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Abstract

Cross-sectional studies show that elevated cerebral amyloid is associated with greater white-matter
hyperintensity (WMH) burden in cognitively normal (CN) older adults. However, the relative time
courses of amyloid and WMH accrual are unclear. To address this, we tested the associations
between known WMH correlates—age, hypertension, and amyloid—with WMH accrual rate. We
used brain magnetic resonance imaging to measure WMH change in 112 CN Alzheimer’s Disease
Neuroimaging Initiative (GO/2) participants over a 2-year period. A linear mixed effects model
assessed baseline cerebrospinal fluid amyloid beta (Ap) 1-42, hypertension, age, and their
interactions, as predictors of greater WMH accrual. Greater amyloid burden was associated with
greater WMH accrual over time. Those with hypertension showed a stronger association between
greater amyloid burden and WMH accrual rate. Greater age was not significantly associated with
greater WMH accrual in this model. Although the direction of the relationship cannot be tested in
this model, CN individuals harboring cerebral amyloid had greater accrual of WMH over a 2-year
period after accounting for hypertension and age. Impaired amyloid clearance and cerebral small
vessel disease may both underlie the more rapid emergence of WM lesions. The role of cerebral
amyloid burden in white-matter injury should thus be considered as a relevant factor when WMHSs
are detected clinically.
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1. Introduction

White-matter hyperintensities (WMHS), imaging markers of gross white-matter lesions in
the brain, are highly prevalent in cognitively normal (CN) older adults and are associated
with increased risk of adverse outcomes including dementia, early mortality, frailty, and
depression (Abraham et al., 2016; Prins and Scheltens, 2015; Provenzano et al., 2013).
Recognized vascular risk factors, such as hypertension, are associated with greater WMH
burden (Gouw et al., 2011; Kertesz et al., 1988). Impaired blood cerebral blood flow linked
to systemic hypertension is thought to be the primary mechanism behind ischemic tissue
damage that appears as WMH (Hughes and Sink, 2016). However, cerebral amyloidosis can
also interfere with perfusion of the brain by damaging perivascular spaces among other
processes (Thomas et al., 1996). Conversely, hypertension may increase vascular resistance
thereby reducing clearance of amyloid (Hughes et al., 2013, 2014). It is unclear whether
systemic vascular risk factors and cerebral amyloidosis are associated with white matter
damage due to parallel processes or converging pathologies (Prins and Scheltens, 2015).

In CN older adults, hypertension and elevated cerebral amyloid are common, but few studies
have questioned the independent and interacting associations of each with WMH burden
(Toledo et al., 2013). We and others previously demonstrated that in CN, elevated cerebral
amyloid is associated with greater WMH burden and broadly reduced WM integrity,
measured by DTI (Gold et al., 2014; Marnane et al., 2016; Scott et al., 2015; Wolf et al.,
2015). However, these cross-sectional studies fell short of providing information about
temporal relationships between amyloid burden and WMH accrual, and in particular,
whether the presence of cerebral amyloid is associated with greater subsequent accrual of
WMH—as would be predicted by current data on the neurobiological consequences of
amyloid (Brickman, 2013; Saito and Ihara, 2016).

Characterization of the temporal relationships between amyloid and WMH is relevant to the
guidance of clinical practice for interventions to reduce dementia risk. The current state of
care associated with WMH is to manage vascular risk factors to reduce growth of white-
matter lesions (Mok and Kim, 2015). However, even when vascular risk is low or vascular
factors, such as hypertension, are treated, WMH load remains elevated (Scott et al., 2015).
This prompts the investigation of additional factors, like cerebral amyloid, that could be
modulated to lessen the accumulation of aging-associated white-matter damage. Targeting
amyloid is a promising approach demonstrated by recent advances in the development of
anti-amyloid therapeutics (D’ Avanzo et al., 2015; Liu et al., 2015; Lovell et al., 2016).
Asymptomatic CN older adults at risk of dementia based on biomarkers—WMH and
amyloid burden—identify a possible target group for anti-amyloid therapies for the
prevention, rather than treatment of, Alzheimer’s disease.

In this study, we harnessed the longitudinal imaging data from 112 participants of the
Alzheimer’s Disease Neuroimaging Initiative (ADNI) to test predictors of WMH accrual
over a 2-year period who also had cerebrospinal fluid (CSF) biomarkers assays completed.
Specifically, we modeled the effects of CSF amyloid level, clinical hypertension history, and
age on WMH volume at baseline and the rate of WMH accrual in CN. We show that
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amyloid level predicts WMH at baseline and modulates the rate of WMH accrual in CN
older adults with hypertension.

2. Methods

2.1. Participants

Data used in preparing this article were obtained from the ADNI-GO and ADNI-2 studies
(adni.loni.usc.edu) as described earlier (Scott et al., 2015). These CN participants are a
subset of the sample reported in Scott et al. (2015) that had 1 or more follow-up scans. Of
these, 112 participants had data for all variables analyzed at baseline. Data used in the
preparation of this article were obtained from the ADNI database (adni.loni.usc.edu). The
primary goal of ADNI has been to test whether serial magnetic resonance imaging (MRI),
positron emission tomography, and other biological markers and clinical and
neuropsychological assessment can be combined to measure the progression of mild
cognitive impairment and early Alzheimer’s disease (AD). Inclusion criterion of a modified
Hachniski score of 4 or lower excluded people with a clinical diagnosis of vascular
dementia. Cognitively normal older adults and patients clinically diagnosed with early or
late mild cognitive impairment, or AD were recruited from over 50 sites across the United
States and Canada. Participants recruited for ADNI-1 and ADNI-GO had the option to be
followed in ADNI-2. Group clinical and demographic data are reported in Table 1. Data
were extracted in November 2015, and all available associated data was used.

2.2. MR imaging protocol and WMH measurement

MRI acquisition: 3D Axial T2-weighted fluid attenuated inversion recovery (FLAIR) and
T1-weighted MRI sequences were collected at each site. Exact protocols varied by scanner
type and strength (1.5 T or 3.0 T). General FLAIR sequence characteristics were as follows:
field of view read 280 mm; field of view phase 100.0%; slice thickness 8.0 mm; TR 20.0 ms;
TE 5.00 ms; flip angle, 40°.

The WMH measurement approach is detailed on the ADNI site (adni.loni.usc.edu, “4-Tissue
Segmentation Methods for ADNI MR Scans.pdf”) (Carmichael et al., 2012). Images were
processed to (1) remove nonbrain tissues from T1-weighted and FLAIR images; (2) spatially
align the image pair; and (3) remove MRI field artifacts. Next images were warped to a
standard template space in which the prior probability of WMH occurrence and the FLAIR
signal characteristics of WMHSs were modeled at every location in the cerebral white matter.
This prior information, together with the signal intensities of the FLAIR image in question,
was used to identify WMHSs. Total WMH volumes were calculated for 507 MRIs.
Participants were imaged at study entry (n = 112), and at 3- (n = 102), 6- (n = 104), 12- (n =
101), and 24-month (n = 88) follow-ups.

2.3. CSF immunoassay

CSF immunoassay of amyloid was chosen because CSF amyloid levels are more dynamic in
the earlier phases of amyloid accumulation that would be occurring before cognitive
impairment (Landau et al., 2010). CSF collection procedures can be downloaded from the
ADNI database (ADNI_Methods  UPENN_Biomarker_20120710.pdf; Shaw et al., 2011).
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The XMAP Luminex platform and Innogenetics/Fujirebio AlzBio3 immunoassay kits were
used following procedures in place at the UPenn/ADNI Biomarker Laboratory, according to
the kit manufacturer’s instructions and as described in previous publications (Shaw et al.,
2011). In this study, we report CSF Ap1_4, total tau, and phosphorylated-tau;g;.

2.4. Vascular history

We documented vascular history (Table 1) by screening the database of participant medical
histories (Provenzano et al., 2013), as well as medication records. We report histories of
hypertension, dyslipidemia (high lipids or cholesterol), smoking, type Il diabetes mellitus,
atrial fibrillation, myocardial infarction, or stroke.

2.5. Statistical analyses

A linear mixed effects model identified trends in change in total WMH volume (In
transformed) over time. First, a model with only time (years) from baseline scan was run to
determine whether there was a general trend of linear WMH volume change over the 2-year
period. To address whether baseline covariates of WMH predicted WMH accrual, we
selected significant predictors from our initial cross-sectional analysis of WMH (Scott et al.,
2015) as predictors of change in WMH. Significant predictors of baseline WMH in the
previous report were CSF AB1_4», hypertension, and age, and thus these same predictors
plus the interaction of CSF Ap1_42 and hypertension and the interaction of Ap;_4» and age
were predictors of WMH change in the current model. Predictors of baseline WMH included
CSF AB1_42, hypertension, and age, as well as adjusting for intracranial volume, history of
hyperlipidemia, systolic blood pressure at baseline, APOE 34 genotype status (=1 allele),
education (centered at 12 years), sex (male = 0), and the interaction of hypertension and
systolic blood pressure. Continuous variables were converted to z-scores for statistical
analyses so that parameters estimates were comparable.

3. Results

3.1. Cohort characteristics

Group clinical and demographic data in this subset (Table 1) were similar to that of the
sample reported previously (Scott et al., 2015), with the exception of hyperlipidemia (40%
presently vs. 14% previously). The difference in this variable was due to the additional
criterion of lipid-related medication included presently. The mean age was 73 years, and
nearly 60% of the sample was male. Roughly one-third of the CN group carried 1 or 2
APOE .4 alleles, and the mean amyloid level was 202 pg/mL (£52.8 pg/mL). Hypertension
prevalence was common, with more than half the sample having a history of hypertension
exposure.

3.2. WMH accrual

The average raw WMH volume at baseline was 6.30 mL (£11.47 mL) and the average rate
of WMH accrual was 0.32 mL/y (x0.09 mL/y) (p < 0.001), which shows that WMH accrual
is detectable over a 2-year period in the CN group.
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Table 2 reports the parameter estimates for the model of WMH accrual using log
transformed WMH. CSF AB1_4» had significant effects on WMH baseline load and accrual
rate that had an interaction with hypertension history. Lower CSF Apq_45 levels (i.e., greater
cerebral Ap1_4o burden, p<0.001) and greater age (p = 0.012) were associated with greater
WMH at baseline. Lower CSF AP1_4» level at baseline was also associated with greater
WMH accrual (p=0.002). Further in those with a clinical history of hypertension, lesser
CSF AB1_42 was associated with a faster rate of WMH accrual than in those lacking a
clinical history of hypertension (p= 0.034).

For illustrative purposes, we calculated WMH accrual trajectories for prototypical
normotensive and hypertensive individuals with average amyloid levels above (negative) and
below (positive) the established threshold for cerebral amyloidosis (192 pg/mL) (Shaw et al.,
2009) (Fig. 1). Within normotensives, amyloid status at baseline did not greatly impact the
rate of WMH accrual over this brief 2-year follow-up period (negative: 0.041 In-mL/y,
positive: 0.036 In-mL/y), although WMH baseline levels were estimated to be higher in
amyloid positive normotensives. On the other hand, WMH volume appeared to remain stable
in hypertensives with negative amyloid status (-=0.001 In-mL/y). The interaction between
CSF AB1_42 and hypertension is shown by the final estimated trajectory in which WMH
accrual rate was greatest in amyloid positive, hypertensive individuals (0.095 In-mL/y).
These sample trajectories illustrate the statistical effects in the overall model.

4. Discussion

Our longitudinal analysis of correlates of WMH accrual in a population with low-to-
moderate vascular risk factors and elevated cerebral amyloid burden shows that the
combined effects of hypertension and cerebral amyloidosis predict greater contemporaneous
WMH volume and accelerated accrual of WMH. Given that over 90% of participants were
actively treated for hypertension, our data suggest that this approach is effective in reducing
the accrual of WMH, which is in agreement with past studies (Godin et al., 2011). However,
we extended this finding to show that the presence of cerebral amyloidosis mitigates this
therapeutic effect and results in the greatest amount of WMH accrual over the 2-year period,
despite highly compliant treatment of hypertension (Lee et al., 2009).

Although these data are not adequate to determine causal relationships between amyloid and
WMH, it is consistent with the hypothesis that vascular injury mechanisms and cerebral
amyloidosis may exacerbate each other, leading to accelerated white-matter injury (van
Norden et al., 2012). Impaired functioning of cerebral small vessels, driven by systemic
vascular risk factors, is 1 mechanism that may both promote development of WMH and
hinder cerebral amyloid clearance via perivascular spaces, thus leading to an observed link
between the 2 pathologies (Hughes and Sink, 2016). In addition, elevated cerebral amyloid
(associated with lower CSF Ap1_4p) may damage vessel walls and promote vasoconstriction,
and thus promote WMH irrespective of systemic vascular factors (Thomas et al., 1996).
Because WMH in older adults is thought to be primarily a consequence of ischemic tissue
damage (Prins and Scheltens, 2015), the contribution of amyloid accumulation to
hypoperfusion could be a major factor in WMH accrual.
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Although hypertension is traditionally viewed as a predominant vascular determinant of
WMH, our data show that greater WMH accrual was more strongly associated with amyloid
than it was with hypertension in CN with overall low vascular burden. This finding is
consistent with those of the prior cross-sectional study of this population in that greater
amyloid burden had a similar effect on total WMH load as hypertension history (Scott et al.,
2015). Together, these data support the hypothesis that cerebral amyloidosis and white-
matter damage are inter-related and whose relationship could be better understood through
larger epidemiological studies that assess cerebral amyloid, vascular risk factors, and WMH.

Although this study demonstrates the relevance of cerebral amyloidosis to white-matter
integrity in healthy older adults, the generalizations are limited. First, we are assessing total
WMH rather than periventricular WMH exclusively; periventricular WMH has been more
strongly associated with amyloid (Gordon et al., 2015; Marnane et al., 2016) and
cerebrovascular disease (Black et al., 2009). Thus, the correlation between WMH and
hypertension measured presently may be weaker than if periventricular WMH was used.
Second, our follow-up period is limited to 2 years. Typically, longitudinal WMH studies use
follow-up periods of 3 to 4 years since WMH accrue slowly (e.g., Maillard et al., 2014).
Thus, we are modeling subtle expansion of white-matter injury, which is highlighted by the
small annual rate of change. On the other hand, we have the benefit of dense sampling
within those 2 years with up to 5 data points per individual and therefore have confidence in
the significance of the model.

The relationship observed presently may not be found in a typical community-based
epidemiological cohort because of the select sample characteristics. Because the ADNI
mission is to study Alzheimer’s disease, participant recruitment is biased toward those at
greater risk of dementia, and this is supported by the higher than population normal
incidence of APOE .4 carriers in CN (Table 1). Further, the ADNI exclusion criterion of a
modified Hachinski score less than 4 prevents enrollment of individuals with severe
cerebrovascular disease. Consequently, the contributions of amyloidosis to white-matter
damage may be more clearly elucidated in this particular population.

Although a logical next step would be to model modifiers of the accrual rates of amyloid, a
2-year follow-up period was insufficient to detect reliable change in CSF AB1_42 in CN
individuals. Longer follow up or investigation of cognitively impaired groups may be better
suited to address questions regarding amyloid burden risk factors (Gomar et al., 2016).

5. Conclusions

In cognitively normal older adults with low-to-moderate vascular risk factor burden, greater
cerebral amyloid burden at baseline is associated with greater WMH accrual over a
subsequent 2-year period. Our findings point to the importance of better understanding the
roles that vascular risk factor reduction and anti-amyloid therapies can play in the prevention
and treatment of asymptomatic brain injury (Black et al., 2009; Hughes and Sink, 2016;
Saito and lhara, 2016).
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Fig. 1.

Using parameter estimates from Table 2, estimated trends of WMH volume as a function of
years from baseline, are shown for prototype individuals for the following categories:
normotensive/negative amyloid (blue, dashed), normotensive/positive amyloid (blue, solid),
hypertensive/negative amyloid (red, dashed), and hypertensive/positive amyloid (red, solid).
Amyloid positive threshold was CSF AB1_42 < 192 pg/mL; the amyloid level used in these
calculations is the mean for each category. For each, the intercept represents a 74-year-old,
APOE .4 negative male with a high school education, no hyperlipidemia, and average
intracranial volume. Abbreviation: WMH, white-matter hyperintensity. (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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Table 1

Study demographics, vascular parameters, CSF immunoassays, and imaging metrics at baseline

Participants at baseline 112
3mo 91%
6 mo 93%
12 mo 90%
24 mo 79%
Sex (male) 59.1%
Age (y) 73.2 (6.6)
Education (y) 17 (2)
White—not Hispanic/Latino 86.6%
APOE .4 genotype 27.9%

White matter hyperintensity volume at baseline  6.30 (11.46)

3mo 6.46 (10.94)
6 mo 6.21 (10.46)
12 mo 6.42 (12.02)
24 mo 6.78 (12.99)
Intracranial volume (ICV) (cm?) 1504 (152)
CSF AB1_4 (pg/mL) at baseline 202.6 (52.8)
24 mo 190.7 (51.3)
CSF t-tau (pg/mL) 70.9 (38.8)
CSF p-taugg; (pg/mL) 35.4 (20.8)
Current vascular status
Body mass index 28 (5)
Systolic blood pressure (mm Hg) 136 (16)
Diastolic blood pressure (mm Hg) 75 (10)
Fasting blood glucose (mg/dL) 100 (18)
Total serum cholesterol (mg/dL) 190 (35)

Vascular history

Hypertension 52.7%
Dyslipidemia 40.2%
Diabetes mellitus 8.0%
Smoking 13.4%
MI/CVA/AF 2.7%
Micro-hemorrhage 14.3%

All numerical entries are mean (standard deviation).

Key: AF, atrial fibrillation; CVA, stroke; MI, myocardial infarction.
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Table 2

Standard error  p-value

Independent variable Beta
Intercept 1.265
Time (y) 0.036
Time x CSF AB1_42 -0.054
Time x hypertension -0.004
Time x age -0.003
Time x CSF ABy_4, x Hypertension 0.057
Time x CSF AB;_42 x Age 0.004
CSF AB142 -0.447
Hypertension 0.226
Systolic blood pressure 0.234

Hypertension x systolic blood pressure  —0.198

Age

Intracranial volume
Sex

Education
Hyperlipidemia
APOE .4 genotype

0.043
-0.110
-0.350
-0.022

0.075

0.068

0.352
0.019
0.018
0.027
0.002
0.027
0.002
0.118
0.357
0.284
0.431
0.017
0.071
0.235
0.044
0.212
0.242

<0.001
0.064
0.002
0.892
0.212
0.034
0.073
<0.001
0.299
0.084
0.343
0.012
0.123
0.137
0.617
0.722
0.777
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