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a b s t r a c t

With aging, the brain undergoes several structural changes. These changes reflect the normal aging
process and are therefore not necessarily pathologic. In fact, better understanding of these normal
changes is an important cornerstone to also disentangle pathologic changes. Several studies have
investigated normal brain aging, both cross-sectional and longitudinal, and focused on a broad range of
magnetic resonance imaging (MRI) markers. This study aims to comprise the different aspects in brain
aging, by performing a comprehensive longitudinal assessment of brain aging, providing trajectories of
volumetric (global and lobar; subcortical and cortical), microstructural, and focal (presence of micro-
bleeds, lacunar or cortical infarcts) brain imaging markers in aging and the sequence in which these
markers change in aging. Trajectories were calculated on 10,755 MRI scans that were acquired between
2005 and 2016 among 5286 persons aged 45 years and older from the population-based Rotterdam
Study. The average number of MRI scans per participant was 2 scans (ranging from 1 to 4 scans), with a
mean interval between MRI scans of 3.3 years (ranging from 0.2 to 9.5 years) and an average follow-up
time of 5.2 years (ranging from 0.3 to 9.8 years). We found that trajectories of the different volumetric,
microstructural, and focal markers show nonlinear curves, with accelerating change with advancing age.
We found earlier acceleration of change in global and lobar volumetric and microstructural markers in
men compared with women. For subcortical and cortical volumes, results show a mix of more linear and
nonlinear trajectories, either increasing, decreasing, or stable over age for the subcortical and cortical
volume and thickness. Differences between men and women are visible in several parcellations; how-
ever, the direction of these differences is mixed. The presence of focal markers show a nonlinear increase
with age, with men having a higher probability for cortical or lacunar infarcts. The data presented in this
study provide insight into the normal aging process in the brain, and its variability.
� 2018 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The aging brain undergoes various structural changes, which
can manifest themselves clinically in corresponding functional
changes. Much research has been dedicated to understanding these
brain changes because these do not only inform about healthy brain
aging, but also provide a reference point against which pathologic
changes can be contrasted.
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The development of noninvasive imaging techniques has fueled
research into the aging brain in healthy individuals. Since magnetic
resonance imaging (MRI) was first introduced in biomedical
research in the 1980s, several pioneers performed small studies
using this novel technique to assess macrostructural brain changes
in aging (Gur et al., 1991; Jernigan et al., 1990, 1991; Krishnan et al.,
1990; Pfefferbaum et al., 1994; Sullivan et al., 1995). After approxi-
mately one decade, large cross-sectional studies and population-
based studies followed to inform about, for example, sex differ-
ences and brain changes in a large sample of healthy volunteers,
instead of specific control subjects (Coffey et al., 1998; Good et al.,
2001; Mu et al., 1999). Simultaneous developments in MRI scan-
ners and software increased the accuracy of structural (volumetric)
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measurements and enabled measuring microstructural (white
matter organization) changes in aging (Coupe et al., 2017; Cox et al.,
2016; deGroot et al., 2015; Lebel et al., 2012; Sullivan et al., 2001; van
Velsen et al., 2013; Vermeer et al., 2002). In the last 15 years, more
andmore longitudinal studies have been performed to estimate the
rate of brain changes in aging or investigating possible causes and
effects of these changes (Barrick et al., 2010; Discroll, 2009; de Groot
et al., 2016; Du, 2006; Fjell et al., 2013, 2015; Fraser et al., 2015;
Narvacan et al., 2017; Pfefferbaum et al., 2013; Raz et al., 2005,
2010; Sexton et al., 2014; Storsve et al., 2014; Sullivan et al., 2010).
Overall, these studies show that the vulnerability of the brain to
aging is heterogeneous. Furthermore, some studies show sex dif-
ferences in the effect of ageon the imagingmarkers (Fjell et al., 2015;
Narvacan et al., 2017; Pfefferbaum et al., 2013; Raz et al., 2005),
whereas others do not (Fjell et al., 2015; Raz et al., 2005).

Against the background, we aimed to comprise these different
aspects in brain aging, by performing a comprehensive longitudinal
assessment of brain aging in amiddle- and old-aged population.We
examined trajectories of volumetric, microstructural, and focal MRI
markers in aging across a wide age range (45e95 years) in men and
women based on a large prospective population-based cohort study
with over 10,000 MRI scans. Furthermore, we analyzed the
sequence inwhichMRI markers change in aging, so as to provide an
overview of the concurrency of the changing imaging markers.
Fig. 1. A flowchart of the inclusion of MRI scans for both the analysis of volumetric and m
magnetic resonance imaging.
2. Methods and materials

2.1. Study population

This study is embedded within the Rotterdam Study, an ongoing
prospective population-based study designed to investigate causes
and consequences of age-related diseases. The design of the Rot-
terdam Study has been described previously (Ikram et al., 2017).
Since 2005, brain MRI was implemented in the core Rotterdam
Study protocol, and participants are invited every 3e4 years for
repeat imaging. In Fig. 1, a flowchart of the inclusion of the MRI
scans is shown. In this study, all available MRI scans from the Rot-
terdam Study that were acquired since August 2005 (date of in-
stallment of the MRI scanner in the research center) were included
(n ¼ 12,023 scans). Scans from participants with dementia or Par-
kinson’s disease that were performed after clinical diagnosis were
excluded (n ¼ 110 MRI scans from 94 participants). Scans from
participants with a symptomatic stroke that were performed after
the event were excluded (n ¼ 385 scans from 235 participants).
Furthermore, MRI scans with incomplete acquisition, scans with
artifacts hampering automated processing, unreliable tissue seg-
mentation (or unreliable intracranial volume segmentation in case
for the focal marker analysis), and incomplete ratings of micro-
bleeds, cortical, and lacunar infarcts were excluded (volumetric and
icrostructural markers and the analysis of focal markers is shown. Abbreviation: MRI,
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microstructural markers analysis: n ¼ 543 MRI scans, 4.7%; focal
markers analysis: n ¼ 42, 0.4%). Finally, all scans with MRI-defined
cortical infarcts were excluded from volumetric and microstruc-
tural analysis (n ¼ 230 MRI scans), but not for the focal marker
analysis. In total, 10,755 MRI scans from 5286 participants were
available for analysis of the volumetric andmicrostructural imaging
markers, and 11,486 MRI scans from 5522 participants were avail-
able for analysis of focal markers.

2.2. MRI acquisition and processing

Brain MRI scanning was performed in all participants during the
entire study period on the same single 1.5-Tesla MRI scanner (GE
Signa Excite; GE Healthcare, Milwaukee, USA), keeping hardware
and software setup unchanged over the entire study period. The
scan protocol and sequence details have been described elsewhere
(Ikram et al., 2015).

For brain volumetry, T1-weighted (voxel size 0.49 � 0.49 �
1.6 mm3), proton densityeweighted (voxel size 0.6 � 0.98 �
1.6 mm3), and the fluid-attenuated inversion recovery (FLAIR)
(voxel size 0.78 � 1.12 � 2.5 mm3) scans were used for automated
segmentation of supratentorial gray matter, white matter, cere-
brospinal fluid (CSF), and white matter lesions (de Boer et al., 2009;
Vrooman et al., 2007). All scans were transformed to the high-
resolution data set (256 � 256 � 128) using tri-linear interpola-
tion. Automated processing tools from the Brain Imaging Center,
Montreal Neurological Institute and McGill University (www.bic.
mni.mcgill.ca) were used to coregister the MRI data (based on
mutual information) and subsequently normalize the intensities for
each feature image volume using N3 (Sled et al., 1998). All seg-
mentations were visually inspected and manually corrected if
needed. Total brain volume was the sum of gray matter, normal-
appearing white matter, and white matter lesion volume. Supra-
tentorial intracranial volume was estimated by summing gray and
white matter (consisting of the sum of normal-appearing white
matter and white matter lesion volume) and CSF volumes (de Boer
et al., 2009). For measurement of lobar volumes, an atlas was
created in which the lobes were labeled according to a slightly
modified version of the segmentation protocol, as described by
Bokde et al. (Bokde et al., 2005; Ikram et al., 2008a). Subsequently,
nonrigid transformation was used to transform this atlas to each
brain as described previously (Ikram et al., 2008a), to obtain volume
for each lobe. Furthermore, T1-weighted MR images were pro-
cessed using FreeSurfer (Fischl et al., 2004) (version 5.1) to obtain
cortical parcellations (n ¼ 33) and subcortical structure volume of
the hippocampus, putamen, amygdala, pallidum, and caudate
nucleus.

For microstructural measures, diffusion tensor imaging (voxel
size 3.3 � 2.2 � 3.5 mm3) was used. A single shot, diffusion-
weighted spin echo echo-planar imaging sequence was per-
formed with maximum b value of 1000 s/mm2 in 25 noncollinear
directions; 3 b0 volumes were acquired without diffusion weight-
ing. Diffusion data were preprocessed using a standardized pro-
cessing pipeline (Koppelmans et al., 2014), yielding (in combination
with the tissue segmentation) global mean fractional anisotropy
and mean diffusivity (MD) in the normal-appearing white matter
(voxels of white matter excluding white matter lesions).

For (dichotomous) focal lesions, infarcts showing involvement of
cortical gray matter were classified as cortical infarcts. Lacunar in-
farcts were defined by focal loss of noncortical tissue (size � 3 and
<15 mm) with signal intensity similar to CSF on all sequences, and
when located supratentorially with a hyperintense rim on the FLAIR
sequence (Vernooij et al., 2007). To differentiate lacunar infarcts
from dilated perivascular spaces, symmetry of the lesions, sharp
demarcation, and absence of a hyperintense rim on the FLAIR
sequence supported presence of a dilated perivascular space
(Adams et al., 2013). Cerebral microbleeds were rated on a 3-
dimensional, T2*-weighted gradient-recalled echo MRI scan (voxel
size 0.78� 1.12�1.6mm3) as focal areas of very low signal intensity
(Ikram et al., 2015). Note that although white matter lesions can be
considered focal markers as well, we measured these continuously
in the present study, and therefore for the purpose of visualization
and comparison with other volumetric markers, we categorized
white matter lesion volume as a volumetric marker.
2.3. Statistical analysis

Trajectories of global and lobar volumetric, cortical thickness,
cortical volume and subcortical structure volume MRI markers,
and microstructural measures were assessed using linear mixed
models with random intercepts and slopes. Cortical and subcor-
tical structure volumes and cortical thickness was the average of
the left and right hemisphere. The global volumetric, microstruc-
tural, and subcortical structure volume markers that were
modeled were white matter volume, white matter lesion volume,
normal-appearing white matter volume, gray matter volume, CSF
volume, total brain volume, hippocampus, putamen, amygdala,
pallidum, and caudate nucleus volume, global fractional anisot-
ropy, and global MD. The linear mixed models were performed
using the “lme” function from the R-package “nlme” (Pinheiro
et al., 2013). In each model, age of the participant at each mea-
surement was used as the time variable. To account for possible
nonlinear trajectories, exploratory analysis was performed to
assess whether splines of age (with increasing degrees of freedom)
improved the model compared with the linear age term. As a
result from these analyses, splines of age with 1 knot were used in
all models. Other covariates in the model were intracranial volume
and sex. The interaction of sex and the spline coefficients of age
was integrated into the model to test for possible slope differences
between men and women. White matter lesion volume was nat-
ural log-transformed to account for the skewness of the measure
distribution.

Next, trajectories of global and lobar volumetric, hippocampus
volume, and microstructural MRI markers were Z-transformed to
compare the temporal course of MRI marker change in aging. We
selected these MRI markers for this analysis as these are currently
the most extensively studied in aging and neurodegeneration, with
relevant clinical interpretation. The transformation from absolute
values to Z-scores was performed by subtracting the predicted
curve value at age 45 years from the predicted curve at a certain age
and dividing it by the standard deviation of the residuals of the
linear mixedmodel. In case of an increasing trajectory (e.g., inwhite
matter lesion volume), the Z-score trajectory was multiplied
with �1 to orient all trajectories to the same direction as those of
markers that decrease with age. The sequence with which imaging
markers change in aging after age 45 years was determined by
calculating the age at which a �2SD change compared with the
mean population value at age 45 years was reached (Z-score of �2).
We assessed the sequence of change for men and women
separately.

For focal lesions, the probability of having one or more micro-
bleeds, cortical infarcts, or lacunar infarcts was assessed using
generalized estimating equations (GEEs). The GEE was performed
using the “geeglm” function from the R-package “geepack”
(HÃxjsgaard et al., 2006). In the GEE, natural cubic splines of agewith
1 knot were used as the time variable. The covariates in the model
were the same as in the linear mixed model, namely intracranial
volume, gender, and the interaction of the splines of age and
gender.

http://www.bic.mni.mcgill.ca
http://www.bic.mni.mcgill.ca


Table 1
Characteristics of the study population

Characteristic Analysis of volumetric
and microstructural
markers (N ¼ 5286)

Analysis of
focal markers
(N ¼ 5522)

Age at first scan, y 64.4 (10.7) 64.6 (10.8)
Age in men, y 64.2 (10.5) 64.4 (10.6)
Age in women, y 64.6 (10.8) 64.8 (10.9)

Sex, women 2962 (56.0) 3079 (55.8)
Intracranial volume, mL 1138.2 (115.7) 1138.4 (116.5)
Scan interval,y 3.3 (1.2) 3.3 (1.2)
Follow-up time, y 5.2 (1.1) 5.2 (1.0)
Availability of MRI scans with

acceptable segmentation
Number of participants with a
single MRI scan

1852 (35.0) 1843 (33.4)

Number of participants with 2
MRI scans

1456 (27.5) 1468 (26.6)

Number of participants with 3
MRI scans

1921 (36.3) 2137 (38.7)

Number of participants with 4
MRI scans

57 (1.1) 74 (1.3)

Number of available MRI scans
with acceptable segmentation

10,755 11,486

Baseline global FAa 0.34 (0.015)
Baseline global MD, 10�3 mm2/sa 0.74 (0.029)
Baseline total white matter

volume, mL
407.3 (59.8)

Baseline normal-appearing white
matter volume, mL

401.3 (61.3)

Baseline white matter lesion
volumeb, mL

2.9 (1.6e6.0)

Baseline gray matter volume, mL 529.7 (54.9)
Baseline cerebrospinal fluid

volume, mL
198.9 (54.9)

Baseline total brain volume, mL 937.0 (100.1)
Baseline hippocampus volumea, mL 3.9 (0.52)
Baseline putamen volumea, mL 4.6 (0.61)
Baseline amygdala volumea, mL 1.4 (0.19)
Baseline pallidum volumea, mL 1.5 (0.23)
Baseline caudate nucleus

volumea, mL
3.4 (0.52)

Microbleed(s) at baseline scan 1003 (19.0) 1055 (19.1)
Lacunar infarct(s) at baseline scan 336 (6.4) 375 (6.8)
Cortical infarct(s) at baseline scan Not applicable 144 (2.6)

Continuous variables are presented as means (standard deviations) and categorical
variables as number (percentages).
Key: FA, fractional anisotropy; MD, mean diffusivity; MRI, magnetic resonance im-
aging; N, number of participants; sec, seconds.

a Data on the subcortical structure volumes were the average of the left and right
volume. Subcortical structure volume was missing in 23 participants due to failed
FreeSurfer segmentation. Data on global FA and global MD in the normal-appearing
white matter were missing in 295 participants, due to failed segmentation of the
diffusion tensor images.

b White matter lesion volume are presented as median (interquartile range).
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As sensitivity analysis, all analyses were performed after exclu-
sion of scans before dementia and Parkinson’s diagnosis and scans
before a stroke event to investigate the effect of including preclin-
ical scans. Furthermore, all analysis were performed after exclusion
of participants with only a single MRI scan, to investigate the effect
of possible population differences between participants with a
single scan and those with multiple scans.

3. Results

Characteristics at first MRI scan of the participants included for
studying the volumetric and microstructural markers and the focal
markers are presented in Table 1. In Supplemental Table 1, the
presence of several cardiovascular risk factors in our study popu-
lation is shown. For studying the volumetric and microstructural
markers, 5286 participants were included. The mean age at first
scan was 64.4 years (range 45.7e97.9 years), and 2962 (56.0%)
participants were women. The mean intracranial volume was
1138.2 mL (range 813.6e1699.4 mL). Of 5286 participants, 1852
participants had a single brain MRI scan, 1456 participants had 2
MRI scans, 1921 participants had 3 MRI scans, and 57 participants
had 4 MRI scans available for analysis. The average follow-up time
was 5.2 years (range 0.3e9.8). The mean scan interval between the
first and second, second and third, and third and fourth MRI scan
was, respectively, 4.0 (0.66), 1.9 (0.71), and 4.4 years (0.18). For
studying the focal markers, 5522 participants were included. Of
these 5522 participants, 1055, 375, and 144 participants had,
respectively, one or more microbleeds, lacunar infarcts, and cortical
infarcts at their first scan.

3.1. Trajectories of global volumetric and microstructural markers

Fig. 2 depicts the estimated trajectories of global volumetric,
microstructural, and subcortical volume markers, for men and
women separately. Furthermore, Supplemental Table 2 shows the
trajectory values corresponding to the trajectories at age 45 and 95
years. White matter volume, normal-appearing white matter vol-
ume, gray matter volume, total brain volume, global fractional
anisotropy, hippocampus volume, amygdala volume, and pallidum
volume all showed a nonlinear decrease with age, whereas white
matter lesion volume, CSF volume, and global MD increased (non-
linearly) with age. After approximately age 50e55 years, most
trajectories showed an accelerated change, which was most pro-
nounced for total brain volume, CSF volume, hippocampus volume,
and MD (Fig. 2). Gray matter volume and putamen volume showed
a more linear decrease with age compared with the other imaging
markers. Caudate nucleus volume shows a more U-shaped curve
with an increasing volume at increasing age, with the deflection
point around age 65 years.

In Fig. 3A and B, the trajectories of theMRI markers are shown in
Z-scores for men and women separately. In Supplemental Table 2,
the corresponding Z-values at age45 and95 years are given. Forboth
sexes, CSF and total brain volume reached the largest total change in
Z-score (men �6.1; women �4.8), compared with the other MRI
markers. There was significant interaction between age and sex for
all markers, except for global FA, global MD, and amygdala volume
(p-values of the age and sex interaction is given in Supplemental
Table 2). In general, the trajectories show an earlier acceleration of
changing markers in men compared with women (Fig. 3C).

3.2. Lobe-specific trajectories of volumetric markers and cortical
parcellations

The lobe-specific trajectories of volumetric markers for men and
women are shown in Supplemental Fig. 2 (absolute values) and
Supplemental Fig. 3 (Z-scores). After taking into account differences
in intracranial volume, the frontal lobe showed the largest relative
change in each of the MRI markers, except for gray matter volume
in men, where temporal gray matter showed the largest relative
change. The occipital lobe showed the smallest change in each of
the MRI markers, except for gray matter volume and for total lobar
volume in women, where the parietal lobe showed the smallest
relative change.

For all volumetric markers of the lobes, there was a significant
interaction between age and sex, except for the log-transformed
white matter lesion volume in the frontal, temporal, and occipital
lobe, and gray matter volume in the occipital lobe. Similar to the
trajectories of the MRI markers in the whole brain, the lobe-specific
biomarkers in men showed earlier changing markers compared
with women. In addition, the change expressed in Z-score was
larger in men compared with women, except for white matter
lesion volume.



Fig. 2. Trajectories of eachMRImarker of interest formen andwomen. In blue and red, the average trajectory of, respectively, men andwomen are shownwith corresponding confidence
interval. The x-axis represents the age at time of the scan, the left y-axis represents the absolute marker value, the right y-axis the percentage of change compared with baseline, where
baseline is the average value at age 45 years of men and women. The log-transformed white matter lesion trajectory was back-transformed to obtain the white matter lesion volume
trajectory. Because the nontransformed trajectory ofwhitematter lesion volume is shown, only the absolutemarker values on the left axis are presented. In the background of the graphs,
scatterplots of all measurements are shown.Measurements from the same participant are shown in 3 shades of gray, where the light gray, darker gray, and darkest gray scatter points are,
respectively, the first, second, and third measurement. Below the x-axis in the graph of total brain volume, the proportion scans from women are shown for each 10-year age bin.
Abbreviation: MRI, magnetic resonance imaging. (For interpretation of the references to color in this figure legend, the reader is referred to theWeb version of this article.)

E.J. Vinke et al. / Neurobiology of Aging 71 (2018) 32e4036



Fig. 3. Trajectories of change in Z-score for each MRI marker of interest (with corre-
sponding confidence interval) for (A) men and (B) women. (C) Representation of the age
at which Z-score of each MRI marker reached a 2SD change compared with the value at
age 45 years. Trajectories are shown for global FA, global MD, WM, GM volume, NAWM,
natural log transform of white matter lesion volume (log [WML]), TBV, CSF volume, and
hippocampus volume (Hippocampus). The trajectories of MRI markers which increase
with ageweremultiplied with�1 to orient all lines in the same direction. The trajectory
of CSF and total brain volume overlap; therefore, this trajectory represents both TBV and
CSF multiplied with �1. In men the age at which a 2SD change occurred is the same for
white matter and the natural log transform of white matter lesion; therefore, at age 80
years the symbols for these two markers are overlapping. The same holds for fractional
anisotropy and gray matter volume in women. Abbreviations: CSF, cerebrospinal fluid;
FA, fractional anisotropy; GM, gray matter; MD, mean diffusivity; MRI, magnetic reso-
nance imaging; NAWM, normal-appearing white matter volume; TBV, total brain vol-
ume; WM, white matter volume. (For interpretation of the references to color in this
figure legend, the reader is referred to the Web version of this article.)

Fig. 4. Probability curves of the presence of the focal markers: one or more micro-
bleeds, cortical infarct, or lacunar infarct in men and women in aging. The solid and
dotted lines represent the trajectories of, respectively, men and women with corre-
sponding 95% confidence interval. The red, black, and blue prediction lines represent
the probability of presence of respectively one or more microbleeds, cortical infarct,
and lacunar infarct. (For interpretation of the references to color in this figure legend,
the reader is referred to the Web version of this article.)
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The trajectories of the volume and thickness of the cortical par-
cellations in men and women are shown in Supplemental Figs. 3e6.
These figures show a mix of more linear and nonlinear trajectories,
either increasing, decreasing, or stable over age for the volume and
thickness of cortical parcellations. Differences between men and
women are visible in several parcellations; however, the direction of
these differences is mixed, where in some parcellations, there seems
to be only an intercept difference, and in other parcellations, men
show an earlier decrease in volume or thickness and vice versa.
Overall, the amount of change in cortical volumewas different across
and within lobes, were certain regions in the frontal, temporal, and
parietal lobe decreasedw25% at age 95 years compared with age 45
years, whereas other regions showed less vulnerability to age.

3.3. Sequence of changing volumetric and microstructural MRI
markers

The sequence in which volumetric and microstructural MRI
markers reach a 2SD change after age 45 years is shown in Fig. 3C.
For both men and women, total brain volume and global MD were
the first 2 markers to change after age 45 years, although in men,
changes started 6 years before women (70 years vs. 76 years). Other
differences between men and women are primarily a later change
in women of normal-appearing white matter volume and normal-
appearing white matter volume (Fig. 3C). Global gray matter vol-
ume change occurs relatively late in both sexes, with the largest age
difference betweenmen andwomen (89 inmen, 97 inwomen). The
last marker in the sequence was global fractional anisotropy,
occurring at approximately the same age in both sexes (age 97
years). The sequence of reaching a 2SD change after age 45 years of
total lobe volume is shown in Supplemental Fig. 2A. The first lobe
that changes after age 45 years is the frontal lobe, which is then
followed by the temporal lobe. There is a difference in sequence
between sexes, where in men, after the temporal lobe, the parietal
lobe changes and finally the occipital lobe, whereas in women, this
is the other way around. Overall, the changes in total lobe volume of
the frontal, temporal, parietal, and occipital lobe occurs, respec-
tively, 6, 7, 11, and 4 years later in women.

3.4. Focal imaging markers in aging

Fig. 4 shows the probability curves in aging for microbleeds,
cortical infarcts, and lacunar infarcts on MRI, for men and women
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separately. The probability of having one or more microbleeds
ranged from 4.7% (age 45 years) to 54.8% (age 95 years) and was
overall higher than lacunar infarcts (0.9%e23.8%, respectively) and
cortical infarcts (1.0%e15.2%, respectively). Men had higher preva-
lence of lacunar infarcts and cortical infarcts than women, respec-
tively, for the ages 64.7 to 83.7 years, and 54.9 to 90.7 years. The
interaction between age and sex was not significant in any of the
focal markers.

3.5. Sensitivity analyses

We performed a sensitivity analysis in which scans before a
dementia or Parkinson’s diagnosis, or scans before a stroke event
were excluded (n ¼ 488 scans). Furthermore, we performed a
sensitivity analysis in which only participants with multiple scans
were included. Both sensitivity analyses showed similar results
compared with the original results.

4. Discussion

In this study, we present a comprehensive longitudinal assess-
ment of brain aging, providing an overview of the concurrency of
changing imaging markers. We show trajectories of volumetric,
microstructural, and focal imaging markers in a large aging popu-
lation, based on longitudinal MRI data. The trajectories of the
different global, cortical, subcortical, and lobar MRI markers follow
a nonlinear curve, with accelerating change with advancing age.
Regarding temporal patterns, the change in MRI markers generally
occurs earlier in men than in women. Among focal lesions, micro-
bleeds show the highest prevalence and steepest increase across
the age range, up to 54.8% in age 95 years. Overall, men tend to have
higher prevalence of focal lesions (microbleeds, lacunes, and
cortical infarcts) compared with women.

A major strength of this study is its longitudinal design, which
increases sensitivity to detect rates of change compared with a
more often used cross-sectional design. In combination with the
large sample size from a population-based setting, this increases
the generalizability of our results. Furthermore, because of the
availability of many different MRI markers within this large longi-
tudinal sample, we were able to simultaneously analyze and
compare the aging effect of these markers. However, some limita-
tions also need to be considered. Owing to a relatively short time
between the first and last scan of participants, and relatively sparse
proportion of older participants, the estimated trajectories may not
be representing the longitudinal effect at the older ages reliably.
Furthermore, although scans from participants after diagnosis of
Alzheimer’s disease, Parkinson’s disease, and stroke were excluded,
it is likely that a proportion of the participants are prodromal,
which could influence the trajectories. However, our sensitivity
analysis in which we also excluded scans before diagnosis showed
similar results. Therefore, we believe that the effect of prodromal
participants on these trajectories is minimal. Another limitation of
this study is the possible selection bias, due to differences in people
participating in the scan study and participants that refuse (Poels
et al., 2011). Furthermore, the same could hold for participants
with only a single scan compared with participants with multiple
scans. In 35.0% of the participants, there was only one MRI scan
available for analysis. An important advantage of including persons
with both single and multiple brain scans is that we include all
available information and avoid the risk of including relatively
healthier survivors with only longitudinal information. However, in
this study, results remained similar after excluding participants
with only a single scan.

The trajectories of whole brain, cortical, subcortical, and lobar
volumetric markers we assessed are largely in accordance with
previous literature (Coupe et al., 2017; DeCarli et al., 2005; Lockhart
and DeCarli, 2014; Narvacan et al., 2017; Storsve et al., 2014). Our
study confirms previous findings that showed that white matter
volume changes in aging are nonlinear, with a more rapid change
with advancing age, whereas graymatter shows a smaller andmore
linear decrease with advancing age (DeCarli et al., 2005; Fjell et al.,
2013; Fotenos et al., 2005; Ge et al., 2002; Raz et al., 2005). Previous
studies have shown different curves for subcortical structures, for
example, hippocampus volume atrophy accelerates at increasing
age, whereas the caudate nucleus follows a more stable curve with
increasing age (Coupe et al., 2017; Fjell et al., 2013); our study also
shows a nonlinear decrease in volume for hippocampus, amygdala,
and pallidum in aging and a more linear volume decrease in pu-
tamen volume and a U-shaped curve for the caudate nucleus
volume.

Our study adds to existing literature in showing the longitudinal
trajectories of microstructural white matter changes on top of these
macrostructural changes. As understanding normal aging is
essential to better understand or detect abnormal aging, we
examined the sequence with which these imaging markers change
with age and found among volumetric markers total brain volume
to change first, which is likely due to the fact that this reflects a
summation of changes in other tissues as well. This was followed by
total white matter, with total gray matter being one of the last
markers to change. An important limitation of our method deter-
mining the sequence is that it depends on the amount of change
relative to the variation, meaning that differences in variation and
measurement error directly influences the sequence. In accordance
with literature, lobar trajectories of volumetric imaging markers
and cortical volume and thickness in this study confirm regional
differences in the amount of atrophy within and across lobes (Fjell
and Walhovd, 2010; Fjell et al., 2014; Lockhart and DeCarli, 2014).
Trajectories of white matter and total lobe volume show that the
frontal lobe is most affected, which has also been described in other
studies (DeCarli et al., 2005; Discroll, 2009; Raz et al., 2005; Sullivan
and Pfefferbaum, 2007). Furthermore, our study shows that within
frontal, temporal, and parietal lobe, there are certain cortical re-
gions highly affected by aging, reaching up to w25% decrease in
volume at age 95 years compared with age 45 years. In addition, we
determined the sequence with which the lobes change with age,
showing that total frontal lobe volume changes first, followed by
the temporal lobe, parietal lobe, and lastly the occipital lobe.
Several hypotheses have been proposed to explain this selective
vulnerability of the brain regions, including the “retrogenesis hy-
pothesis” which states that late maturing regions are most
vulnerable to aging and the hypothesis of an anterior-to-posterior
gradient of age vulnerability. However, the underlying biological
mechanism remains unknown (Fjell et al., 2014; Raz et al., 1997).

Although several studies have looked at sex differences in
volumetric imaging markers in the aging brain, they have not
yielded consistent results. Some studies showed that women have
overall a proportionally larger gray matter volume and less white
matter volume than men (Ikram et al., 2008b; Leonard et al., 2008),
whereas others showed the opposite (Ge et al., 2002; Good et al.,
2001). A recent cross-sectional study showed absolute volume
differences between men and women for several markers, but the
shape of the trajectories across the life span was equal between
men and women (Narvacan et al., 2017). Discrepancies in these
findings could most likely be explained by cross-sectional study
design, small sample sizes and limited spread of the MRI data over
the total age range. In this large longitudinal study, we show sex
differences in the trajectories of all volumetric MRI markers in
normal aging, after correcting for head size differences. We show an
earlier acceleration and a larger amount of change in men
compared with women for both whole brain, subcortical, cortical,
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and lobar volumes, but also for focal lesions. These differences are
also reflected in a difference in the sequence in which imaging
markers change between men and women, where especially total
brain volume, white matter, normal-appearing white matter, and
graymatter volume changes inwomen appear later in the sequence
than in men. These sex-specific differences are important to take
into account when normative reference values on a lobar level, for
example, in a memory clinic, would be applied in a clinical setting
to assess pathology in individual patients.

Less is known on global microstructural changes in aging, but
the microstructural MRI trajectories we describe are in accordance
with published literature, in which decreased global fractional
anisotropy and increased global MD with age have been suggested
to reflect a reduced microstructural integrity (Beaulieu, 2002). Our
results suggest global MD to be a more sensitive marker of reduced
microstructural organization in aging, as it showed an earlier and
more accelerated change in comparison with global fractional
anisotropy. In fact, we found that global MD was the second marker
to change (after total brain volume) in the sequence of changing
MRI markers, before change in volumetric white matter markers,
indicating that microstructural changes precede volumetric white
matter changes. This is in agreement with a previous study by our
group showing that microstructural changes in white matter
appear before development of white matter lesions (de Groot et al.,
2013).

Similar to volumetric and microstructural MRI markers, focal
markers also show a nonlinear relationship with age. The proba-
bility of having one or more microbleeds was higher than having
ischemic lesions (lacunes and cortical infarcts) at all ages. Over
practically the entire age range, the probability of having one or
more lacunar infarcts (up to 23.8%) was higher than for cortical
infarcts (maximum 15.2%). This corresponds to a previous study
from our own group, which showed in a cross-sectional sample of
the same study population that prevalence of microbleeds is higher
than infarcts, and that the prevalence of lacunar infarcts is higher
than cortical infarcts (Poels et al., 2010). Age trajectories for these
focal lesions, especially derived from longitudinal data, were lack-
ing so far, and the present study provides important information
that may also be useful as a background in a clinical setting. The
overall prevalence of cortical and lacunar infarcts is comparable
with the prevalence of silent infarcts in the different age categories
described in a previous cross-sectional study in Rotterdam Study
participants (not included in the present sample) (Vermeer et al.,
2007).

Between the age range 65e85 years, the probability of having
one or more lacunar and cortical infarcts was higher in men. This is
in contrast to what previously has been shown in a study within
other subjects from the same community-dwelling population,
where the prevalence of silent infarcts was higher inwomen than in
men (Vermeer et al., 2002), whereas in other studies no significant
difference between the prevalence of infarcts were found between
men and women (Vermeer et al., 2007). A possible reason for the
differences of our results with other reports is that we made no
distinction between silent and symptomatic infarcts, while it has
been shown that the prevalence of symptomatic infarcts is higher in
men (Goldstein et al., 2001). Another explanation of our contra-
dictory findings could be the larger sample size in combinationwith
a longitudinal design, which may be more sensitive to find gender
differences.

In this study, we focused on aggregated measures derived
from the images; however, data-driven methods using the com-
plete scan information, such as machine learning, could provide
new insights in the effect of aging. Another interesting next step
is to assess the effect of different determinants on the aging
trajectories.
Overall, the trajectories of imaging markers in brain aging that
we describe are essential background information for studies into
age-related neurological diseases, or for clinical translation, for
example, use of reference values. Especially in studies looking at
differences between age-related pathology and normal aging, it is
important to take into account the nonlinear age effects we found
for all markers, as well as the interaction of age and sex for several
markers.
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