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Abstract

White matter hyperintensities (WMH) are commonly detected in the brain of elderly individuals and have been associated with a
negative impact on multiple cognitive domains. We aim to investigate the impact of global and regional distribution of WMH on
episodic memory and executive function in middle-aged cognitively unimpaired participants [N =561 (45-75 years)] enriched for
Alzheimer’s disease risk factors. WMH were automatically segmented from FLAIR, T1 and FSE MR images. WMH load was
calculated both globally and regionally. At each cerebral lobe, regional WMH load was measured at four equidistant layers extending
from the lateral ventricles to juxtacortical areas. Cognition was measured by The Memory Binding Test (MBT) and WAIS-IV subtests.
Global composite z-scores were calculated for the two cognitive domains. Association between global and regional WMH measure-
ments were sought against cognitive measures, both in global composite scores and in individual subtests. We adjusted cognition and
WMH burden for the main sociodemographic (age, sex and education) and genetic factors (APOE-£4). Memory and executive function
were significantly associated with global WMH load. Regionally, lower executive performance was mainly associated with higher deep
WMH load in frontal areas and, to a lower degree, in occipital, parietal and temporal regions. Lower episodic memory performance was
correlated with higher WMH burden in deep frontal and occipital areas. Our novel methodological approach of regional analysis
allowed us to reveal the association between cognition and WMH in strategic brain locations. Our results suggest that, even a small
WMH load can impact cognition in cognitively unimpaired middle-aged subjects.

Keywords White matter lesions - Magnetic resonance imaging - Preclinical Alzheimer’s disease - Cardiovascular risk -
Hypertension

Anna Brugulat-Serrat and Gemma Salvad6 contributed equally to this work.

Electronic supplementary material The online version of this article
(https://doi.org/10.1007/s11682-019-00151-2) contains supplementary
material, which is available to authorized users.

>4 José Luis Molinuevo Centro de Investigacion Biomédica en Red de Bioingenieria,

jlmolinuevo@barcelonabeta.org Biomateriales y Nanomedicina (CIBER-BBN), Madrid, Spain
>4 Juan Domingo Gispert > Translational Imaging Group, CMIC, UCL, London, UK
jdgispert@barcelonabeta.org 6

Brain Repair and Rehabilitation, UCL Institute of Neurology,

London, UK
Barcelonafeta Brain Research Center, Pasqual Maragall Foundation, ;
Wellington 30, 08003 Barcelona, Spain Radiology & Nuclear Medicine, VU University Medical Centre,

Amsterdam, the Netherlands
School of Biomedical Engineering and Imaging Sciences, King’s 8 Centro de Investigacion Biomédica en Red de Fragilidad y

College London, London, UK Envejecimiento Saludable (CIBERFES), Madrid, Spain

3 Dementia Research Centre, UCL, London, UK Universitat Pompeu Fabra, Barcelona, Spain

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s11682-019-00151-2&domain=pdf
http://orcid.org/0000-0002-6155-0642
https://doi.org/10.1007/s11682-019-00151-2
mailto:jlmolinuevo@barcelonabeta.org
mailto:jdgispert@barcelonabeta.org

Brain Imaging and Behavior (2020) 14:2012-2023

2013

Introduction

White matter hyperintensities (WMH) are commonly detected
through magnetic resonance imaging (MRI) in the brain of
elderly individuals (Longstreth et al. 1996) and are presumed
to have a vascular etiology (Prins and Scheltens 2015). These
lesions are typically seen after the fifth decade of life (Sachdev
et al. 2005) and by 80 years of age, more than 90% of the
general population has some degree of WMH (F. E. de Leeuw
et al. 2001). Even though they are relatively frequent in
asymptomatic individuals (Kloppenborg et al. 2014; Salvado
et al. 2019), global WMH load has been shown to exert a
negative impact on multiple cognitive domains
(Bolandzadeh et al. 2012; Lampe et al. 2017; Prins et al.
2005), on the onset and severity of dementia (Habes et al.
2016), and to constitute an independent risk factor for cogni-
tive decline (Bolandzadeh et al. 2012). Mainly, they have been
associated with frontal dysfunction including impairments in
attention, executive function and processing speed (Desmond
2002; Kloppenborg et al. 2014). Furthermore, severe WMH
burden has been associated to the risk of progressing from
normal cognition to mild cognitive impairment (MCI) and to
contribute to the severity of dementia syndromes (Eric E.
Smith et al. 2008). As stated in the study from the
Alzheimer’s Disease Neuroimaging Initiative (ADNI),
WMH could be an important predictor of subsequent short-
term global cognitive decline (Carmichael and Schwarz
2010). Brickman et al. (2012) demonstrated that increased
WMH burden in parietal regions increases the risk of devel-
oping Alzheimer’s Dementia in cognitively normal older
adults (Brickman et al. 2012). Additionally, previous studies
have shown that occurrence of WMH are associated, in cog-
nitively unimpaired individuals, to Alzheimer’s disease (AD)
risk factors (Salvado et al. 2019), including the presence of
two APOE-¢4 alleles, the strongest genetic risk factor for
AD (Rojas et al. 2017).

On the other hand, fewer studies have investigated the im-
pact of the topographical location of WMHs to better depict
the impact on cognition of lesions in strategic brain areas
(Bolandzadeh et al. 2012; Desmond 2002; Luo et al. 2017).
Existing literature supports an association between cognitive
impairment and periventricular WMH over juxtacortical/deep
WMH (Bolandzadeh et al. 2012). Periventricular WMH affect
areas with high density of long associating tracts that connect
the cortex with subcortical and other more distant cortical
arcas, whereas juxtacortical white matter contains more
short-associating fibers (Jan Cees De Groot et al. 2002).

In addition to these, previous studies support that, in cog-
nitively healthy participants, WMHs at strategic brain loca-
tions are also associated with cognitive decline, particularly
affecting executive function (Ramirez et al. 2014), informa-
tion processing speed (Jacobs et al. 2013; Luo etal. 2017) and
memory (Ramirez et al. 2014). Murray et al. (2010), used a

region of interest approach and found that higher WMH load
in all regions, except the occipital lobe, was correlated with
lower executive function in 148 non-demented elderly partic-
ipants with a median age of 79 years (Murray et al. 2010). De
Groot et al. (2002) reported that both visually rated
periventricular and subcortical WMH were associated with
lower performance on processing speed on 1077 participants
recruited from the general population (aged between 60 and
90 years). A cross-sectional study with 100 asymptomatic
participants (mean age 59.7 years) found that higher burden
on deep WMH was associated with significantly lower scores
in executive function, attention, verbal fluency, visual memo-
ry, visuospatial skills and psychomotor speed (Soriano-Raya
et al. 2012). In a recent ROI-based study, Jiang et al. (2018)
found independent associations of regional WM lesions on
strategic WM tracts in processing speed and executive func-
tion in a community-dwelling sample of older individuals
(mean age 78.26 years) (Jiang et al. 2018).

There is scarce literature reporting the association between
regional WMH load and memory performance, with discrep-
ant results. Some previous studies with cognitively healthy
participants did not find any associations between WMH load
and memory performance (Arvanitakis et al. 2016; Hedden
et al. 2012; Jiang et al. 2018; Murray et al. 2010). In contrast,
de Groot et al. (2000) observed an association between lower
performance on memory and both periventricular and subcor-
tical WMH (J C de Groot et al. 2000). Using voxel-wise anal-
ysis, Smith et al. (2011) reported an association between pos-
terior and periventricular WMH load and memory in a mixed
sample of participants over 65 years old with AD, MCI and
normal cognition (E E Smith et al. 2011). In most of these
previous studies, the mean age of the participants was over
60 years old. Therefore, studies are needed to better under-
stand the specific influence of regional WMH distribution on
cognitive functioning in well-characterized middle-age indi-
viduals (Soriano-Raya et al. 2012; Wardlaw et al. 2015).

In the present study, we investigated the impact of global
and regional distribution of WMH on episodic memory and
executive function in a cohort of middle-aged healthy sub-
jects. To this end, we applied a novel region of interest ap-
proach to regionally quantifty WMH load and applied a statis-
tical model to account for the contribution of known
sociodemographic (age, sex, and education) and genetic fac-
tors (APOE-£4) and disentangle them from the specific effect
of WMH on cognitive performance.

Methods
Participants

The ALFA (for ALzheimer and FAmilies) cohort, established by
the Barcelonafeta Brain Research Center (BBRC), is composed
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by 2743 cognitively normal participants aged between 45 and 75.
This cohort was established as a research platform to characterize
preclinical AD in asymptomatic individuals In brief, participants
had a Clinical Dementia Rating (CDR) equal to 0 and were
cognitively normal as determined by a neuropsychological
screening test battery that included the Mini-Mental State
Examination, the Memory Impairment Screen, the Time
Orientation of The Barcelona Test IT and verbal semantic fluency.
Individuals with presence of major psychiatric disorders or dis-
eases that could affect cognitive abilities were excluded. In this
regard, the Goldberg Anxiety and Depression Scale was used to
screen for mood disorders (GADS) (Goldberg et al. 1988) (for a
full description of the cohort, please refer to (Molinuevo et al.
2016)). The participants’ anthropometric measurements were
measured and allowed to calculated the CAIDE
(Cardiovascular Risk Factors, Aging, and Incidence of
Dementia) (Kivipelto et al. 2006) dementia risk score (for more
detail, please refer to (Salvado et al. 2019)). A subgroup of 608
ALFA parent cohort participants without contraindications to
brain MRI was selected to participate in the present study as a
function of their APOE genotype, preferentially including
APOE-c4 and APOE—¢2 allele carriers (NCT02198586). A de-
tailed description of the inclusion criteria for the MRI sub-study
can be found in (Cacciaglia et al. 2018).

Cognitive measures

Verbal episodic memory was evaluated through the Memory
Binding Test (MBT) (Buschke 2014; Gramunt et al. 2015)
which assesses immediate and delayed retention (after a lapse
of 25 to 35 min) of verbal information through a controlled
learning process of two different words lists. Each list contains
16 items that share the same semantic category in pairs. Both
free and cued recall modalities are tested. As a form of cued
recall, this test incorporates the paired recall condition, where
the participant is asked to recall the two items corresponding
to each of the semantic categories, so, eliciting binding.
Further detail on the administration procedure of the MBT
can be found in (Gramunt et al. 2015). In this study, we
analysed seven MBT main outcomes corresponding to two
main categories: learning and immediate recall, and delayed
recall. Learning and immediate recall includes: Total Paired
Recall (total of words recalled from both lists after semantic
cueing); Paired Recall Pairs (number of instances when both
words of the same category are successfully recalled under the
paired condition); Total Free Recall (the score of immediate
free recall of both lists) and Semantic Proactive Interference
(calculated as a proportion of words learned of the second list
with respect to the first one). Regarding delayed recall, the
main outcomes are: Total Delayed Free Recall (total of words
recalled under the delayed free recall condition); Total
Delayed Paired Recall (total of words recalled under the de-
layed paired recall condition) and Pairs in Delayed Free Recall
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(the number of instance when both items of a semantic cate-
gory are successfully recalled).

Executive function was assessed by means of four WAIS-
IV subtests: the Digit span (as a measure of immediate and
working memory) composed of three parts: forward, back-
ward and sequencing; Coding subtest (as a measure of pro-
cessing speed and attention); Matrix reasoning and Visual
puzzles (both as measures of fluid intelligence, the former of
logic and executive functioning and the latter of visual reason-
ing); and Similarities (a measure of abstract reasoning).

MRI acquisition

MRI scans were acquired on a 3.0 T scanner (GE Discovery
MR750 W 3 T) using the same protocol for all participants,
which included one T1- and three T2- weighted sequences.
The 3D-T1w sequence was designed with an isotropic voxel
size of 1 mm?® and a matrix size of 256x256x160 (TR/TE/TI =
8.0/3.7/450 ms, NSA = 1, flip angle = 8°). Three 3D-T2w se-
quences, with a voxel size of | mm x 1 mm % 3 mm, were also
used: fluid attenuation inversion recovery (FLAIR: TR/TE/
TI=11,000/90/2600 ms, flip angle =160°), fast spin echo
(FSE: TR/TE =5000/85 ms, flip angle =110°) and, gradient
echo (GRE: TR/TE = 1300/23 ms, flip angle = 15°).

All scans were visually assessed to verify their quality and
to detect incidental findings by a trained neuroradiologist and
have been reported elsewhere (Brugulat-Serrat et al. 2017). In
this study, ten participants were excluded due to the presence
of a meningioma, as well as 37 participants due to suscepti-
bility, motion artefacts or segmentation problems, resulting in
a total of 561 images available for subsequent analysis. The
medial temporal lobe atrophy was assessed by Medial
Temporal Atrophy scale (Scheltens et al. 1992).

WMH segmentation and quantification

WMH were automatically segmented using a model selection
Bayesian framework (Sudre et al. 2015). In short, T1w, T2-
FLAIR and T2-FSE images are rigidly coregistered using the
NiftyReg package (Modat et al. 2014). The data is then
modeled as a multivariate Gaussian mixture model (GMM)
that simultaneously accounts for healthy tissue and unexpect-
ed observations and is constrained by subject-specific statisti-
cal tissue priors derived from the Geodesic Information Flows
(GIF) algorithm (Cardoso et al. 2015).

The number of required Gaussian components is optimized
on a patient level to ensure a balance between model fit and
complexity. Once the model has converged, a post-processing
step is applied to extract probability maps of candidate lesion
voxels that are then further corrected for spurious false posi-
tive detection. Volumetric measurements are derived as the
sum of this probability map over a region of interest.
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To depict regional results, we used a bullseye representation
(C.H. Sudre et al. 2017). Every sector of the bullseyes represents
one lobar white matter segment obtained based on the cortical
parcellation output from the GIF algorithm. Another unique re-
gion was the basal ganglia (including internal capsule and thala-
mus). The concentric rings in the bullseye plot are defined by
dividing the area between the ventricular surface and the cortical
sheet in four equidistant layers. The interior layer in the plot
represents the most periventricular area and the most external
layer corresponds to the deep and juxtacortical regions. The final
representation is formed of 36 regions that are composed of nine-
lobar segmentation with four layers each (Fig. 1).

Statistical analysis

First, we computed two global z-scores for the cognitive mea-
sures: memory from MBT and, executive function from WAIS-
IV subtests. These global measures were calculated by averaging
normalized raw scores of all subtests in each domain.

As a preliminary analysis, the cross-correlation of cogni-
tive measures was assessed by Pearson’s correlation. Then, we
sought for associations between global and regional WMH

load with cognitive performance. This analysis was performed
with z-scores for both global cognitive measures and for each
individual subtest. Both WMH volumes and cognitive mea-
sures were adjusted by age, sex, education and APOE (number
of APOE-¢4 alleles). Moreover, we also adjusted WMH vol-
umes for total intracranial volume (TIV) to correct for head
size. Additionally, we replicated the analysis introducing
CAIDE risk score, depression subscale of Goldberg and
MTA scale as confounders.

Non-parametric tests were used (Spearman’s rank correla-
tion) given that the distribution of WMH load heavily depart-
ed from normality (Fig. S1A) and, that none of the different
transformations applied were successful to convert it to a nor-
mal distribution. A modified bootstrap method was used to
calculate p-values. We randomly assigned the outcome vari-
ables to the original predictors 10,000 times, without resam-
pling, and for each reassignment we calculated the
Spearman’s rho statistic. Then, p-values were estimated by
calculating the number of times the statistic was lower than
the statistic calculated with the original data, and then dividing
by the number of permutations done. The threshold for statis-
tical significance was set to p < 0.05.

Fig. 1 Example of the segmentation of one participant and the Bullseyes
plot representation. On the left figure, the left column, T1w MR image
from one participant is presented in the three views: coronal, axial and
sagittal (from up to bottom). In the central and right columns, the same

views are shown with the layer and lobar segmentations overlaid,
respectively. Abbreviations: FR, frontal right; FL, frontal left; TR,
temporal right; TL: temporal left; PR, parietal right; PL, parietal left;
OR, occipital right; OL, occipital left and BG, basal ganglia
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Results

From the 608 ALFA parent cohort participants that were in-
vited to take part in the present study, 561 provided valid MRI
scans for WMH segmentation. The mean age was 57.4 years
old and 60.9% were women. The main characteristics of the
participants are shown in Table 1.

Mainly periventricular and deep frontal and parietal areas
showed a greater correlations between regional and total WMH
load, even all regions showed a moderate to high correlation to
global WMH burden (Fig. S1B). Periventricular areas and occip-
ital lobe are the most affected regions by WMH lesions in our
cohort (Fig. S1C). However, the relative volume occupied by

Table 1 Characteristics of the study population (N =561)

Age (years), mean (SD), [range] 574 (7.5)
[44-75 years]
Female sex, n (%) 342 (60.9)
Education (years), Mean (SD) 13.7 (3.5)
Hypertension *, n (%) 147 (26.2)
Diabetes®, n (%) 28 (5.0%)
Hypercholesterolemiab, n (%) 171 (30.5)

BMI (kg/m?), mean (range) 26.4 (24.0-29.4)

CAIDE-I risk (%) 1.47
Number of APOE-¢4 alleles, n (%)

None 275 (49.0)
One APOE-£4 alleles 215 (38.3)
Two APOE-c4 alleles 71 (12.6)

TIV (10° cc), median [Q1-Q3] 1420 [1330-1490]
WMH volume (10°mm?*), median [Q1-Q3] 1.94 [1.13-3.69]
Medial temporal Atrophy scale (MTA), mean (SD) 0.79 (0.64)
Cognitive evaluation, Mean (SD)

Memory binding test

Total Paired Recall (0-32) 24.2 (4.5)
Total Free Recall (0-32) 16.6 (5.2)
Paired Recall Pairs (0-16) 9.2 (3.4)
Total Delayed Free Recall (0-32) 16.9 (5.2)
Total Delayed Paired Recall (0-32) 23.9 (4.6)
Pairs in Delayed Free Recall (0-16) 6.4 (3.1)
Semantic Proactive Interference (%) 75.2 (18.6)
WAIS-IV subtests

Visual Puzzles (0-26) 13.3 (4.2)
Digit Span Forward (0-16) 8.5(2.1)
Digit Span Backward (0-16) 8.0 (2.1)
Digit Span Sequencing (0—16) 8.4 (2.1)
Matrix Reasoning (0-26) 16.3 (4.3)
Similarities (0-36) 22.6 (4.7)
Coding (0-135) 65.5 (15.0)

#Systolic blood pressure > 140 mmHg
® Medications and/or self-reported
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WMH lesions is low, as the median for the most affected regions
reached only 10% of the total volume of the region.

Figure 2 shows the cross-correlation and statistical signifi-
cance between pairs of cognitive scores. MBT subtest scores
were highly correlated among them whereas the correlation
between pairs of executive function scales was only modest.
Logically, memory and executive function z-scores were high-
ly correlated with their respective scales. Correlation between
cognitive functions was modest but yet statistically significant
(p<0.001).

The effect sizes and the significance of the correlation be-
tween global WMH load and cognition after correcting by
sociodemographic and genetic factors, and also TIV in global
WMH burden are shown in Table 2. These values indicated that
global WMH was significantly associated with lower perfor-
mance on memory (Rho =—0.07, p =0.045) and executive func-
tion (Rho=-0.07, p=0.04). It should be noted that the effect
sizes of the association with both the cognitive domains and
WMH load were not strong (significant Rho values were below
0.2).

Figure 3 shows the regional patterns of correlation between
cognition and WMH, adjusted by age, sex, education and num-
ber of APOE-¢4 alleles, as well as by TIV in the case of WMH.
As expected, all significant correlations were negative (i.e. the
higher the WMH burden, the lower the cognitive performance).
Lower performance on the executive function z-score composite
was related to higher WMH load mainly in deep WM, except for
the periventricular frontal region. With respect to the memory z-
score composite, lower performance was significantly associated
with WMH load in the periventricular frontal region and in deep
frontal, parietal and occipital regions.

Regarding executive function subtests (Fig. 3), lower per-
formance was correlated mainly with deep frontal WMH and
with parietal and occipital areas. Lower learning and immedi-
ate recall were associated with a pattern of higher WMH load
in frontal, parietal and occipital areas. Specifically, deep
WMH in occipital regions were related to lower paired recall.
Finally, lower delayed recall was related to WMH load in
periventricular frontal regions and in deep temporal, parietal
and occipital areas.

Finally, when we introduced as a confounders: MTA scale
(Table S1, Fig. S2), CAIDE-I (Table S2, Fig. S3) or depres-
sion subscale of Goldberg (Table S3, Fig. S4), we did not find
any significant change with the results previously exposed
(neither in the global nor regional analysis).

Discussion

In the present study, we explored the relationship of global and
regional WMH load distribution versus cognitive perfor-
mance in middle-aged cognitively unimpaired participants,
showing that even a small WMH load can impact cognition.
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Fig. 2 Cross-correlation matrix between pairs of the cognitive measures
depicting results of Pearson’s correlations. The hot colour scale in the
upper diagonal represents statistical significance (p-values), in which
grey coloured regions depict non-significant correlations. Values down
the main diagonal represent strength of correlation (r), which was always

This study adds to the small number of studies showing asso-
ciations between cognitive function and the spatial distribu-
tion of WMH in healthy subjects (Bolandzadeh et al. 2012;
Desmond 2002). Here, we report regional patterns of WMH
burden related to lower performance on memory an executive
function after correcting by age, sex, education and APOE-¢4.

Both global and regional WMH load were significantly
associated with lower executive functioning and memory
z-score composites. Regionally, deep WMH burden in all
lobes was associated with lower executive functioning,
whereas lower memory performance was significantly as-
sociated with higher WMH load in juxtacortical frontal,
parietal, and occipital areas, as well as in periventricular
frontal regions.

In agreement with previous studies (Bolandzadeh et al.
2012), we found that periventricular WMH load was associ-
ated with lower cognitive performance. These studies suggest
that periventricular WMH may have a stronger negative im-
pact on cognitive performance than juxtacortical/deep WMH,
probably due to the disruption of long association tracts (J C

r

positive. The two cognitive domains were highly significant correlated
with their respective cognitive measures. Memory measures were highly
correlated among them, whereas executive function measures only
showed a modest correlation among themselves but also with memory
scores. Abbreviation: MBT, Memory Binding Test

de Groot et al. 2000; Debette et al. 2007; Kim et al. 2011;
Soderlund et al. 2006). In our work, however, we found that
deep WMH regions were more strongly associated with both
cognitive domains and most of the cognitive variables
analysed. These findings suggest that the association between
periventricular WMH load and cognition found in previous
studies might be mediated by age or other risk factors for
WMH. Therefore, their impact on cognition might not entirely
be mediated by WMH burden, as might be with deep WMH
load (F.-E. de Leeuw et al. 2002; Ylikoski et al. 1995).

In our study, deep WMH load in all lobes was associated
with lower scores in the executive function composite. These
results are in line with previous research that found a signifi-
cant association of WMH in frontal (J C de Groot et al. 2000;
Murray et al. 2010; E E Smith et al. 2011; Soriano-Raya et al.
2012; Tullberg et al. 2004), temporal (Jiang et al. 2018; E E
Smith et al. 2011), parietal (Murray et al. 2010; E E Smith
et al. 2011; Tullberg et al. 2004) and occipital regions (Jiang
et al. 2018; E E Smith et al. 2011; Tullberg et al. 2004) with
lower performance in executive function. Notwithstanding,
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Table2  Correlation between global WMH load and cognition WMH with other confounders. We did not find any significant
Rho [95% CI] » correlation between the Digit Span Forward and Sequencing and
regional WMH load. These differences between Digit Span
Cognitive z-score composites Forward and, Sequencing and Backward results may be related
Memory -0.07 [-0.156-0.001] 0.04*  to the main underlying cognitive process. While Digit Span
Executive function —0.07 [-0.152-0.012] 0.04*  Forward and Sequencing mainly rely on short-term ability,
Memory binding test Backward Condition is a more complex task that involves higher
Total free recall —0.05 [-0.131-0.029] 0.12 working memory component (Charlton et al. 2010; Gerton et al.
Total delayed free recall —0.07 [-0.156-0.001] 0.04*  2004; Lezak et al. 2012).
Total paired recall —0.05 [-0.130-0.037] 0.14 Regarding abstract reasoning performance, WMH load had
Total delayed paired recall —0.07 [-0.155 - -0.001] 0.04* a specific contribution in a broad regional pattern involving
Paired recall pairs ~0.06 [-0.146-0.019] 0.07¥ deep and juxtacortical regions. Au et al. (2006) did not find
Pairs in delayed free recall —0.08 [<0.166 - -0.001] 0.03* differences in abstract reasoning performance (assessed also
Semantic proactive interference —0.08 [-0.161-5.5¢-05] 0.03* by means of the Similarities subtest) when dichotomizing be-
Subtests of WAIS-IV tween higher and lower WMH load. In comparison to our
Digit span forward ~0.01[~0.090-0.079] 0.42 study, the age range of the studied population was much wider
Digit span backward ~0.09 [0.174 - -0.001] 0.01*  (34-88) and the impact on WMH load of sociodemographic
Digit span sequencing 0.03 [~0.056-0.110] 0.28 and genetics factors was not accounted for (Au et al. 2006).
Coding ~0.06 [~0.135-0.023] 00s¢  We also found that lower performance in Visual Puzzles and
Visual puzzles ~0.01 [~0.095-0.070] 039 Matrix Reasoning were associated with higher deep and
Matrix reasoning ~0.05 [-0.129-0.031] 012 juxtacortical WMH in frontal, temporal, and occipital regions
Similarities ~0.06 [~0.143-0.024] 0.08" and in deep temporal regions respectively. This result can be

Adjusted by age, sex, education and number of APOE-e4 alleles. WMH
also adjusted by TIV.

*p<0.05
¥ Significant trend (p<0.1)

only one study reported the association between deep WMH
and executive functions (Soriano-Raya et al. 2012). Hence,
our findings support for a significant negative impact of deep
WMH on executive function performance, even in cognitively
healthy middle-aged individuals.

Processing speed has been consistently related to WMH
(Bolandzadeh et al. 2012; J C de Groot et al. 2000; Jiang
et al. 2018; Pantoni et al. 2007; Strauss et al. 2006). We found
a correlation between a pattern of higher WMH load in deep
frontal, parietal and temporal regions and visuomotor process-
ing speed (measured by Coding). This result is in line with
previous studies that shown that processing speed deficits can
be explained by parietal WMH volume, age and their interac-
tion (Jacobs et al. 2013; Luo et al. 2017).

With respect working memory, the specific regional WMH
pattern was consistent with previous studies showing that
periventricular and deep WMH volume, in temporal and frontal
regions, were correlated with poorer performance on working
memory assessed by the Digit Span Backward (Charlton et al.
2010; Oosterman et al. 2008). By contrast, other studies could
not detect this association (Murray et al. 2010; Oosterman et al.
2004, 2008; Sachdev et al. 2005; Schmidt et al. 1993; Skoog
et al. 2009). These inconsistent results may be explained in part
by differences in the mean age of the included participants in
these studies in addition to the strong association between
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attributed to the involvement of non-verbal fluid reasoning
from both tests (Lezak et al. 2012; Ward et al. 2012), which
is strongly influenced by age (Der et al. 2010). Given the
scarce literature on this WAIS-IV subtest, our results contrib-
ute to the understanding of the impact of specific regional
WMH patterns on fit.

We found that lower performance in the memory compos-
ite was associated with a higher load of juxtacortical WMH in
frontal and parietal regions, in deep occipital regions and,
lastly, in periventricular frontal areas. This finding supports
previous research with older non-demented participants in
which memory performance, as assessed by word verbal
learning and/or story recall, was associated with
periventricular (Burns et al. 2005; Tullberg et al. 2004) and
subcortical WMH load (J C de Groot et al. 2000). Finally, in
line with previous studies (J C de Groot et al. 2000; E E Smith
etal. 2011), it could be suggested that deep WMH in occipital
regions are a specific regional WMH pattern associated with a
lower performance on memory.

Regarding the MBT outcomes, a higher volume of global
WMH was associated to lower performance in the outcomes
that correspond to the delayed recall category. This result sup-
ports evidence from previous work which supported WMH to
be the strongest structural predictor of episodic memory
delayed-recall performance (Petkov et al. 2004).

Our results suggest that deep WMH in occipital lobes have
a significant negative impact on memory binding. This result
is in line with a previous study that examined the neural cor-
relates of semantic associative encoding by a similar proce-
dure as the MBT (Lepage et al. 2000). In this report, it was
found that multiple posterior brain regions, such as the inferior
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Fig. 3 Regional patterns of correlation between cognition and WMH.
Effect sizes of these correlation measures by Spearman’s Rho are
shown in those areas that presented statistical significant association
(p<0.05). All the other regions are depicted in beige. Cognition and
WMH were adjsuted by age, sex, education and number of APOE-c4

portion occipital-temporal cortices, were activated with this
cognitive process. It could be speculated that WMH in these
areas might influence semantic association process, previous-
ly cited as binding, resulting in a reduced capability to benefit
from the shared semantic category clue both in immediate and
delayed recall.

As for the specific negative impact of WMH on the perfor-
mance of the other MBT variables, the results of this study

alleles. WMH were also adjusted by TIV. Abbreviations: FR, frontal
right; FL, frontal left; TR, temporal right; TL: temporal left; PR, parietal
right; PL, parietal left; OR, occipital right; OL, occipital left; BG, basal
ganglia;, WMH, white matter hyperintensities; TIV, total intracranial
volume

show a specific spatial pattern of higher WMH associated with
lower scores in learning and immediate recall in mainly
periventricular frontal and occipital regions. In contrast to pre-
vious studies (Ramirez et al. 2014; E E Smith et al. 2011), we
did not find a correlation in temporal regions. Nevertheless, in
these, the correlation was found in mixed samples (cognitively
normal, MCI and AD) (E E Smith et al. 2011) or only AD
participants (Ramirez et al. 2014). This suggests that a higher
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level of WMH affectation is needed in these areas may to
impact learning and immediate recall. Regarding delayed re-
call, we found an association with WMH load and lower
scores in anterior periventricular frontal areas, adjacent to
the caudate, and in basal ganglia. These results further support
the participation of basal ganglia in associative learning
(Scimeca and Badre 2012; Sheth et al. 2011). It has been
suggested that caudate plays an intermediary role in informa-
tion transfer between the hippocampus and prefrontal nodes
implicated in retrieval control processes (Geib et al. 2017).
Also in line with existing literature (Daselaar and Cabeza
2008; Feredoes et al. 2006), we found that high semantic
proactive interference was mainly associated to higher
juxtacortical and deep WMH load in frontal and parietal.

The main contribution of our work is the study of the im-
pact of regional WMH burden on cognitive performance in
middle-aged healthy participants. This is a relatively young
and healthy sample in comparison with most of the existing
literature. Another strength is that the administration of novel
cognitive tests in this study contributes to the scarce literature
on relevant factors driving their performance. Finally, the
bullseye’s regional representation of WMH allows differenti-
ating periventricular, deep and juxtacortical lesions per lobe
(C.H. Sudre et al. 2017).

Nevertheless, there are also some limitations in our study.
The selection of participants preferably by having at least one
APQE-¢4 or APOE-¢2 allele can constitute a selection bias.
However, the analyses were repeated removing the confound-
ing effect of APOF obtaining similar results. We can, therefore,
conclude that the recruitment criteria have not driven the bulk
of our results findings and that our results can be extrapolated to
the general population. Another limitation resides in the use of
non-parametric tests may have lowered the level of statistical
power to detect significant associations. The high percentage of
relatively young and WMH-free individuals resulted in a right-
skewed distribution of WMH load (Fig. S1A of Supplementary
Material), which prevented the use of parametric statistics.
Another obvious limitation is the cross-sectional nature of pres-
ent study. The longitudinal follow-up will allow assessing the
regional patterns of WMH load that are associated to cognitive
decline. Further, it has been suggested that WMH load might
interact with the hallmarks of AD pathology, such as abnormal
depositions of 3-amyloid (Af3) and tau-protein. We expect that
the impact of tau on our results to be minimal, given that we
studied a cognitively healthy sample and tau abnormalities are
tightly associated with cognitive decline (Jansen et al. 2018).
On the other hand, A3 abnormalities have been widely de-
scribed in cognitively healthy individuals (Jansen et al. 2018).
Given that our sample is enriched for APOE-¢4 carriers and
since A3 biomarkers were not available in this study, we can-
not rule out an impact in our results of a potentially higher
prevalence of AP positivity. Future studies will include core
AD biomarkers to assess their contribution to WMH load and
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their joint impact on cognition. Previous reports suggest that
amyloid and WMH load are independent pathologic processes
that exert independent effects on brain health (Roseborough
etal. 2017). However, a recent study shows that WMH volume
is highly associated with preclinical AD (Kandel et al. 2016).
Since characterization of Af3 the cohort here studied is ongo-
ing, we expect to be able to contribute to this discussion in
short.

In conclusion, we found a significant impact of deep WMH
load on cognitive performance in middle-aged cognitively-
healthy individuals after accounting for known confounders.
Lower executive function was related to higher WMH load
mainly in deep WM areas after adjusting for known con-
founders. Association with lower episodic memory perfor-
mance was found in frontal and occipital areas, specifically
related to lower paired recall. Therefore, our novel methodo-
logical approach of regional WM analysis load has proven to
be useful to reveal the association between cognition and
WMH in strategic brain regions. Our results extend on previ-
ous reports in older populations to younger individuals who
could potentially benefit from primary prevention strategies.

Acknowledgments The research leading to these results has received
funding from “la Caixa” Foundation. Additional funding was obtained
from Fondo de Investigacion Sanitaria (FIS), under grant P112/00326.
Juan D. Gispert holds a ‘Ramoén y Cajal’ fellowship (RYC-2013-
13054). FB is supported by the NTHR UCLH biomedical research centre.
This publication is part of the ALFA study (ALzheimer and FAmilies).
The authors would like to express their most sincere gratitude to the
ALFA project participants, without whom this research would have not
been possible.

Collaborators of the ALFA study are: Jordi Cami, Raffaele Cacciaglia,
Grégory Operto, Stavros Skouras, Carolina Minguillon, Albina Polo,
Cristina Mustata, Laia Tenas, Paula Marne, Xavi Gotsens, Tania
Menchon, Anna Soteras, Laura Hernandez, Ruth Dominguez, Sandra
Pradas, Gema Huesa, Marc Vilanova, Sabrina Segundo, Jordi Huguet.

Funding The research leading to these results has received funding from
“la Caixa” Foundation. Additional funding was obtained from Fondo de
Investigacion Sanitaria (FIS), under grant P112/00326. Juan D. Gispert
holds a ‘Ramoén y Cajal’ fellowship (RYC-2013-13054). FB is supported
by the NIHR UCLH biomedical research centre. CS is supported by the
Alzheimer’s Society.

Compliance with ethical standards

Conflict of interest The authors declare that they have no conflict of
interest.

Ethical approval The ALFA study and the MRI sub-study protocols
have been approved by an independent Ethics Committee Parc de Salut
Mar Barcelona and registered at Clinicaltrials.gov (ALFA Identifier:
NCT01835717; MRI sub-study Identifier: NCT02198586). Both studies
have been conducted in accordance with the directives of the Spanish
Law 14/ 2007, of 3rd of July, on Biomedical Research (Ley 14/ 2007
de Investigacion Biomédica).

Informed consent All participants accepted the study procedures by
signing an informed consent form.


http://clinicaltrials.gov

Brain Imaging and Behavior (2020) 14:2012-2023

2021

Open Access This article is distributed under the terms of the Creative
Commons Attribution 4.0 International License (http://
creativecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided you give
appropriate credit to the original author(s) and the source, provide a link
to the Creative Commons license, and indicate if changes were made.

References

Arvanitakis, Z., Fleischman, D. A., Arfanakis, K., Leurgans, S. E., Barnes, L.
L., & Bennett, D. A. (2016). Association of white matter
hyperintensities and gray matter volume with cognition in older individ-
uals without cognitive impairment. Brain structure & function, 221(4),
2135-2146. https://doi.org/10.1007/s00429-015-1034-7.

Au, R., Massaro, J. M., Wolf, P. A., Young, M. E., Beiser, A., Seshadri, S.,
D’Agostino, R. B., & DeCarli, C. (2006). Association of White
Matter Hyperintensity Volume with Decreased Cognitive
Functioning. Archives of Neurology, 63(2), 246. https://doi.org/10.
1001/archneur.63.2.246.

Bolandzadeh, N., Davis, J. C., Tam, R., Handy, T. C., & Liu-Ambrose, T.
(2012). The association between cognitive function and white matter
lesion location in older adults: A systematic review. BMC
Neurology, 12, 1. https://doi.org/10.1186/1471-2377-12-126.

Brickman, A. M., Provenzano, F. A., Muraskin, J., Manly, J. J., Blum, S.,
Apa, Z., et al. (2012). Regional white matter hyperintensity volume,
not hippocampal atrophy, predicts incident Alzheimer’s disease in
the community. Archives of Neurology, 69(12), 1621-1627. https://
doi.org/10.1007/978-1-62703-673-3.

Brugulat-Serrat, A., Rojas, S., Bargallo, N., Conesa, G., Minguillon, C.,
Fauria, K., Gramunt, N., Molinuevo, J. L., & Gispert, J. D. (2017).
Incidental findings on brain MRI of cognitively normal first-degree
descendants of patients with Alzheimer’s disease: A cross-sectional
analysis from the ALFA (Alzheimer and Families) project. BMJ
Open, 7(3), e013215. https://doi.org/10.1136/bmjopen-2016-013215.

Burns, J. M., Church, J. A., Johnson, D. K., Xiong, C., Marcus, D.,
Fotenos, A. F., Snyder, A. Z., Morris, J. C., & Buckner, R. L.
(2005). White matter lesions are prevalent but differentially related
with cognition in aging and early Alzheimer disease. Archives of
Neurology, 62(12), 1870-1876. https://doi.org/10.1001/archneur.
62.12.1870.

Buschke, H. (2014). Rationale of the memory binding test. In N. Nilsson,
Lars Goran & Ohta (Ed.), Dementia and memory. Psychology Press.
doi:https://doi.org/10.4324/9781315851730.

Cacciaglia, R., Molinuevo, J. L., Falcon, C., Brugulat-Serrat, A.,
Sanchez-Benavides, G., Gramunt, N., Esteller, M., Moran, S.,
Minguillén, C., Fauria, K., & Gispert, J. D. (2018). Effects of
APOE -¢4 allele load on brain morphology in a cohort of middle-
aged healthy individuals with enriched genetic risk for Alzheimer’s
disease. Alzheimer’s & Dementia, 14, 902-912. https://doi.org/10.
1016/j.jalz.2018.01.016.

Cardoso, M. J., Modat, M., Wolz, R., Melbourne, A., Cash, D., Rueckert,
D., & Ourselin, S. (2015). Geodesic information flows: Spatially-
variant graphs and their application to segmentation and fusion.
IEEE Transactions on Medical Imaging, 34(9), 1976—1988.
https://doi.org/10.1109/TM1.2015.2418298.

Carmichael, O., & Schwarz, C. (2010). Longitudinal changes in white
matter disease and cognition in the first year of the Alzheimer dis-
ease neuroimaging initiative. Archives of Neurology, 67(11), 1370—
1378. https://doi.org/10.1001/archneurol.2010.284.Longitudinal.

Charlton, R. A., Barrick, T. R., Lawes, 1. N. C., Markus, H. S., & Morris,
R. G. (2010). White matter pathways associated with working

memory in normal aging. Cortex, 46(4), 474-489. https://doi.org/
10.1016/j.cortex.2009.07.005.

Daselaar, S., & Cabeza, R. (2008). Episodic memory decline and healthy
aging. Learning and memory: A comprehensive reference (second
Edi., Vol. 3). Elsevier. https://doi.org/10.1016/B978-012370509-9.
00097-8.

de Groot, J. C., de Leeuw, F. E., Oudkerk, M., van Gijn, J., Hofman, A.,
Jolles, J., & Breteler, M. M. (2000). Cerebral white matter lesions
and cognitive function: The Rotterdam scan study. Annals of
Neurology, 47(2), 145-151 http://www.ncbi.nlm.nih.gov/pubmed/
10665484. Accessed 9 January 2018.

De Groot, J. C., De Leeuw, F. E., Oudkerk, M., Van Gijn, J., Hofman, A.,
Jolles, J., & Breteler, M. M. B. (2002). Periventricular cerebral white
matter lesions predict rate of cognitive decline. Annals of Neurology,
52(3), 335-341. https://doi.org/10.1002/ana.10294.

de Leeuw, F. E., de Groot, J. C., Achten, E., Oudkerk, M., Ramos, L. M.,
Heijboer, R., Hofman, A., Jolles, J., van Gijn, J., & Breteler, M. M.
(2001). Prevalence of cerebral white matter lesions in elderly people:
A population based magnetic resonance imaging study. The
Rotterdam scan study. Journal of Neurology, Neurosurgery, and
Psychiatry, 70(1), 9-14. https://doi.org/10.1136/jnnp.70.1.9.

de Leeuw, F.-E., de Groot, J. C., Oudkerk, M., Witteman, J. C. M., Hofman,
A., van Gijn, J., & Breteler, M. M. B. (2002). Hypertension and cerebral
white matter lesions in a prospective cohort study. Brain : A Journal of
Neurology, 125(Pt 4), 765-772 http://www.ncbi.nlm.nih.gov/pubmed/
11912110. Accessed 20 March 2018.

Debette, S., Bombois, S., Bruandet, A., Delbeuck, X., Lepoittevin, S.,
Delmaire, C., et al. (2007). Subcortical Hyperintensities are associ-
ated with cognitive decline in patients with mild cognitive impair-
ment. Stroke, 38(11), 2924-2930. https://doi.org/10.1161/
STROKEAHA.107.488403.

Der, G., Allerhand, M., Starr, J. M., Hofer, S. M., & Deary, L. J. (2010).
Age-related changes in memory and fluid reasoning in a sample of
healthy old people. Neuropsychology, development, and cognition.
Section B, Aging, Neuropsychology and Cognition, 17(1), 55-70.
https://doi.org/10.1080/13825580903009071.

Desmond, D. W. (2002). Cognition and white matter lesions.
Cerebrovascular diseases (Basel, Switzerland), 13 Suppl, 2(2), 53—
57. https://doi.org/10.1159/000049151.

Feredoes, E., Tononi, G., & Postle, B. R. (2006). Direct evidence for a
prefrontal contribution to the control of proactive interference in
verbal working memory. Proceedings of the National Academy of
Sciences, 103(51), 19530-19534. https://doi.org/10.1073/pnas.
0604509103.

Geib, B. R, Stanley, M. L., Dennis, N. A., Woldorff, M. G., & Cabeza, R.
(2017). From hippocampus to whole-brain: The role of integrative
processing in episodic memory retrieval. Human Brain Mapping,
38(4), 2242-2259. https://doi.org/10.1002/hbm.23518.

Gerton, B. K., Brown, T. T., Meyer-Lindenberg, A., Kohn, P., Holt, J. L.,
Olsen, R. K., & Berman, K. F. (2004). Shared and distinct neurophys-
iological components of the digits forward and backward tasks as re-
vealed by functional neuroimaging. Neuropsychologia, 42, 1781-1787.
https://doi.org/10.1016/j.neuropsychologia.2004.04.023.

Goldberg, D., Bridges, K., Duncan-Jones, P., & Grayson, D. (1988).
Detecting anxiety and depression in general medical settings. BMJ
(Clinical research ed.), 297(6653), 897-899 http://www.ncbi.nlm.
nih.gov/pubmed/3140969. Accessed 19 February 2019.

Gramunt, N., Buschke, H., Sanchez-Benavides, G., Lipton, R. B., Pefia-
Casanova, J., Diéguez-Vide, F., Masramon, X., Gispert, J. D.,
Fauria, K., Cami, J., & Molinuevo, J. L. (2015). Reference data of
the Spanish memory binding test in a midlife population from the
ALFA STUDY (Alzheimer’s and family). Journal of Alzheimer’s
Disease, 48(3), 613—625. https://doi.org/10.3233/JAD-150237.

Habes, M., Erus, G., Toledo, J. B., Zhang, T., Bryan, N., Launer, L. J.,
Rosseel, Y., Janowitz, D., Doshi, J., van der Auwera, S., von
Sarnowski, B., Hegenscheid, K., Hosten, N., Homuth, G., Vdlzke,

@ Springer


https://doi.org/10.1007/s00429-015-1034-7
https://doi.org/10.1001/archneur.63.2.246
https://doi.org/10.1001/archneur.63.2.246
https://doi.org/10.1186/1471-2377-12-126
https://doi.org/10.1007/978-1-62703-673-3
https://doi.org/10.1007/978-1-62703-673-3
https://doi.org/10.1136/bmjopen-2016-013215
https://doi.org/10.1001/archneur.62.12.1870
https://doi.org/10.1001/archneur.62.12.1870
https://doi.org/10.4324/9781315851730
https://doi.org/10.1016/j.jalz.2018.01.016
https://doi.org/10.1016/j.jalz.2018.01.016
https://doi.org/10.1109/TMI.2015.2418298
https://doi.org/10.1001/archneurol.2010.284.Longitudinal
https://doi.org/10.1016/j.cortex.2009.07.005
https://doi.org/10.1016/j.cortex.2009.07.005
https://doi.org/10.1016/B978-012370509-9.00097-8
https://doi.org/10.1016/B978-012370509-9.00097-8
http://www.ncbi.nlm.nih.gov/pubmed/10665484
http://www.ncbi.nlm.nih.gov/pubmed/10665484
https://doi.org/10.1002/ana.10294
https://doi.org/10.1136/jnnp.70.1.9
http://www.ncbi.nlm.nih.gov/pubmed/11912110
http://www.ncbi.nlm.nih.gov/pubmed/11912110
https://doi.org/10.1161/STROKEAHA.107.488403
https://doi.org/10.1161/STROKEAHA.107.488403
https://doi.org/10.1080/13825580903009071
https://doi.org/10.1159/000049151
https://doi.org/10.1073/pnas.0604509103
https://doi.org/10.1073/pnas.0604509103
https://doi.org/10.1002/hbm.23518
https://doi.org/10.1016/j.neuropsychologia.2004.04.023
http://www.ncbi.nlm.nih.gov/pubmed/3140969
http://www.ncbi.nlm.nih.gov/pubmed/3140969
https://doi.org/10.3233/JAD-150237

2022

Brain Imaging and Behavior (2020) 14:2012-2023

H., Schminke, U., Hoffmann, W., Grabe, H. J., & Davatzikos, C.
(2016). White matter hyperintensities and imaging patterns of brain
ageing in the general population. Brain, 139(4), 1164-1179. https://
doi.org/10.1093/brain/aww008.

Hedden, T., Mormino, E. C., Amariglio, R. E., Younger, A. P., Schultz, A.
P., Becker, J. A., Buckner, R. L., Johnson, K. A., Sperling, R. A., &
Rentz, D. M. (2012). Cognitive profile of amyloid burden and white
matter hyperintensities in cognitively normal older adults. The
Journal of neuroscience : the official journal of the Society for
Neuroscience, 32(46), 16233—-16242. https://doi.org/10.1523/
JNEUROSCI.2462-12.2012.

Jacobs, H. I. L., Leritz, E. C., Williams, V. J., Van Boxtel, M. P. J., van der
Elst, W., Jolles, J., et al. (2013). Association between white matter
microstructure, executive functions, and processing speed in older
adults: The impact of vascular health. Human Brain Mapping,
34(1), 77-95. https://doi.org/10.1002/hbm.21412.

Jansen, W. J., Ossenkoppele, R., Tijms, B. M., Fagan, A. M., Hansson,
0., Klunk, W. E., van der Flier, W. M., Villemagne, V. L., Frisoni, G.
B., Fleisher, A. S., Lle6, A., Mintun, M. A., Wallin, A.,
Engelborghs, S., Na, D. L., Chételat, G., Molinuevo, J. L.,
Landau, S. M., Mattsson, N., Kornhuber, J., Sabri, O., Rowe, C.
C., Pamnetti, L., Popp, J., Fladby, T., Jagust, W. J., Aalten, P., Lee,
D. Y., Vandenberghe, R., Resende de Oliveira, C., Kapaki, E.,
Froelich, L., Ivanoiu, A., Gabryelewicz, T., Verbeek, M. M.,
Sanchez-Juan, P., Hildebrandt, H., Camus, V., Zboch, M., Brooks,
D. J.,, Drzezga, A., Rinne, J. O., Newberg, A., de Mendonga, A.,
Sarazin, M., Rabinovici, G. D., Madsen, K., Kramberger, M. G.,
Nordberg, A., Mok, V., Mroczko, B., Wolk, D. A., Meyer, P. T.,
Tsolaki, M., Scheltens, P., Verhey, F. R. J., Visser, P. J., Amyloid
Biomarker Study Group, Aarsland, D., Alcolea, D., Alexander, M.,
Almdahl, 1. S., Arnold, S. E., Baldeiras, 1., Barthel, H., van Berckel,
B. N. M., Blennow, K., van Buchem, M. A., Cavedo, E., Chen, K.,
Chipi, E., Cohen, A. D., Forster, S., Fortea, J., Frederiksen, K. S.,
Freund-Levi, Y., Gkatzima, O., Gordon, M. F., Grimmer, T.,
Hampel, H., Hausner, L., Hellwig, S., Herukka, S. K., Johannsen,
P., Klimkowicz-Mrowiec, A., Kohler, S., Koglin, N., van Laere, K.,
de Leon, M., Lisetti, V., Maier, W., Marcusson, J., Meulenbroek, O.,
Mollergard, H. M., Morris, J. C., Nordlund, A., Novak, G. P,
Paraskevas, G. P., Perera, G., Peters, O., Ramakers, 1. H. G. B.,
Rami, L., Rodriguez-Rodriguez, E., Roe, C. M., Rot, U., Riither,
E., Santana, I., Schroder, J., Seo, S. W., Soininen, H., Spiru, L.,
Stomrud, E., Struyfs, H., Teunissen, C. E., Vos, S. J. B., van
Waalwijk van Doorn, L. J. C., Waldemar, G., Wallin, A. K.,
Wiltfang, J., & Zetterberg, H. (2018). Association of Cerebral
Amyloid-3 Aggregation with Cognitive Functioning in persons
without dementia. JAMA Psychiatry, 75(1), 84-95. https://doi.org/
10.1001/jamapsychiatry.2017.3391.

Jiang, J., Paradise, M., Liu, T., Armstrong, N. J., Zhu, W., Kochan, N. A.,
Brodaty, H., Sachdev, P. S., & Wen, W. (2018). The association of
regional white matter lesions with cognition in a community-based
cohort of older individuals. Neurolmage: Clinical, 19, 14-21.
https://doi.org/10.1016/j.nicl.2018.03.035.

Kandel, B. M., Avants, B. B., Geg, J. C., McMillan, C. T., Erus, G., Doshi, J.,
Davatzikos, C., & Wolk, D. A. (2016). White matter hyperintensities are
more highly associated with preclinical Alzheimer’s disease than imag-
ing and cognitive markers of neurodegeneration. Alzheimer’s &
Dementia: Diagnosis, Assessment & Disease Monitoring, 4, 18-27.
https://doi.org/10.1016/j.dadm.2016.03.001.

Kim, J. H., Hwang, K. J., Kim, J.-H., Lee, Y. H., Rhee, H. Y., & Park, K.-
C. (2011). Regional white matter hyperintensities in normal aging,
single domain amnestic mild cognitive impairment, and mild
Alzheimer’s disease. Journal of Clinical Neuroscience, 18(8),
1101-1106. https://doi.org/10.1016/j.jocn.2011.01.008.

Kivipelto, M., Ngandu, T., Laatikainen, T., Winblad, B., Soininen, H., &
Tuomilehto, J. (2006). Risk score for the prediction of dementia risk
in 20 years among middle aged people: A longitudinal, population-

@ Springer

based study. Lancet Neurology, 5(9), 735-741. https://doi.org/10.
1016/S1474-4422(06)70537-3.

Kloppenborg, R. P, Nederkoorn, P. J., Geerlings, M. L., & van den Berg,
E. (2014). Presence and progression of white matter hyperintensities
and cognition: A meta-analysis. Neurology, 8§2(23), 2127-2138.
https://doi.org/10.1212/WNL.0000000000000505.

Lampe, L., Kharabian-Masouleh, S., Kynast, J., Arelin, K., Steele, C. J.,
Loffler, M., et al. (2017). Lesion location matters: The relationships
between white matter hyperintensities on cognition in the healthy
elderly. Journal of Cerebral Blood Flow & Metabolism. https://doi.
org/10.1177/0271678X17740501.

Lepage, M., Habib, R., Cormier, H., Houle, S., & Mclntosh, A. R. (2000).
Neural correlates of semantic associative encoding in episodic mem-
ory. Cognitive Brain Research, 9(3), 271-280. https://doi.org/10.
1016/S0926-6410(00)00005-7.

Lezak, M., Howieson, D., Bigler, E., & Tranel, D. (2012).
Neuropsychological assessment. Oxford New York: Oxford univer-
sity Press.

Longstreth, W. T., Manolio, T. A., Arnold, A., Burke, G. L., Bryan, N.,
Jungreis, C. A., Enright, P. L., O'Leary, D., & Fried, L. (1996).
Clinical correlates of white matter findings on cranial magnetic res-
onance imaging of 3301 elderly people. The cardiovascular health
study. Stroke, 27(8), 1274—1282 http://www.ncbi.nlm.nih.gov/
pubmed/8711786. Accessed 14 January 2018.

Luo, X., Jiaerken, Y., Yu, X., Huang, P,, Qiu, T, Jia, Y., et al. (2017).
Affect of APOE on information processing speed in non-demented
elderly population: A preliminary structural MRI study. Brain
Imaging and Behavior, 11(4), 977-985. https://doi.org/10.1007/
s11682-016-9571-0.

Modat, M., Cash, D. M., Daga, P., Winston, G. P., Duncan, J. S., &
Ourselin, S. (2014). Global image registration using a symmetric
block-matching approach. Journal of Medical Imaging, 1(2),
024003. https://doi.org/10.1117/1.JMI1.1.2.024003.

Molinuevo, J. L., Gramunt, N., Gispert, J. D., Fauria, K., Esteller, M.,
Minguillon, C., Sanchez-Benavides, G., Huesa, G., Moran, S., Dal-
Ré, R., & Cami, J. (2016). The ALFA project: A research platform to
identify early pathophysiological features of Alzheimer’s disease.
Alzheimer’s & Dementia: Translational Research & Clinical
Interventions, 2(2), 82-92. https://doi.org/10.1016/j.trci.2016.02.
003.

Murray, M. E., Senjem, M. L., Petersen, R. C., Hollman, J. H., Preboske,
G. M., Weigand, S. D., Knopman, D. S., Ferman, T. J., Dickson, D.
W., & Jack, C. R. (2010). Functional impact of white matter
hyperintensities in cognitively normal elderly subjects. Archives of
Neurology, 67(11), 1379-1385. https://doi.org/10.1001/archneurol.
2010.280.

Oosterman, J. M., Sergeant, J. A., Weinstein, H. C., & Scherder, E. J. A.
(2004). Timed executive functions and white matter in aging with
and without cardiovascular risk factors. Reviews in the
Neurosciences, 15(6), 439-462. https://doi.org/10.1515/
REVNEURO.2004.15.6.439.

Oosterman, J. M., van Harten, B., Weinstein, H. C., Scheltens, P.,
Sergeant, J. A., & Scherder, E. J. A. (2008). White matter
Hyperintensities and working memory: An explorative study.
Aging, Neuropsychology, and Cognition, 15(3), 384-399. https://
doi.org/10.1080/13825580701879998.

Pantoni, L., Poggesi, A., & Inzitari, D. (2007). The relation between
white-matter lesions and cognition. Current Opinion in Neurology,
20(4), 390-397. https://doi.org/10.1097/WCO.0b013e328172d661.

Petkov, C. 1., Wu, C. C., Eberling, J. L., Mungas, D., Zrelak, P. A.,
Yonelinas, A. P, et al. (2004). Correlates of memory function in
community-dwelling elderly: The importance of white matter
hyperintensities. Journal of the International Neuropsychological
Society : JINS, 10(3), 371-381. https://doi.org/10.1017/
S1355617704103056.


https://doi.org/10.1093/brain/aww008
https://doi.org/10.1093/brain/aww008
https://doi.org/10.1523/JNEUROSCI.2462-12.2012
https://doi.org/10.1523/JNEUROSCI.2462-12.2012
https://doi.org/10.1002/hbm.21412
https://doi.org/10.1001/jamapsychiatry.2017.3391
https://doi.org/10.1001/jamapsychiatry.2017.3391
https://doi.org/10.1016/j.nicl.2018.03.035
https://doi.org/10.1016/j.dadm.2016.03.001
https://doi.org/10.1016/j.jocn.2011.01.008
https://doi.org/10.1016/S1474-4422(06)70537-3
https://doi.org/10.1016/S1474-4422(06)70537-3
https://doi.org/10.1212/WNL.0000000000000505
https://doi.org/10.1177/0271678X17740501
https://doi.org/10.1177/0271678X17740501
https://doi.org/10.1016/S0926-6410(00)00005-7
https://doi.org/10.1016/S0926-6410(00)00005-7
http://www.ncbi.nlm.nih.gov/pubmed/8711786
http://www.ncbi.nlm.nih.gov/pubmed/8711786
https://doi.org/10.1007/s11682-016-9571-0
https://doi.org/10.1007/s11682-016-9571-0
https://doi.org/10.1117/1.JMI.1.2.024003
https://doi.org/10.1016/j.trci.2016.02.003
https://doi.org/10.1016/j.trci.2016.02.003
https://doi.org/10.1001/archneurol.2010.280
https://doi.org/10.1001/archneurol.2010.280
https://doi.org/10.1515/REVNEURO.2004.15.6.439
https://doi.org/10.1515/REVNEURO.2004.15.6.439
https://doi.org/10.1080/13825580701879998
https://doi.org/10.1080/13825580701879998
https://doi.org/10.1097/WCO.0b013e328172d661
https://doi.org/10.1017/S1355617704103056
https://doi.org/10.1017/S1355617704103056

Brain Imaging and Behavior (2020) 14:2012-2023

2023

Prins, N. D., & Scheltens, P. (2015). White matter hyperintensities, cog-
nitive impairment and dementia: An update. Nature Reviews
Neurology, 11(3), 157-165. https://doi.org/10.1038/nrmeurol.2015.
10.

Prins, N. D., Van Dijk, E. J., Den Heijer, T., Vermeer, S. E., Jolles, J.,
Koudstaal, P. J., et al. (2005). Cerebral small-vessel disease and
decline in information processing speed, executive function and
memory. Brain, 128(9), 2034-2041. https://doi.org/10.1093/brain/
awh553.

Ramirez, J., McNeely, A. A., Scott, C. J., Stuss, D. T., & Black, S. E.
(2014). Subcortical hyperintensity volumetrics in Alzheimer’s dis-
ease and normal elderly in the Sunnybrook dementia study:
Correlations with atrophy, executive function, mental processing
speed, and verbal memory. Alzheimer’s Research and Therapy,
6(4), 1-12. https://doi.org/10.1186/alzrt279.

Rojas, S., Brugulat-Serrat, A., Bargallo, N., Minguillon, C., Tucholka, A.,
Falcon, C., Carvalho, A., Moran, S., Esteller, M., Gramunt, N.,
Fauria, K., Cami, J., Molinuevo, J. L., & Gispert, J. D. (2017).
Higher prevalence of cerebral white matter hyperintensities in ho-
mozygous APOE-€4 allele carriers aged 45-75: Results from the
ALFA study. Journal of Cerebral Blood Flow & Metabolism,
38(2), 250-261. https://doi.org/10.1177/0271678X17707397.

Roseborough, A., Ramirez, J., Black, S. E., & Edwards, J. D. (2017).
Associations between amyloid (3 and white matter hyperintensities:
A systematic review. Alzheimer’s & Dementia, 13(10), 1154-1167.
https://doi.org/10.1016/j.jalz.2017.01.026.

Sachdev, P. S., Wen, W., Christensen, H., & Jorm, A. F. (2005). White
matter hyperintensities are related to physical disability and poor
motor function. Journal of Neurology, Neurosurgery, and
Psychiatry, 76(3), 362-367. https://doi.org/10.1136/jnnp.2004.
042945.

Salvado, G., Brugulat-Serrat, A., Sudre, C. H., Grau-Rivera, O., Suarez-
Calvet, M., Falcon, C., et al. (2019). Spatial patterns of white matter
hyperintensities associated with Alzheimer’s disease risk factors in a
cognitively healthy middle-aged cohort. Alzheimer’s Research &
Therapy, 11(1), 12. https://doi.org/10.1186/s13195-018-0460-1.

Scheltens, P, Leys, D., Barkhof, F., Huglo, D., Weinstein, H. C., Vermersch,
P, Kuiper, M., Steinling, M., Wolters, E. C., & Valk, J. (1992). Atrophy
of medial temporal lobes on MRI in &quot;probable&quot;
Alzheimer’s disease and normal ageing: Diagnostic value and neuro-
psychological correlates. Journal of Neurology, Neurosurgery, and
Psychiatry, 55(10), 967-972 http://www.ncbi.nlm.nih.gov/pubmed/
1431963. Accessed 19 February 2019.

Schmidt, R., Fazekas, F., Offenbacher, H., Dusek, T., Zach, E., Reinhart,
B., Grieshofer, P, Freidl, W., Eber, B., Schumacher, M., Koch, M.,
& Lechner, H. (1993). Neuropsychologic correlates of MRI white
matter hyperintensities: A study of 150 normal volunteers.
Neurology, 43(12), 2490-2494. https://doi.org/10.1212/WNL.43.
12.2490.

Scimeca, J. M., & Badre, D. (2012). Striatal contributions to declarative
memory retrieval. Neuron, 75(3), 380-392. https://doi.org/10.1016/
j-neuron.2012.07.014.

Sheth, S. A., Abuelem, T., Gale, J. T., & Eskandar, E. N. (2011). Basal
ganglia neurons dynamically facilitate exploration during associa-
tive learning. The Journal of neuroscience : the official journal of
the Society for Neuroscience, 31(13),4878—4885. https://doi.org/10.
1523/JNEUROSCI.3658-10.2011.

Skoog, 1., Berg, S., Johansson, B., Palmertz, B., & Andreasson, L.-A.
(2009). The influence of white matter lesions on neuropsychological
functioning in demented and non-demented 85-year-olds. Acta
Neurologica Scandinavica, 93(2-3), 142—148. https://doi.org/10.
1111/5.1600-0404.1996.tb00190.x.

Smith, E. E., Egorova, S., Blacker, D., Killiany, R. J., Muzikansky, A.,
Dickerson, B. C., Tanzi, R. E., Albert, M. S., Greenberg, S. M., &

Guttmann, C. R. G. (2008). Magnetic resonance imaging white mat-
ter hyperintensities and brain volume in the prediction of mild cog-
nitive impairment and dementia. Archives of Neurology, 65(1), 94—
100. https://doi.org/10.1001/archneurol.2007.23.

Smith, E. E., Salat, D. H., Jeng, J., McCreary, C. R., Fischl, B.,
Schmahmann, J. D., Dickerson, B. C., Viswanathan, A., Albert,
M. S., Blacker, D., & Greenberg, S. M. (2011). Correlations between
MRI white matter lesion location and executive function and epi-
sodic memory. Neurology, 76(17), 1492—1499. https://doi.org/10.
1212/WNL.0b013e318217e7c8.

Séderlund, H., Nilsson, L.-G., Berger, K., Breteler, M. M., Dufouil, C.,
Fubhrer, R., Giampaoli, S., Hofman, A., Pajak, A., Ridder, M. ., Sans,
S., Schmidt, R., & Launer, L. J. (2006). Cerebral changes on MRI
and cognitive function: The CASCADE study. Neurobiology of
Aging, 27(1), 16-23. https://doi.org/10.1016/j.neurobiolaging.
2004.12.008.

Soriano-Raya, J. J., Miralbell, J., Lopez-Cancio, E., Bargallo, N.,
Arenillas, J. F., Barrios, M., Caceres, C., Toran, P., Alzamora, M.,
Davalos, A., & Mataro, M. (2012). Deep versus periventricular
white matter lesions and cognitive function in a community sample
of middle-aged participants. Journal of the International
Neuropsychological Society, 18(05), 874-885. https://doi.org/10.
1017/S1355617712000677.

Strauss, E., Sherman, E. M. S., Spreen, O., & Spreen, O. (2006). A
compendium of neuropsychological tests : Administration, norms,
and commentary. In Oxford. New York: Oxford University Press.

Sudre, C. H., Cardoso, M. J., Bouvy, W. H., Biessels, G. J., Barnes, J., &
Ourselin, S. (2015). Bayesian model selection for pathological neu-
roimaging data applied to white matter lesion segmentation. /EEE
Transactions on Medical Imaging, 34(10), 2079-2102. https://doi.
org/10.1109/TM1.2015.2419072.

Sudre, C. H., Gomez Anson, B., Davagnanam, 1., Schmitt, A.,
Mendelson, A. F., Prados, F., Smith, L., Atkinson, D., Hughes, A.
D., Chaturvedi, N., Cardoso, M. J., Barkhof, F., Jaeger, H. R., &
Ourselin, S. (2017). Bullseye’s representation of cerebral white mat-
ter hyperintensities. Journal of Neuroradiology, 45(2), 114—122.
https://doi.org/10.1016/j.neurad.2017.10.001.

Tullberg, M., Fletcher, E., DeCarli, C., Mungas, D., Reed, B. R., Harvey,
D. J., Weiner, M. W., Chui, H. C., & Jagust, W. J. (2004). White
matter lesions impair frontal lobe function regardless of their loca-
tion. Neurology, 63(2), 246-253 http://www.ncbi.nlm.nih.gov/
pubmed/15277616. Accessed 9 January 2018.

Ward, L. C., Bergman, M. A., & Hebert, K. R. (2012). WAIS-IV subtest
covariance structure: Conceptual and statistical considerations.
Psychological Assessment, 24(2), 328-340. https://doi.org/10.
1037/20025614.

Wardlaw, J. M., Valdés Hernandez, M. C., & Mufioz-Maniega, S. (2015).
What are white matter hyperintensities made of? Relevance to vas-
cular cognitive impairment. Journal of the American Heart
Association, 4(6), 001140. https://doi.org/10.1161/JAHA.114.
001140.

Ylikoski, A., Erkinjuntti, T., Raininko, R., Sarna, S., Sulkava, R., & Tilvis, R.
(1995). White matter hyperintensities on MRI in the neurologically
nondiseased elderly. Analysis of cohorts of consecutive subjects aged
55 to 85 years living at home. Stroke, 26(7), 1171-1177 http://www.
ncbi.nlm.nih.gov/pubmed/7604409. Accessed 1 March 2018.

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

@ Springer


https://doi.org/10.1038/nrneurol.2015.10
https://doi.org/10.1038/nrneurol.2015.10
https://doi.org/10.1093/brain/awh553
https://doi.org/10.1093/brain/awh553
https://doi.org/10.1186/alzrt279
https://doi.org/10.1177/0271678X17707397
https://doi.org/10.1016/j.jalz.2017.01.026
https://doi.org/10.1136/jnnp.2004.042945
https://doi.org/10.1136/jnnp.2004.042945
https://doi.org/10.1186/s13195-018-0460-1
http://www.ncbi.nlm.nih.gov/pubmed/1431963
http://www.ncbi.nlm.nih.gov/pubmed/1431963
https://doi.org/10.1212/WNL.43.12.2490
https://doi.org/10.1212/WNL.43.12.2490
https://doi.org/10.1016/j.neuron.2012.07.014
https://doi.org/10.1016/j.neuron.2012.07.014
https://doi.org/10.1523/JNEUROSCI.3658-10.2011
https://doi.org/10.1523/JNEUROSCI.3658-10.2011
https://doi.org/10.1111/j.1600-0404.1996.tb00190.x
https://doi.org/10.1111/j.1600-0404.1996.tb00190.x
https://doi.org/10.1001/archneurol.2007.23
https://doi.org/10.1212/WNL.0b013e318217e7c8
https://doi.org/10.1212/WNL.0b013e318217e7c8
https://doi.org/10.1016/j.neurobiolaging.2004.12.008
https://doi.org/10.1016/j.neurobiolaging.2004.12.008
https://doi.org/10.1017/S1355617712000677
https://doi.org/10.1017/S1355617712000677
https://doi.org/10.1109/TMI.2015.2419072
https://doi.org/10.1109/TMI.2015.2419072
https://doi.org/10.1016/j.neurad.2017.10.001
http://www.ncbi.nlm.nih.gov/pubmed/15277616
http://www.ncbi.nlm.nih.gov/pubmed/15277616
https://doi.org/10.1037/a0025614
https://doi.org/10.1037/a0025614
https://doi.org/10.1161/JAHA.114.001140
https://doi.org/10.1161/JAHA.114.001140
http://www.ncbi.nlm.nih.gov/pubmed/7604409
http://www.ncbi.nlm.nih.gov/pubmed/7604409

	Patterns of white matter hyperintensities associated with cognition in middle-aged cognitively healthy individuals
	Abstract
	Introduction
	Methods
	Participants
	Cognitive measures
	MRI acquisition
	WMH segmentation and quantification
	Statistical analysis

	Results
	Discussion
	References


