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ABSTRACT

Different measurements of white matter signal abnormalities (WMSA) are often used across studies, which
hinders combination of WMSA data from different cohorts. We investigated associations between three
commonly used measurements of WMSA, aiming to further understand the association between them and their
potential interchangeability: the Fazekas scale, the lesion segmentation tool (LST), and FreeSurfer. We also aimed
at proposing cut-off values for estimating low and high Fazekas scale WMSA burden from LST and FreeSurfer
WMSA, to facilitate clinical use and interpretation of LST and FreeSurfer WMSA data. A population-based cohort
of 709 individuals (all of them 70 years old, 52% female) was investigated. We found a strong association between
LST and FreeSurfer WMSA, and an association of Fazekas scores with both LST and FreeSurfer WMSA. The
proposed cut-off values were 0.00496 for LST and 0.00321 for FreeSurfer (Total Intracranial volumes (TIV)-
corrected values). This study provides data on the association between Fazekas scores, hyperintense WMSA, and
hypointense WMSA in a large population-based cohort. The proposed cut-off values for translating LST and
FreeSurfer WMSA estimations to low and high Fazekas scale WMSA burden may facilitate the combination of
WMSA measurements from different cohorts that used either a FLAIR or a T1-weigthed sequence.

INTRODUCTION (WMSA) in magnetic resonance imaging (MRI) data,

both in clinical practice and research [1-4]. High
The Fazekas scale [1] is a widely used method to visually Fazekas WMSA burden (i.e. confluent WMSA, Fazekas
rate hyperintense white matter signal abnormalities 2 or 3 scores) is associated with greater cognitive

www.aging-us.com 894 AGING


mailto:nira.cedres@ki.se
mailto:nira.cedres@ki.se

dysfunction than low Fazekas WMSA burden (i.e.
absence or punctate WMSA, Fazekas 0 or 1 scores) in
population-based cohorts [5]. Concordantly, in clinical
settings high Fazekas WMSA burden has successfully
predicted cognitive performance in Alzheimer’s disease
patients [6]. High cerebrovascular pathology burden has
clinical relevance for diagnosis of individuals with
higher risk for cerebrovascular disease [4]. Despite
great utility, visual ratings of WMSA are subjective,
which often compromises inter-rater reliability.
Automated methods have emerged as objective
alternatives. The Lesion Segmentation Tool (LST)
(https://www.applied-statistics.de/lst.html) [7] is widely
used to automatically segment WMSA in the form of
hyperintensities in the T2-weighted fluid-attenuated
inversion recovery (FLAIR) MRI sequence. Previous
studies have shown strong correlations between the
Fazekas scale and automatic segmentations of
hyperintense WMSA [2, 3]. Also, the FreeSurfer soft-
ware  (https://surfer.nmr.mgh.harvard.edu/) [8] is
increasingly used to automatically segment WMSA in
the form of hypointensities in the T1-weighted MRI
sequence [9-13]. To our knowledge, the association
between hypointense WMSA and the Fazekas scale has
not been investigated yet. Furthermore, a limitation of
automated methods is that they are complex, time
consuming, require quality control, and lack normative
data, all of which compromise their clinical use at
present.

Regarding the association between automatic
segmentations of hyperintense and hypointense WMSA,
studies are scarce but some data show a close
correlation between the two [2, 14]. However, the
underlying pathology reflected by hyperintense and
hypointense WMSA is not yet entirely understood and
they may reflect different microstructural tissue
properties. Hypointense WMSA seems to be related to
poorer white matter integrity as compared to hyper-
intense WMSA [14]. On the other hand, hyperintense
WMSA may reflect a mix of white matter damage, peri-
inflammatory processes, and other pathologies related
to increased cerebrovascular and blood-brain barrier
permeability [15].

Understanding how these three measurements relate to
each other, endorsing their potential interchangeability,
is of utmost importance because WMSA are frequently
assessed with different methods and MRI sequences
across studies. This makes it difficult to combine data
from different cohorts. Hence, our primary aim was to
investigate the association between the Fazekas scale,
hyperintense WMSA based on the LST software, and
hypointense WMSA based on the FreeSurfer software,
in order to understand their association and potential
interchangeability, in a large population-based cohort.

Our secondary aim was to propose reliable cut-off
values for automatic segmentations of WMSA data
from LST and FreeSurfer to identify low and high
Fazekas scale WMSA burden. These cut-off values
might potentially facilitate combination of WMSA data
from different cohorts, software, and MRI sequence
types (FLAIR and T1-weigthed), as well as facilitate
clinical use and interpretation of LST and FreeSurfer
WMSA data.

RESULTS

In our population-based cohort of 709 individuals (all
70 years old, 52% female), 15.1% had high Fazekas
WMSA burden (i.e. scores 2 and 3) and the rest had low
WMSA burden (i.e. Fazekas scores 0 and 1) (Figure 1).
After adjusting WMSA volume in milliliters by each
participant total intracranial volume (TIV), the mean
LST WMSA volume was 0.0043 (SD=0.0054) and the
mean FreeSurfer WMSA volume 0.0028 (SD=0.0033)
(mean uncorrected WMSA volumes were 6.6 ml (SD =
8.6) for LST and 4.3 ml (SD = 5.3) for FreeSurfer).

Regarding our primary aim, the association between LST
and FreeSurfer WMSA estimations is displayed in
Figure 2. There was a strong linear association between
LST and FreeSurfer WMSA (Rxy=0.939; p<.001). The
guadratic association between LST and FreeSurfer
WMSA was also significant (B;=0.563; p<.001;
B2=0.413; p<.001). The paired-sample t-test revealed that
LST WMSA volumes were significantly larger than
FreeSurfer WMSA volumes (t7og=-15.9;p<.001). Visual
inspection of Figure 2 suggests that this difference
between LST and FreeSurfer WMSA volumes is more
prominent in the range of small WMSA.. The association
between Fazekas and hyperintense WMSA (001 =
—12.1;p<.001) and between Fazekas and hypointense
WMSA  (taor=-10.1;p<.001) were also significant,
revealing larger volumes for the high Fazekas scale
WMSA burden category (Figures 3A and 3B).

Regarding our secondary aim, we performed a receiver
operating characteristic (ROC) curve in order to obtain
reliable cut-off values for automatic segmentations of
WMSA data from LST and FreeSurfer and identify low
and high Fazekas scale WMSA burden. The ROC
analyses separating low and high Fazekas WMSA
burden categories revealed an AUC value of 93% for
LST WMSA, and an AUC value of 94% for FreeSurfer
WMSA (Figure 4). The proposed cut-off value to
classify low and high Fazekas WMSA burden is
0.00496 for LST WMSA, and 0.00321 for FreeSurfer
WMSA. These values are adjusted by the TIV.
Corresponding sensitivity and specificity values were
88% and 85% for LST WMSA, and 86% and 91% for
FreeSurfer WMSA.
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DISCUSSION

In a large population-based cohort of 70-year old
individuals, 15.1% had a high Fazekas WMSA burden.
This frequency is, as expected, higher than that reported
in younger population-based cohorts (frequency of
10%) [16] and lower than that reported in older cohorts

Low Fazekas WMSA burden
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(frequencies between 26-36%) [3, 17]. Our correlation
analyses showed a strong association between LST and
FreeSurfer WMSA. In line with previous studies [2,
14], we also found that LST WMSA volumes were
larger than FreeSurfer WMSA volumes, especially in
the range of small WMSA. A possible explanation for
this finding is that hyperintense and hypointense

High Fazekas WMSA burden
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Figure 1. Prevalence of low and high Fazekas WMSA burden. Low WMSA burden was defined as Fazekas scores O (i.e. absence of
WMSA) or 1 (i.e. punctate WMSA). High WMSA burden was defined as Fazekas scores 2 (i.e. early confluent WMSA) and 3 (i.e. WMSA in large
confluent areas). The gray box illustrates automatic segmentations of WMSA by FreeSurfer (first row) and LST (second row), for a
representative subject with low Fazekas WMSA burden. The red box illustrates automatic segmentations of WMSA by FreeSurfer (first row)
and LST (second row), for a representative subject with high Fazekas WMSA burden. WMSA: White matter signal abnormalities; LST: Lesion

segmentation tool.
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Figure 2. Association between hyperintense WMSA based on the LST software and hypointense WMSA based on the
FreeSurfer software. The Figure shows the linear and quadratic association between LST WMSA (x axis) and FreeSurfer WMSA (y axis)
volume in milliliters after adjusting for each participant’s TIV. WMSA: White matter signal abnormalities; TIV: total intracranial volume; LST:

Lesion segmentation tool.
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WMSA may reflect different microstructural tissue
properties. Hypointense WMSA are related to poorer
white matter integrity as compared to hyperintense
WMSA [14], suggesting that hypointense WMSA are

blood-brain barrier permeability [15]. The association
between Fazekas and hyperintense WMSA, and
between Fazekas and hypointense WMSA was also
significant. Larger volumes were observed for the high

more closely related to necrotic damage. In contrast, Fazekas scale WMSA burden category. These results
more acute white matter damage from different are in line with previous studies [2, 3, 14].
etiologies may be captured by hyperintense WMSA, Nevertheless, to our knowledge, our study is the first
leading to larger WMSA volumes [2, 14], covering reporting associations between Fazekas scores,

peri-inflammatory processes and other pathologies hypointense WMSA, and hyperintense WMSA in the
related to increased cerebrovascular burden and same cohort.

A
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Figure 3. Mean differences between low and high Fazekas WMSA burden in hyperintense WMSA from LST and hypointense
WMSA from FreeSurfer. (A) shows FreeSurfer WMSA levels for low and high Fazekas scores, error bars represent the standard error;
(B) shows LST WMSA levels for low and high Fazekas scores, error bars represent the standard error; The y axis represents WMSA volumes in

milliliters after adjusting for each participant’s TIV. WMSA: White matter signal abnormalities; LST: Lesion segmentation tool; TIV: total
intracranial volume.
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Figure 4. ROC curves for separating low and high Fazekas WMSA burden. The figure shows the ROC curves for separating low and
high Fazekas WMSA burden for LST and FreeSurfer WMSA values (AUC and optimal cut-off values are shown for each software type). Fazekas
scores were categorized as low WMSA burden (scores = 0 and 1) or high WMSA burden (scores = 2 and 3). WMSA: White matter signal
abnormalities; AUC: Area under the curve; ROC: Receiver operating characteristic; LST: Lesion segmentation tool.
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Regarding the ROC analyses, both automatic
segmentation methods could separate low and high
Fazekas scores with high sensitivity and specificity.
Since the proposed cut-offs values for low and high
Fazekas WMSA burden are adjusted for the TIV, we
believe that these values may be more easily
transferred to volume estimations from other MRI
scanners, when similar MRI scanning protocols are
used. There may still be some source of error related
to inter-rater variability for the Fazekas scale.
However, inter- and intra-rater reliability is usually
higher for the Fazekas scale than for other visual
rating scales [18].

Some limitations should be mentioned. Despite that
Fazekas visual rating does not seem to be influenced
by the experience of the rater [19], future studies
should confirm that the experience of the rater does
not influence the cut-offs for predicting Fazekas
scores from LST and FreeSurfer”. Regarding MRI
acquisition, although our two sequences were
acquired in the same scanner, the slice thickness was
thicker for the FLAIR sequence than for the T1-
weigthed sequence (2.0 mm and 1.0 mm respectively),
which may influence volumetric results. However,
given the quadratic association between both
automated measures and previous findings showing
similar results [2, 14, 15], we suggest that our
findings are related to different underlying pathology
rather than the differences in their slice thickness. The
association of Fazekas scores, LST WMSA, and
FreeSurfer WMSA with demographic, cognitive, and
clinical factors has been investigated in previous
studies [4, 5, 16, 17, 23, 24] and is beyond the scope
of our study. We decided to focus on the association
between these three methods and their potential
interchangeability, as well as on deriving cut-off
values for predicting high and low Fazekas scores
from automatic segmentations of WMSA. Future
studies should test and validate our findings in other
population-based cohorts and in clinical settings,
testing the clinical applicability of our cut-off values:
e.g. to discriminate between clinical entities
(diagnostic capacity) and predict future cognitive
decline (prognostic capacity). Further, our findings
should be tested in studies including different raters
(ideally with different levels of expertise), and
different MRI scanners.

In conclusion, we provide data on the association
between Fazekas scores, hyperintense WMSA, and
hypointense WMSA in a large population-based cohort.
Validating our proposed cut-off values in other cohorts
is of great importance for future studies combining
WMSA measurements based on different MRI
sequences (FLAIR and T1-weigthed).

MATERIALS AND METHODS
Participants

As part of the Gothenburg H70 Birth Cohort Studies
all men and women born 1944 on dates ending with
0, 2, 5, or 8, and registered as residents in Gothenburg
according the Swedish Tax Agency were invited to a
comprehensive examination on ageing and age-related
factors [25]. Individuals were invited irrespective of
their place of living (e.g. private households, sheltered
living). A total of 1203 (response rate 72.2%; 559 men
and 644 women; mean age 70.5 years) agreed to
participate. The general examinations and various
procedures have been described in detail previously
[25]. All study participants were invited to take part in
a brain imaging examination, conducted at the Aleris
Clinic in Gothenburg. An MRI examination was
conducted in 792 individuals (response rate 65.8%).
Global cognitive status as measured by the Mini-
Mental State Examination (MMSE) ranged between 0
and 30 (mean = 28.8, SD = 2.4). 97.7% of participants
were cognitively normal or had mild cognitive
impairment (no dementia). Clinical Dementia Rating
(CDR) distribution was CDR 0 = 71.3%; CDR 0.5 =
24.9%; and CDR 1 > 3.9%.

For the current study, inclusion criteria were: (1)
availability of Fazekas visual ratings; and (2) outcomes
for both LST and FreeSurfer suitable for analysis (e.g.
no processing errors, etc.), giving a sample of 709
individuals (52% female). MMSE ranged between 20
and 30 (mean = 29, SD = 1). The majority of
participants (99.3%) were cognitively normal or had
mild cognitive impairment (no dementia). CDR
distribution was CDR 0= 81.8%; CDR 0.5= 18.1%; and
CDR 1=0.1%.

MRI data acquisition, image processing, and
measurements of WMSA

MRI data were acquired in a 3.0T Philips Achieva
system (Philips Medical Systems), using a 3D T1-
weigthed Turbo Field Echo (TFE) sequence (RT=7.2
ms., ET=3.2 ms., flip angle=9°, number of slices=160,
matrix size=250x250 mm, slice thickness=1.0 mm); and
a 3D FLAIR sequence (RT=48000 ms., ET=280 ms.,
TI1=1650 ms., flip angle=90°, number of slices=140,
matrix size=250x237 mm, slice thickness=2.0 mm).

The Fazekas scale was applied on FLAIR MRI data on
the axial plane and was scored following standard
guidelines [1]. Briefly, Fazekas grades WMSA as 0 (i.e.
absence of WMSA), 1 (i.e. punctate WMSA), 2 (i.e. early
confluent WMSA), and 3 (i.e. WMSA in large confluent
areas). The frequently used Fazekas clinical classification
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in low and high WMSA burden [16, 24, 26] was applied
to address the secondary aim of this study. High WMSA
burden was defined as Fazekas scores 2 or 3. Low
WMSA burden was defined as Fazekas scores O or 1.
Fazekas ratings were done by an experienced
neuroradiologist (S.S.), who has participated as a rater in
several previously published studies with excellent inter-
rater agreement (weighted k and intra-class correlation
coefficient >0.90) [6, 21, 27, 28].

WMSA were also automatically segmented with LST
2.0.15 and FreeSurfer 6.0.0. LST is an open source
segmentation toolbox implemented in the SPM
software  (https://www.fil.ion.ucl.ac.uk/spm/). LST
utilizes a lesion prediction algorithm (LPA) based on
FLAIR images intensity distribution (hyperintensities)
that builds a lesion probability map for each
individual. The T1-weighted images were processed
with the FreeSurfer image analysis suite. FreeSurfer
detects hypointensities and automatically labels
WMSA volumes for each participant using a
probabilistic procedure as well [8]. MRI data
management and processing was done with our
database system theHiveDB [29]. WMSA volumes in
milliliters (ml) from both LST and FreeSurfer were
adjusted by the TIV, estimated with SPM12, by
dividing each participant’s WMSA volume by their
corresponding TIV [30].

Statistical analysis

Associations between LST and FreeSurfer WMSA
estimations were tested using the Pearson correlation.
Quadratic simple regression was also used to test for
the association between LST and FreeSurfer WMSA.
Paired-sample t-test was used for the comparison of
LST and FreeSurfer WMSA mean volumes. Two
independent-sample  t-tests were wused for the
comparison of low (scores = 0 and 1) and high
(scores = 2 and 3) Fazekas scale WMSA burden
categories in LST and WMSA mean volumes. The cut-
off value for estimating low and high Fazekas scale
WMSA burden from LST and FreeSurfer WMSA was
derived as follows. First, Fazekas scores were
categorized as low WMSA burden or high WMSA
burden [1, 26]. Second, the area under the receiver
operating characteristic (ROC) curve was calculated to
identify the LST and FreeSurfer WMSA values that
best separated low and high Fazekas scale WMSA
burden categories. Third, sensitivity and specificity
values based on the ROC curves were calculated to
provide interpretable parameters of the classification.
Statistical analyses were conducted using the R
statistical software (http://www.r-project.org). A
p-value <0.05 (two-tailed) was deemed significant in
all the analyses.
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1964 Helsinki declaration and its later amendment.

CONFLICTS OF INTEREST
The authors declare no conflicts of interest.
FUNDING

This research was supported by the Swedish Research
Council, the Swedish research Council for Health,
Working Life and Wellfare, the Swedish Foundation for
Strategic Research (SSF), the Strategic Research
Programme in Neuroscience at Karolinska Institutet
(StratNeuro), the Swedish state under the agreement
between the Swedish government and the county
councils, the ALF-agreement. The authors would also
like to thank the Center for Innovative Medicine
(CIMED), The Swedish Brain Foundation, The Swedish
Alzheimer Foundation, Olle Engkvist Byggmastare
Foundation, the Ake Wiberg Foundation, Stonhes
Stifelse, Stiftelsen Gamla Tjénarinnor, Eivind och Elsa
K: son Sylvans stiftelse, Stiftelsen Hjalmar Svenssons
Forskningsfond, Stiftelsen Wilhelm, Fundacion Canaria
Dr. Manuel Morales och Martina Lundgrens veten-
skapsfond and Birgitta och Sten Westerberg for
additional financial support.

REFERENCES

1. Fazekas F, Chawluk JB, Alavi A, Hurtig HI, Zimmerman
RA. MR signal abnormalities at 1.5 T in Alzheimer’s
dementia and normal aging. AJR Am J Roentgenol.
1987; 149:351-56.
https://doi.org/10.2214/ajr.149.2.351 PMID:3496763

2. Olsson E, Klasson N, Berge J, Eckerstrom C, Edman A,
Malmgren H, Wallin A. White matter lesion assessment
in patients with cognitive impairment and healthy
controls: reliability comparisons between visual rating,
a manual, and an automatic volumetrical MRl method-
the gothenburg MCI study. J Aging Res. 2013;
2013:198471.
https://doi.org/10.1155/2013/198471
PMID:23401776

3. Valdés Hernandez MC, Morris Z, Dickie DA, Royle NA,
Mufioz Maniega S, Aribisala BS, Bastin ME, Deary IJ,
Wardlaw JM. Close correlation between quantitative
and qualitative assessments of white matter lesions.

www.aging-us.com

AGING


https://www.fil.ion.ucl.ac.uk/spm/
https://www.fil.ion.ucl.ac.uk/spm/
http://www.r-project.org/
http://www.r-project.org/
https://doi.org/10.2214/ajr.149.2.351
https://doi.org/10.2214/ajr.149.2.351
https://www.ncbi.nlm.nih.gov/pubmed/3496763
https://www.ncbi.nlm.nih.gov/pubmed/3496763
https://doi.org/10.1155/2013/198471
https://doi.org/10.1155/2013/198471
https://www.ncbi.nlm.nih.gov/pubmed/23401776
https://www.ncbi.nlm.nih.gov/pubmed/23401776

10.

11.

Neuroepidemiology. 2013; 40:13-22.
https://doi.org/10.1159/000341859
PMID:23075702

Wardlaw JM, Smith EE, Biessels GJ, Cordonnier C,
Fazekas F, Frayne R, Lindley RI, O'Brien JT, Barkhof F,
Benavente OR, Black SE, Brayne C, Breteler M, et al.
Neuroimaging standards for research into small vessel
disease and its contribution to ageing and
neurodegeneration. Lancet Neurol. 2013; 12:822-38.
https://doi.org/10.1016/51474-4422(13)70124-8
PMID:23867200

Hilal S, Mok V, Youn YC, Wong A, lkram MK, Chen CL.
Prevalence, risk factors and consequences of cerebral
small vessel diseases: data from three Asian countries.
J Neurol Neurosurg Psychiatry. 2017; 88:669—74.
https://doi.org/10.1136/jnnp-2016-315324
PMID:28600443

Ferreira D, Shams S, Cavallin L, Viitanen M, Martola J,
Granberg T, Shams M, Aspelin P, Kristoffersen-Wiberg
M, Nordberg A, Wahlund LO, Westman E. The
contribution of small vessel disease to subtypes of
Alzheimer's disease: a study on cerebrospinal fluid and
imaging biomarkers. Neurobiol Aging. 2018; 70:18-29.

https://doi.org/10.1016/j.neurobiolaging.2018.05.028

PMID:29935417

Schmidt P, Gaser C, Arsic M, Buck D, Forschler A,
Berthele A, Hoshi M, llg R, Schmid VJ, Zimmer C,
Hemmer B, Mduihlau M. An automated tool for
detection of FLAIR-hyperintense white-matter lesions
in Multiple Sclerosis. Neuroimage. 2012; 59:3774-83.
https://doi.org/10.1016/j.neuroimage.2011.11.032
PMID:22119648

Fischl B, Salat DH, Busa E, Albert M, Dieterich M,
Haselgrove C, van der Kouwe A, Killiany R, Kennedy D,
Klaveness S, Montillo A, Makris N, Rosen B, Dale AM.
Whole brain segmentation: automated labeling of
neuroanatomical structures in the human brain.
Neuron. 2002; 33:341-55.
https://doi.org/10.1016/50896-6273(02)00569-X
PMID:11832223

Pai A, Sgrensen L, Darkner S, Sporring J, Rostrup E,
Nielsen M. White matter hypointensity growth rate
correlates with rate of brain atrophy. Alzheimer’s
Dement. 2014; 10:P75-6.
https://doi.org/10.1016/].jalz.2014.05.525

Schiffmann R, van der Knaap MS. Invited article: an
MRI-based approach to the diagnosis of white matter
disorders. Neurology. 2009; 72:750-59.
https://doi.org/10.1212/01.wnl.0000343049.00540.c8
PMID:19237705

Ferreira D, Voevodskaya O, Imrell K, Stawiarz L,
Spulber G, Wahlund LO, Hillert J, Westman E,

12.

13.

14.

15.

16.

17.

18.

Karrenbauer VD. Multiple sclerosis patients lacking
oligoclonal bands in the cerebrospinal fluid have less
global and regional brain atrophy. J Neuroimmunol.
2014; 274:149-54.
https://doi.org/10.1016/j.ineuroim.2014.06.010
PMID:24999245

Narayana PA, Zhou Y, Hasan KM, Datta S, Sun X,
Wolinsky JS. Hypoperfusion and T1-hypointense
lesions in white matter in multiple sclerosis. Mult Scler.
2014; 20:365-73.
https://doi.org/10.1177/1352458513495936
PMID:23836878

Leritz EC, Shepel J, Williams VJ, Lipsitz LA, McGlinchey

RE, Milberg WP, Salat DH, Hospital W, Hospital MG,
Deaconness |. Associations between T1 white matter
lesion volume and regional white matter
microstructure in aging. Hum Brain Mapp. 2014,
35:1085-100.

https://doi.org/10.1002/hbm.22236 PMID:23362153

Riphagen JM, Gronenschild EHBM, Salat DH, Freeze
WM, Ivanov D, Clerx L, Verhey FRJ, Aalten P, Jacobs
HIL. Shades of white: diffusion properties of T1- and
FLAIR-defined white matter signal abnormalities differ
in stages from cognitively normal to dementia.
Neurobiol Aging. 2018; 68:48-58.
https://doi.org/10.1016/j.neurobiolaging.2018.03.029
PMID:29704648

Young VG, Halliday GM, Kril JJ. Neuropathologic
correlates of white matter hyperintensities. Neurology.
2008; 71:804-11.
https://doi.org/10.1212/01.wnl.0000319691.50117.54
PMID:18685136

Honningsvag LM, Haberg AK, Hagen K, Kvistad KA,
Stovner LJ, Linde M. White matter hyperintensities and
headache: A population-based imaging study (HUNT
MRI). Cephalalgia. 2018; 38:1927-39.
https://doi.org/10.1177/0333102418764891
PMID:29528690

Wehrberger C, Jungwirth S, Fischer P, Tragl KH,
Krampla W, Marlies W, Madersbacher S. The
relationship  between cerebral white  matter
hyperintensities and lower urinary tract function in a
population based, geriatric cohort. Neurourol Urodyn.
2014; 33:431-36.

https://doi.org/10.1002/nau.22419

PMID:23775725

Gao FQ, Swartz RH, Scheltens P, Leibovitch FS, Kiss A,
Honjo K, Black SE. Complexity of MRI white matter
hyperintensity assessments in relation to cognition in
aging and dementia from the Sunnybrook Dementia
Study. J Alzheimers Dis. 2011 (Suppl 3); 26:379-88.
https://doi.org/10.3233/JAD-2011-0058

www.aging-us.com

AGING


https://doi.org/10.1159/000341859
https://doi.org/10.1159/000341859
https://www.ncbi.nlm.nih.gov/pubmed/23075702
https://www.ncbi.nlm.nih.gov/pubmed/23075702
https://doi.org/10.1016/S1474-4422(13)70124-8
https://doi.org/10.1016/S1474-4422(13)70124-8
https://www.ncbi.nlm.nih.gov/pubmed/23867200
https://www.ncbi.nlm.nih.gov/pubmed/23867200
https://doi.org/10.1136/jnnp-2016-315324
https://doi.org/10.1136/jnnp-2016-315324
https://www.ncbi.nlm.nih.gov/pubmed/28600443
https://www.ncbi.nlm.nih.gov/pubmed/28600443
https://doi.org/10.1016/j.neurobiolaging.2018.05.028
https://doi.org/10.1016/j.neurobiolaging.2018.05.028
https://www.ncbi.nlm.nih.gov/pubmed/29935417
https://www.ncbi.nlm.nih.gov/pubmed/29935417
https://doi.org/10.1016/j.neuroimage.2011.11.032
https://doi.org/10.1016/j.neuroimage.2011.11.032
https://www.ncbi.nlm.nih.gov/pubmed/22119648
https://www.ncbi.nlm.nih.gov/pubmed/22119648
https://doi.org/10.1016/S0896-6273%2802%2900569-X
https://doi.org/10.1016/S0896-6273%2802%2900569-X
https://www.ncbi.nlm.nih.gov/pubmed/11832223
https://www.ncbi.nlm.nih.gov/pubmed/11832223
https://doi.org/10.1016/j.jalz.2014.05.525
https://doi.org/10.1016/j.jalz.2014.05.525
https://doi.org/10.1212/01.wnl.0000343049.00540.c8
https://doi.org/10.1212/01.wnl.0000343049.00540.c8
https://www.ncbi.nlm.nih.gov/pubmed/19237705
https://www.ncbi.nlm.nih.gov/pubmed/19237705
https://doi.org/10.1016/j.jneuroim.2014.06.010
https://doi.org/10.1016/j.jneuroim.2014.06.010
https://www.ncbi.nlm.nih.gov/pubmed/24999245
https://www.ncbi.nlm.nih.gov/pubmed/24999245
https://doi.org/10.1177/1352458513495936
https://doi.org/10.1177/1352458513495936
https://www.ncbi.nlm.nih.gov/pubmed/23836878
https://www.ncbi.nlm.nih.gov/pubmed/23836878
https://doi.org/10.1002/hbm.22236
https://doi.org/10.1002/hbm.22236
https://www.ncbi.nlm.nih.gov/pubmed/23362153
https://www.ncbi.nlm.nih.gov/pubmed/23362153
https://doi.org/10.1016/j.neurobiolaging.2018.03.029
https://doi.org/10.1016/j.neurobiolaging.2018.03.029
https://www.ncbi.nlm.nih.gov/pubmed/29704648
https://www.ncbi.nlm.nih.gov/pubmed/29704648
https://doi.org/10.1212/01.wnl.0000319691.50117.54
https://doi.org/10.1212/01.wnl.0000319691.50117.54
https://www.ncbi.nlm.nih.gov/pubmed/18685136
https://www.ncbi.nlm.nih.gov/pubmed/18685136
https://doi.org/10.1177/0333102418764891
https://doi.org/10.1177/0333102418764891
https://www.ncbi.nlm.nih.gov/pubmed/29528690
https://www.ncbi.nlm.nih.gov/pubmed/29528690
https://doi.org/10.1002/nau.22419
https://doi.org/10.1002/nau.22419
https://www.ncbi.nlm.nih.gov/pubmed/23775725
https://www.ncbi.nlm.nih.gov/pubmed/23775725
https://doi.org/10.3233/JAD-2011-0058
https://doi.org/10.3233/JAD-2011-0058

19.

20.

21.

22.

23.

24,

PMID:21971477

Boutet C, Rouffiange-Leclair L, Schneider F,
Camdessanché JP, Antoine JC, Barral FG. Visual
assessment of age-related white matter

hyperintensities using FLAIR images at 3 T: Inter- and
intra-rater agreement. Neurodegener Dis. 2016;
16:279-83.

https://doi.org/10.1159/000441420 PMID:26646220

Shams S, Martola J, Cavallin L, Granberg T, Shams M,
Aspelin P, Wahlund LO, Kristoffersen-Wiberg M, and S.
S. SWI or T2*: which MRI sequence to use in the
detection of cerebral microbleeds? The Karolinska
Imaging Dementia Study. AJINR Am J Neuroradiol.
2015; 36:1089-95.

https://doi.org/10.3174/ajnr.A4248 PMID:25698623

Shams S, Martola J, Granberg T, Li X, Shams M,
Fereshtehnejad SM, Cavallin L, Aspelin P, Kristoffersen-
Wiberg M, Wahlund LO. Cerebral microbleeds:
different prevalence, topography, and risk factors
depending on dementia diagnosis—the Karolinska
Imaging Dementia Study. AJNR Am J Neuroradiol.
2015; 36:661-66.

https://doi.org/10.3174/ajnr.A4176 PMID:25523590

Shams S, Martola J, Charidimou A, Larvie M, Granberg
T, Shams M, Kristoffersen-Wiberg M, Wahlund LO.
Topography and Determinants of Magnetic Resonance
Imaging (MRI)-Visible Perivascular Spaces in a Large
Memory Clinic Cohort. ] Am Heart Assoc. 2017; 6:6.
https://doi.org/10.1161/JAHA.117.006279
PMID:28939709

Cedres N, Machado A, Molina Y, Diaz-Galvan P,
Hernandez-Cabrera JA, Barroso J, Westman E, Ferreira
D. Subjective Cognitive Decline Below and Above the
Age of 60: A Multivariate Study on Neuroimaging,
Cognitive, Clinical, and Demographic Measures. J
Alzheimers Dis. 2019; 68:295-309.
https://doi.org/10.3233/JAD-180720 PMID:30741680

Bos I, Verhey FR, Ramakers IHGB, Jacobs HIL, Soininen
H, Freund-Levi Y, Hampel H, Tsolaki M, Wallin AK, van
Buchem MA, Oleksik A, Verbeek MM, Olde Rikkert M,
et al. Cerebrovascular and amyloid pathology in
predementia  stages: the relationship  with
neurodegeneration and cognitive decline. Alzheimers
Res Ther. 2017; 9:101.
https://doi.org/10.1186/s13195-017-0328-9
PMID:29284531

25.

26.

27.

28.

29.

30.

Rydberg Sterner T, Ahlner F, Blennow K, Dahlin-Ivanoff
S, Falk H, Havstam Johansson L, Hoff M, Holm M,
Horder H, Jacobsson T, Johansson B, Johansson L, Kern
J, et al. The Gothenburg H70 Birth cohort study 2014-
16: design, methods and study population. Eur J
Epidemiol. 2019; 34:191-209.
https://doi.org/10.1007/s10654-018-0459-8
PMID:30421322

Kapeller P, Schmidt R, Enzinger C, Ropele S, Fazekas F.
CT and MRI rating of white matter changes. J Neural
Transm Suppl. 2002; 13:41-45.
https://doi.org/10.1007/978-3-7091-6139-5 3
PMID:12456048

Shams S, Martola J, Charidimou A, Cavallin L, Granberg
T, Shams M, Forslin Y, Aspelin P, Kristoffersen-Wiberg
M, Wahlund LO. Cortical superficial siderosis:
prevalence and biomarker profile in a memory clinic
population. Neurology. 2016; 87:1110-17.
https://doi.org/10.1212/WNL.0000000000003088
PMID:27534713

Shams S, Granberg T, Martola J, Li X, Shams M,
Fereshtehnejad SM, Cavallin L, Aspelin P, Kristoffersen-
Wiberg M, Wahlund LO. Cerebrospinal fluid profiles
with increasing number of cerebral microbleeds in a
continuum of cognitive impairment. J Cereb Blood
Flow Metab. 2016; 36:621-28.
https://doi.org/10.1177/0271678X15606141
PMID:26661151

Muehlboeck JS, Westman E, Simmons A. TheHiveDB
image data management and analysis framework.
Front Neuroinform. 2014; 7:49.
https://doi.org/10.3389/fninf.2013.00049
PMID:24432000

Voevodskaya O, Simmons A, Nordenskjold R, Kullberg
J, Ahlstrom H, Lind L, Wahlund LO, Larsson EM,
Westman E, and Alzheimer’s Disease Neuroimaging
Initiative. The effects of intracranial volume
adjustment approaches on multiple regional MRI
volumes in healthy aging and Alzheimer’s disease.
Front Aging Neurosci. 2014; 6:264.
https://doi.org/10.3389/fnagi.2014.00264
PMID:25339897

www.aging-us.com

901

AGING


https://www.ncbi.nlm.nih.gov/pubmed/21971477
https://www.ncbi.nlm.nih.gov/pubmed/21971477
https://doi.org/10.1159/000441420
https://doi.org/10.1159/000441420
https://www.ncbi.nlm.nih.gov/pubmed/26646220
https://www.ncbi.nlm.nih.gov/pubmed/26646220
https://doi.org/10.3174/ajnr.A4248
https://doi.org/10.3174/ajnr.A4248
https://www.ncbi.nlm.nih.gov/pubmed/25698623
https://www.ncbi.nlm.nih.gov/pubmed/25698623
https://doi.org/10.3174/ajnr.A4176
https://doi.org/10.3174/ajnr.A4176
https://www.ncbi.nlm.nih.gov/pubmed/25523590
https://www.ncbi.nlm.nih.gov/pubmed/25523590
https://doi.org/10.1161/JAHA.117.006279
https://doi.org/10.1161/JAHA.117.006279
https://www.ncbi.nlm.nih.gov/pubmed/28939709
https://www.ncbi.nlm.nih.gov/pubmed/28939709
https://doi.org/10.3233/JAD-180720
https://doi.org/10.3233/JAD-180720
https://www.ncbi.nlm.nih.gov/pubmed/30741680
https://www.ncbi.nlm.nih.gov/pubmed/30741680
https://doi.org/10.1186/s13195-017-0328-9
https://doi.org/10.1186/s13195-017-0328-9
https://www.ncbi.nlm.nih.gov/pubmed/29284531
https://www.ncbi.nlm.nih.gov/pubmed/29284531
https://doi.org/10.1007/s10654-018-0459-8
https://doi.org/10.1007/s10654-018-0459-8
https://www.ncbi.nlm.nih.gov/pubmed/30421322
https://www.ncbi.nlm.nih.gov/pubmed/30421322
https://doi.org/10.1007/978-3-7091-6139-5_3
https://doi.org/10.1007/978-3-7091-6139-5_3
https://www.ncbi.nlm.nih.gov/pubmed/12456048
https://www.ncbi.nlm.nih.gov/pubmed/12456048
https://doi.org/10.1212/WNL.0000000000003088
https://doi.org/10.1212/WNL.0000000000003088
https://www.ncbi.nlm.nih.gov/pubmed/27534713
https://www.ncbi.nlm.nih.gov/pubmed/27534713
https://doi.org/10.1177/0271678X15606141
https://doi.org/10.1177/0271678X15606141
https://www.ncbi.nlm.nih.gov/pubmed/26661151
https://www.ncbi.nlm.nih.gov/pubmed/26661151
https://doi.org/10.3389/fninf.2013.00049
https://doi.org/10.3389/fninf.2013.00049
https://www.ncbi.nlm.nih.gov/pubmed/24432000
https://www.ncbi.nlm.nih.gov/pubmed/24432000
https://doi.org/10.3389/fnagi.2014.00264
https://doi.org/10.3389/fnagi.2014.00264
https://www.ncbi.nlm.nih.gov/pubmed/25339897
https://www.ncbi.nlm.nih.gov/pubmed/25339897

