017), concerning the change in 

surgical techniques and patient management that occurred during the second half of the last 

century (Apitz et al., 2009). As possible pathogenic explanations for vascular changes in adults with 

repaired cardiac disease, the authors considered perinatal and preoperative cyanosis, surgical 

damage and predisposition to chronic cerebral microvascular disease, namely accelerated vascular 

aging (Chai et al., 2018). 

In addition to the above-mentioned brain features, cerebral microbleeds are biomarkers of cSVD 

and tend to increase with age (Poels et al., 2011). Even though a cardiopulmonary bypass constitutes 

a potential leading cause of CMB occurrence (Kim et al., 2017), Codari et al. did not observe 

significant correlations between CMB counts in patients with Tetralogy of Fallot and the number of 

surgeries and/or number of cardiac procedures with cardiopulmonary bypass. According to the 

authors, the high CMB burden observed in their patient sample is an indirect sign of vascular damage 

and blood brain barrier leakiness in patients with ACHD (Codari et al., 2018). 

Half of the studies investigated vascular brain changes in Tetralogy of Fallot patients due to their 

high risk for developing all-cause dementia. Indeed, according to Bagge et al., Tetralogy of Fallot 

patients had a hazard ratio for all-type dementia of 2.25 when compared with the general 

population, the highest among all CHD groups (Bagge et al., 2018) 
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The pathophysiology of the imaging findings reported in the examined studies constitutes an open 

issue. Apart from cerebrovascular damage, the increased cerebral vessel disease burden observed 

could be mediated by a combination of genomic vulnerability, brain dysmaturation, heart surgery 

and acquired cardiovascular diseases, together resulting in blood-brain barrier disruption and 

subsequent MRI-detectable changes (Codari et al., 2018). A disrupted blood-brain barrier causes 

extravasation of plasma components and cells, leading to initiation or progression of WMH as well 

as macrophage and microglia engulfment with hemosiderin and occurrence of microbleeds (Codari 

et al., 2018). 

Even though long-term longitudinal data are missing, we may postulate that the findings observed 

in adults may not match those seen in infants undergoing heart surgery. Indeed, white matter 

injuries in children have been shown to regress at MRI performed 3 months after cardiac procedures 

(Beca et al., 2013), while cerebral microbleeds might evolve or more seldom disappear (Poels et al., 

2011). That is to say, the imaging findings observed constitute the evolving result of a cumulative 

burden of biological aging and cerebrovascular damage that cannot be extensively explained by 

perinatal injury and heart surgery alone. 

The evaluated studies represent the first attempts at understanding imaging-based vascular brain 

sequelae in patients with ACHD. In our opinion, this topic should be investigated more thoroughly. 

Unfortunately, the heterogeneity in terms of study design prevents us from drawing conclusions. 

Small samples limit three studies (Codari et al., 2018; Cordina et al., 2014; Horigome et al., 2006). 

Moreover, three others focused on patients with ACHD with uncorrected defects or residual shunts 

(Cordina et al., 2014; Horigome et al., 2006; Jensen et al., 2015), meaning that chronic hypoxemia 

or paradoxical embolization could be responsible. Notably, Cordina et al. (Cordina et al., 2014), 

Sluman et al. (Sluman et al., 2017), Chai et al. (Chai et al., 2018), and Codari et al. (Codari et al., 

2018), quantified MRI findings of brain damage whereas Horigome et al. (Horigome et al., 2006) 

performed only qualitative analysis, while Jensen et al. (Jensen et al., 2015) merely estimated the 

prevalence of cerebral lesions. A further issue is that control groups were lacking (Chai et al., 2018; 

Jensen et al., 2015) or were retrieved from previously published datasets (Sluman et al., 2017). The 

latter constitutes a relevant source of bias when dealing with unstandardized procedures for 

estimation of biomarkers. Whereas WMH are widely used as imaging biomarkers of cSVD, their 

assessment can be biased. Indeed, the lack of standardization of image acquisition protocols and 

post-processing, together with scanner technical differences and the magnitude and scale variability 

of MRI signal intensities across different experimental setup, hinders the reproducibility of the 

segmentation process. 

Brain MRI protocols used in ACHD patients mainly focus on morphological imaging. T1-weighted, T2-

weighted, fluid-attenuated inversion recovery, T2*-weighted or susceptibility-weighted, and 

diffusion-weighted sequences should be performed according to standardized research protocols 

(Wardlaw et al., 2013). Nevertheless, the use of advanced MRI approaches may improve the 

characterization of vascular brain changes in ACHD patients, in particular those changes occurring 

in normal-appearing white matter (NAWM) of subjects presenting with WMH. 
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Several studies on children with CHD employed different MRI sequences to assess vascular brain 

damage beyond morphology. Such sequences included magnetic resonance spectroscopy, and 

diffusion and perfusion imaging (Miller et al., 2007). However, only a few studies investigated the 

value of these techniques in ACHD patients (Chai et al., 2018; Cordina et al., 2014; Horigome et al., 

2006). 

In adults, neuroimaging should be able to differentiate past global lesion burden from present 

chronic ongoing cerebrovascular disease, and possibly to estimate the risk of future cerebrovascular 

accidents. Measures of past global lesion burden (congenital and infancy-acquired vascular insults) 

should focus on quantitatively assessing malacic lesions (lacunes, small brain infarcts) and CMBs, as 

well as volumetry of total grey matter and white matter. 

Measures of adult chronic ongoing cerebrovascular disease are mainly based on gliotic lesions 

(WMH), and today can rely on microstructural parameters offered by diffusion imaging, using 

classical diffusion tensor imaging parameters (mean diffusivity, fractional anisotropy, radial and 

axial diffusivity), or even more advanced two-shells models such as neurite orientation dispersion 

and density imaging. Indeed, diffusion tensor imaging and its derived parameters such as fractional 

anisotropy and mean diffusivity allow microstructural changes in the white matter to be evaluated 

(Maniega et al., 2015; Wardlaw et al., 2013). Reduced values of the former and increased values of 

the latter have been observed in WMH when compared with normal-appearing white matter (Bastin 

et al., 2009). On the other hand, a snapshot of current ongoing perfusional brain status today may 

be assessed by measuring absolute cerebral blood flow by ASL. 

As well known for large vessels and small vessel disease, cerebrovascular risk factors, including 

decreased cardiac output, may cause global or regional perfusional deficit and are likely to 

predispose brain to future ischemic lesions. 

Finally, diffusion parameters of microstructural damage and perfusion parameters of functional 

deficit can also be simultaneously obtained by a promising acquisition method, the so-called 

intravoxel incoherent motion imaging technique (Wong et al., 2017). 

Moreover, quantitative maps, in addition to those obtained with diffusion-weighted protocols, may 

improve white matter characterization. Longitudinal relaxation time (T1), a quantitative estimate of 

brain water content, may also a useful technique to detect increased water content in WMH and in 

the encompassing NAWM (Bastin et al., 2002; Maniega et al., 2015; Muñoz Maniega et al., 2017). 

Furthermore, alteration in susceptibility may characterize the myelin damage that occurs as the 

brain ages. Indeed, susceptibility values change with age. In particular, a recent study reported that 

white matter susceptibility values of three major fiber groups (i.e. internal capsule, splenium of 

corpus callosum and optic radiation) decrease during brain development and maturation, and 

slightly increases during brain aging (Li et al., 2014). 

Usually, quantitative and qualitative MRI is performed with multiple scans. Such comprehensive MRI 

protocols require long acquisition times, even on the most recent MRI equipment. The introduction 

of innovative techniques may enable faster examinations. An example is given by the strategically 

acquired gradient echo (STAGE) protocol, which provides whole brain qualitative and quantitative 
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MRI data suitable for the quantification of vascular brain changes with a limited acquisition time 

(Chen et al., 2018; Wang et al., 2018). Similar data could be obtained with traditional imaging 

protocols that need longer acquisition times. 

Future studies should focus on large samples of clinically stable repaired ACHD subjects to assess 

quantitatively the vulnerability for brain damage, trying to avoid confounding variables. It is crucial 

to design cross-sectional and longitudinal studies in which imaging and both neurocognitive and 

psychological testing are performed at the same time points. The strong evidence for a high risk of 

psychological and social functioning impairment resulting from longitudinal population-based 

studies in ACHD calls for the investigation of neuroimaging correlates of those functional 

parameters (Zomer et al., 2012). 
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AUTOMATIC SUB-CLASSIFICATION OF WHITE MATTER HYPERINTENSITIES: 

APPLICATION TO A LARGE COMMUNITY-DWELLING COHORT  

This section is based on the conference abstract: 

L. Melazzini, V. Bordin, S. Suri, E. Zsoldos, K. Ebmeier, M. Jenkinson, C. Mackay, F. Sardanelli, L. Griffanti. “Classifying 

white matter hyperintensities according to intensity and spatial localisation reveals specific association with cognition”. 

2020 Alzheimer’s Association International Conference, Amsterdam (shifted to virtual event). 

And the paper: 

Melazzini, L., Mackay, C. E., Bordin, V., Suri, S., Zsoldos, E., Filippini, N., ... & Singh-Manoux, A. (2020). White matter 

hyperintensities classified according to intensity and spatial location reveal specific associations with cognitive 

performance. medRxiv. 

 

INTRODUCTION 

White matter hyperintensities (WMHs) on T2-weighted magnetic resonance images (MRI) are 

radiological signs of cerebral small vessel disease (SVD) (Wardlaw et al., 2013). They are associated 

with a higher incidence of stroke and dementia (Debette and Markus, 2010), mood disorders, motor 

impairments and urinary incontinence (Poggesi et al., 2011). Moreover, WMHs are related to 

cognitive impairments, particularly executive dysfunctions and poorer psychomotor speed 

(Bolandzadeh et al., 2012). Whilst WMHs have acquired considerable interest in the field of 

translational and clinical research, the assessment and the reporting of WMH volume are often 

inconsistent in research studies and medical practice (Frey et al., 2019). 

The optimal MRI sequence to assess WMHs is fluid-attenuated inversion recovery (FLAIR). This 

sequence generates T2-weighted images where the signal from the cerebrospinal fluid is suppressed 

and hyperintense regions stand out on a low intensity homogeneous background (Wardlaw et al., 

2013). In research, quantification of WMHs is preferred to qualitative assessment due to higher 

reliability, sensitivity and objectivity of the former (De Guio et al., 2016; Van den Heuvel et al., 2006) 

and the widespread availability of segmentation software. However, the interpretation of 

quantitative results and comparison between studies remain difficult due to acquisition-related 

differences (scanner, protocol), discrepancies between processing methods (pre-processing 

pipelines, method/tool used to extract WMH measurements) and variations in the definition of 

what should be considered a WMH (De Guio et al., 2016). Harmonisation methods that reduce or 

compensate for the variability due to acquisition differences and/or processing discrepancies are 

being developed to enable comparisons between or pooling of MRI-derived measures from 

different datasets (Bordin et al., 2020). Notwithstanding, the lack of a clear definition on what 

should be segmented as a WMH and whether some WMH sub-classes are more clinically relevant 

than others warrant further investigation (Frey et al., 2019; Smith et al., 2019; Wardlaw et al., 2013). 

Periventricular WMHs are more strongly associated with concurrent cognitive deficits than deep 

ones (Bolandzadeh et al., 2012). This is in line with longitudinal studies on regional baseline WMH 

volumes and their association with the risk of transition from intact cognition to mild cognitive 
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impairment and dementia (De Groot et al., 2002; Kim et al., 2015; van Straaten et al., 2008). To 

explain this finding, the hypothesis of reduced brain reserve in periventricular regions has been put 

forward (De Groot et al., 2002). Despite this evidence, it is still unclear whether periventricular and 

deep WMHs would constitute a continuous entity or should be considered and reported separately 

(DeCarli et al., 2005). If the latter is true, a single method for distinguishing types of WMHs should 

be adopted among the many that have been proposed (Griffanti et al., 2018). 

White matter hyperintensities can either be iso- or hypointense in T1-weighted images (Spilt et al., 

2006; Wardlaw et al., 2013). To the best of our knowledge, there are no studies performed on brain 

tissue samples that investigate whether there is any difference in the underlying pathology between 

non T1-hypointense versus T1-hypointense WMHs. However, clinical research in multiple sclerosis 

has showed that demyelinating T1-hypointense lesions (“black holes”) represent permanent 

damage to the white matter and are associated with cognitive impairments (Nowaczyk et al., 2019; 

Ozakbas et al., 2019). In WMHs of presumed vascular origin, the co-located hypointensity in T1-

weighted images (here on referred to as T1-hypointense WMHs) may indicate more severe damage 

to the white matter than WMHs that are visible in T2-weighted images without any corresponding 

hypointensities in the T1-weighted images (here on referred to as non T1-hypointense WMHs). 

Quantitative measures of the motion of water molecules in vivo using diffusion tensor imaging (DTI) 

metrics have shown microstructural changes in the white matter in WMH areas (Wardlaw et al., 

2015). Altered DTI metrics were reported in multiple sclerosis lesions that turn into permanent 

“black holes” (Naismith et al., 2010). Similarly, we could expect lower fractional anisotropy and 

higher radial diffusivity to reflect more severe axonal and myelin damage in T1-hypointense WMHs 

than in non T1-hypointense WMHs.  T1-hypointense WMHs could thereby represent the portion of 

WMHs that carries the highest clinical impact. 

For the reasons outlined above, we tested the hypothesis that periventricular (rather than deep) 

and T1-hypointense (rather than non T1-hypointense) WMHs may indicate the most severe forms of 

lesion in terms of impact on cognitive function. To this purpose, we classified WMHs according to 

both their anatomical location and intensity in T1-weighted images in a large cohort of community-

dwelling older adults, and studied whether this classification could provide added value on the 

association between WMHs and cognitive function. We implemented a method for categorizing 

WMHs according to spatial location and intensity in T1-weighted images that was automatic and 

objective and used multiple linear regression analysis to see if these WMH sub-classes show specific 

associations with validated scores of cognitive functions. 

Given the current limitations and discrepancies in WMHs definition, our ultimate goal was to 

identify which sub-class(es) are specifically linked to cognitive function. This would inform future 

guidelines to focus the assessment on clinically-relevant radiological criteria of WMHs beyond their 

total extent, with a clear and objective definition of WMHs radiological appearance and location. 
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MATERIALS AND METHODS 

The study sample was drawn from 800 participants of the Whitehall II imaging sub-study (Filippini 

et al., 2014), which is part of a larger prospective occupational cohort study of British civil servants 

established in 1985 (Marmot and Brunner, 2005). Ethical approval was obtained from the University 

of Oxford Central University Research Ethics Committee, and the UCL Medical School Committee on 

the Ethics of Human Research. Informed written consent was obtained from all participants. Socio-

demographic, health and lifestyle variables and current cognitive function were assessed at the time 

of the MRI.  

MRI data were acquired at the Oxford Centre for Functional MRI of the Brain (FMRIB), Wellcome 

Centre for Integrative Neuroimaging (University of Oxford), using a 3-T, Siemens Magnetom Verio 

(Erlangen, Germany) scanner with a 32-channel receive head coil from April 2012 to December 2014 

(N = 550 participants) and a 3-T Siemens Prisma (Erlangen, Germany) with a 64-channel receive 

head-neck coil from July 2015 to December 2016 (N = 250 participants) due to a scanner upgrade. 

Details of acquisition protocols are shown in (Filippini et al., 2014) and (Zsoldos et al., 2020) and are 

reported in Supplementary Table S1. For the purpose of this study we used high-resolution T1-

weighted images, FLAIR images and diffusion weighted images (DWI). 

All images were processed and analysed using FMRIB Software Library (FSL) v.6.0 tools (Jenkinson 

et al., 2012). Participants’ T1-weighted and FLAIR images were skull-stripped with FSL-BET (Smith, 

2002) and bias field corrected with FSL-FAST (Zhang et al., 2001). DWI scans were pre-processed as 

described in (Filippini et al., 2014) and a diffusion tensor model was fit at each voxel to obtain maps 

of fractional anisotropy (FA), mean diffusivity (MD), axial diffusivity (AD) and radial diffusivity (RD). 

T1-weighted and FA images were then linearly registered to the corresponding FLAIR with FSL-FLIRT 

(Jenkinson and Smith, 2001). WMHs segmentation was performed with FSL-BIANCA (Griffanti et al., 

2016), using intensity features (T1-weighted, FLAIR and FA), local average intensities (3 voxels 

kernel), and spatial features (MNI coordinates obtained from the transformation between FLAIR and 

MNI for each subject, weighting factor of 2). To avoid scanner-specific biases in the estimates, 

BIANCA was trained with WMH masks manually delineated in a sub-sample of individuals scanned 

on the Prisma (n = 24) and Verio (n = 24) scanners and an independent sample from the UK Biobank 

study (n = 12). The total WMH mask included voxels exceeding a probability of 0.9 of being a WMH 

and located within a white matter mask as described in (Griffanti et al., 2016). The total WMH 

volume was adjusted for the total brain volume and log transformed for statistical analysis. 

We separated WMHs voxels into T1-hypointense and non T1-hypointense. To achieve this, 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 classes (grey matter, white matter 

and cerebrospinal fluid). Due to their low-intensity values, T1-hypointense WMHs are classified by 

FAST as either grey matter or cerebrospinal fluid. We therefore classified voxels as non T1-

hypointense WMHs the voxels within the total WMH mask where the corresponding white matter 

PVE was greater than 0.5. We then obtained T1-hypointense WMHs by subtraction. 
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We used a cluster-based approach to separate between periventricular and deep WMHs, similar to 

the “continuity to ventricle” criterion described by (Griffanti et al., 2018). To do so, we created an 

extended ventricle mask (i.e. a ventricle mask that extended beyond the ventricular boundaries) in 

the Montreal Neurological Institute (MNI) space. The extended ventricle mask consisted of the 

probability maps -set with a very low threshold- of the lateral ventricles, thalami and fornix 

bilaterally. We transformed the mask to the single-subject FLAIR space via the corresponding T1 

using linear (Jenkinson et al., 2002) and non-linear registration (Andersson et al., 2007), and 

classified as periventricular WMHs the clusters that overlapped with any part of the mask. Deep 

WMHs were then defined by subtraction.  

We finally combined the two criteria and obtained four WMH masks for the following sub-classes 

for each participant: periventricular T1-hypointense WMHs; periventricular non T1-hypointense 

WMHs; deep T1-hypointense WMHs; deep non T1-hypointense WMHs. Then, each mask was used 

to derive the corresponding WMH volume, which was adjusted for the total brain volume and log 

transformed for statistical analysis. 

 

We performed univariate multiple linear regression using the univariate general linear model 

function type III sum of squares on SPSS version 25.0 (IBM Corp. Armonk, NY). The following 

measures of participants’ cognition were selected as indices of global functioning, executive 

function, processing speed, and memory, in line with (Bolandzadeh et al., 2012): Montreal cognitive 

assessment (MoCA), trail-making test (TMT, A and B), digit span forward, backwards and sequence, 

digit symbol, digit coding, Boston naming-60 test (BNT), phonemic (letter) fluency (FLU-L) and 

semantic (category) fluency (FLU-C) tests. For details on the cognitive tests please refer to (Filippini 

et al., 2014). Demographic variables (age at the examination, sex, total years of education, systolic 

blood pressure, diastolic blood pressure) were used as covariates of no interest. For each cognitive 

test (dependent variable in the univariate multiple linear regression), two models were investigated, 

in which participants’ demographic variables were kept unchanged while WMHs were included as 

either WMHs total volume (corresponding to the BIANCA output) or subdivided WMH volumes 

(corresponding to the four sub-classes reported above).  

 

To better investigate the meaning of T1-hypointensity in our sample, we performed two post-hoc 

analyses. First, we studied WMH microstructure using DTI-derived metrics, given the lack of 

histopathological data for this dataset. Accordingly, we compared T1-hypointense and non T1-

hypointense WMHs in terms of average fractional anisotropy (FA), mean diffusivity (MD), axial 

diffusivity (AD) and radial diffusivity (RD) using paired t-tests to evaluate potential differences in the 

underlying microstructure. Second, since we noticed that a WMH often includes both T1-

hypointense and non T1-hypointense voxels, we adopted an alternative T1-weighted intensity-based 

classification of WMHs by dividing the total WMH map into WMH clusters with and without T1-

hypointense voxels. This sub-classification was then used to look at the prevalence of WMH clusters 

with a T1-hypointense component and to better interpret the results of the main analysis. 
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We also used Pearson correlations to further investigate the associations between WMH sub-

classes, total WMH volume and age.  

Statistical significance was set at α=0.05 (Di Leo and Sardanelli, 2020). 

 

RESULTS 

Participants characteristics (demographics, cognitive scores and MRI measures) are reported in 

Table 1. One hundred and sixteen participants were excluded from our analysis due to incomplete 

or poor-quality images (N = 44), neurological disorders (N = 30) and inaccurate WMH segmentation 

masks (N = 42) to leave a total of 684 community-dwelling older adults. An example of the WMH 

segmentation output resulting from the method we developed is provided in Fig. 1. 

 

 
 

Figure 1. Native images and image processing output. (A) FLAIR image, (B) WMH mask (BIANCA mask 

- mustard colour) on FLAIR, (C) T1-weighted image, (D) WMH sub-classes on FLAIR: red = T1-

hypointense periventricular WMHs; yellow = non T1-hypointense periventricular WMHs; blue = T1-

hypointense deep WMHs; light blue = non T1-hypointense deep WMHs. 
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Table 1. Sample characteristics. 

Descriptive statistics N Minimum Maximum Mean Standard deviation 

Demographics      

Age (years) 684 60.34 83.03 69.65 5.06 

Sex (M:F) 551:133     

Total education (years) 684 13 28 19.10 2.85 

Systolic blood pressure (mmHg) 681 93 226 141.09 17.54 

Diastolic blood pressure (mmHg) 680 47 114 77.21 10.77 

      

Cognitive scores      

MoCA 684 17 30 27.25 2.25 

Trail making A 682 13 125 30.98 11.73 

Trail making B 680 24 321 67.08 33.84 

Trail making B-A 680 -8 253 36.25 28.73 

Digit span forward 683 5 16 11.08 2.28 

Digit span backwards 683 4 16 9.65 2.45 

Digit span sequence 683 0 16 10.05 2.48 

Digit symbol 683 13 46 30.78 5.75 

Digit coding 683 13 114 63.02 13.22 

Boston naming test-60 684 15 60 57.38 4.66 

Letter fluency 684 3 31 15.78 4.64 

Category fluency 684 3 40 22.36 5.34 

      

MRI measures      

Total brain volume (dm3) 684 1.023 1.928 1.456 0.133 

Total WMH volume (cm3) 684 0.339 35.627 5.855 3.715 

Periventricular T1-hypointense WMHs (cm3) 684 0.240 31.448 2.679 3.025 

Periventricular non T1-hypointense WMHs (cm3) 684 0.050 6.379 2.138 0.831 

Deep T1-hypointense WMHs (cm3) 684 0.001 5.274 0.434 0.577 

Deep non T1-hypointense WMHs (cm3) 684 0.003 3.976 0.604 0.565 

Legend: MoCA, Montreal cognitive assessment; WMHs, white matter hyperintensities. 

 

White matter hyperintensities expressed as total volume were not significantly associated with any 

of the cognitive tests. However, when the four sub-classes of WMHs were instead used in the model, 

we found statistically significant associations between periventricular T1-hypointense WMHs and 
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poorer performance on the TMT-A (p = 0.011), digit symbol (p = 0.028) and digit coding (p = 0.009) 

tests. Conversely, non T1-hypointense periventricular WMHs were associated with higher scores on 

the digit backwards test (p = 0.023). Also, deep non T1-hypointense WMHs were found to be 

positively associated with the letter (p = 0.004) and category (p = 0.036) fluency tests. Regression 

analysis results for the models where WMHs sub-classes were significantly associated with cognitive 

performances are shown in Table 2.  

 

Table 2. Multiple linear regression analysis results. Model results and significant WMH predictors of 

cognitive scores adjusted for age at the examination, sex, total years of education, systolic blood 

pressure and diastolic blood pressure. 

 Model Parameter estimates 

Cognitive test F p-value Adjusted R2 Significant WMH covariate β (SE) p-value# 

       

Trail making A 10.082 <0.001 0.108 T1-hypointense periventricular WMHs 4.792 (1.870) 0.011 

       

Digit span backwards 5.917 <0.001 0.061 Non T1-hypointense periventricular WMHs 1.300 (0.571) 0.023 

       

Digit span sequence 4.988 <0.001 0.050 T1-hypointense periventricular WMHs -0.787 (0.408) 0.054^ 

       

Digit symbol 8.249 <0.001 0.088 T1-hypointense periventricular WMHs -2.045 (0.927) 0.028 

       

Digit coding 11.062 <0.001 0.118 T1-hypointense periventricular WMHs -5.524 (2.093) 0.009 

       

Letter fluency 3.737 <0.001 0.035 Non T1-hypointense deep WMHs 2.097 (0.723) 0.004 

       

Category fluency 8.071 <0.001 0.086 Non T1-hypointense deep WMHs 1.829 (0.871) 0.036 

SE, standard error; WMHs, white matter hyperintensities. #P-values did not remain significant after adjustment for multiple 

comparisons across cognitive tests. ^Predictor that shows a trend for significance (0.05<p<0.06). 

 

When looking at microstructural differences in WMHs classified according to the intensity in T1-

weighted images criterion, T1-hypointense WMHs showed significantly lower FA, and higher MD, 

AD and RD than non T1-hypointense WMHs (p < 0.001 for all measures). Results of the within-subject 

paired t-tests for the averages of DTI-derived metrics between T1- and non T1-hypointense WMHs 

are reported in Table 3. 
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Table 3. Comparison between the T1- and non T1- hypointense WMHs in terms of DTI-derived 

metrics. Paired t-tests results. Diffusivity values are expressed in (mm2/s) x 10-3. 

Metric 

T1-hypointense WMHs Non T1-hypointense WMHs 

t p-value# Mean SD Mean SD 

FA 0.26 0.03 0.37 0.04 -86.21 <0.001 

MD 1.12 0.09 0.92 0.06 71.24 <0.001 

AD 1.42 0.11 1.30 0.08 33.03 <0.001 

RD 0.97 0.09 0.73 0.06 88.14 <0.001 

FA, fractional anisotropy; MD, mean diffusivity; AD, axial diffusivity; RD, radial diffusivity; SD, standard deviation; WMHs, 

white matter hyperintensities. #P-values remained significant after adjustment for multiple comparisons across metrics.  

 

Results for the separation of the total WMH volume into WMH clusters with and without 

corresponding T1-hypointense voxels are reported in Table 4. 

 

Table 4. Number and size of WMH clusters with and without T1-hypointense voxels. 

   Number Average volume per 

subject (mm3) 

Average volume per 

cluster (mm3) 

WMH clusters 223.91 ± 103.77 5855.01 ± 3715 35.50 ± 41.70 

    

Clusters without T1-hypointense voxels 112.43 ± 59.43  295.72 ± 188.87 2.58 ± 0.72 

    

Clusters with T1-hypointense voxels 111.48 ± 57.55 5559.29 ± 3754.63 66.16 ± 63.13 

Rims  2446.69 ± 1021.26 27.96 ± 18.99 

Cores   3112.61 ± 3227.86 49.72 ± 18.99 

WMHs, white matter hyperintensities. 

 

We found that 50% of the WMH clusters had T1-hypointense voxels. However, despite constituting 

half of all clusters, these WMHs composed 94% of the whole WMH volume. The remaining 6 % of 

the WMH volume consisted of small non T1-hypointense WMH clusters, i.e. WMH clusters without 

co-located hypointensity in T1-weighted images. 

The volume of non T1-hypointense WMHs is the sum of non T1-hypointense clusters and the 

hyperintense rims of T1-hypointense clusters (a schematic representation is depicted in Fig. 2).  
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Given the unexpected significant positive associations of non T1-hypointense WMHs with the digit 

span backwards, letter and category fluency, we investigated which of these two components 

(either non T1-hypointense clusters or rims of T1-hypointense clusters) drove the observed 

associations. When fitting multiple linear regression models with either of these two components 

as the only WMH predictor for the fluency and digit span backwards scores, we found that non T1-

hypointense clusters were significantly associated with the fluency performances (FLU-L:  β = 1.976, 

p = 0.001; FLU-C: β = 2.023, p = 0.004). Conversely, rims were significant predictors of the digit span 

backwards scores (β = 0.916, p = 0.035). 

Additional multiple regression models and Pearson correlations among WMH sub-classes, total 

WMH volume and age supporting these findings are reported in Supplementary Table S2 and S3. 

 

DISCUSSION 

In this study we sought to provide a clinically-oriented insight into WMHs by developing an 

automated method for classifying WMHs according to spatial location (periventricular versus deep 

WMHs) and lesion intensity in the corresponding T1-weighted image (T1-hypointense versus non T1-

hypointense WMHs). We fitted univariate multiple linear regression models using the volumes of 

WMH sub-classes as predictors for the participants’ performance in several cognitive tests and then 

further explored the microstructural properties of T1-hypointense WMHs to understand the 

meaning of this radiological appearance. Our classification proved to be clinically meaningful, as 

periventricular T1-hypointense WMHs were found to be linked to poorer performance on multiple 

cognitive tests, including the trail making A, digit symbol and digit coding tests. Our results suggest 

that periventricular T1-hypointense WMHs would represent the best WMH biomarker for cognitive 

impairment.  

Our finding of periventricular WMHs being associated with poorer cognition is in line with previous 

large longitudinal population-based studies on non-demented elderly (De Groot et al., 2002; 

Griffanti et al., 2018), where periventricular WMHs were found to be more strongly associated with 

participants’ cognition than deep WMHs. Increased volume of periventricular WMHs in the 

Alzheimer Disease Neuroimaging Initiative dataset was also associated with evidence of beta-

amyloid deposition in the brain (Marnane et al., 2016), suggesting a synergistic damage driven by 

concurrent SVD and Alzheimer’s pathology in these areas. Periventricular regions are also 

characterised by high density of long associating fibres which link the cortex to the deep grey matter 

and other distant brain territories (Filley, 1998). For this reason, they are potentially susceptible to 

pathologies that damage cortical arteries and eventually provoke distal hypoperfusion (Moody et 

al., 1990). Disrupted cholinergic activity is related to periventricular (and not deep) WMHs and may 

be involved in the physio-pathological pathway that underpins the observed cognitive scores 

(Bohnen et al., 2009). Moreover, high periventricular WMHs were found to be associated with 

frontal cortical thinning, where both imaging findings were independently linked to executive 

dysfunctions (Seo et al., 2012). Altogether, these findings endorse our results of periventricular 

WMHs being more strongly associated with cognitive impairment than deep WMHs. 
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Although the location criterion is well established, less is known about the meaning of T1-intensity 

in WMHs. This aspect has been well-investigated in demyelinating disease where hypointense 

lesions in T1-weighted images are more likely to represent low axonal density and irreversible tissue 

damage (Bitsch et al., 2001; Van Walderveen et al., 1998). Our DTI analysis showed decreased FA 

and increased MD, AD and RD in T1-hypointense WMHs. Not surprisingly, these findings mirror 

similar microstructural results found in multiple sclerosis (Vavasour et al., 2019) and suggest more 

severe damage to the white matter in T1-hypointense areas than their T1-isointense counterpart. 

T1-hypointense and non T1-hypointense WMHs may represent two distinct entities with different 

meanings. Alternatively, WMHs could start as small punctate FLAIR hyperintensities and later 

develop a T1-hypointense “core”. Despite the lack of longitudinal data in our cohort, we attempted 

to investigate further the meaning of the intensity in T1-weighted images and the theoretical 

evolution of WMHs and their intensity in T1-weighted images from a cross-sectional basis. Within 

the total WMH mask, we separated WMH clusters that contained some T1-hypointense voxels (T1-

hypointense clusters) from those that did not (non T1-hypointense clusters) (Table 4). Since most of 

the WMH volume comprised (relatively big) clusters with a T1-hypointense component, our results 

suggest that the evolution of a WMH may be a cascade of events starting from small punctate 

lesions leading to bigger lesions with a T1-hypointense core and surrounding non T1-hypointense rim 

(Fig. 2).  

 

 

Figure 2. Diagram representing the potential evolution of WMHs over time. WMHs, white matter 

hyperintensity. 

 

This mechanism could explain the significant association we observed between higher volume of 

deep non T1-hypointense WMHs and higher scores at the fluency tests. Since the volume of non T1-

hypointense WMHs includes both the volume of non T1-hypointense clusters and the outer rim of 

the clusters with a T1-hypointense core, we hypothesized that the positive association of deep non 

T1-hypointense WMHs with higher cognitive scores at the fluency tests could be driven by non-T1 

hypointense clusters (i.e. smaller, less severe WMHs, that have not yet progressed into a WMH with 

a T1-hypointense component). We tested this hypothesis by fitting multiple linear regression models 

with either the volume of all non T1-hypointense clusters or only the volume of deep non T1-
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hypointense WMHs voxels as the only imaging predictors for the fluency tests (Supplementary Table 

S2). Notably, non T1-hypointense clusters were more strongly associated with fluency scores than 

deep non T1-hypointense WMHs. Thus, it is likely that the volume of clusters of non T1-hypointense 

WMHs drove the observed significance of deep non T1-hypointense WMHs as predictors of better 

cognitive scores at the fluency tests.  

The positive associations of non T1-hypointense clusters with fluency scores could be due to the fact 

that these small lesions are more frequent in younger individuals with a low WMH volume. The 

hypothesized evolution into T1-hypointense clusters would then explain the apparent decrease of 

this type of lesions in individuals with lower fluency scores. 

Since non T1-hypointense clusters are small, we cannot exclude the possibility that some of these 

are false positives from BIANCA segmentation. However, WMH masks have been visually checked 

so that we exclude results that could be driven by errors in WMHs segmentation. 

Our finding of higher non T1-hypointense periventricular WMHs linked to higher scores at the digit 

span backwards test could instead be explained by the other component of non T1-hypointense 

WMHs, the non T1-hypointense voxels belonging to T1-hypointense clusters (i.e. the hyperintense 

“rims”). In fact, when fitting the multiple linear regression model with the volumes of rims of all T1-

hypointense clusters as the only imaging predictor, we found a positive association with the digit 

span backwards that was very similar to the one given by non T1-hypointense periventricular WMHs 

alone (Supplementary Table S2). Although rim and core belong to the same physical entity (i.e. the 

WMH cluster) they are likely to have opposite meanings. On the one hand, T1-hypointense WMHs 

voxels predict bad cognitive scores, as seen for the Trail Making Test A, digit symbol and digit coding 

tests. On the other hand, in spite of the positive association between rims and cores in terms of 

overall volume, the former are predictors of higher cognitive scores from the digit span backwards 

test. Thus, within the context of our hypothesized evolution of WMHs, rims would represent those 

WMH areas belonging to T1-hypointense clusters that have not turned T1-hypointense yet and 

theoretically “withstand” further tissue damage. When this occurs, the number of non T1-

hypointense voxels would decrease because they become T1-hypointense. This would in turn 

explain the positive relationship with cognition observed in our results. Further investigation would 

be necessary to explore the potential cascade of events leading to change in T1 intensity in a 

longitudinal setting, since the hypothesis of rims as WMHs associated with healthy cognitive aging 

is very speculative. 

Our study has some limitations in terms of the data and the methodology. 

The Whitehall II imaging sub-study dataset shows a strong gender imbalance, skewed towards men, 

since it reflects the demographic of British civil servants at the time of recruitment in the main study. 

Moreover, the age range of the sample is quite narrow (60-84 years). Future work is therefore 

needed to test the generalisability of our results. Our approach for the sub-classification of WMHs 

relies on automated segmentation of WMHs with BIANCA, tissue type segmentation with FAST, and 

registration of images with different spatial resolutions. As already mentioned, we cannot exclude 

inaccuracies in the WMH masks, despite visual inspection of the results. We used FAST 
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segmentation as a proxy for defining T1-hypointensity, therefore inaccuracies in the segmentation 

would translate to inaccuracies in the sub-classification. Moreover, we performed linear and non-

linear registrations between images with different resolutions (FLAIR, T1 and MNI space) and the 

interpolation process could have slightly affected the segmented volumes. 

Finally, our hypothesis on the evolution of WMHs should be interpreted cautiously and prompt 

further longitudinal studies. For example, it would be very valuable to follow up participants and 

study how WMH sub-classes evolve over time to validate the proposed theory. Another interesting 

future development would be looking at how the different WMH sub-classes are related to 

incidence of disease using risk models in well-balance longitudinal datasets. 

Despite these limitations, this study presents some novel theoretical and methodological insights 

that can contribute to better understanding of the role of WMHs in cognitive aging. The methods 

developed herein can be easily adopted in other research settings. The extended ventricle mask and 

the scripts created for images post-processing are publicly available1. These scripts can also be 

equally applied to any manually- or automatically-derived WMH masks, other than those from 

BIANCA, to obtain the four WMH sub-classes presented in this study. 

We showed that information from spatial location and intensity in T1-weighted images provides 

potentially clinically useful insights into the meaning of WMHs with regards to participants’ 

cognitive function. Notably, the combination of these two criteria revealed an association with 

cognitive scores related to global functioning, executive function, processing speed, and memory 

that the WMH total volume alone could not provide. 
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SUPPLEMENTAL FILES 

Table S1. Acquisition parameters of T1-weighted, FLAIR and DWI images on Siemens 3-T Verio and Prisma scanners.  

Sequence T1-weighted FLAIR DWI 

Scanner Verio Prisma Verio Prisma Verio Prisma 

TR, ms 2530 1900 9000 9000 8900 8900 

TE, ms 1.79 / 3.65 / 5.51 / 7.37 3.97 73 73 91.2 91 

Flip angle 7° 8° 150° 150° ----- ----- 

Voxel, mm3 1 x 1 x 1 1 x 1 x 1 0.9 x 0.9 x 3 0.4 x 0.4 x 3 2 x 2 x 2 2 x 2 x 2 

FoV read 256 192 220 220 192 192 

FoV phase 100% 100% 100% 100% 100% 100% 

Base resolution 256 192 256 256 96 96 

Phase resolution 100% 100% 100% 100% 100% 100% 

TI, ms 1380 904 2500 2500 ----- ----- 

Bandwith, Hz/Px 651  200 283 283  1680 1680  

Orientation Sagittal Transversal Transversal Transversal Transversal Transversal 

b-value, s/mm2 ----- ----- ----- ----- 1500 1500 

Directions, N ----- ----- ----- ----- 60 + 5 b=0 60 + 5 b=0  

Acquisition time 6'12" 5'31" 4'14" 4'14" 10'32" 10'41" 

FLAIR, fluid attenuated inversion recovery; DWI, diffusion weighted imaging; TR, repetition time; TE, echo time; FoV, field of view; TI, inversion time, Acquisition T; acquisition 

time.
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Table S2. Multiple linear regression analysis results. Only one imaging predictor was used at a time. Model results and significant WMH predictors 

of cognitive scores adjusted for age at the examination, sex, total years of education, systolic blood pressure and diastolic blood pressure.  

 Model Parameter estimates 

Cognitive test F p-value Adjusted R2 Significant WMH covariate β (SE) p-value 

Letter fluency 

      

4.059 0.001 0.026 Non  T1-hypointense deep WMHs 0.948 (0.434) 0.029 

      

5.232 <0.001 0.036 Non T1-hypointense WMH clusters 1.976 (0.580) 0.001 

Category fluency 

      

11.592 <0.001 0.086 Non  T1-hypointense deep WMHs 1.076 (0.520) 0.039 

      

12.353 <0.001 0.091 Non T1-hypointense WMH clusters 2.023 (0.696) 0.004 

Digit span backwards 

      

8.346 <0.001 0.061 Non  T1-hypointense periventricular WMHs 1.039 (0.458) 0.024 

      

8.227 <0.001 0.060 Hyperintense rims of T1-hypointense WMH clusters 0.916 (0.433) 0.035 

SE, standard error; WMHs, white matter hyperintensities. 
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Table S3. Bivariate (Pearson) correlations among volumes of sub-classes of WMH, total WMH 

volume and age. 

  Pearson’s 

r 

p-

value 

Non T1-hypointense clusters Deep non T1-hypointense WMHs 0.490 <0.001 

 T1-hypointense clusters -0.226 <0.001 

 T1-hypointense WMHs -0.392 <0.001 

 Total WMHs -0.166 <0.001 

 Age -0.201 <0.001 

    

Hyperintense rims Periventricular non T1-hypointense 

WMHs 

0.905 <0.001 

 Hypointense cores volume 0.553 <0.001 

 T1-hypointense clusters 0.793 <0.001 

 T1-hypointense WMHs 0.553 <0.001 

 Total WMHs 0.806 <0.001 

 Age 0.131 0.001 

WMHs, white matter hyperintensities. 
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INCONSISTENCY IN QUANTIFYING AND REPORTING WHITE MATTER 

HYPERINTENSITIES VOLUME: A SYSTEMATIC REVIEW 

 

This section is based on the conference abstract: 

L. Melazzini, M. Codari, M. Zanardo, F. Sardanelli. “White matter hyperintensities volumetric burden in healthy adults: 

a systematic review and meta-analysis”. International Society for Magnetic Resonance Imaging in Medicine - Italian 

Chapter, Milan 2019. 

And the paper (provisionally accepted): 

Melazzini, L., Vitali, P., Olivieri, E., Bolchini, M., Zanardo, M., Savoldi, F., … & Codari, M. White Matter Hyperintensities 

Quantification in Healthy Adults: A Systematic Review and Meta-analysis (2020). JMRI. 

 

INTRODUCTION  

 

White matter hyperintensities (WMH) seen on T2-weighted MRI brain scans are common 

radiological findings in adults, associated with a higher risk for developing stroke, dementia, gait 

disturbances and psychiatric diseases (Debette et al., 2019; Wardlaw et al., 2015). Together with 

lacunes, microbleeds, and enlarged perivascular spaces, WMH are considered a neuroimaging 

biomarker of cerebral small vessel disease (SVD) (Wardlaw et al., 2013). 

 

Appearance of WMH is heterogeneous, ranging from focal to diffuse confluent lesions (Sarbu et al., 

2020). Heterogeneity may result as a combination of different underlying etiology and 

histopathological changes (Alber et al., 2019). In the general population, WMH volume primarily 

depends on age more than other vascular risk factors (Grueter and Schulz, 2012). Modelling WMH 

volume heterogeneity in healthy aging would thereby be vital to understanding their use in brain 

disease (Frey et al., 2019). 
 

Volumetry of WMH has become customary in research due to the availability of methods with high 

sensitivity for small lesions and better reliability if compared to qualitative or semi-quantitative 

methods (Van den Heuvel et al., 2006). Manual quantification may result in poor reproducibility 

while dealing with small WMH volumes, due to voxel intensity variability among imaging settings 

(Olsson et al., 2013). In this respect, the use of automated methods with intensity normalization has 

been strongly advised to improve reproducibility (Caligiuri et al., 2015).  

 

Variability in quantitative assessment may arise in any stage of image acquisition and processing, 

starting from image acquisition to image post-processing and interpretation of radiological findings 

(De Guio et al., 2016). The development and validation of a strong neuroimaging biomarker passes 

through different levels of evidence, from single center cross-sectional to large-scale studies (Woo 

et al., 2017). As WMH are concerned, some aspects of validation are lacking with limited 

comparisons among segmentation tools and few longitudinal studies (Smith et al., 2019). 
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The reproducible estimation of WMH is crucial for the development of a surrogate biomarker for 

cerebral SVD and still represents an open issue. Bias sources in WMH volume estimation should be 

controlled as much as possible, enabling comparison among different studies (De Guio et al., 2016). 

Studies on young subjects with small lesion volumes should also warrant high accuracy and good 

reproducibility. The same applies when following-up subjects for longitudinal WMH volume changes 

(Van den Heuvel et al., 2006). 

 

To investigate current source of bias in WMH volume assessment in healthy adults, we conducted a 

systematic review and meta-analysis on current available studies analyzing the variability in image 

acquisition protocols, postprocessing automatization level, and reported WHM volumes and 

enquired whether a point estimate and reference standard for WMH volume could be determined. 

 

MATERIALS AND METHODS 

 

No Ethics Committee approval was needed for this systematic review. The study protocol was 

registered on PROSPERO (CRD42018116481, Full study protocol available from: 

https://www.crd.york.ac.uk/prospero/) and reported following the Preferred Reporting Items for 

Systematic Reviews and Meta-Analyses (Moher et al., 2009). 

 

Search Strategy and Eligibility Criteria 

 

A systematic search of the literature was performed on the 8th of January 2020 using EMBASE 

(Elsevier) for articles focusing on WMH quantification in healthy adults. A controlled vocabulary 

(EMBASE thesaurus) was used.   

The exact search query was: ('white matter hyperintensity'/exp OR 'white matter hyperintensity' OR 

'leukoaraiosis' OR 'wmh' OR 'wml') AND ('quantitative analysis' OR 'quantification' OR 'volume' OR 

'volumetric' OR 'white matter hyperintensity volume' OR 'white matter hyperintensity volume'/exp) 

AND ('aging' OR 'aging'/exp OR 'elderly' OR 'aged' OR 'aged'/exp OR 'elderly'/exp) AND ('normal 

human'/exp OR 'normal human' OR 'healthy'). The search was limited to original studies on humans, 

published since 2008 onwards on peer-reviewed journals, written in English and provided with an 

abstract. 

 

Three independent readers performed initial screening based on title and abstract only (LM, EO and 

MB). Eligible articles were those that reported in the abstract that quantification of WMH volume 

in healthy participants was performed. Subjects from community-dwelling longitudinal cohorts or 

control subjects from case-control studies were deemed healthy unless any neurological, psychiatric 

and cognitive conditions were explicitly stated. When provided, detailed information about 

subjects’ health status was furtherly characterized as the absence neurological, psychiatric, 

cognitive, cardiovascular or major (both inherited and acquired) diseases. 

Eligible articles were then retrieved and read in full. Disagreements between reviewers were 

resolved by the decision of a fourth independent reviewer (MC).  
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Data Extraction 

 

Data extraction was independently performed by the same reviewers who performed the initial 

screening using the same two-steps selection protocol. Manuscripts with unclear presentation of 

data (e.g. unspecified unit of measurement for WMH volumes) or missing WMH volumes data 

were discarded. Finally, in order to perform the subsequent meta-analysis, only articles that 

reported the total WMH volume expressed as mean and standard deviation (SD) were included.  

Data extracted included: first author’s family name and year of publication; subjects’ 

demographics; sample size and clinical history and WMH volume of participants included in each 

study. Moreover, we collected the level of automation for WMH volume assessment (manual, 

semi-automated, or automated); magnetic field strength; MRI sequences adopted. 

 

Statistical Analysis 

 

Statistical analysis was performed using Comprehensive Meta-Analysis v2.2.057 (Biostat, 

Englewood, NJ, USA). First, I2 statistics was calculated to estimate the percentage of variability 

across studies that is due to heterogeneity rather than chance (Borenstein et al., 2010; Higgins and 

Thompson, 2002). The random-effect model with the DerSimonian and Laird method, suitable for 

handling heterogeneous data, was used to calculate the pooled WMH volume and its 95% 

confidence interval (CI) (DerSimonian and Laird, 1986). If statistical heterogeneity was low, a pooled 

SD would be calculated as the root mean square of all study parts SD values to take into account 

each study sample size, and the reference range built as the WMH pooled volume ± 2 pooled SD 

(Sardanelli and Di Leo, 2009). 

 

Potential sources of heterogeneity were evaluated by meta-regression and subgroup analysis.  

Meta-regression analysis was performed to assess the correlation between WMH volume subjects’ 

age. Due to nonlinearity of WMH changes with age (Huang et al., 2018), we performed a second 

meta-regression analysis excluding all study parts involving young subjects (< 50 years old). This 

threshold was established as subjects less than 50 years old are expected to carry an extremely low 

WMH burden (Grueter and Schulz, 2012). 

 

Subgroup analysis with the random-effect model was performed to investigate the effect on WMH 

volume of the magnetic field strength and the level of automation used for WMH assessment. 

The risk of publication bias was assessed by visually inspecting funnel plots and performing the Egger 

test and Kendall’s tau (Higgins and Thompson, 2002). 

 

RESULTS 

 

Retrieved and Selected Literature  

 

A flowchart of the literature search is shown in Fig. 1. From the initial search, 162 articles were 

retrieved with 38 of them being analyzed (Birdsill et al., 2013; Bronas et al., 2019; Damulina et al., 
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2019; De Marco et al., 2017; de Schipper et al., 2019; Devantier et al., 2016; Gurol et al., 2013; He 

et al., 2012; Holland et al., 2008; Huang et al., 2014, 2018; Jäncke et al., 2019; Jiang et al., 2015; 

Koga et al., 2009; Lampe et al., 2019; Lau et al., 2019; Liu et al., 2016; Lockhart et al., 2015; 

Makedonov et al., 2013; Moura et al., 2019; K.-W. Nam et al., 2019; K. W. Nam et al., 2019; Nylander 

et al., 2018; Phyu et al., 2018; Portet et al., 2012; Reijmer et al., 2015; Rowe Bijanki et al., 2013; 

Seiler et al., 2018; Silbert et al., 2009; Tarumi et al., 2014; Ternifi et al., 2014; Van Rooden et al., 

2018; Vipin et al., 2018; Weinstein et al., 2018; Yatawara et al., 2019; Ye et al., 2019, 2017; Zhang et 

al., 2019). All included studies were prospective; five had an intra-individual study design with two 

(Jäncke et al., 2019; Lau et al., 2019; Tarumi et al., 2014; Ye et al., 2017) or three study groups (Huang 

et al., 2018) that were examined separately. In those cases, study parts were considered 

independent, accounting for 44 study parts. 

 

 
Figure 1. Flow chart of the literature search. Of the 162 initially retrieved articles, 38 were included 

in the qualitative synthesis and 17 in the meta-analysis. 

 

Qualitative Analysis of the Included Studies 

 

Considering all study parts included in the qualitative synthesis, the number of healthy subjects 

involved in each study part ranged from 9 (Ternifi et al., 2014) to 2640 (K. W. Nam et al., 2019), 
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accounting for 9716 subjects. Participants in these studies were healthy subjects recruited in 

community-dwelling longitudinal cohorts or control subjects from case-control studies. 

Participants mean and SD age was 66.11 ± 10.92 years. Mean age in the analyzed samples ranged 

from 26 (Huang et al., 2018) to 84 years (Silbert et al., 2009). Mean and SD percentage of men in 

the reviewed articles was 50.45% ± 21.48%. None of the healthy subjects had any disclosed disease. 

When explicitly stated, patients’ history included absence of prior neurological disorders (42/44 

study parts, 95%), psychiatric illnesses (31/44 study parts, 70%), cognitive impairments (35/44 study 

parts, 80%), cardiovascular diseases (12/44 study parts, 27%) or major diseases (12/44 study parts, 

27%). 

Magnetic field strength was 1.0-T in 1/44 (2%) of the study parts, 1.5-T in 11/44 (25%), 3-T in 28/44 

(64%), mixed in 2/44 (4%) and not reported in 2/44 (4%).  

Out of 44 study parts, 35 (79%) used fluid-attenuated inversion recovery (FLAIR) images for WMH 

segmentation, 6 (14%) combined proton density and T2-weighted images, 1 (2%) used T2-weighted 

images only and 2 (4%) used T1-weighted images only. The quantitative assessment of WMH volume 

was automated in 17/44 (39%) study parts, semi-automated in 25/44 (57%) and manual in 2/44 

(4%). Detailed demographics of subject included in all study parts are presented in Supplemental 

Table S1. 

 

WMH Volume Meta-analysis 

 

Seventeen articles for a total of 21 study parts reported quantitative data for WMH volume as mean 

and standard deviation (SD) and were therefore included in the meta-analysis (De Marco et al., 

2017; de Schipper et al., 2019; Huang et al., 2018; Jäncke et al., 2019; Jiang et al., 2015; Lampe et 

al., 2019; Makedonov et al., 2013; Nylander et al., 2018; Phyu et al., 2018; Portet et al., 2012; Rowe 

Bijanki et al., 2013; Silbert et al., 2009; Ternifi et al., 2014; Van Rooden et al., 2018; Yatawara et al., 

2019; Ye et al., 2019, 2017). The total number of healthy subjects included in the meta-analysis was 

2743. Detailed demographics of subject included in meta-analyzed study parts are presented in 

Supplemental Table S1. 

 

In analyzed studies, WMH volume ranged from 0.11 (Huang et al., 2018) (1st age subgroup) to 14.16 

cm3 (Jiang et al., 2015). Analyzed data showed high heterogeneity (Q = 2914, degrees of freedom = 

20, I2 = 99%, P < .001). Standard deviation of WMH volumes ranged from 0.26 (Huang et al., 2018) 

(1st age subgroup) to 12.61 cm3 (Huang et al., 2018) (3rd age subgroup). Using the random-effect 

model we obtained a pooled WMH volume of 4.70 cm3 (95% CI 3.88-5.53 cm3), as depicted in the 

Forest plot (Fig. 2). At visual inspection, the funnel plot (Supplemental Fig. S1) showed a moderate 

risk of publication bias, as confirmed by the Egger test (P < .001) and the Kendall’s Tau (b = 0.033; P 

= .416). 
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Figure 2. Forest plot of the 17 analyzed studies, for a total of 21 independent study parts. The forest 

plot is a graphical representation of the results of the meta-analysis. The studies are represented by 

squares whose area is proportional to the weight of that study in the analysis. Since this analysis is 

based on the random-effects model, the weight is the inverse of the total variance (within and 

between study variance) for each study. Heterogeneity among studies was very high (I2 = 99%). The 

last row shows the pooled WMH volume. 

 

Meta-regression Analysis 

 

Meta-regression analysis performed including the 21 study parts showed a positive statistically 

significant correlation between WMH volume and age (Intercept β0 = -7.030, P = .002; βWMH = 0.182 

cm3 per year of age, P < .001; R2 = 0.00) (Supplemental Fig. S2). The second meta-regression 

performed excluding three study parts with mean subjects’ age below 50 years showed a higher 

positive correlation between WMH volume and subjects’ age (Intercept β0 = -19.349, P = .032; βWMH 

= 0.358 cm3 per year of age, P = .005; R2 = 0.27) (Fig. 3). 
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Figure 3. Meta-regression plot of WMH volumes on age after exclusion of 3 study parts with mean 

subjects’ age < 50 years and mean WMH volumes close to 0 cm3. Eighteen study parts were included 

in the analysis. The area of each circle is proportional to the weight of that study in the analysis. 

Since this analysis was based on the random-effects model, the weight is the inverse of the total 

variance (within and between study variance) for each study. 

 

Subgroup Analysis 

 

Subgroup analysis showed a significant effect on WMH volume of the magnetic field strength (P < 

.001). The pooled WMH volume from studies using 1.5-T magnetic field strength was 7.87 cm3 (95% 

CI 5.26-10.47 cm3). The pooled WMH volume from studies using 3.0 T magnetic field strength was 

3.82 cm3 (95% CI 3.16-4.49 cm3) (Supplemental Fig. S3). Median age and interquartile range (IQR) 

for participants from studies included in the meta-analysis at 1.5-T and 3.0-T were 70.56 (69.65-

79.55) years and 68.00 (61.98-71.00) years respectively. 

 

A significant difference on pooled WMH volume based on the level of automation was also found 

(P < .001). The pooled WMH volume from studies using a manual method was 6.86 cm3 (95% CI 

5.48-8.24 cm3), from those using a semiautomated method was 4.63 cm3 (95% CI 1.54-7.72 cm3), 

from those using an automated method was 4.47 cm3 (95% CI 3.68-5.26 cm3) (Supplemental Fig. 

S4). Mean age of healthy subjects in the only two studies which relied on manual assessment 

methods were 69.3 years (Rowe Bijanki et al., 2013) and 84.1 years (Silbert et al., 2009). Median age 

and IQR of participants from studies included in the meta-analysis which relied on semiautomated 

and automated methods for the WMH volume assessment were 70.28 (IQR 55.79-72.08) years and 

66.5 (IQR 62.02-70.63) years respectively. 
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DISCUSSION 

 

The main result of our systematic review was a high heterogeneity in WMH volume (I2 = 99%). Even 

if rigorously selecting healthy subjects, risk factors for cerebral SVD, such as hypertension, low 

cardiac ejection fraction, carotid atherosclerosis and atrial fibrillation, may have been unreported 

in the analyzed study parts. Varying prevalence of these conditions, that are associated with 

different WMH volumes, may have contributed to the observed heterogeneity (Moroni et al., 2018). 

 

We focused on age as the most important unmodifiable risk factor for WMH volume (Grueter and 

Schulz, 2012). When considering only subjects older than 50 years, the meta-regression analysis 

showed a positive significant correlation between WMH volume and age. Age explained 27% of the 

variance in WMH volume. Apart from potential unreported conditions, the remaining variance 

should be explained by a combination of the WMH biological (i.e. intrinsic) and technical variability.  

Since translational neuroimaging studies aim at extracting the potential diagnostic and prognostic 

value of imaging biomarkers (Chertkow and Black, 2007), it is crucial to lay bare WHM biological 

variability by removing or modeling the technical sources of bias in the WMH assessment process.   

 

Most of the analyzed study parts employed 3-T magnets. The pooled WMH volume was lower in 

studies employing 3-T scanners than in those using 1.5-T scanners. This finding is partially in contrast 

with a previous study that reported an underestimation of WMH volume with lower field scanners, 

but also increased non-focal WMH and flow artefacts at higher field strength (Neema et al., 2009). 

Notably, the 3-T studies included the three study parts with mean age less than 50 years and a mean 

WMH volume close to 0 cm3. These factors were likely to determine the observed finding. 

 

Level of automation in WMH segmentation was also significantly different across studies. Study 

parts on relatively young subjects adopted automated methods, while WHM were manually 

segmented in those involving the eldest participants. This difference in age, more than any other 

technical aspects related to partial volume effect and thresholding, may have driven the observed 

differences in the WMH pooled volumes.  

 

Optimally, to keep technical variability to a minimum, standardized imaging protocols for 

investigating SVD should be used (Wardlaw et al., 2013). It is advisable to deploy high-resolution 

isotropic FLAIR images on 3.0-T scanners to study WMH (Wardlaw et al., 2013). Harmonization 

strategies such as correction for B1 inhomogeneities should then be adopted to reduce 

heterogeneity within and across MRI scanners (Guo et al., 2019). Moreover, the availability of 

several automated methods for WMH segmentation may represent a technical source of bias 

(Caligiuri et al., 2015; Heinen et al., 2019; Steenwijk et al., 2013). The best-performing method 

should be identified among coexisting solutions after a test on the same extensive external dataset. 

 

Rigorous anatomical definition of WMH is also of paramount importance. Initiatives for 

standardization and harmonization in WMH assessment did not address the sources of variability in 

the segmentation process (Smith et al., 2019). For instance, the innermost segment of 
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periventricular WMH could either be segmented as WMH (Valdés Hernández et al., 2014) or 

disregarded as partial volume or cerebrospinal fluid flow artefact (Payne et al., 2002). Moreover, 

thin white matter bundles such as structures that belong to the limbic system and white matter 

bundles intermixed with deep gray matter structures are usually not considered in the anatomical 

operational definition of white matter used in structural brain MRI segmentation, although WMH in 

these bundles may carry significant clinical impact (Vangberg et al., 2019). Pathology and clinically 

oriented study should guide the choice towards a standardized criterion for WMH segmentation. 

An endorsed anatomical definition of WMH would also increase the performance of supervised 

segmentation algorithms by ameliorating the quality of the labelled training set.  

 

The main limitation of this study is the relatively small number of the meta-analyzed study parts. 

We excluded from the meta-analysis 12 articles that reported normalized or log-transformed WMH 

volumes without reporting original descriptive statistics. Normalization for total brain or intracranial 

volume is recommended in neuroimaging studies that deal with quantitative measures (Whitwell et 

al., 2001). However, only 3 study parts provided normalized WMH volume as mean and SD and were 

thereby excluded. This relatively small sample size combined to a high heterogeneity among study 

parts impeded us from providing a point estimate and reference normality interval for WMH volume 

in healthy adults. Altogether, this heterogeneity in WMH volume reporting introduce further 

variability and warrants standardization. It is also essential that descriptive statistics of the original 

imaging data is always reported alongside to the transformed metrics. 

 

At the current stage, data on WMH volume in healthy adults appear to be not comparable across 

studies. To the extent of our knowledge, several studies (de Boer et al., 2010; Ramirez et al., 2013; 

Wei et al., 2002) investigated the reproducibility of WMH volumetric measures within specific 

centers but no report has investigated inter-center reproducibility (De Guio et al., 2016). We stress 

the need for achieving better standardization in WMH quantification and reporting encouraging 

international initiatives that aims at promoting such a methodological change. Under that 

circumstances, a future meta-analysis would carry lower heterogeneity and more robust evidence. 

Nomograms for WMH volumes in healthy aging could then be derived and potentially translated 

into the clinic. 
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SUPPLEMENTAL FILES 

 

Table S1. Main characteristics of the 38 analyzed articles (44 study parts) included for the qualitative analysis. The study parts included in the 

quantitative analysis are highlighted in light green. 

Study N 
Men 

(%) 

Age 

(years) 
MFS Sequence 

Level  

of 

automation 

Healthy subjects: free of Part of population study 
WMH volume 

(cm3) 

Jäncke et al 2019 

(1st sex subgroup) 

107 100 71 3.0 T1‐

weighted 

Automated Neurological Psychiatric Cognitive 

Cardiovascular Major diseases 

N.A. 3.30 ± 3.10* 

Jäncke et al 2019 

(2nd sex subgroup) 

109 0 70 3.0 T1‐

weighted 

Automated Neurological Psychiatric Cognitive 

Cardiovascular Major diseases 

N.A. 3.60 ± 5.10* 

Moura et al 2019 351 33 63 3.0 FLAIR Automated Neurological Psychiatric Cognitive 

Cardiovascular Major diseases   

N.A. 0.31 (1.74)^ 

Yatawara et al 2019 79 41 63 3.0 FLAIR Automated Neurological Psychiatric Cognitive 

Cardiovascular Major diseases  

N.A. 4.96 ± 6.53* 

de Schipper et al 2019 218 63 65 3.0 FLAIR Automated Neurological Psychiatric Cognitive 

Cardiovascular Major diseases  

Leiden Longevity Study  4.80 ± 5.10* 

Bronas et al 2019 94 49 68 3.0 FLAIR Automated Neurological Psychiatric Cognitive 

Cardiovascular Major diseases  

N.A. Normalised/Log-

transformed  

Nam et al 2019 2460 54 56 3.0;1.5 FLAIR Semi-

automated 

Neurological Psychiatric Cognitive 

Cardiovascular Major diseases  

N.A. 1.10 (0.20-2.60)^ 

Zhang et al 2019 39 59 69 3.0 FLAIR Semi-

automated 

Neurological Psychiatric Cognitive 

Cardiovascular Major diseases  

N.A. Normalised/Log-

transformed  

Nam et al 2019 1578 57 55 1.5 FLAIR Semi-

automated 

Neurological Psychiatric Cognitive 

Cardiovascular Major diseases  

N.A. 1.00 (0.20-2.50)^ 
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Ye et al 2019 33 48 62 3.0 FLAIR Semi-

automated 

Neurological Psychiatric Cognitive 

Cardiovascular Major diseases  

N.A. 1.28 ± 1.12* 

Damulina et al 2019 130 38 74 3.0;1.5 FLAIR Semi-

automated 

Neurological Psychiatric Cognitive 

Cardiovascular Major diseases  

Austrian Stroke 

Prevention Family Study  

6.16 (3.24-

13.85)^ 

Lampe et al 2019 702 54 68 3.0 FLAIR Automated Neurological Psychiatric Cognitive 

Cardiovascular Major diseases  

LIFE (Leipzig Research 

Centre for Civilization 

Diseases)-Adult-Study 

4.25 ± 6.66* 

Lau et al 2019        

(1st Global ARWMC <2 

subgroup) 

124 37 69 3.0 FLAIR Semi-

automated 

Neurological Psychiatric Cognitive 

Cardiovascular Major diseases  

CU-RISK (The Chinese 

University of Hong Kong 

– Risk index for 

Subclinical Brain Lesions 

in Hong Kong) study  

2.53 (1.64-4.34)^ 

Lau et al 2019    

(2nd Global ARWMC ≥2 

subgroup) 

56 43 71 3.0 FLAIR Semi-

automated 

Neurological Psychiatric Cognitive 

Cardiovascular Major diseases  

CU-RISK (The Chinese 

University of Hong Kong 

– Risk index for 

Subclinical Brain Lesions 

in Hong Kong) study  

10.01 (4.89-

18.17)^ 

Seiler et al 2018 680 42 72 1.5 FLAIR Semi-

automated 

Neurological Psychiatric Cognitive 

Cardiovascular Major diseases  

Framingham offspring 

study 

5.45 (2.38-

10.86)^ 

Nylander et al 2018 396 N.A. 75 1.5 PD/T2-

weighted 

Semi-

automated 

Neurological Psychiatric Cognitive 

Cardiovascular Major diseases  

Prospective 

Investigation of the 

Vasculature in Uppsala 

Seniors (PIVUS) 

10.50 ± 5.20* 

Huang et al 2018  

(1st age subgroup) 

102 53 26 3.0 FLAIR Automated Neurological Psychiatric Cognitive 

Cardiovascular Major diseases  

N.A. 0.11 ± 0.26* 
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Huang et al 2018          

(2nd age subgroup)   

89 33 50 3.0 FLAIR Automated Neurological Psychiatric Cognitive 

Cardiovascular Major diseases 

N.A. 0.27 ± 0.51* 

Huang et al 2018  

(3rd age subgroup) 

121 61 72 3.0 FLAIR Automated Neurological Psychiatric Cognitive 

Cardiovascular Major diseases 

N.A.  8.17 ± 12.61* 

Phyu et al 2018 18 50 37 3.0 PD/T2-

weighted 

Semi-

automated 

Neurological Psychiatric Cognitive 

Cardiovascular Major diseases  

N.A. 0.20 ± 0.48* 

Van Rooden et al 2018 42 40 68 3.0 FLAIR Automated Neurological Psychiatric Cognitive 

Cardiovascular Major diseases  

N.A. 7.90 ± 4.60* 

Vipin et al 2018 51 51 66 3.0 FLAIR Semi-

automated 

Neurological Psychiatric Cognitive 

Cardiovascular Major diseases  

N.A. Normalised/Log-

transformed  

Weinstein et al 2018 629 44 67 1.5 PD/T2-

weighted 

Semi-

automated 

Neurological Psychiatric Cognitive 

Cardiovascular Major diseases  

Framingham offspring 

study 

Normalised/Log-

transformed  

Ye et al 2017 64 45 70 3.0 FLAIR Automated Neurological Psychiatric Cognitive 

Cardiovascular Major diseases  

N.A. 3.08 ± 4.67* 

Ye et al 2017  

(Not-cognitively 

declining subgroup of 

the sample above at 35 

months follow up) 

43 44 72 3.0 FLAIR Automated Neurological Psychiatric Cognitive 

Cardiovascular Major diseases 

N.A. 5.09 ± 7.14* 

De Marco et al 2017 51 31 62 3.0 FLAIR Automated Neurological Psychiatric Cognitive 

Cardiovascular Major diseases  

N.A. 3.26 ± 5.83* 

Devantier et al 2016 27 52 60 3.0 FLAIR Semi-

automated 

Neurological Psychiatric Cognitive 

Cardiovascular Major diseases  

N.A. 0.31 (0.11-1.39)^ 

Liu et al 2016 27 52 66 3.0 FLAIR Semi-

automated 

Neurological Psychiatric Cognitive 

Cardiovascular Major diseases  

N.A. Normalised/Log-

transformed  
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Lockhart et al 2015 35 23 78 3.0 FLAIR Semi-

automated 

Neurological Psychiatric Cognitive 

Cardiovascular Major diseases  

UC Davis Alzheimer’s 

Disease Center 

Longitudinal Cohort 

Normalised/Log-

transformed  

Jiang et al 2015 155 43 79 3.0 FLAIR Automated Neurological Psychiatric Cognitive 

Cardiovascular Major diseases  

Sidney Memory and 

Aging Study  

14.16 ± 10.55* 

Reijmer et al 2015 29 69 71 1.5 FLAIR Semi-

automated 

Neurological Psychiatric Cognitive 

Cardiovascular Major diseases  

National Alzheimer’s 

Coordinating Centre-

based Longitudinal 

Cohort; Harvard 

Cooperative Program on 

Ageing at 

Massachusetts General 

Hospital  

Normalised/Log-

transformed  

Ternifi et al 2014(Ternifi 

et al., 2014) 

9 0 71 1.5 FLAIR Semi-

automated 

Neurological Psychiatric Cognitive 

Cardiovascular Major diseases  

N.A. 10.24 ± 6.42* 

Tarumi et al 2014               

(1st sex subgroup) 

37 100 49 3.0 FLAIR  Semi-

automated 

Neurological Psychiatric Cognitive 

Cardiovascular Major diseases  

N.A.  Normalised/Log-

transformed  

Tarumi et al 2014   

(2nd sex subgroup) 

46 100 49 3.0 FLAIR Semi-

automated 

Neurological Psychiatric Cognitive 

Cardiovascular Major diseases 

N.A. Normalised/Log-

transformed  

Huang et al 2014 90 100 81 3.0 FLAIR Automated Neurological Psychiatric Cognitive 

Cardiovascular Major diseases  

N.A. Normalised/Log-

transformed  

Rowe Bijanki et al 2013 22 45 69 1.5 FLAIR Manual Neurological Psychiatric Cognitive 

Cardiovascular Major diseases  

Aging, Vascular Disease, 

and Cognition 

6.30 ± 4.50* 

Birdsill et al 2013 40 33 59 3.0 FLAIR Automated Neurological Psychiatric Cognitive 

Cardiovascular Major diseases  

Wisconsin Registry for 

Alzheimer's Prevention 

Normalised/Log-

transformed  
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Gurol et al 2013 50 42 74 N.A. FLAIR Semi-

automated 

Neurological Psychiatric Cognitive 

Cardiovascular Major diseases  

Massachusetts 

Alzheimer's Disease 

Research Center 

3.20 (2.00-5.60)^ 

Makedonov et al 2013 50 46 70 1.5 PD/T2 

weighted 

Semi-

automated 

Neurological Psychiatric Cognitive 

Cardiovascular Major diseases  

N.A. 5.20 ± 6.88* 

He et al 2012 76 32 74 1.5 FLAIR Semi-

automated 

Neurological Psychiatric Cognitive 

Cardiovascular Major diseases  

N.A. Normalised/Log-

transformed  

Portet et al 2012 274 41 71 N.A. T2‐

weighted 

Semi-

automated 

Neurological Psychiatric Cognitive 

Cardiovascular Major diseases  

ESPRIT (Enquête de 

Santé Psychologique - 

Risques, Incidence et 

Traitement) 

1.79 ± 3.19* 

Silbert et al 2009 49 47 84 1.5 PD/T2-

weighted 

Manual Neurological Psychiatric Cognitive 

Cardiovascular Major diseases 

Oregon Brain Aging 

Study 

7.50 ± 7.20* 

Koga et al 2009 295 36 72 1.0 FLAIR Semi-

automated 

Neurological Psychiatric Cognitive 

Cardiovascular Major diseases 

N.A. Normalised/Log-

transformed  

Holland et al 2008 29 38 71 1.5 PD/T2-

weighted 

Semi-

automated 

Neurological Psychiatric Cognitive 

Cardiovascular Major diseases  

N.A. 1.71 (0.75-5.37)^ 

Age values are presented as the means. ARWMC = age-related white matter changes, MFS = magnetic field strength, FLAIR = fluid-attenuated inversion recovery, PD = 

proton density, WMH = white matter hyperintensities. * Mean and standard deviation ^ Median and interquartile range. 
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Figure S1. Funnel plot of the 21 meta-analysed study parts. The funnel plot is a scatter plot with the 

WMH volume of the single study on the x-axis and its standard error on the y-axis. The pooled WMH 

volume corresponds to the funnel axis. Funnel plots are skewed and asymmetrical in the presence 

of publication bias. 

 

 

Figure S2. Meta-regression plot of WMH volumes on age. Twenty-one study parts were included in 

the analysis. The area of each circle is proportional to the weight of that study in the analysis. Since 

this analysis is based on the random-effects model, the weight is the inverse of the total variance 

(within and between study variance) for each study. 
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Figure S3. Forest plot of subgroup analysis of WMH volumes by magnetic field strength. Twenty 

study parts were included in the analysis. The forest plot is a graphical representation of the results 

of the meta-analysis. The studies are represented by squares whose area is proportional to the 

weight of that study in the analysis. Since this analysis is based on the random-effects model, the 

weight is the inverse of the total variance (within and between study variance) for each study. 



81 
 

 

Figure S4. Forest plot of subgroup analysis of WMH volumes by level of automation used for WMH 

quantification. Twenty-one study parts were included in the analysis. The forest plot is a graphical 

representation of the results of the meta-analysis. The studies are represented by squares whose 

area is proportional to the weight of that study in the analysis. Since this analysis is based on the 

random-effects model, the weight is the inverse of the total variance (within and between study 

variance) for each study. 
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The BACH Study 

 

In view of the preliminary results obtained from ten patients with tetralogy of Fallot described in 

(Codari et al., 2018), we designed the BACH (Brain Aging in Congenital Heart disease) San Donato 

study. This monocentric  longitudinal study involves a multidisciplinary research team and aims at 

recruiting 73 adults with congenital heart disease (ACHD) and 73 age- and sex-matched healthy 

controls. The BACH study investigates brain structure, cognitive functioning and overall quality of 

life in a well-defined subgroup of complex ACHD, i.e. patients suffering with tetralogy of Fallot. 

Should the preliminary results be confirmed in this setting, the BACH study would lay out the 

increased susceptibility to brain vascular damage in ACHD and its potential association with 

impaired brain functioning in specific cognitive domains. 

INTRODUCTION 

Surgical and medical advancements have allowed people born with congenital heart defects to live 

longer. Mortality in this category of patients has shifted away from infancy to adulthood, leading to 

the development of a large population of adults living with congenital heart disease (ACHD) (Diller 

et al., 2015). Although most infants can go on to lead a normal childhood and adolescence after 

correction of the heart defect, 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 functioning (Trojano et al., 2003) 

has been extensively addressed. It has also been stated that the risk of brain injury in patients with 

cardiovascular disorders 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 forward (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 and 

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 population (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) (Fig.1). 

Despite the abundance of studies dealing with neurodevelopmental issues in children with heart 

defects, there is a dearth of studies that investigate brain structure and cognitive functioning in 

ACHD (Marelli et al., 2016; Melazzini et al., 2019). 
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Figure 1. Potential mechanisms that contribute to increased prevalence of dementia in congenital 

heart disease (Mebius et al., 2018). 

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 complexity of the heart defect 

(Kessler et al., 2020), lack of control groups (Chai et al., 2018; Jensen et al., 2015; Sluman et al., 

2017), unreported 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 estimate of the 

intelligence quotient in (Kessler et al., 2020), the available studies did not investigate the 

associations between patients’ imaging findings and cognitive functioning. 

We thereby performed a preliminary study on a homogenous sample of adult patients with repaired 

tetralogy of Fallot who underwent 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 

(Codari et al., 2018). The number of CMBs was not associated with neither severity of symptoms of 

heart failure, age at corrective surgery or use of extracorporeal circulation (Codari et al., 2018). 

However, patients with more severe symptoms of heart failure showed higher white matter 

hyperintensities (WMHs) volume. The observed imaging findings may indicate increased 

susceptibility to brain damage and precocious brain ageing  in ACHD patients (Codari et al., 2018).  

Considering the very limited scientific evidence 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. It is essential to 

shed light on the potentially increased susceptibility to brain injury in this new and peculiar 
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population. If confirmed, preventive strategies to prevent cognitive impairment from appearing 

should be adopted. 

 

MATERIALS AND METHODS 

The BACH study population 

The BACH study is an observational cross-sectional study that aims at identifying whether ACHD 

patients show more signs of cerebrovascular damage than their healthy peers. Using power analysis 

with statistical power set at 90% and a level of significance α at 0.05, a sample size of 73 patients 

with surgically repaired tetralogy of Fallot or ventricular septal defect with stenosis of the 

pulmonary artery and 73 age- and sex-matched healthy controls was determined. 

To be included in this study, subjects had to be more than 18 years of age and did not present any 

of the following: absolute contraindications to undergoing an MRI scan and pregnancy; 

inflammatory, infectious, demyelinating or dysmyelinating diseases of the central nervous system; 

ischemic, haemorrhagic, 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 angiopathy; cerebral arteriovenous malformations; primary or metastatic brain 

neoplasms; previous cranial/brain surgery; patent oval foramen; pregnancy; migraine with aura 

(Bashir et al., 2013). 

To speed up the recruitment process, we sent out invitation letters signed by the chief of the 

radiology, cardiology, cardiac surgery and clinical psychology units of the IRCCS Policlinico San 

Donato to all eligible ACHD patients who were being followed up at our institute (Supplemental File 

1). 

The ethical committee of the San Raffaele Research Hospital 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 (Supplemental 

File 2) and, for patients only, the most recent cardiological evaluation was also collected. 

Imaging protocol and image processing 

Information on the imaging protocol and image processing for the 20 subjects enrolled in the 

preliminary study was described before (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, Erlangen, Germany) using the 

following protocol: T1-weighted scan (inversion time [TI] 900 ms; echo time [TE] 2.8 ms; repetition 

time [TR] 2,200 ms; flip angle [FA] 8°; resolution 0.98 × 0.98 × 1.00 mm3); dark-fluid T2-weighted 

scan (TI 2,200 ms; TE: 358 ms; TR: 6,000 ms; FA 120°; resolution 1.02 × 1.02 × 1.00 mm3): 2D T2*-

weighted scan (TE 26 ms; TR 822 ms; FA 20°; resolution 0.45×0.45×4.00 mm3). 
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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 volumes for the three 

tissue classes were obtained by multiplying the PVE output mean by the output volume for non-

zero voxels. White matter hyperintensities segmentation was automatically performed with the k-

NN algorithm FSL-BIANCA (Griffanti et al., 2016). The algorithm was trained with the WMH masks 

manually delineated in the preliminary study sample (n=20) (Codari et al., 2018) and applied on the 

26 new subjects. The algorithm output underwent subsequent post-processing (Supplemental File 

3) to automatically classify WMHs into periventricular and deep (Melazzini et al., 2020). The 

segmentation output was manually inspected and, if needed, manual refinement was also 

performed by a Ph.D. student specifically trained by a neuroradiologist with 6 years of clinical 

experience using ITK-SNAP (Yushkevich et al., 2006). The total, periventricular and deep WMH 

volume was adjusted for total brain volume (grey matter + white matter + cerebrospinal fluid) and 

log-transformed for statistical analysis. Manual count of CMBs on T2*-weighted images was 

performed by the same operator who manually corrected the WMH masks.  

Neuropsychological assessment 

Patients only underwent a thorough neuropsychological examination that investigated attention, 

executive function, memory, and the visuospatial and sensorimotor systems. Notably, the following 

tests were administered: mini mental state examination (MMSE), frontal assessment battery (FAB), 

symbol digit test, attentive matrices, trail making test (TMT) A and B, Weigl’s sorting test, digit span 

test, visuospatial span, Babcock story recall text, letter and category fluency, pantomime of object 

use and coloured progressive matrices. 

This part of the study was carried out in cooperation with the Clinical Psychology unit at IRCCS 

Policlinico San Donato. Time for the administration of the neuropsychological battery is 

approximately 60-75 minutes. 

Statistical analysis 

After checking for normality of data distribution, demographic variables in the two groups were 

compared using either the t-test or the Mann-Whitney U test. Significant differences on brain tissue 

volumes and WMH volume between ACHD and healthy controls were explored using analysis of 

covariance (ANCOVA) with correction for age and sex. P-values in ANCOVA were adjusted for 

multiple comparisons using Bonferroni correction. Pearson’s correlation coefficient (r) was used for 

quantifying the associations between MRI volumetric data and demographics, clinical data or 

neuropsychological tests scores. Given the non-normal distribution of CMBs count, 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 and demographics, clinical data or neuropsychological tests scores. 

Statistical significance level was set at p-value ≤ 0.05 (Di Leo and Sardanelli, 2020).  

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

Recruitment has slowed down due to SARS-CoV-2 pandemic. For this reason, the target sample was 

not achieved. Results from 23 subjects (10 patients included in the preliminary study [Codari et al., 

2018] and 13 new patients) and 23 controls (10 from the preliminary study and 13 new controls) are 

presented here. 

The patients’ group consisted 13 males and 10 females, 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, 

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 1. 

Table 1. Demographics and clinical data of the study sample. Clinical data are available for the 

patients’ group only. 

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

Demographics Mean or n SD or % Mean or n SD or % 

Age [years] 41.78 10.33 41.48 10.28 0.851 

Male sex  13 56.52% 13 56.52% 1 

Education [years] 14.76 4.10 14.13 3.28 0.631 

Body mass index [Kg/m2] 24.41 4.07 24.97 3.93 0.642 

Smoking [pack/day*year] 0.02 0.11 3.83 11.50 0.084 

Alcohol intake [units/week] 3.59 6.87 4.83 5.01 0.122 

Physical activity [h/week] 2.41 2.68 1.52 1.31 0.485 

      

Clinical data (patients only)      

NYHA [score I-IV] 1.57 0.59    

Age at corrective surgery [months] 50.91 0.59    

Cardiac surgeries using ECC 1.78 0.67    

Percutaneous interventions 0.26 0.62    

SBP [mmHg] 117.31 12.51    

DBP [mmHg] 71.38 12.51    

Sat02 [%] 96.88% 5.68%    

 

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. 
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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 was 5 (3-11) CMBs 

and 0 (0-0) CMBs in the healthy controls’ group. Cerebral microbleeds were found in 22 (95.65%) 

out of 23 patients and in one (4.35%) out of 23 healthy controls. A statistically significant difference 

was found in the distribution of number of CMBs between the two study groups (p < 0.001). We did 

not find any statistically significant difference in the distribution of imaging volumetric data between 

ACHD patients and healthy controls. 

Mean and SD for volumetric brain imaging measures (brain tissue classes and total and normalised 

WMH volume) are reported in Table 2. 

Table 2. Brain imaging volumetric data of the study sample. 

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

 Mean SD Mean SD 

WMHs [mm3] 3,993.72 2,073.21 3,568.95 1,706.90 0.468   

WMHs Periventricular [mm3] 3,561.66 1,740.43 3,318.04 1,553.34 0.583 

WMHs Deep [mm3] 432.06 519.50 250.91 233.28 0.183 

CSF [mm3] 264,297.74 30,987.16 275,041.39 31,659.46 0.220 

GM [mm3] 561,414.43 49,780.25 572,083.70 47,168.53 0.393 

WM [mm3] 510,366.65 52,275.05 526,175.52 63,276.93 0.306 

TBV [mm3] 1,336,078.83 109,061.92 1,373,300.61 122,504.33 0.235 

 

ACHD: adults with congenital heart disease; SD: standard deviation; WMHs: white matter hyperintensities; CSF: 

cerebrospinal fluid; GM: grey matter; WM: white matter; TBV: total brain volume (i.e. sum of CSF, GM and WM). 

The neuropsychological test battery was introduced following the preliminary results provided by 

(Codari et al., 2018) and was thereby performed on 14 out of 23 (60.87%) ACHD patients. Mean and 

SD of neuropsychological tests equivalent scores are reported in Table 3. 
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Table 3. Overview of neuropsychological tests scores. A higher value indicates a better performance 

(range 0-4). 

 Mean SD 

MMSE 4.00 0.00 

FAB 2.86 1.29 

Symbol digit test 4.00 0.00 

Attentive matrices 3.14 0.86 

TMT A-B 3.57 1.16 

Weigl's sorting test 3.21 0.70 

Digit span test 3.07 1.44 

Babcock story recall text 3.14 1.10 

Letter fluency 3.64 0.63 

Category fluency 3.79 0.58 

Pantomime of object use 4.00 0.00 

Coloured progressive matrices 3.57 0.76 

 

SD: standard deviation; FAB: frontal assessment battery; MMSE: mini-mental score examination; TMT: trail making test. 

A statistically significant association was found between deep WMHs volume and the FAB score (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 cognitive performance in any of the 

neuropsychological test scores. 

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 (ρ = 0.329 , p = 0.027). 
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Figure 2. Scatter diagram with linear regression line for frontal assessment battery score on 

normalised deep white matter hyperintensities volume. 

 

DISCUSSION 

This study aimed at investigating signs of cerebrovascular 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 cerebral microbleeds in ACHD patients than in controls. White 

matter hyperintensities total volume, sub-classes of WMHs and brain tissue volumes were similarly 

distributed between the two groups. However, the lack of statistically significant differences for 

brain volumetric measures between the two study groups may be due to the failure to achieve the 

estimated sample size. Interestingly, we found higher deep WMH volume in patients who 

performed worse at the FAB. 

Cerebral microbleeds are radiological signs of small vessel disease that are visible in gradient-echo 

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). Even though patients in our study did not undergo a brain 

MRI scan before any surgical or percutaneous intervention, it is quite surprising that we found 

cerebral microbleeds in 96% of our patients. For this reason, we believe ACHD may carry an 

increased risk of CMBs occurrence which could be unrelated to any cardiac intervention. In this view, 

serial MRI scans may enable the assessment of CMBs over time and their link to cognitive 
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performance. The meaning of higher cerebral microbleeds in patients who performed more physical 

activity is yet to be elucidated. 

White matter hyperintensities are radiological signs of brain frailty (Group, 2015) and are associated 

with a twofold risk of dementia and a threefold risk of having a stroke (Debette and Markus, 2010). 

In this study we confirmed our preliminary results, as we could not detect a statistically significant 

difference in WMH volume between patients and healthy controls (Codari et al., 2018). We also 

automatically sub-classified WMHs into periventricular and deep in view of our recent finding of 

sub-classes of WMHs that are specifically linked to poorer cognitive performance (Melazzini et al., 

2020). It is well-known that white matter hyperintensities are linked to a faster decline in global 

cognitive performance, executive function and processing speed (Debette and Markus, 2010). 

Notably, we found that higher deep WMH volume in ACHD patients was significantly associated with 

lower scores at the frontal assessment battery. 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 cognitively healthy subjects. Sub-classifying WMH proved useful 

despite the small sample size; we thereby believe it may provide added value when investigating 

WMHs link to cognition.  

We also found that higher grey matter volumes were significantly linked to 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. 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 limited sample size. This is due to contingency factors, among 

which the spread of the SARS-CoV-2 infection that prevented us from achieving the estimated 

sample size. Once reached, significant differences in WMH volumes between the two study groups 

may be detected. Also, the neuropsychological tests battery was not administered to healthy 

controls. We cannot state if the observed associations between deep WMHs and impaired 

performance at the FAB could also be found in healthy controls. Moreover, this study has an 

observational cross-sectional design. To establish whether biomarkers of SVD may serve as 

predictor of cognitive decline in ACHD, patients should be followed up over time and multiple 

imaging and neuropsychological examinations be performed. Lastly, if pre-surgical and pre-cardiac 

catheterisation MRI scans were performed, we could have determined their role on developing 

imaging signs of SVD and potential changes in patients’ cognition. 

We believe that the findings herein presented may help improve the understanding on the several 

implications congenital heart diseases carry on the cerebrovascular system. We hope that 

confirmatory results and new findings 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. 
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SUPPLEMENTAL FILES
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File 1. Patients’ invitation letter to take part in the study. 
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File 2. Questionnaire on lifestyle to be administered to both patients and healthy controls. 
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# post-processing 

fslmaths bianca_output.nii.gz -thr 0.9 -bin bianca_output_09.nii.gz  

cluster -t 0.5 -i bianca_output_09.nii.gz --connectivity=26 --oindex=bianca_output_09_idx --no_table --

minextent=3 

fslmaths bianca_output_09_idx -bin bianca_output_09_idx_bin.nii.gz 

make_bianca_mask struct.anat/T1_biascorr.nii.gz struct.anat/T1_fast_pve_0.nii.gz 

struct.anat/MNI_to_T1_nonlin_field.nii.gz 

flirt -in struct.anat/T1_biascorr_bianca_mask.nii.gz -ref flair_brain.nii.gz -applyxfm -init 

T1_brain_2_flair_brain_xfm.mat -out T1_biascorr_bianca_mask_2_flair.nii.gz     

fslmaths T1_biascorr_bianca_mask_2_flair.nii.gz -thr 0.5 -bin T1_biascorr_bianca_mask_2_flair_bin.nii.gz                              

fslmaths bianca_output_09_idx_bin.nii.gz -mas T1_biascorr_bianca_mask_2_flair_bin.nii.gz 

bianca_output_final.nii.gz 

File 3. Post-processing of the WMH segmentation algorithm output (BIANCA) performed using FSL tools. The 

WMH volume obtained after post-processing is then split into periventricular and deep WMHs as described 

in (Melazzini et al., 2020). WMHs: white matter hyperintensities; BIANCA: brain intensity abnormality 

classification algorithm; FSL: FMRIB software library. 
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Conclusions 

 

This thesis is the early attempt to give some insights into brain involvement in adults with congenital 

heart disease. We resorted to the highest level of evidence to analyse the available scientific 

literature and found few articles on this topic. We thereby launched a multi-disciplinary study that 

aimed at investigating both brain imaging and cognitive performance in this population. We showed 

that subjects with congenital heart disease had significantly more cerebral microbleeds than their 

healthy peers. Although cardiac surgery may have caused them to appear, microbleeds are 

associated with an increased risk of cognitive deterioration and dementia. We also developed an 

automated method for the assessment of white matter hyperintensities (WMHs) that revealed the 

strongest association with cognition on a large cohort of community-dwelling subjects. When 

applied on our study sample, this method showed that WMHs located in the deep white matter 

were linked to poorer performance at the frontal assessment battery. Potentially, longitudinal 

studies will aid in clarifying the long-term impact of cerebral microbleeds, WMHs and other 

biomarkers of cerebral small vessel disease in congenital heart disease. Meanwhile, more effort 

must be put into identifying the overall best predictor of cognitive impairment, and in reaching full 

standardisation of the assessment of these imaging biomarkers. Accurate characterisation of 

neuroimaging data in adults with congenital heart disease would thereby allow physicians to adopt 

preventive strategies and promptly act on risk factors of cognitive deterioration. This would imply 

that effective translation of research findings into clinical practice has been achieved. 


