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a b s t r a c t
Background and purpose: Elevated levels of amyloid deposition as well as white matter damage are thought to be
risk factors for Alzheimer Disease (AD). Here we examined whether qualitative ratings of white matter damage
predicted cognitive impairment beyond measures of amyloid.
Materials and methods: The study examined 397 cognitively normal, 51 very mildly demented, and 11 mildly
demented individuals aged 42–90 (mean 68.5). Participants obtained a T2-weighted scan as well as a positron
emission tomography scan using 11[C] Pittsburgh Compound B. Periventricular white matter hyperintensities
(PVWMHs) and deep white matter hyperintensities (DWMHs) were measured on each T2 scan using the Fazekas
rating scale. The effects of amyloid deposition and white matter damage were assessed using logistic regressions.
Results: Levels of amyloid deposition (ps b 0.01), as well as ratings of PVWMH (p b 0.01) and DWMH (p b 0.05)
discriminated between cognitively normal and demented individuals.
Conclusions: The amount of amyloid deposition and white matter damage independently predicts cognitive impairment. This suggests a diagnostic utility of qualitative white matter scales in addition to measuring amyloid
levels.
© 2015 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
Alzheimer disease (AD) is a rapidly expanding health crisis affecting
over 26 million people, with the prevalence expected to rise dramatically (Brookmeyer et al., 2007). Research examining AD biomarkers suggests a rise in underlying pathology a decade or more before the onset
of dementia, and continuing throughout the early stages of the disease
(Bateman et al., 2012; Benzinger et al., 2013; Jack et al., 2010). There
is need to translate such biomarkers from a laboratory setting into a
clinical environment to assist with disease diagnosis and prognosis.
The hallmarks of AD pathology are the formation of amyloid beta
(Aβ) plaques and the aggregation of tau into neuroﬁbrillary tangles
(NFTs) (Braak and Braak, 1995; Hardy and Higgins, 1992). Early elevations in such pathology are subsequently followed by hypometabolism,
structural atrophy, and cognitive impairment (Bateman et al., 2012;
* Corresponding author at: Washington University School of Medicine, 660 South
Euclid, Campus Box 8225, St. Louis, MO 63110, USA. Tel.: 314 362 1558.
E-mail address: bagordon@wustl.edu (B.A. Gordon).

Benzinger et al., 2013; Jack et al., 2010). Atrophy of cortical and subcortical gray matter has long been noted in AD (e.g. Fox et al., 1996; Gordon
et al., 2013; Scheltens et al., 1992). Less attention has been paid to white
matter damage and declines tied to AD disease progression.
Early work with computed tomography (CT) images noted increased incidence of white matter leukoaraiosis in individuals with AD
(Blennow et al., 1991; Rezek et al., 1987). Similar results were found
with the introduction of magnetic resonance imaging (MRI) (Barber
et al., 1999; Fazekas et al., 1987). In this initial work the most common
way to characterize white matter damage was to use semi-quantitative
scales (Fazekas et al., 1987; Kapeller et al., 2003; Scheltens et al., 1995)
to grade the severity of white matter hyperintensities (WMHs) on
T2-weighted or ﬂuid-attenuated inversion recovery (FLAIR) scans. At a
pathological level, the tissue suffering from WMHs demonstrates the
loss of myelin and gliosis. Higher ratings on these scales are associated
with both cognitive decline (Debette et al., 2007; Schmidt et al., 2005;
van Straaten et al., 2008) and cortical atrophy (Capizzano, 2004;
Schmidt et al., 2005). In general there is a rising interest on the clinical
importance of WMH across diseases (Debette and Markus, 2010).

http://dx.doi.org/10.1016/j.nicl.2015.04.017
2213-1582/© 2015 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/).
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The relationship between WMH and amyloid is complex and has not
been fully evaluated, although there are suggestions that both contribute to cognitive impairment (Provenzano et al., 2013). White matter
damage may be both a downstream result of elevated Aβ levels, as well
as a marker of comorbid pathology (e.g. cardiovascular disease). Aβ
leads to oxidative damage and the formation of free radicals (Hensley
et al., 1994; Park et al., 2004; Thomas et al., 1996), and the administration of Aβ damages oligodendrocytes in vitro (Roth et al., 2005) and
in vivo (Jantaratnotai et al., 2003). Conversely damage to myelin releases iron molecules that promote Aβ oligomerization (Bartzokis
et al., 2007; Bartzokis, 2011). An initial rise in Aβ would damage white
matter, which in turn would elevate Aβ levels, subsequently leading
to more white matter damage in a continuing cyclical process. Alternatively, white matter lesions from a secondary process (e.g. head
injury) may release iron, and initiate or accelerate the pathological
inﬂuences of Aβ on white matter. Such results can been seen in
the literature as circulating levels of Aβ are associated with WMH
(Gurol et al., 2006), and baseline levels of white matter lesions predict an accelerated accumulation of amyloid over time (Grimmer
et al., 2012).
Using semi-quantitative scales, white matter lesions have often been
seen in individuals with compromised cardiovascular systems (Breteler
et al., 1994; Longstreth et al., 1996). Consistent with these results, there
has been a suggestion that AD may have a larger vascular component
than often recognized (Bartzokis, 2011; de la Torre, 2010; Launer,
2002). Indeed, in epidemiological studies, cardiovascular risk factors
such as diabetes or stroke lead to increased risk of AD (Luchsinger
et al., 2001). Damage to the cardiovascular system, such as a thickening
and sclerosis of arteries, may lead to an impaired drainage of molecules such as Aβ (Huang et al., 2010). Due to their potentially related
nature, it is of interest to know whether the incidence of WMHs provides any diagnostic value above and beyond levels of Aβ pathology
in the brain.
White matter damage in the brain can be assessed using visual ratings of WMH, quantiﬁcation of WMH volumes, and using diffusion tensor imaging (DTI). While there is a clear utility to quantifying damage
using DTI and WMH volumetric measurement, visual rating scales are
an easily obtained radiological measure available across both research
and clinical settings. Here we examine the relationships between Aβ deposition, white matter damage, and dementia in a population of cognitively normal, very mildly demented, and mildly demented individuals.
Based upon prior work in the literature, we hypothesize that more severe semi-quantitative ratings of white matter damage will be related
to an impaired cognitive status.
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Table 1
Population demographics. Values represent the mean, standard deviation, and then range
of the values.

Number
Gender
Age
MMSE
MCBP_raw
MCBP
PiB+_raw
PiB+

CDR = 0

CDR = 0.5

CDR = 1

397
36% male*+
67.1 (9.5)*+
42–89
29.2 (1.1)*+
25–30
.14 (.23)*+
−.26–1.47
.32 (.43)*+
−.21–2.41
21%*+
21%*+

51
61% male
76.8 (7.1)
60–90
26.7 (2.5)X
20–30
.44 (.35)
−.04–1.22
.91 (.69)
.01–2.57
65%
71%

11
91% male
78.1 (5.5)
67–90
22.3 (3.8)
16–30
.65 (.36)
−.01–1.06
1.32 (.66)
.12–1.92
82%
82%

MCBP_raw = mean cortical binding potential. MCBP = partial-volume adjusted mean
cortical binding potential. PiB+_raw = percentage PiB+ using unadjusted MCBP cutoff
of .18. PiB = percentage PiB+ using partial-volume corrected MCBP cutoff of .23.
*
p b .05 between CDR 0 and CDR 0.5.
+
p b .05 between CDR 0 and CDR 1.
X
p b .05 between CDR .5 and 1.

2.2. T2 protocol
High-resolution T2-weighted images were acquired on a Siemens
Trio 3 T scanner (Siemens Medical Systems, Iselin, NJ). Scan parameters
were: repetition time (TR) of 3200 ms, echo time (TE) of 455, ﬂip angle
(FA) = 120°, with a 256 × 256 ﬁeld of view, and a 1 mm isotropic
resolution.
2.3. Clinical ratings
A trained neurologist (S.N.), blind to clinical diagnosis, examined the
T2-weighted images. The presence and severities of WMH were rated
using criteria outlined by Fazekas et al. (1987). Brieﬂy, periventricular
hyperintensities (PVWMHs) were rated as follows: 0 absence of
WMH; 1 “caps” or pencil-thin linings; 2 “halos”; and 3 irregular PVH
extending into deep white matter. Ratings of WMH in the deep white
matter (DWMH) were rated as follows: 0 absence of WMH, 1 solitary
foci; 2 the beginning aggregation of foci; and 3 large conﬂuent areas of
WMH. Examples are given in Fig. 1 and distributions of scores across
the three clinical groups are presented in Fig. 2. A subset of 29 individuals was rated two times to establish reliability. The intraclass correlation was .91 for periventricular ratings and .98 for deep white matter
ratings.

2. Materials and methods
2.4. PiB imaging
2.1. Study population
Middle aged and older adults were drawn from studies on aging and
dementia conducted through the Knight Alzheimer3s Disease Research
Center (ADRC) at Washington University in St. Louis. Based upon the
Clinical Dementia Rating (CDR) Scale (Morris, 1993) participants were
classiﬁed as cognitively normal (CDR = 0, n = 397, female = 256),
very mildly demented (CDR = 0.5, n = 51, female = 20), or mildly demented (CDR = 1, n = 11, female = 1). Individuals with dementia are
also given a primary diagnosis by the examining neurologist. Using
these diagnoses individuals whose dementia was thought to be from a
non-Alzheimer cause (e.g. Lewy bodies, vascular dementia, depression)
were excluded from all analyses. The population ranged in age from
42 to 90, with a mean age of 68.5 years (Table 1). All participants
underwent a structural imaging session as well as positron emission
tomography (PET) to estimate amyloid deposition using 11[C] Pittsburgh
Compound B (PiB) (Klunk et al., 2004). All procedures where approved
by Washington University3s institutional review board and were conducted in accordance with the Declaration of Helsinki.

Participants underwent a 60-minute dynamic scan with PiB. Binding
potentials were calculated for multiple regions of interest (ROIs) derived from Freesurfer using a cerebellar reference for regions-ofinterest. The raw time–activity curve for each region was adjusted by
a CSF dilution factor in a given voxel to yield partial volume corrected
data. An average across both left and right lateral orbitofrontal, interior
parietal, precuneus, rostral middle frontal, superior frontal, superior
temporal, and middle temporal ROIs yielded the mean cortical binding
potential (MCBP). All analyses used MCBP as a continuous variable.
As supplementary analyses, individuals were also codiﬁed as PiB positive or negative using a previously published value from our center of unadjusted MCBP of 0.18 (Vlassenko et al., 2011). A second supplementary
analysis deﬁned the cutoff on partial-volume corrected MCBP data derived from a ROC analysis comparing 212 cognitively normal individuals
to 59 CDR = 0.5 with an AD diagnosis. Using this approach the partialvolume adjusted MCBP cutoff was determined to be .23, which was the
point that maximized the Youden Index (sensitivity + speciﬁcity − 1).
Distributions of partial-volume adjusted MCBP scores are presented in
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Fig. 1. The ﬁgure shows individuals with A) no white matter damage, B) minimal periventricular white matter hyperintensities (PVWMHs) and deep white matter hyperintensities
(DWMHs), C) minimal PVWMHs but moderate DWMHs, D) moderate PVWHMs but minimal DWMHs, and E) severe PWHHs and DWMHs. Arrows highlight areas of white matter
damage.

Fig. 3 and distributions of unadjusted values are presented in Supplemental Fig. 1.

and DWMH (r = .16, p b .001). Unsurprisingly, a history of hypertension
and the vascular risk were highly correlated (r = .65, p b .00001).

2.5. Measures of vascular health

2.6. Effects of WMH and MCBP on cognition

We assessed the presence (1) or absence (0) of a history of hypertension, heart attack, atrial ﬁbrillation, angioplasty, bypass surgery,
congestive heart failure, stroke, transient ischemic attack, and diabetes.
Height information and weight information were used to calculate BMI,
and coded for the presence or absence of obesity (BMI N 30). An aggregate vascular risk factor was created by summing the scores of all
variables (possible range of 0–10) (actual range 0–6, mean 1.14, median
0). Across the entire sample there was a modest bivariate correlation
between a history of hypertension and PVWMH (r = .21, p b .0001)
and DWMH (r = .19, p b .0001) scores. Similarly the summary vascular
risk score signiﬁcantly correlated with both PVWMH (r = .17, p b .001)

Initial stepwise logistic regressions examined the effects of age, gender, MCBP and a measure of white matter damage (either DWMH or
PVWMH). Models additionally allowed for an interaction between
white matter damage and MCBP to enter the model. Models tested
whether each predictor discriminated between cognitively normal individuals and demented individuals (combined CDR = 0.5 and 1). For the
gender variable women were coded as 0 and males as 1.
For each predictor the exponentiation of the beta coefﬁcient
(Exp(B)) indicates the odds ratio, or the change in relative log odds of
being in the tested group (e.g. CDR N 0) relative to the reference group
(e.g. CDR = 0) with a one unit change in the predictor. If the odds

Fig. 2. Distribution of Fazekas scores for periventricular white matter hyperintensities (PVWMHs) and deep white matter hyperintensities (DWMHs) across the three groups.
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Fig. 3. Distributions of partial volume adjusted mean cortical binding potentials in cognitively normal (left) and demented (right) participants.

ratio for a given predictor (e.g. age) is N1, then an increase in the
predictor indicates a greater likelihood to be in the test group (e.g.
CDR N 0). If the odds ratio is b1, then the outcome is more likely to
be in the reference group (e.g. CDR = 0). For all analyses an increase
in the Exp(B) indicated greater cognitive impairment.
An additional way to examine the data was presented by calculating
the area under the curve (AUC) values from receiver operating characteristics (ROC) curves separating cognitively normal individuals from
demented individuals. The ﬁrst model looked at the AUC only using
the initial covariates of age and gender. A second set of models examined the AUC using the covariates and then one predictor of interest
(i.e. MCBP, PVWMH, or DWMH). A ﬁnal set of models examined the
AUC when using covariates, MCBP, and either of the WMH measures.
Signiﬁcant changes in the AUC were assessed using DeLong3s test for
correlated ROC curves (DeLong et al., 1988) using a package implemented in R (Robin et al., 2011).
Exploratory multinomial logistic regressions compared predictors
across all three groups. These analyses test whether each predictor of
interest (e.g. WMH, MCBP, age) signiﬁcantly differs between each
level of the dependent variable (CDR 0, 0.5, and 1). The structure
of these models was set to be identical to that revealed by the stepwise logistic regression comparing cognitively normal to all demented individuals.

3. Results

3.2. Effects of WMH and MCBP on cognition
The full results from the initial logistic regressions are presented in
Table 2. For all signiﬁcant effects, an increase in the odds ratio for the
measure of interest (e.g. age) indicated a greater likelihood of being cognitively impaired. When examining MCBP alongside PVWMH there was
a signiﬁcant effect of age (Exp(B) 1.08, p b 0.001), gender (Exp(B) 3.50,
p b 0.001), MCBP (Exp(B) 3.68, p b 0.0001), and PVWHM (Exp(B) 2.03,
p b 0.01). When examining MCBP alongside DWMH there was a significant effect of age (Exp(B) 1.10, p b 0.001), gender (Exp(B) 3.60,
p b 0.001), MCBP (Exp(B) 3.63, p b 0.0001), and DWMH (Exp(B) 1.52,
p b 0.05). The interaction terms between MCBP and WMH were
non-signiﬁcant and not entered into either model. The signiﬁcant effect of WMH on cognition can clearly be seen in Fig. 2, which depicts the
distribution of the Fazekas scores for periventricular white matter
hyperintensities (PVWMHs) and deep white matter hyperintensities
(DWMHs) across the three groups. Treating amyloid deposition as a dichotomous PiB+/− variable did not substantively change the models
(Supplementary Tables 1 and 2).
It is possible to gain a bit more understanding of the size of these effects by calculating the ROC AUC. When predicting dementia status
solely from the covariates (age and gender) the AUC is .831. When
adding MCBP to the model the AUC signiﬁcantly increased to .875
(z = −2.41, p b .05). There were non-signiﬁcant increases in the AUC
when adding only the PVWMH (AUC.849, z = −1.34, p = .18) or
DWMH (AUC = .836, z = −.5242, p = .60) to the covariate only

3.1. Demographics
Demographics are presented in Table 1. There were baseline demographic differences between groups. There were more males in the CDR
0.5 (χ2 = 12.2, p b .0005) and CDR 1 (χ2 = 14.1, p b .0005) groups relative to CDR 0. Compared to CDR 0 individuals, CDR 0.5 individuals were
older (t = 7.0, p b .000001), had lower MMSE (−13.2, p b .000001),
greater MCBP (t = 8.3, p b .00001), and a greater proportion of PiB+ individuals (χ2 = 45.2, p b .000001). Similarly relative to CDR 0 individuals those with a CDR = 1 were older (t = 3.81, p b .001), had lower
MMSE (−18.9, p b .000001), greater MCBP 1 (7.4, p b .00001), and a
greater proportion of PiB+ individuals (χ2 = 22.7, p b .000005). CDR
1 individuals had lower MMSE than CDR 0.5 individuals but did not signiﬁcantly differ in any other way. As age and gender differed across
groups, they were considered as covariates when examining the effects
of WMH and amyloid on cognition.

Table 2
Logistic regression examining the effects of white matter hyperintensities on cognition.

CDR 0 vs. CDR N 0

CDR 0 vs. CDR N 0

Intercept
Age
Gender
MCBP
PVWMH
Intercept
Age
Gender
MCBP
DWMH

B

Std. error

Sig.

−9.16
.07
1.25
1.30
.71
−10.44
.10
1.28
1.29
.42

1.67
.02
.34
.25
.19
1.64
.02
.34
.25
.20

.00001
.001
.001
.00001
.001
.00001
.001
.001
.00001
.036

Exp(B)
1.08
3.50
3.68
2.03
1.10
3.60
3.63
1.52

MCBP = mean cortical binding potential; PVWMH = periventricular white matter
hyperintensity; DWMH = deep white matter hyperintensity.
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Table 3
Effects of periventricular white matter hyperintensities. For all comparisons cognitively
normal individuals are used as the reference group.

CDR 0 vs. 0.5

CDR 0 vs. 1

CDR 0.5 vs. 1

Intercept
Age
Gender
MCBP
PVWMH
Intercept
Age
Gender
MCBP
PVWMH
Intercept
Age
Gender
MCBP
PVWMH

B

Std. error

Sig.

−9.19
.075
1.07
1.19
.67
−12.68
.07
2.92
2.01
.98
−3.49
−.01
1.85
.82
.32

1.75
.02
.35
.26
.20
3.69
.05
1.09
.52
.36
3.70
.05
1.10
.51
.35

.00001
.002
.002
.00001
.001
.00001
.181
.007
.0001
.006
.347
.826
.091
.108
.366

Exp(B)
CDR 0 vs. CDR N 0
1.13
5.81
5.53
2.86
1.07
18.53
7.49
1.95
.99
6.36
2.27
1.37

MCBP = mean cortical binding potential; PVWMH = periventricular white matter
hyperintensity; Exp(B) = exponentiation of B coefﬁcient, or the odds ratio.

model. Including both MCBP and PVWMH led to an AUC of .886
(z = −2.63, p b .01) and AUC of .876 when using MCBP DWMH
(z = −2.26, p = b .05). While signiﬁcant relative to the covariate
only models, the increase in AUC in the models combining MCBP
and WMH was not signiﬁcantly different from models considering
MCBP alone. Combined with the results from the logistic regressions, this suggests only modest effects of WMH above amyloid
deposition.
The full results from the multinomial logistic regressions are presented in Tables 3 and 4. These results are quite similar to the logistic regressions above when comparing cognitively normal individuals to either
group of demented individuals. When contrasting those with very mild
dementia (CDR 0.5) to those with mild dementia (CDR 1) there were no
signiﬁcant effects, although gender, MCBP, and DWMH demonstrated
modest trends.
As WMH are thought to be vascular in nature (Breteler et al., 1994),
we additionally examined the initial models predicting dementia status
with MCBP and measures of WMH while including a history of hypertension, or an aggregate vascular risk factor in the model. A history of
hypertension was not signiﬁcant in either model (PVWMH or DWMH,
see Table 5) and only slightly lowered the contributions of WMH to
the model, but such effects were still signiﬁcant. The aggregate vascular
risk factor was signiﬁcant in both models, but again the effects on the
WMH scores were minor (Table 6).

Table 4
Effects of deep white matter hyperintensities. For all comparisons cognitively normal individuals are used as the reference group.

CDR 0 vs. 0.5

CDR 0 vs. 1

CDR 0.5 vs. 1

Intercept
Age
Gender
MCBP
DWMH
Intercept
Age
Gender
MCBP
DWMH
Intercept
Age
Gender
MCBP
DWMH

B

Std. error

Sig.

−10.43
.10
1.07
1.18
.35
−14.36
.09
3.28
1.99
1.01
−3.93
−.01
2.21
.81
.67

1.71
.02
.35
.26
.21
3.71
.05
1.17
.51
.47
3.74
.05
1.17
.51
.47

.000
.000
.002
.00001
.093
.0005
.075
.005
.0005
.031
.293
.807
.060
.110
.156

Table 5
Logistic regression examining the effects of white matter hyperintensities on cognition
controlling for hypertension.

CDR 0 vs. CDR N 0

Intercept
Age
Gender
Hypertension
MCBP
PVWMH
Intercept
Age
Gender
Hypertension
MCBP
DWMH

B

Std. error

Sig.

−9.06
.07
1.24
.26
1.32
.69
−10.32
.09
1.26
.30
1.32
.39

1.70
.02
.34
.35
.26
1.70
1.66
.02
.34
.35
.25
.20

.00001
.003
.001
.46
.00001
.001
.00001
.001
.001
.380
.00001
.050

Exp(B)
1.07
3.46
1.30
3.76
2.00
1.10
3.53
1.36
3.74
1.48

4. Discussion
In the current analyses we examined whether measures of amyloid
deposition and white matter damage predict cognitive impairment. We
found that both amyloid burden, estimated by PiB MCBP, as well as
measures of WMH independently discriminate between cognitively
normal individuals and those with very mild or mild dementia. The effects were similar when considering either periventricular or deep
white matter lesions. This is unsurprising as the correlation between
ratings of DWMH and PVWMH lesions was .58 (p b 0.000001).
The Fazekas visual rating of white matter disease was associated
with a greater risk of AD. This can clearly been seen in how the distribution of the Fazekas scores shifts across groups in Fig. 2. Individuals who
are cognitively normal have highly right skewed distributions, with the
vast majority of individuals having no observable white matter damage.
As dementia severity increases, the scores become more and more left
skewed as higher proportions of the population accrue white matter
damage. Although the graphs in Fig. 2 suggest differences between
CDR = 0.5 and 1 individuals the effects were not statistically signiﬁcant.
This is most likely due to the modest sample size of mildly demented
subjects (CDR = 1, n = 11). Alternatively these markers may possess
nonlinear trajectories that do not signiﬁcantly differ across graded
levels of dementia severity.
In our cohort all of the individuals with a CDR = 1 had a primary
clinical diagnosis of dementia of the Alzheimer3s type at baseline. Of
the 51 individuals with a CDR rating of 0.5, 21 had a DAT diagnosis at
baseline and 14 received a diagnosis at a later clinical point. Overall
75% of individuals in the study received a clinical diagnosis of DAT.
Along with the high levels of amyloid deposition, this would suggest
that the majority of the impaired cohort are representative of an AD
trajectory. There were no signiﬁcant differences in age, gender composition, or severity of white matter damage between those with and
without an AD diagnosis. This suggests that the white matter effects

Exp(B)
1.10
2.93
3.24
1.41

Table 6
Logistic regression examining the effects of white matter hyperintensities on cognition
controlling for an aggregate vascular risk factor.

CDR 0 vs. CDR N 0
1.09
26.66
7.32
2.75
.99
9.11
2.26
1.95

MCBP = mean cortical binding potential; DWMH = deep white matter hyperintensity;
Exp(B) = exponentiation of B coefﬁcient, or the odds ratio.

CDR 0 vs. CDR N 0

Intercept
Age
Gender
Vascular risk
MCBP
PVWMH
Intercept
Age
Gender
Vascular risk
MCBP
DWMH

B

Std. error

Sig.

−9.25
.07
1.13
.34
1.45
.67
−10.55
.09
1.16
.35
1.45
.37

1.75
.02
.35
.14
.27
.19
1.70
.02
.34
.13
.26
.20

.00001
.001
.001
.012
.00001
.001
.00001
.001
.001
.008
.00001
.061

Exp(B)
1.07
3.11
1.41
4.26
1.96
1.09
3.19
1.42
4.28
1.45
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are not being driven by a small subsample of individuals who are demented but are not on an AD trajectory.
Many healthy older adults show elevated levels of amyloid without
signiﬁcant cognitive impairment (Arriagada et al., 1992). Additionally
there are numerous risk factors for a clinical diagnosis of AD including
a family history of AD (Breitner et al., 1988), the APOE ε4 genotype
(Corder et al., 1993), head trauma (Mortimer et al., 1985), and diabetes
(Luchsinger et al., 2001). The additive effects in our study of WHM and
PiB deposition are consistent with a broader view of AD that suggests
that multiple factors can inﬂuence substantial cognitive decline and dementia. For example after head trauma there is a deposition of Aβ in the
cortex, and this deposition is increased in individuals with the APOE ε4
genotype (Mayeux et al., 1995).
The results of our analyses are consistent with a large body of prior
work linking white matter damage with impaired cognition (Bozzali
et al., 2002; Debette et al., 2010; Frisoni et al., 2007; Head et al., 2004;
Prins et al., 2004). An increased prevalence of white matter damage is
thought to be mainly vascular in nature, as hypertension, stroke, and diabetes all lead to increases in white matter lesions (Debette and Markus,
2010; Pico et al., 2002). In the current work there were modest correlations (rs b .2) between measures of vascular health and WMH. Further
an aggregate measure of vascular risk was itself predictive of dementia
status above the effects of amyloid deposition and WMH. However
measures of WMH were still predictive of dementia status after including vascular risk as a covariate. This may be due to the fact that our measures of vascular health are imperfect as they are derived from selfreport and do not account for medication usage.
Although the examinations presented here indicated unique statistical effects of age, MCBP, and WMH this does not necessarily mean that
the biological processes these values represent are truly orthogonal processes. One of the greatest challenges facing ongoing studies of AD is
how to tease apart the contributions of comorbid pathologies. Large cohort studies are just now reaching the point to investigate modiﬁers
(e.g. cardiovascular health, stroke, diabetes, head trauma) of longitudinal AD biomarker trajectories. Autosomal dominant AD also presents
another potential avenue to disentangle such questions. Individuals
suffering from autosomal dominant AD become demented at a much
earlier age than those with sporadic AD. Due to the young age of onset
of clinical symptoms, this population may provide greater insight into
the relationship between white matter damage and AD removed from
age-related comorbidities such as cardiovascular health.
The current work demonstrates a signiﬁcant relationship between
both levels of amyloid deposition and white matter damage on cognition.
However the current analyses are not without limitations. The sample
contained only a modest number of mildly demented individuals
(CDR = 1), limiting our ability to detect differences with progressive increases in dementia severity. As commonly done in the literature, our visual ratings were made on T2-weighted sequences, although more precise
measures may have been obtained using a more optimal sequence (e.g.
FLAIR). Additionally, although visual ratings of WMH such as the Fazekas
rating scale have a clear utility, they do not provide the ﬁne-grained detail
as would be obtained from a quantiﬁcation of WMH volume. Finally,
although the Fazekas scale separates lesions into periventricular
and deep white matter scores, three-dimensional renderings of typical lesions suggest that such lesions are part of the same process rather
than representing disparate effects.
5. Conclusions
The work presented here demonstrated the detrimental inﬂuences
of advancing age, amyloid deposition in the brain, and white matter
damage. These factors independently discriminated healthy controls
from very mildly and mildly demented individuals. From a clinical
standpoint, this suggests that easily available radiological measures of
white matter health could be an asset in disease diagnosis in addition
to psychometric testing and AD biomarkers such as amyloid imaging.
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doi.org/10.1016/j.nicl.2015.04.017.
Acknowledgments
We thank Dr. Denise Head for her comments on a draft of the
paper and her role in overseeing the neuroimaging core of the Knight
Alzheimer3s Disease Research Center.
Dr. Gordon participates in clinical trials sponsored by Avid Radiopharmaceuticals (a wholly owned subsidiary of Eli Lilly), Eli Lilly, and
Hoffman-LaRoche.
Dr. Benzinger receives research support from Avid Radiopharmaceuticals and participates in clinical trials sponsored by Avid Radiopharmaceuticals, Eli Lilly, and Hoffman-LaRoche.
This work was supported by NIH National Institute on Aging (NIA)
grants P50 AG05681, P01 AG03991, and P01 AG026276; the Charles F.
and Joanne Knight Alzheimer3s Research Initiative; The McDonnell
Center for Systems Neuroscience, 22 3922 26239N; Fred Simmons
and Olga Mohan.
References
Arriagada, P.V., Growdon, J.H., Hedley-Whyte, E.T., Hyman, B.T., 1992. Neuroﬁbrillary
tangles but not senile plaques parallel duration and severity of Alzheimer3s disease.
Neurology 42 (3 Pt 1), 631–639. http://dx.doi.org/10.1212/WNL.42.3.6311549228.
Barber, R., Scheltens, P., Gholkar, A., Ballard, C., McKeith, I., Ince, P., Perry, R., O3Brien, J., 1999.
White matter lesions on magnetic resonance imaging in dementia with Lewy bodies,
Alzheimer3s disease, vascular dementia, and normal aging. J. Neurol. Neurosurg. Psychiatry 67 (1), 66–72. http://dx.doi.org/10.1136/jnnp.67.1.6610369824.
Bartzokis, G., 2011. Alzheimer3s disease as homeostatic responses to age-related myelin
breakdown. Neurobiol. Aging 32 (8), 1341–1371. http://dx.doi.org/10.1016/j.
neurobiolaging.2009.08.00719775776.
Bartzokis, G., Lu, P.H., Mintz, J., 2007. Human brain myelination and amyloid beta deposition in Alzheimer3s disease. Alzheimers Dement. 3 (2), 122–125. http://dx.doi.org/10.
1016/j.jalz.2007.01.01918596894.
Bateman, R.J., Xiong, C., Benzinger, T.L.S., Fagan, A.M., Goate, A., Fox, N.C., Marcus, D.S.,
Cairns, N.J., Xie, X., Blazey, T.M., Holtzman, D.M., Santacruz, A., Buckles, V., Oliver, A.,
Moulder, K., Aisen, P.S., Ghetti, B., Klunk, W.E., McDade, E., Martins, R.N., Masters,
C.L., Mayeux, R., Ringman, J.M., Rossor, M.N., Schoﬁeld, P.R., Sperling, R.A., Salloway,
S., Morris, J.C., Dominantly Inherited Alzheimer Network, 2012. Clinical and biomarker changes in dominantly inherited Alzheimer3s disease. N. Engl. J. Med. 367 (9),
795–804. http://dx.doi.org/10.1056/NEJMoa120275322784036.
Benzinger, T.L., Blazey, T., Jack, C.R., Koeppe, R.A., Su, Y., Xiong, C., Raichle, M.E., Snyder,
A.Z., Ances, B.M., Bateman, R.J., Cairns, N.J., Fagan, A.M., Goate, A., Marcus, D.S.,
Aisen, P.S., Christensen, J.J., Ercole, L., Hornbeck, R.C., Farrar, A.M., Aldea, P., Jasielec,
M.S., Owen, C.J., Xie, X., Mayeux, R., Brickman, A., McDade, E., Klunk, W., Mathis,
C.A., Ringman, J., Thompson, P.M., Ghetti, B., Saykin, A.J., Sperling, R.A., Johnson,
K.A., Salloway, S., Correia, S., Schoﬁeld, P.R., Masters, C.L., Rowe, C., 2013. Regional
variability of imaging biomarkers in autosomal dominant Alzheimer3s disease. Proc.
Natl. Acad. Sci. U. S. A. 110 (47), E4502–E4509. http://dx.doi.org/10.1073/pnas.
131791811024194552.
Blennow, K., Wallin, A., Uhlemann, C., Gottfries, C.G., 1991. White-matter lesions on CT
in Alzheimer patients: relation to clinical symptomatology and vascular factors.
Acta Neurol. Scand. 83 (3), 187–193. http://dx.doi.org/10.1111/j.1600-0404.1991.
tb04675.x2031453.
Bozzali, M., Falini, A., Franceschi, M., Cercignani, M., Zufﬁ, M., Scotti, G., Comi, G., Filippi,
M., 2002. White matter damage in Alzheimer3s disease assessed in vivo using diffusion tensor magnetic resonance imaging. J. Neurol. Neurosurg. Psychiatr. 72 (6),
742–74612023417.
Braak, H., Braak, E.V.A., 1995. Staging of Alzheimer3s disease-related neuroﬁbrillary
changes. Neurobiol. Aging 16 (3), 271–278. http://dx.doi.org/10.1016/01974580(95)00021-67566337.
Breitner, J.C.S., Silverman, J.M., Mohs, R.C., Davis, K.L., 1988. Familial aggregation in
Alzheimer3s disease: comparison of risk among relatives of early- and late-onset
cases, and among male and female relatives in successive generations. Neurology
38 (2), 207–212. http://dx.doi.org/10.1212/WNL.38.2.2073340281.
Breteler, M.M.B., Van Swieten, J.C., Bots, M.L., Grobbee, D.E., Claus, J.J., Van Den Hout,
J.H.W., Van Harskamp, F., Tanghe, H.L.J., De Jong, P.T.V.M., Van Gijn, J., et al., 1994. Cerebral white matter lesions, vascular risk factors, and cognitive function in a
population-based study: the Rotterdam study. Neurology 44 (7), 1246–1252.
http://dx.doi.org/10.1212/WNL.44.7.12468035924.
Brookmeyer, R., Johnson, E., Ziegler-Graham, K., Arrighi, H.M., 2007. Forecasting the global
burden of Alzheimer3s disease. Alzheimers Dement. 3, 1–17.
Capizzano, A.A., Ación, L., Bekinschtein, T., Furman, M., Gomila, H., Martínez, A., Mizrahi,
R., Starkstein, S.E., 2004. White matter hyperintensities are signiﬁcantly associated
with cortical atrophy in Alzheimer3s disease. J. Neurol. Neurosurg. Psychiatry 75
(6), 822–827. http://dx.doi.org/10.1136/jnnp.2003.01927315145992.
Corder, E.H., Saunders, A.M., Strittmatter, W.J., Schmechel, D.E., Gaskell, P.C., Small, G.W.,
Roses, A.D., Haines, J.L., Pericak-Vance, M.A., 1993. Gene dose of apolipoprotein E

252

B.A. Gordon et al. / NeuroImage: Clinical 8 (2015) 246–252

type 4 allele and the risk of Alzheimer3s disease in late onset families. Science 261
(5123), 921–923. http://dx.doi.org/10.1126/science.83464438346443.
De la Torre, J.C., 2010. The vascular hypothesis of Alzheimer3s disease: bench to bedside and beyond. Neurodegener. Dis. 7 (1–3), 116–121. http://dx.doi.org/10.
1159/00028552020173340.
Debette, S., Beiser, A., DeCarli, C., Au, R., Himali, J.J., Kelly-Hayes, M., Romero, J.R., Kase, C.S.,
Wolf, P.A., Seshadri, S., 2010. Association of MRI markers of vascular brain injury with
incident stroke, mild cognitive impairment, dementia, and mortality: the Framingham
Offspring Study. Stroke 41 (4), 600–606. http://dx.doi.org/10.1161/STROKEAHA.109.
57004420167919.
Debette, S., Bombois, S., Bruandet, A., Delbeuck, X., Lepoittevin, S., Delmaire, C., Leys, D.,
Pasquier, F., 2007. Subcortical hyperintensities are associated with cognitive decline
in patients with mild cognitive impairment. Stroke 38 (11), 2924–2930. http://dx.
doi.org/10.1161/STROKEAHA.107.48840317885256.
Debette, S., Markus, H.S., 2010. The clinical importance of white matter hyperintensities
on brain magnetic resonance imaging: systematic review and meta-analysis. BMJ
341, c3666. http://dx.doi.org/10.1136/bmj.c366620660506.
DeLong, E.R., DeLong, D.M., Clarke-Pearson, D.L., 1988. Comparing the areas under two or
more correlated receiver operating characteristic curves: a nonparametric approach.
Biometrics 44 (3), 837–845. http://dx.doi.org/10.2307/25315953203132.
Fazekas, F., Chawluk, J., Alavi, A., Hurtig, H., Zimmerman, R., 1987. MR signal abnormalities
at 1.5 T in Alzheimer3s dementia and normal aging. American Journal of Roentgenology
149 (2), 351–356. http://dx.doi.org/10.2214/ajr.149.2.351.
Fox, N.C., Warrington, E.K., Freeborough, P.A., Hartikainen, P., Kennedy, A.M., Stevens, J.M.,
Rossor, M.N., 1996. Presymptomatic hippocampal atrophy in Alzheimer3s disease. A
longitudinal MRI study. Brain 119 (6), 2001–2007. http://dx.doi.org/10.1093/brain/
119.6.20019010004.
Frisoni, G.B., Galluzzi, S., Pantoni, L., Filippi, M., 2007. The effect of white matter lesions on
cognition in the elderly — small but detectable. Nat. Clin. Pract. Neurol. 3 (11),
620–627. http://dx.doi.org/10.1038/ncpneuro063817982432.
Gordon, B.A., Blazey, T., Benzinger, T.L.S., Head, D., 2013. Effects of aging and Alzheimer3s
disease along the longitudinal axis of the hippocampus. J. Alzheimers Dis. 37 (1),
41–50. http://dx.doi.org/10.3233/JAD-13001123780659.
Grimmer, T., Faust, M., Auer, F., Alexopoulos, P., Förstl, H., Henriksen, G., Perneczky, R.,
Sorg, C., Youseﬁ, B.H., Drzezga, A., Kurz, A., 2012. White matter hyperintensities predict amyloid increase in Alzheimer3s disease. Neurobiol. Aging 33 (12), 2766–2773.
http://dx.doi.org/10.1016/j.neurobiolaging.2012.01.01622410648.
Gurol, M.E., Irizarry, M.C., Smith, E.E., Raju, S., Diaz-Arrastia, R., Bottiglieri, T., Rosand, J.,
Growdon, J.H., Greenberg, S.M., 2006. Plasma beta-amyloid and white matter lesions
in AD, MCI, and cerebral amyloid angiopathy. Neurology 66 (1), 23–29. http://dx.doi.
org/10.1212/01.wnl.0000191403.95453.6a16401840.
Hardy, J.A., Higgins, G.A., 1992. Alzheimer3s disease: the amyloid cascade hypothesis. Science 256 (5054), 184–185. http://dx.doi.org/10.1126/science.15660671566067.
Head, D., Buckner, R.L., Shimony, J.S., Williams, L.E., Akbudak, E., Conturo, T.E., McAvoy, M.,
Morris, J.C., Snyder, A.Z., 2004. Differential vulnerability of anterior white matter in
nondemented aging with minimal acceleration in dementia of the Alzheimer type:
evidence from diffusion tensor imaging. Cereb. Cortex 14 (4), 410–423. http://dx.
doi.org/10.1093/cercor/bhh00315028645.
Hensley, K., Carney, J.M., Mattson, M.P., Aksenova, M., Harris, M., Wu, J.F., Floyd, R.A.,
Butterﬁeld, D.A., 1994. A model for β-amyloid aggregation and neurotoxicity based
on free radical generation by the peptide: relevance to Alzheimer disease. Proc.
Natl. Acad. Sci. U. S. A. 91 (8), 3270–3274. http://dx.doi.org/10.1073/pnas.91.8.
32708159737.
Huang, Y.H., Zhang, W.W., Lin, L., Feng, J., Zhao, X.X., Guo, W.H., Wei, W., 2010. Could
changes in arterioles impede the perivascular drainage of interstitial ﬂuid from the
cerebral white matter in leukoaraiosis? Neuropathol. Appl. Neurobiol. 36 (3),
237–247. http://dx.doi.org/10.1111/j.1365-2990.2009.01049.x19889176.
Jack, C.R., Knopman, D.S., Jagust, W.J., Shaw, L.M., Aisen, P.S., Weiner, M.W., Petersen, R.C.,
Trojanowski, J.Q., 2010. Hypothetical model of dynamic biomarkers of the
Alzheimer3s pathological cascade. Lancet Neurol. 9 (1), 119–128. http://dx.doi.org/
10.1016/S1474-4422(09)70299-620083042.
Jantaratnotai, N., Ryu, J.K., Kim, S.U., McLarnon, J.G., 2003. Amyloid β peptide-induced corpus callosum damage and glial activation in vivo. Neuroreport 14 (11), 1429–1433.
http://dx.doi.org/10.1097/01.wnr.0000086097.47480.a012960758.
Kapeller, P., Barber, R., Vermeulen, R.J., Adèr, H., Scheltens, P., Freidl, W., Almkvist, O.,
Moretti, M., del Ser, T., Vaghfeldt, P., Enzinger, C., Barkhof, F., Inzitari, D., Erkinjunti,
T., Schmidt, R., Fazekas, F., European Task Force of Age Related White Matter Changes,
2003. Visual rating of age-related white matter changes on magnetic resonance imaging: scale comparison, interrater agreement, and correlations with quantitative measurements. Stroke 34 (2), 441–445. http://dx.doi.org/10.1161/01.STR.
0000049766.26453.E912574557.
Klunk, W.E., Engler, H., Nordberg, A., Wang, Y., Blomqvist, G., Holt, D.P., Bergström, M.,
Savitcheva, I., Huang, G.F., Estrada, S., Ausén, B., Debnath, M.L., Barletta, J., Price, J.C.,
Sandell, J., Lopresti, B.J., Wall, A., Koivisto, P., Antoni, G., Mathis, C.A., Långström, B.,

2004. Imaging brain amyloid in Alzheimer3s disease with Pittsburgh Compound-B.
Ann. Neurol. 55 (3), 306–319. http://dx.doi.org/10.1002/ana.2000914991808.
Launer, L.J., 2002. Demonstrating the case that AD is a vascular disease: epidemiologic evidence. Ageing Res. Rev. 1 (1), 61–77. http://dx.doi.org/10.1016/S00476374(01)00364-512039449.
Longstreth, W.T., Manolio, T.A., Arnold, A., Burke, G.L., Bryan, N., Jungreis, C.A., Enright, P.L.,
O3Leary, D., Fried, L., 1996. Clinical correlates of white matter ﬁndings on cranial magnetic resonance imaging of 3301 elderly people. The Cardiovascular Health Study.
Stroke 27 (8), 1274–1282. http://dx.doi.org/10.1161/01.STR.27.8.12748711786.
Luchsinger, J.A., Tang, M.X., Stern, Y., Shea, S., Mayeux, R., 2001. Diabetes mellitus and risk
of Alzheimer3s disease and dementia with stroke in a multiethnic cohort. Am.
J. Epidemiol. 154 (7), 635–641. http://dx.doi.org/10.1093/aje/154.7.63511581097.
Mayeux, R., Ottman, R., Maestre, G., Ngai, C., Tang, M.X., Ginsberg, H., Chun, M., Tycko, B.,
Shelanski, M., 1995. Synergistic effects of traumatic head injury and apolipoproteinε4 in patients with Alzheimer3s disease. Neurol. 45 (3 Pt 1), 555–557. http://dx.doi.
org/10.1212/WNL.45.3.5557898715.
Morris, J.C., 1993. The clinical dementia rating (CDR): current version and scoring
rules. Neurology 43 (11), 2412–2414. http://dx.doi.org/10.1212/WNL.43.11.
2412-a8232972.
Mortimer, J.A., French, L.R., Hutton, J.T., Schuman, L.M., 1985. Head injury as a risk factor
for Alzheimer3s disease. Neurology 35 (2), 264–267. http://dx.doi.org/10.1212/WNL.
35.2.2643969219.
Park, L., Anrather, J., Forster, C., Kazama, K., Carlson, G.A., Iadecola, C., 2004. Abeta-induced
vascular oxidative stress and attenuation of functional hyperemia in mouse somatosensory cortex. J. Cereb. Blood Flow Metab. 24 (3), 334–342. http://dx.doi.org/10.
1097/01.WCB.0000105800.49957.1E15091114.
Pico, F., Dufouil, C., Lévy, C., Besançon, V., de Kersaint-Gilly, A., Bonithon-Kopp, C.,
Ducimetière, P., Tzourio, C., Alpérovitch, A., 2002. Longitudinal study of carotid atherosclerosis and white matter hyperintensities: the EVA-MRI cohort. Cerebrovasc.
Dis. 14 (2), 109–115. http://dx.doi.org/10.1159/00006474112187015.
Prins, N.D., van Dijk, E.J., den Heijer, T., Vermeer, S.E., Koudstaal, P.J., Oudkerk, M., Hofman,
A., Breteler, M.M.B., 2004. Cerebral white matter lesions and the risk of dementia.
Arch. Neurol. 61 (10), 1531–1534. http://dx.doi.org/10.1001/archneur.61.10.
153115477506.
Provenzano, F.A., Muraskin, J., Tosto, G., Narkhede, A., Wasserman, B.T., Grifﬁth, E.Y.,
Guzman, V.A., Meier, I.B., Zimmerman, M.E., Brickman, A.M., Alzheimer3s Disease
Neuroimaging Initiative, 2013. White matter hyperintensities and cerebral amyloidosis: necessary and sufﬁcient for clinical expression of Alzheimer disease? J.A.M.A.
Neurol. 70 (4), 455–461. http://dx.doi.org/10.1001/jamaneurol.2013.132123420027.
Rezek, D.L., Morris, J.C., Fulling, K.H., Gado, M.H., 1987. Periventricular white matter lucencies in senile dementia of the Alzheimer type and in normal aging. Neurology
37 (8), 1365–1368. http://dx.doi.org/10.1212/WNL.37.8.13653614659.
Robin, X., Turck, N., Hainard, A., Tiberti, N., Lisacek, F., Sanchez, J.-C., Müller, M., 2011.
pROC: an open-source package for R and S+ to analyze and compare ROC curves.
B.M.C. Bioinformatics 12, 77. http://dx.doi.org/10.1186/1471-2105-12-7721414208.
Roth, A.D., Ramírez, G., Alarcón, R., Von Bernhardi, R., 2005. Oligodendrocytes damage
in Alzheimer3s disease: beta amyloid toxicity and inﬂammation. Biol. Res. 38 (4),
381–38716579521.
Scheltens, P., Barkhof, F., Leys, D., Wolters, E.C., Ravid, R., Kamphorst, W., 1995. Histopathologic correlates of white matter changes on MRI in Alzheimer3s disease and normal
aging. Neurol. 45 (5), 883–888. http://dx.doi.org/10.1212/WNL.45.5.8837746401.
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 “probable” Alzheimer3s disease and normal ageing: diagnostic value and neuropsychological correlates. J. Neurol. Neurosurg. Psychiatry 55 (10), 967–972. http://dx.doi.
org/10.1136/jnnp.55.10.9671431963.
Schmidt, R., Ropele, S., Enzinger, C., Petrovic, K., Smith, S., Schmidt, H., Matthews, P.M.,
Fazekas, F., 2005. White matter lesion progression, brain atrophy, and cognitive decline: the Austrian stroke prevention study. Ann. Neurol. 58 (4), 610–616. http://
dx.doi.org/10.1002/ana.2063016178017.
Thomas, T., Thomas, G., McLendon, C., Sutton, T., Mullan, M., 1996. Beta-amyloid-mediated vasoactivity and vascular endothelial damage. Nature 380 (6570), 168–171.
http://dx.doi.org/10.1038/380168a08600393.
Van Straaten, E.C.W., Harvey, D., Scheltens, P., Barkhof, F., Petersen, R.C., Thal, L.J., Jack, C.R.,
DeCarli, C., Alzheimer3s Disease Cooperative Study Group, 2008. Periventricular white
matter hyperintensities increase the likelihood of progression from amnestic mild
cognitive impairment to dementia. J. Neurol. 255 (9), 1302–1308. http://dx.doi.org/
10.1007/s00415-008-0874-y18825439.
Vlassenko, A.G., Mintun, M.A., Xiong, C., Sheline, Y.I., Goate, A.M., Benzinger, T.L.S., Morris,
J.C., 2011. Amyloid-beta plaque growth in cognitively normal adults: longitudinal
[11C]Pittsburgh compound B data. Ann. Neurol. 70 (5), 857–861. http://dx.doi.org/
10.1002/ana.2260822162065.

