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Abstract

The goal of the study was to examine the differences in trajectories of change in the volume of white matter hyperintensities (WMH) in
healthy adults within a relatively short period. We measured volumes of periventricular and deep WMH in frontal, temporal, parietal, and
occipital lobes of healthy volunteers (age 49–83) on 3 occasions, approximately 15 months apart. At baseline, 40 participants underwent
magnetic resonance imaging (MRI), 37 returned for the first and 30 for the second follow-up. Latent growth curve models estimated the
variance and mean change in WMH volume and examined their associations with age, sex, education, and hypertension. In both regions
and for both WMH types, the positive association between volume and age was stronger among the middle-aged adults and became weaker
in older ages, as a logarithmic function of age. Individual variations were present in initial WMH volume but not in WMH volume
progression. Frontal deep WMH volume was greater in hypertensive participants, whereas lower education was associated with greater
posterior deep WMH volume. Thus, white matter of healthy middle-aged and older adults undergoes significant regional deterioration in
a relatively short period, and is negatively affected by vascular risk and lower educational level.
© 2012 Elsevier Inc. All rights reserved.
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1. Introduction

Human brain undergoes significant structural transfor-
mations throughout the life span (Raz and Kennedy, 2009).
Among the most common changes are white matter al-
terations that appear as areas of increased signal intensity
on T2-weighted magnetic resonance (MR) images, white
matter hyperintensities (WMH). WMH reflect diverse
neurobiological and neuropathological phenomena, such
as ischemic lesions, microbleeds, demyelination, and ex-
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pansion of perivascular spaces (Pantoni and Garcia,
1997), and are associated with deficits in selected cognitive
functions (Gunning-Dixon and Raz, 2000).

The evidence about age-related increase in WMH and
their effect on cognition comes mostly from cross-sectional
studies, and understanding of the WMH time course requires a
longitudinal approach (Appelman et al., 2009). Longitudinal
studies conducted to date show that on average, in middle-
aged and older adults, WMH expand or multiply within 2
(Veldink et al., 1998), 3 (Schmidt et al., 1999), 4 (Maillard
et al., 2009), 5 (Martin et al., 1997), 6 (Schmidt et al., 2003),
or 8 (Kraut et al., 2008) years after initial assessment. Those
studies however, focused on the mean change, and did not
address an important question of individual differences in

WMH proliferation. Moreover, most prior studies used rat-
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ing scales, which are coarse and modestly reliable, prone to
ceiling effects in healthy populations, and less sensitive to
the effects of vascular risk than volumetric methods (Gouw
et al., 2008).

Thus, the main goal of this study was to examine short-
term change in WMH volume and individual differences in
WMH progression according to location (anterior vs. pos-
terior) and type (deep vs. periventricular) in healthy adults
screened for cardiovascular disease, diabetes, and depres-
sion. Conducting 3 waves of measurements allowed us to
examine the shape of longitudinal trends and to test for
acceleration and deceleration effects. An important aspect
of our approach was the application of statistical method-
ology that enables quantification of individual differences in
addition to assessment of possible nonlinear mean change
(latent growth curve modeling [LGCM]; McArdle and Nes-
selroade, 2003). In the past, we have applied that method-
ology successfully to analyses of neuroanatomical changes
across time (Raz et al., 2005, 2008, 2010). LGCM has
several advantages over traditional analyses as it allows
estimation of mean change and variability in change
within the same model, and accounts for unreliability of
the measured variables, by estimating separately a resid-
ual source of variance vis-à-vis variances in the intercept
and in change.

2. Methods

2.1. Participants

Forty healthy volunteers (age 63.30 � 9.26, 49–83 years
old; 24 women) from the metropolitan Detroit area enrolled
in the study. The detailed description of the sample is
available in the previous publication (Raz et al., 2010). The
majority of participants (80%) were Caucasians, and the rest
were African-Americans. The majority (75%) had a college
degree, a Mini Mental State Examination (MMSE; Folstein
et al., 1975) score of at least 26 (and for 95% — above 27),
and a depression questionnaire (CES-D; Radloff, 1977)
score below 13. Trained technicians measured systolic and
diastolic blood pressure with an analog mercury sphygmo-
manometer with a standard brachial cuff on 3 different days,
once from each arm. Thus, the blood pressure readings in
this study constituted an average of 6 measures. Hyperten-
sive participants were taking standard antihypertensive
medications. Of 40 participants who attended the baseline
assessment, 37 returned for the first follow-up visit after a
delay of about 16 months, and 30 underwent the third
measurement (second 15-month follow-up). The average
interval between baseline and the first follow-up was 15.93
(� 1.85) months, while between the 2 follow-ups it was
15.45 (� 2.76) months. See Supplementary Table S1 for a

more detailed sample description.
2.2. MRI acquisition

Magnetic resonance (MR) images were acquired on the
same 1.5 Tesla scanner (Siemens Medical Systems, Erlangen,
Germany) on all 3 occasions, using a fluid attenuated inversion
recovery (FLAIR) turbo spin echo (TSE) sequence with 56
contiguous coronal slices, matrix � 256 � 256, field of view
FOV) � 192 mm � 192 mm, voxel size was 0.8 � 0.8 � 3.0
m3, repetition time (TR) � 8000 ms, echo time (TE) � 111

ms, inversion time (TI) � 22.60 ms, flip angle (FA) � 180°.

2.3. Demarcation and measurement of WMH

White matter hyperintensities were measured on the
frontal, parietal, temporal, and occipital lobes, with deep
subcortical white matter (DW) and periventricular (PV)
objects measured separately. The volume of WMH of each
type in each region was calculated as a sum of the areas of
hyperintensities multiplied by the slice thickness. Interrater
reliability (intraclass correlation; ICC) exceeded 0.90 for all
regions and all types of WMH. Demarcation and tracing
rules are available in Supplementary Material (Fig. S1).

2.4. Statistical analyses

To analyze change in WMH volumes we specified the
LGCM for the relations between WMH volumes and chro-
nological age, tested a separate LGCM for each type of
WMH in both areas, and then analyzed all 4 volumes to-
gether, in a multivariate extension of the LGCM, which
allows testing the relations between the 4 WMH volumes
considered here.

3. Results

WMH were ubiquitous in the frontal lobes, but not in the
other brain regions. Because the majority of participants (28
out of 40) evidenced no temporal lobe WMH, that region
was not included in the analyses. In addition, 10% of the
participants had no parietal WMH on at least 1 occasion,
although only 1 had no occipital WMH. To minimize the
number of zero-WMH cases, we combined the parietal and
occipital regions in a posterior region of interest (ROI) and
compared it with the frontal ROI.

All measures showed high stability of individual differ-
ences across occasions. Between the baseline and the first
follow-up, coefficients of stability were r � 0.95, 0.88, 0.91,
and 0.82 for frontal PV, frontal DW, posterior PV, and
posterior DW WMH volumes, respectively. Between the
first and second follow-ups, the coefficients of stability were
even higher: r � 0.98 for frontal PV, 0.91 for frontal DW,
0.97 for posterior PV WMH, and 0.94 for posterior DW.
The LGCM results (summarized in Table 1) revealed sig-
nificant increase in the volume of frontal and posterior
periventricular as well as deep WMH.

Individual differences in baseline volume estimated at 49
years of age (the lower age limit of the sample) were

significant for deep and periventricular WMH in both ex-
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amined regions, but no variance in volume change was
detected in any region. Across WMH types and regions, the
expansion was logarithmically related to age. The steepest
increase in strength of that association occurred in the fifth
decade (see Fig. 1). Note that 4 participants had no deep

Table 1
Analyses of longitudinal change in the WMH volume: latent growth curv

ROI Mean

Intercept

Frontal
PV 6.158 (0.237)
DW 3.749 (0.468)

Posterior (parietal and occipital)
PV 12.434 (0.683)
DW 10.179 (0.915)

All effects are significant (p � 0.05). Variances in change were not signi
Key: DW, deep subcortical white matter; PV, periventricular; ROI, region

Fig. 1. Plots of individual trajectories in the volume of periventricular and d

log-transformed volumes are in mm3. For discussion of zero values (outliers rem
frontal and 1 had no deep posterior WMH at any occasion,
2 additional participants had no posterior or frontal deep
WMH at baseline, and 1 participant had a zero deep WMH
volume at the first follow-up. Those data points (15 out of
107) were excluded from model fitting because they were
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.362 (0.083) 0.441 (0.101) 0.037 (0.006)

.582 (0.161) 1.620 (0.383) 0.096 (0.018)

.845 (0.242) 3.119 (0.730) 0.358 (0.062)

.819 (0.331) 3.609 (0.932) 1.225 (0.216)

rest; WMH, white matter hyperintensities.
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clear outliers (�2.5 SD below the mean). In the multivariate
extension of the LGCM, we analyzed all 4 WMH volumes
together, to ascertain the degree of relations among them.
Correlation among all the volumes at baseline did not differ
from each other and could be set equal without loss of fit to
r � 0.44, i.e., almost 20% of the shared variance in initial
volume across all types of WMH and brain regions.

To examine the potential modifiers of initial WMH vol-
umes and to account for individual differences we repeated
the LGCM analyses with the following covariates — sex,
education, and hypertension. The analyses revealed only 2
significant effects. Having high blood pressure or a history
of hypertension was associated with greater deep WMH
volume in the frontal lobe: � � 1.09, p � 0.05, 13% of
variance explained. Having lower education was associated
with a greater baseline volume in posterior deep WMH: � �

0.29, p � .05, 12% of variance explained. Analysis of sex
differences revealed no effect. We also examined 2 vari-
ables that could confound longitudinal results: duration of
testing interval between the first and the second follow-ups
and selective participant attrition between the follow-up
assessments. Variable delay had no effect on the estimated
parameters. The volume of periventricular WMH was un-
related to the dropout status (p � 0.6 for all comparisons),
lthough 3 participants who dropped out after the baseline
ad significantly larger deep WMH than those who con-
inued: Mann-Whitney test �2(1) � 4.39, p � .036 for the

frontal and �2(1) � 3.90, p � .048 for the posterior deep
WMH. However, there was no difference in any WMH
volumes between participants who completed 1 or 2
follow-up assessments: Mann-Whitney p’s ranging from
0.29 to 0.89, all not significant, i.e., in the longitudinal
part of the study, there was no selection bias based on
WMH burden.

4. Discussion

The presented results demonstrate that not only WMH
are common in adults selected for better than average
health, but the WMH volume expands within a relatively
short period of slightly more than a year. We replicated the
predilection of WMH to the frontal lobes in normal aging
(e.g., Raz et al., 2003), and age-related increase in WMH
volume therein (Raz et al., 2007). To the best of our knowl-
edge, this is the shortest term deterioration in white matter
structure reported in the extant literature. We observed no
significant heterogeneity in WMH expansion. However,
with few occasions, power to detect individual differences
in change is low (Hertzog et al., 2008). Vascular risk and
education explained only some of the baseline variance in
deep WMH, but did not affect the course of expansion.

Several limitations qualified the interpretation of the
findings. Selection of participants for optimal health pre-
cludes generalization to a broad population and compresses

heterogeneity. The burden of WMH was light, and there
were relatively few participants older than 70, who could
have had larger WMH and steeper trajectories of expansion.
Although we attempted to differentiate among types and
locations of WMH, our classification was still rather coarse,
as in healthy adults, attempts at fine differentiation of WMH
produce untenably small numbers that would have pre-
cluded meaningful statistical analyses. In spite of excellent
reliability and high stability of individual differences across
measurement occasions, the appearance of small irregular
objects such as WMH is affected by between-occasion vari-
ation in participant’s positioning, which in a 2D fluid atten-
uated inversion recovery (FLAIR) scan with relatively few
thick slices cannot be corrected through digital reformat-
ting. In conclusion, white matter of healthy middle aged and
older adults shows regional deterioration over relatively
short time. Vascular risk is associated with greater baseline
WMH volume, but not with the expansion rate.
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