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Abstract

Background and Objectives

The goals of this work were to quantify the independent and interactive associations of f-amyloid
(AB) and white matter hyperintensity volume (WMHYV), a marker of presumed cerebrovascular
disease (CVD), with rates of neurodegeneration and to examine the contributions of APOE &4

and vascular risk measured at different stages of adulthood in cognitively normal members of the
1946 British Birth Cohort.

Methods

Participants underwent brain MRI and florbetapir-Ap PET as part of Insight 46, an observa-
tional population-based study. Changes in whole-brain, ventricular, and hippocampal volume
were directly measured from baseline and repeat volumetric T1 MRI with the boundary shift
integral. Linear regression was used to test associations with baseline A deposition, baseline
WMHYV, APOE ¢4, and office-based Framingham Heart Study Cardiovascular Risk Score
(FHS-CVS) and systolic blood pressure (BP) at ages 36, 53, and 69 years.

Results

Three hundred forty-six cognitively normal participants (mean [SD] age at baseline scan 70.5
[0.6] years; 48% female) had high-quality T1 MRI data from both time points (mean [SD] scan
interval 2.4 [0.2] years). Being AP positive at baseline was associated with 0.87-mL/y faster
whole-brain atrophy (95% CI 0.03, 1.72), 0.39-mL/y greater ventricular expansion (95% CI
0.16, 0.64), and 0.016-mL/y faster hippocampal atrophy (95% CI 0.004, 0.027), while each
10-mL additional WMHYV at baseline was associated with 1.07-mL/y faster whole-brain at-
rophy (95% CI 0.47, 1.67), 0.31-mL/y greater ventricular expansion (95% CI 0.13, 0.60), and
0.014-mL/y faster hippocampal atrophy (95% CI 0.006, 0.022). These contributions were
independent, and there was no evidence that Ap and WMHY interacted in their effects. There
were no independent associations of APOE €4 with rates of neurodegeneration after adjustment
for AP status and WMHYV, no clear relationships between FHS-CVS or systolic BP and rates of
neurodegeneration when assessed across the whole sample, and no evidence that FHS-CVS or
systolic BP acted synergistically with Ap.
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Glossary

AP = p-amyloid; AD = Alzheimer disease; BMI = body mass index; BP = blood pressure; BSI = boundary shift integral; CVD =
cerebrovascular disease; DBC = differential bias correction; FHS-CVS = Framingham Heart Study Cardiovascular Risk Score;
FLAIR = fluid-attenuated inversion recovery; MCI = mild cognitive impairment; NSHD = National Survey of Health and
Development; SUVR = standardized uptake value ratio; SVD = small vessel disease; TIV = total intracranial volume; WMH =
white matter hyperintensity; WMHV = WMH volume.

Discussion
AP and presumed CVD have distinct and additive effects on rates of neurodegeneration in cognitively normal elderly. These findings
have implications for the use of MRI measures as biomarkers of neurodegeneration and emphasize the importance of risk man-

agement and early intervention targeting both pathways.

Structural MRI measures are widely used as biomarkers of
neurodegeneration in Alzheimer disease (AD). Reduced brain
volumes on MRI are included in the AT(N) framework for
classifying individuals on the AD continuum,’ and rates of at-
rophy quantified from MRI are often used as outcomes in trials,
with the expectation that an effective disease-modifying therapy
for AD should attenuate rates of atrophy in treated patients
relative to controls. Understanding the factors that influence the
progression of neurodegeneration is therefore important, par-
ticularly in cognitively normal older adults, who are a key target
population for strategies aimed at preventing dementia.

Cerebral B-amyloid (AB) deposition is an early pathologic
feature of AD, emerging up to 20 years before dementia.” It
can be quantified with PET and is increasingly used to identify
individuals in the preclinical phase of AD who might be eli-
gible for secondary prevention trials.> White matter hyper-
intensity (WMH) volume (WMHYV), a marker of presumed
cerebrovascular disease (CVD), is increased among individ-
uals at risk of AD and predicts AD dementia, raising the
possibility that CVD may be involved in AD pathogenesis.”*
There is therefore considerable interest in understanding the
relationship between AP and WMHs in cognitively normal
elderly and whether they act separately or together to in-
fluence downstream processes such as neurodegeneration.

The MRC National Survey of Health and Development
(NSHD; the 1946 British Birth Cohort) is the world’s longest
continuously running birth cohort.” Members are virtually
identical in age and have been studied extensively since birth,
resulting in years of prospectively collected data from across
the life course. Now in their 70s and predominantly still
dementia-free, a sample have undergone AP PET and serial
MRI as part of the Insight 46 substudy.® With this unique
dataset, the primary aim of this study was to assess whether
baseline AP deposition and WMHYV were associated with
rates of neurodegeneration quantified from MRI and, if so,
whether their effects were independent or interactive. A fur-
ther aim was to investigate the contributions of APOE €4 and
vascular risk measured at different stages of adulthood to
progression of neurodegeneration in later life.
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Methods

Eligibility criteria have been described elsewhere.” In brief, 502
participants were recruited from the NSHD (n = 2,689 at age 69
years), prioritizing members with relevant life-course data, who
took part in a study visit at age 60 to 64 years, and who previously
indicated that they would be willing to consider attending a study
visit in London. Baseline assessments were performed at University
College London between May 2015 and January 2018, and follow-
up visits were completed between January 2018 and January 2021.

Standard Protocol Approvals, Registrations,
and Patient Consents

Ethics approval was granted by the National Research Ethics
Service Committee (REC reference 14/L0O/1173), and all
participants provided written informed consent.

Imaging Variables

Participants were scanned on a single Biograph mMR 3T
PET/MRI (Siemens Healthcare). They were injected in-
travenously with 370 MBq of the 18 AP PET ligand florbe-
tapir at the start of the imaging session, and dynamic data were
obtained over 60 minutes. MRI data were acquired simulta-
neously, including volumetric T1, T2, and fluid-attenuated
inversion recovery (FLAIR). Further information on the
imaging protocol is reported elsewhere.®

Baseline AP PET data were processed with an in-house pipeline
including pseudo-CT attenuation correction.” Baseline global
standardized uptake value ratios (SUVRs) were generated from a
composite cortical region of interest, on the basis of a composite
that has been evaluated previously,” and an eroded subcortical
white matter reference region. Baseline AP status was de-
termined by applying a gaussian mixture model to global SUVRs
and then taking the 99th percentile of the lower gaussian as the
cut point for positivity (eFigure 1, links.lww.com/WNL/B942).
SUVRs and AP status were also calculated with a whole-cere-
bellum reference region (see Sensitivity Analyses). Further in-
formation on PET methods is provided in eMethods 1.

T1, T2, and FLAIR MRI underwent correction for gradient
nonlinearity,'® followed by brain-masked N4-bias correction'" and
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visual inspection of image quality. Baseline WMHYV was measured
by applying an unsupervised automated algorithm, Bayesian Model
Selection, to T1 and FLAIR images, generating a global WMHYV,
which included subcortical gray matter but not infratentorial re-
gions." Baseline total intracranial volume (TIV) was calculated
with the tissues utility in Statistical Parametric Mapping 12."

Changes in whole-brain, ventricular, and hippocampal volume were
calculated from baseline and repeat T1 MRI with the boundary
shift integral (BSI)."* Specifically, the k-means—-normalized BSI was
used to calculate whole-brain atrophy after affine registration of
scan pairs and differential bias correction (DBC)." Ventricular
expansion was determined with affine whole-brain regjstration,
followed by an additional rigid registration using the ventricle re-
gions only and calculation of BSI without DBC. Hippocampal
atrophy was assessed with affine whole-brain registration, followed
by an additional rigid registration focusing on the hippocampus and
surrounding regions, with DBC and calculation of BSI with a
double-intensity window approach.'® Total hippocampal BSI was
calculated as the sum of left and right. All registered scan pairs were
reviewed to check for longjtudinal continuity.

APOE =4 and Life Course Variables

APOE genotyping was performed as described elsewhere,'” and
participants were defined as €4 carriers or noncarriers. Resting
systolic blood pressure (BP) and an office-based Framingham
Heart Study Cardiovascular Risk Score (FHS-CVS) were de-
termined at ages 36, 53, and 69 years, as previously described.'®"”
The FHS-CVS, which provides a 10-year risk of cardiovascular
events, is a weighted sum of age, sex, systolic BP, antihyperten-
sive medication (yes/no), diabetic status (yes/no), current
smoking status (yes/no), and body mass index (BMI).*° So-
cioeconomic position was derived from occupation at age 53
years and categorized as manual or nonmanual professions.
Smoking status was obtained from a questionnaire at age 68
years (or if missing, a questionnaire at age 60-64 years). BMI was
calculated from measurements at the first Insight 46 visit with the
formula BMI = kg/ m?. Diabetes was determined from self-
reported history before age 69 years, a glycated hemoglobin level
>6.5% (equivalent to >48 mmol/mol) at age 69 years or being
on diabetic medication at the first Insight 46 visit.

Statistical Analysis

Participants were excluded from analyses if they had dementia,
mild cognitive impairment (MCI), or confounding brain dis-
orders at baseline or if they did not have high-quality longitu-
dinal T1 MRI data. Dementia and MCI were defined as
described previously.”! For analyses involving AR or WMHY,
participants needed baseline AP PET or WMH segmentation
data that passed quality control; for APOE €4 analyses, geno-
type data also were required; and for vascular risk analyses, they
needed FHS-CVS or systolic BP data and covariate data at >1
time points. A full breakdown of participants is provided as a
flowchart (eFigure 2, links.lww.com/WNL/B942).

Group differences were assessed with ¢ tests for continuous
normally distributed variables, Wilcoxon rank-sum tests for
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continuous nonnormally distributed variables, and x” tests for
categorical variables. The Spearman rank correlation was used
to test associations involving continuous nonnormally dis-
tributed variables.

Linear regression was used to test associations between pre-
dictors of interest and rates of change in whole-brain, ven-
tricular, and total hippocampal volume. Each model included
the BSI measure of interest in milliliters as the outcome, scan
interval in years as the explanatory variable, and interactions
between scan interval and (1) each predictor variable of in-
terest and (2) each covariate to estimate their association with
rate of change. Interactions between 2 variables were tested by
including a term for the 3-way interaction between each
predictor and scan interval. No constant term was included
because the model estimates mean change over time. A more
detailed explanation of models used is provided in eMethods
2 (links.lww.com/WNL/B942).

Effects of baseline Ap and WMHYV on each volume change
measure were examined in separate models and then together
as predictors in a single model, with adjustment for sex, age at
baseline scan, and TIV. Baseline AP was considered in sepa-
rate models as a binary A status (positive/negative) and with
the continuous global AB SUVR measure. Semipartial r* val-
ues were calculated to assess the relative explanatory contri-
bution of Ap and WMHYV, above the explanatory contribution
of all other variables in the model (eMethods 2, links.lww.
com/WNL/B942). If relationships were detected with hip-
pocampal atrophy rates, whole-brain BSI was added as a
covariate to examine whether effects on hippocampi were
disproportionate to global changes. Further models examined
whether there was an interaction between Af and WMHV
and whether there was an interaction between sex and each of
AP and WMHV.

Separate models were fitted to assess the effects of APOE &4
(carrier/noncarrier) on each volume change measure. Models
were initially adjusted for sex, age at baseline scan, and TIV
before further adjustment for baseline Ap status or WMHYV to
assess whether effects were attenuated after adjustment for
these variables. Similar models were fitted to test the contri-
butions of FHS-CVS and systolic BP at each time point (ages
36, 53, and 69 years) to each volume change measure. Because
FHS-CVS and systolic BP were associated with WMHYV but
not with A status in previous Insight 46 analyses,"®"
were initially adjusted for sex, age at baseline scan, TIV,
baseline AP status, APOE &4 status, and adult socioeconomic
position before further adjustment for baseline WMHYV to
assess whether it might explain any effects. Models with sys-
tolic BP as a predictor were also adjusted for smoking status,
presence of diabetes, and BMI around the time of the baseline
scan. Interactions between A status and each of FHS-CVS
and systolic BP at age 69 years were also tested.

models

Analyses were conducted in Stata 16 (StataCorp, College
Station, TX). Regression assumptions were checked by
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examination of residual plots. If assumptions were not fully
met, bootstrapping (2,000 replications) was used to produce
bias-corrected and accelerated 95% Cls. Nonlinear associa-
tions were assessed with plots of residuals against each pre-
dictor and were formally tested by adding quadratic terms to
models. Scatterplots of key relationships are shown in eFig-
ure 3 (links.lww.com/WNL/B942).

Sensitivity analyses were also performed to examine the effect
of (1) not adjusting for age at baseline scan (healthier indi-
viduals may have been more likely to attend at the start of the
study, so age might act as a proxy for recruitment bias) and (2)
using the whole cerebellum rather than white matter as a
reference region for SUVRs (WMHs might influence AR PET
tracer uptake,22’23 which could confound the results of our
analyses).

Data Availability

Anonymized data are available on request.”*

Results

Three hundred forty-six participants (mean [SD] age at base-
line scan 70.5 [0.6] years; 48% female) had MRI data from both
time points (mean [SD] scan interval 2.4 [0.2] years) and were
free of dementia, MCI, and confounding brain disorders at
baseline.

Median baseline Ap SUVR was 0.54 (interquartile range
0.51-0.58), and 16.7% of participants were classified as AP
positive (SUVR cut point for positivity 0.61). Median baseline
WMHYV was 2.7 mL (interquartile range 1.5-6.1 mL) and did
not differ significantly by AB status (z = —0.667; p = 0.50). There
was, however, a weak positive correlation between baseline
WMHY and AR SUVR (r = 0.16; p < 0.01). Age at baseline scan
was not significantly associated with baseline WMHV (r = 0.08;
p=0.12), AB SUVR (r=-0.01; p = 0.82), or AP status (t [339]
=0.7032; p = 0.48), and there were no significant sex differences
in baseline WMHV (z = —1.533; p = 0.13), AB SUVR (z = 0.637;
p = 0.52), or AB status (x> = 0.5617; p = 0.45). Further char-
acteristics are summarized in Table 1, together with those of the
full Insight 46 sample for comparison.

Mean rates of whole-brain and hippocampal atrophy were 5.86
and 0.039 mL/y (equivalent to 0.5%/y and 0.6%/ y), and mean
rate of ventricular expansion was 1.24 mL/y (Table 2). There
were no significant sex differences in rates of neuro-
degeneration after controlling for TIV, but there were associ-
ations with age. Specifically, older age at baseline scan was
related to significantly greater rates of ventricular expansion
(0.16 mL/y faster per l-year increment in age; 95% CI 0.03,
0.30) and hippocampal atrophy (0.009 mL/y faster per 1-year
increment in age; 95% CI 0.002, 0.016), and there was a
directionally consistent but nonsignificant association with
rates of whole-brain atrophy (0.46 mL/y faster per 1-year in-
crement in age; 95% CI —0.04, 0.95).
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Effects of Baseline AR Deposition

Results of analyses testing associations of Ap at age 70 years
with subsequent rates of neurodegeneration over the next 2.4
years are provided in Figure 1.

Being AP positive (compared to negative) was associated with
significantly greater rates of neurodegeneration: 0.92-mL/y
faster whole-brain atrophy, 0.40-mL/y greater ventricular ex-
pansion, and 0.016-mL/y faster hippocampal atrophy. Similar
relationships were seen with higher baseline Ap SUVR, which
had significant associations with greater rates of ventricular
expansion (0.20 mL/y faster per 0.1 increment in SUVR) and
hippocampal atrophy (0.009 mL/y faster per 0.1 increment in
SUVR) and a nonsignificant association with rates of whole-
brain atrophy (0.39 mL/y per 0.1 increment in SUVR). There
was no evidence of nonlinear associations.

There was an interaction between AP and sex whereby Ap had a
greater effect on rate of whole-brain atrophy in women than
men (eTable 1, links.lww.com/WNL/B942). Post hoc strati-
fication by sex revealed that being AP positive at baseline
(compared to negative) was associated with 1.82-mL/y greater
atrophy in women (95% CI 0.64 to 3.00) and 0.31-mL/y faster
atrophy in men (95% CI —0.93 to 1.56), while a 0.1 increment
in baseline Ap SUVR was associated with 0.85-mL/y greater
atrophy in women (95% CI 0.24 to 1.47) and 0.06 mL/y faster
atrophy in men (95% CI -0.62, 0.73).

Effects of Baseline WMHV

Results of analyses testing associations of WMHYV at age 70
years with rates of neurodegeneration over the next 2.4 years
are provided in Figure 1.

Higher WMHYV was associated with significantly greater rates of
neurodegeneration: each 10-mL additional WMHYV was related
to 1.09-mL/y faster whole-brain atrophy, 0.32-mL/y greater
ventricular expansion, and 0.014-mL/y faster hippocampal at-
rophy. There was no evidence of nonlinear associations.

There were no interactions between WMHYV and sex (p > 0.1,
all tests; eTable 1, links.lww.com/WNL/B942).

Disproportionate Hippocampal Atrophy

Associations of baseline AP and WMHYV with rates of hippo-
campal atrophy were attenuated after adjustment for whole-brain
atrophy such that only the effect of AP SUVR remained signif-
icant. Specifically, each 0.1 increment in AP SUVR was associated
with 0.005-mL/y faster hippocampal atrophy (95% CI 0.000 to
0.010), while A positivity was associated with 0.008-mL/y
greater hippocampal atrophy (95% CI -0.001 to 0.017), and
each 10 mL additional WMHYV was associated with 0.005-mL/y
faster hippocampal atrophy (95% CI —0.001 to 0.012).

Independent and Interactive Effects of
Baseline AP Deposition and WMHV

Effects of Ap and WMHYV on rates of neurodegeneration
remained similar when they were assessed together as pre-
dictors in the same model (Figure 1).

Neurology.org/N


http://links.lww.com/WNL/B942
http://links.lww.com/WNL/B942
http://links.lww.com/WNL/B942
http://neurology.org/n

Table 1 Participant Characteristics and Predictors of Interest

Characteristic

Full Insight 46 sample
(maximum n = 502)

Current analysis
(maximum n = 346)

Age at baseline scan, mean (SD), y 70.7 (0.7) 70.5 (0.6)
n =471
Sex, % female 49.0 48.3
MMSE score at baseline, of 30, median (IQR) 30 (29-30) 30 (29-30)
DSST score at baseline, of 93, mean (SD) 47.6 (10.4) 48.6 (10.2)
n =501
Socioeconomic position at age 53 y, % manual 15.1 15.0
APOE =4 carrier, %
All participants 29.6 29.9
n = 5007 n = 3447
ApB positive 58.1 59.7
n = 86° n=572
AP negative 22.7 22.7
n=374% n =282
Diabetes at baseline, % yes 1.3 10.8
n=4972 n = 3442
Prior myocardial infarction at baseline, % yes 2.6 2.6
Prior stroke at baseline, % yes 3.6 3.8
Smoking status at baseline, %
Ever smoked 65.9 65.3
Current smoker 3.6 2.9
Body mass index at baseline, kg/m? 27.8 (4.6) 27.3(4.1)
FHS-CVS, median (IQR), %
Age 36y 2.7 (1.5-3.6) 2.7 (1.6-3.6)
n = 4552 n=312°2
Age 53y 10.9 (6.7-15.6) 10.9 (6.5-15.6)
n = 4872 n=337°
Age 69y 24.2 (15.1-34.9) 23.5(14.9-34.7)
n = 4882 n=3412
Systolic blood pressure, mean (SD), mm Hg
Age 36y 120.2 (13.7) 120.0 (14.1)
n = 4607 n=3137
Age 53y 133.5(19.0) 133.6 (19.0)
n = 4887 n =338
Age 69y 132.3(16.0) 132.5(15.9)
n = 4952 n = 3442

Global AB SUVR at baseline, median (IQR)

All participants

0.55(0.52, 0.58)

0.54(0.51, 0.58)

n = 4627 n=3417

ApB positive 0.68 (0.64, 0.73) 0.68 (0.64, 0.71)
n =86 n=57%

AB negative 0.53 (0.51, 0.56) 0.53 (0.51, 0.56)

n =376

n=284°

ApB status at baseline, % positive

18.6 (n = 462)

16.7 (n = 341)

Global WMHYV at baseline, median (IQR), mL

3.1(1.6, 6.8)
n = 455°

2.7(1.5,6.1)
n = 342°
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Table 1 Participant Characteristics and Predictors of Interest (continued)

Characteristic

Full Insight 46 sample
(maximum n = 502)

Current analysis
(maximum n = 346)

Total intracranial volume, mean (SD), mL 1,433 (133) 1,434 (131)
n = 4687

Whole brain volume at baseline, mean (SD), mL 1,100 (99) 1,104 (97)
n = 4687

Ventricular volume at baseline, mean (SD), mL 31.1(16.3) 30.0 (14.5)
n = 4687

Total hippocampal volume at baseline, mean (SD), mL 6.27 (0.67) 6.30 (0.64)
n = 4687

Abbreviations: AR = B-amyloid; MMSE = Mini-Mental State Examination; DSST = Digit Symbol Substitution Test; FHS-CVS = Framingham Heart Study Car-
diovascular Risk Score; IQR = interquartile range; SUVR = standardized uptake value ratio; WMHV = white matter hyperintensity volume.

2 Number of participants with available data if below maximum possible.

After WMHYV was accounted for, in addition to age, sex, and
TIV, AP status explained an additional 1.1% of the variance
in whole-brain atrophy rate, 2.6% of the variance in ven-
tricular expansion rate, and 2.1% of the variance in hippo-
campal atrophy rate. After AP status was accounted for, in
addition to age, sex, and TIV, WMHYV explained an addi-
tional 3.3% of the variance in whole-brain atrophy and
ventricular expansion rate and 3.1% of the variance in hip-
pocampal atrophy rate.

There were no interactive effects of Ap and WMHYV (p > 0.1,
all tests; eTable 1, links.Iww.com/WNL/B942).

Effects of APOE £4 Status

Results of analyses testing associations of APOE €4 with rates
of neurodegeneration around age 70 years are reported in
Table 3.

APOE &4 carriers had significantly greater rates of hip-
pocampal atrophy (0.011 mL/y faster than noncarriers),
and there were directionally consistent but nonsignifi-
cant relationships with rates of whole-brain atrophy
(0.67 mL/y higher than noncarriers) and ventricular ex-
pansion (0.13 mL/y faster than noncarriers). Effects were
attenuated after adjustment for AP status and, to a lesser
extent, WMHYV.

Effects of Exposure to Vascular Risk at Ages 36,
53, and 69 Years

Results of analyses testing associations of FHS-CVS and systolic
BP at different stages of adulthood with rates of neurodegeneration
around age 70 years are reported in Tables 4 and 5, respectively.

Higher FHS-CVS and systolic BP at age 53 years were initially
found to be associated with faster rates of hippocampal at-
rophy in later life, but effects were small and no longer sig-
nificant after exclusion of an influential data point (eAppendix
1, linksIww.com/WNL/B942). Otherwise, there were no
significant relationships of FHS-CVS or systolic BP with rates
of neurodegeneration when assessed across the whole sample
and no evidence of nonlinear associations.

Systolic BP at age 69 years did not interact with Ap status, but
there were differential effects of FHS-CVS at age 69 years by
AP status (eTable 1, links.Iww.com/WNL/B942). Specifi-
cally, higher FHS-CVS at age 69 was related to significantly
greater rates of whole-brain atrophy (0.20 mL/y faster per 5%
increment in FHS-CVS; 95% CI 0.01, 0.40) and hippocampal
atrophy (0.004 mL/y faster per 5% increment in FHS-CVS;
95% CI 0.001, 0.006) in AB-negative individuals, whereas it
had nonsignificant and directionally opposite effects on rates
of whole-brain atrophy (0.05 mL/ y slower per 5% increment
in FHS-CVS; 95% CI —0.32, 0.41) and hippocampal atrophy

Table 2 Rates of Neurodegeneration Quantified From MRI in Cognitively Normal Participants

Mean rates of change in volume measured using the boundary shift integral®

All participants (n = 346)

ApB positive (n =57)

AB negative (n = 284)

Region mL/y (SD) %!y (SD) mL/y (SD) %!/y (SD) mL/y (SD) %!/y (SD)
Whole brain -5.86 (3.19) -0.53(0.28) -6.63(3.07) -0.59 (0.26) -5.65(3.15) -0.51(0.28)
Ventricles 1.24 (0.92) — 1.55 (0.86) — 1.16 (0.90) —

Total hippocampus -0.039 (0.041) -0.63 (0.66) -0.051 (0.046) -0.83(0.75) -0.037 (0.040) -0.59 (0.63)
Abbreviation: AR = B-amyloid.

2 Negative values represent atrophy and positive values indicate expansion. Five participants were missing AR PET data.
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Figure 1 Forest Plot Showing Coefficients and 95% Cls for Associations of Baseline AR and WMHV With Rates of Neuro-
degeneration Quantified From MRI in Cognitively Normal Participants
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Difference in rate of change in BSI (mL/year)

AB =B-amyloid; BSI =boundary shift integral; SUVR = standardized uptake value ratio; WMHV = white matter hyperintensity volume. All models were adjusted
for sex, age at baseline scan, and total intracranial volume. *p < 0.05; **p < 0.01. #¥Bias-corrected and accelerated bootstrap 95% Cls.

(0.004 mL/y slower per 5% increment in FHS-CVS; 95% CI
-0.001, 0.010) in AP-positive individuals. There was a sub-
stantial difference in sample size between groups, however,
with considerably fewer AB-positive (n = 56) than AB-nega-
tive (n = 274) participants.

Sensitivity Analyses

Rerunning analyses without adjustment for age at baseline
scan did not substantially change our findings (eAppendix 2,
links.Iww.com/WNL/B942). After analyses were rerun with
AP SUVRs with a whole-cerebellum reference region, slightly
fewer participants (15.8% vs 16.7%) were AP positive (SUVR
cut point for positivity 1.08); associations between baseline

Neurology.org/N

AP status and rates of neurodegeneration were similar while
relationships between baseline AP SUVR and rates of neu-
rodegeneration were somewhat weaker but directionally the
same; there was a reduced correlation between baseline A
SUVR and WMHYV (r = 0.02; p = 0.75); and the interactions
between AP and sex and between AB and the FHS-CVS at age
69 years were decreased and nonsignificant (eAppendix 3).

Discussion

In this population-based sample of cognitively normal elderly
of almost identical ages, we examined predictors of rates of
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Table 3 Associations of APOE 4 With Rates of Neurodegeneration Quantified From MRI in Cognitively Normal

Participants

Difference in rate of change in BSI (95% Cls) in APOE &4 carriers vs noncarriers, mL/y

Model Whole brain Ventricles Total hippocampus

1 -0.67 (-1.38, 0.04) 0.13 (-0.06, 0.32)° -0.011%(-0.021, -0.002)
2 -0.48 (-1.22, 0.27) 0.02 (-0.16, 0.23)° -0.008 (-0.018, 0.002)

3 -0.56 (-1.26, 0.14) 0.09 (-0.10, 0.28)° -0.010 (-0.020, -0.001)?
4 -0.37 (-1.10, 0.37) -0.01(-0.22, 0.19)° -0.007 (-0.017, 0.003)

Abbreviation: BSI = boundary shift integral.

Model 1 was adjusted for sex, age at baseline scan, and total intracranial volume. Model 2 represents model 1 plus adjustment for baseline 3-amyloid status.
Model 3 represents model 1 plus adjustment for baseline white matter hyperintensity volume. Model 4 represents model 1 plus adjustment for baseline

B-amyloid status and white matter hyperintensity volume.
2 Significant at p < 0.05.
b Bias-corrected and accelerated bootstrap 95% Cls.

neurodegeneration. Key findings were that both AP positivity
and higher WMHYV were related to faster rates of whole-brain
atrophy, ventricular expansion, and hippocampal atrophy, and
their effects were independent.

WMHs have a heterogeneous etiology and underlying pa-
thology, but in older adults, they are largely thought to occur
as a result of chronic ischemia due to small vessel disease
(SVD).** We found no difference in WMHV between AB-
positive and -negative participants, but there was a weak
positive correlation between WMHYV and AP SUVR defined
using a white matter reference region. This relationship was
no longer observed using SUVRs with a whole-cerebellum
reference region, raising the possibility that quantification of
AP using a white matter reference region may be influenced by

the presence of WMHs or SVD, as has been described

. 22,23
previously.””

Prior studies investigating the relationship between WMHs and
AP on PET have reported mixed results, but a recent systematic
review concluded that they were mostly independent pro-
cesses.*® Some studies have observed increased WMHYV in

27-2 .
729 while others have not or

relation to lower Afy4, in CSF,
have only found a relationship in individuals with AD dementia
rather than in people with MCI or healthy controls.>**> There
is also evidence that individuals with cerebral amyloid angi-
opathy, a form of SVD involving deposition of Ap in blood
vessels, have greater WMHs with a predilection for posterior
brain regions.’*** This may explain some of the variability in

findings between studies.

Table 4 Associations of the FHS-CVS at Ages 36, 53 and 69 With Rates of Neurodegeneration Quantified From MRI in

Cogpnitively Normal Participants

Difference in rate of change in BSI (95% ClIs) per 5% increment in FHS-CVS, mL/y

Model Whole brain

Ventricles Total hippocampus

Age 36y (n=301)

1 -0.48 (-1.73, 0.78)

0.12 (-0.25, 0.48)° 0.004 (-0.013, 0.022)

2 -0.34(-1.58, 0.91)

0.08 (-0.28, 0.43)* 0.006 (-0.011, 0.024)

Age 53y (n =326)

1 -0.10 (-0.39, 0.20)

-0.01 (-0.09, 0.08)° -0.002 (-0.006, 0.002)

2 -0.07 (-0.36, 0.22)

-0.02 (-0.10, 0.06)? -0.002 (-0.006, 0.002)

Age 69y (n =330)

1 -0.15(-0.32, 0.02)

0.05 (-0.00, 0.14)* -0.002 (-0.004, 0.0071)

2 -0.11(-0.28, 0.06)

0.04 (-0.01, 0.12)% -0.001 (-0.004, 0.001)

Abbreviations: BSI = boundary shift integral; FHS-CVS = Framingham Heart Study Cardiovascular Risk Score.
Model 1 was adjusted for sex, age at baseline scan, total intracranial volume, baseline B-amyloid status, APOE &4 status, and adult socioeconomic position.
Model 2 was further adjusted for baseline white matter hyperintensity volume. Effects of the FHS-CVS at age 53 years refer to results after exclusion of an

outlier (eAppendix 1, links.lww.com/WNL/B942).
? Bias-corrected and accelerated bootstrap 95% Cls.
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Table 5 Associations of the Systolic Blood Pressure at Ages 36, 53, and 69 Years With Rates of Neurodegeneration

Quantified From MRI in Cognitively Normal Participants

Model

Difference in rate of change in BSI (95% Cls) per 10-mm Hg increment in systolic blood pressure, mL/y

Whole brain

Ventricles

Total hippocampus

Age 36y (n =302)

1

-0.07 (-0.33, 0.19)

-0.00 (-0.08, 0.06)°

-0.001 (-0.004, 0.003)

2

-0.07 (-0.33, 0.19)

-0.01 (-0.08, 0.06)*

-0.001 (-0.004, 0.003)

Age 53y (n = 325)

1

-0.08 (-0.26, 0.10)

0.03 (-0.02, 0.08)*

-0.002 (-0.005, 0.000)

2

-0.05(-0.22, 0.13)

0.01 (-0.04, 0.06)*

-0.002 (-0.004, 0.000)

Age 69y (n =333)

1

-0.02 (-0.22, 0.19)

0.05 (-0.01, 0.13)*

-0.001 (-0.004, 0.002)

2

0.03(-0.18, 0.23)

0.03 (-0.03, 0.10)*

-0.000 (-0.003, 0.003)

Abbreviation: BSI = boundary shift integral.

Model 1 was adjusted for sex, age at baseline scan, total intracranial volume, baseline B-amyloid status, APOE ¢4 status, adult socioeconomic position,
smoking status, presence of diabetes, and body mass index around time of baseline scan. Model 2 was further adjusted for baseline white matter
hyperintensity volume. Effects of systolic blood pressure at age 53 years refer to results after exclusion of an outlier (eAppendix 1, links.lww.com/WNL/B942).

? Bias-corrected and accelerated bootstrap 95% Cls.

Regardless of the reference region used to calculate AP SUVR,
we observed that both AP positivity and greater WMHYV were
independently associated with faster rates of whole-brain at-
rophy, ventricular expansion, and hippocampal atrophy. The
relative contribution of WMHYV was somewhat greater than
that of AP, and there was no evidence that Ap and WMHV
interacted in their effects. These findings are supportive of the
hypothesis that Ap and CVD act predominantly via distinct
rather than synergistic pathways and are consistent with a
number of other studies that have shown independent effects
in relation to rates of atrophy or cognitive decline.*>*>

It is notable that AB-positive (versus AB-negative) individuals
had =15% faster whole-brain atrophy and 50% greater hip-
pocampal atrophy rates, and higher AR SUVR was associated
with disproportionate progressive hippocampal atrophy, de-
spite participants being cognitively normal and years before
significant numbers are expected to develop dementia. The
effect of WMHYV on disproportionate hippocampal atrophy
was directionally similar but nonsignificant. Selective vulner-
ability of the hippocampus is a characteristic feature of early
AD, but it has also recently been reported in relation to
WMHs, including in healthy controls.*®

We initially observed an interactive effect of AP and sex
whereby higher AB deposition at baseline was associated with
faster rates of whole-brain atrophy in women but not in men,
suggesting that women are perhaps more susceptible to the
consequences of AP. Women are known to be at higher risk of
AD, which may be related partly to their longer lifespan, but
sex differences in relationships between AD pathologies or risk
factors and downstream atrophy or cognition have been
reported.*”*” The interaction we observed between AB and sex

Neurology.org/N

was reduced and nonsignificant, however, using SUVRs with a
whole cerebellum reference region, which could mean that our
original finding was a spurious result or that methods of AP
measurement may be affected by sex differences in some way.

There were no clear associations between FHS-CVS or
systolic BP (at ages 36, 53 and 69 years) and progressive
neurodegeneration in later life when assessed across the
whole sample. We previously demonstrated that higher
FHS-CVS or BP, particularly in early or middle adulthood,
was related to smaller brain volumes at age 70 years.""?
This likely reflects that cross-sectional volumes are more
indicative of the effects of brain insult(s) before the point of
brain imaging and that vascular risk exposure earlier in life is
perhaps more detrimental to brain health or associated with
greater cumulative risk exposure. We also considered
whether differences in findings might be related to a re-
duction in statistical power because there were fewer par-
ticipants with longitudinal data. However, post hoc analyses
using the smaller sample of this study showed similar rela-
tionships with cross-sectional volumes to those previously
reported (data not shown).

There was also no evidence that vascular risk and A acted
synergistically to influence rates of neurodegeneration, which
contrasts with findings from other studies that examined their
effects on tau deposition and cognitive decline.*"**

The interpretation of the association between older age at
baseline scan (despite the narrow age range of the sample)
and faster rates of neurodegeneration is uncertain. Previous
studies have demonstrated that rates of ventricular expansion
are relatively stable before the age of 70 years at =1 mL/y but

Neurology | Volume 99, Number 2 | July 12,2022

e137


http://links.lww.com/WNL/B942
http://neurology.org/n

e138

accelerate thereafter, approaching 4 mL/y toward the age of
80 years.*** This is comparable to the effect we observed
(0.16 mL/y faster per 1-year increment in age). Alternatively,
age effects in Insight 46 might reflect a degree of recruitment
bias in that healthier individuals may have been more likely to
attend at the start of the study. While there was no evidence of
this in a previous analysis looking at self-reported health and
disease burden in Insight 46, untested differences may still exist.

The findings of this study have implications for the use of MRI
measures as biomarkers of neurodegeneration in AD. The
AT (N) framework proposes the use of biomarkers of AB (A),
tau (T), and neurodegeneration (N) to classify individuals on
the AD continuum.’ However, neurodegeneration is not
specific to AD, and this study highlights that CVD, as repre-
sented by WMHs, has significant independent effects on
neurodegeneration, which are potentially greater in magni-
tude than those of AB. Thus, the findings of this study are
supportive of the view of others** that CVD biomarkers
should be added to the AT(N) framework, something that has
already been discussed as a possibility in a recent position
article." Our findings also highlight the importance of ac-
counting for CVD in AD trials in which MRI measures are
included as outcomes because its presence might confound
detection of treatment effects, particularly in the preclinical
phase when the relative contribution of CVD may be greater.

The results of this study also have broader relevance to our
understanding of the processes leading to dementia. While this
was a cognitively normal population, it is reasonable to infer that
increased rates of neurodegeneration may have subsequent
consequences for cognition, given that they are known to be
correlated.*® Thus, our findings are in keeping with the idea that
AP and CVD influence risk of cognitive decline predominantly
through distinct pathways and that CVD does not contribute to
the development of AD pathology per se but may act by low-
ering the threshold for onset of dementia. Early interventions
and risk management targeting both potential pathways are
therefore likely to be important. The attenuation of the associ-
ation between APOE €4 and rates of neurodegeneration after
adjustment for Ap and WMHYV suggests that the effects of APOE
€4 were mediated by AP and, to a lesser degree, WMHYV. This is
consistent with APOE €4 primarily, but not exclusively, influ-
encing risk of dementia via AB deposition.*”

Key strengths of this study include its population-based setting
and prospectively collected data. Participants were also almost
identical in age and underwent imaging on a single scanner using
a standardized protocol. This is reflected in their mean (SD)
atrophy rates (whole brain 5.86 [3.19] mL/y; hippocampal
0.039 [0.041] mL/y), which were considerably less variable
(SD/mean ratios around half) compared to those reported by
the Alzheimer’s Disease Neuroimaging Initiative (whole brain
627 [6.15] mL/y; hippocampal 0.052 [0.089] mL/y) and
Australian Imaging and Biomarker Lifestyle study (whole brain
5.46 [7.0] mL/y; hippocampal 0.031 [0.061] mL/y), despite the
use of the same BSI measurement technique.**’
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As documented before, however, Insight 46 has some limitations
in terms of generalizability.”" Participants were all White, so
findings may not be translatable to more ethnically and culturally
diverse populations. They also had marginally higher educational
attainment, socioeconomic position, and self-rated health than
the larger NSHD sample, which suggests that those with poorer
health may have been underrepresented.7 Without tau PET, we
were unable to fully characterize participants according to the
AT(N) framework and could not examine whether tau is more
strongly related to neurodegeneration than AP or whether it
interacts with WMH, as reported elsewhere.>*! Furthermore,
because our analyses were limited to global and hippocampal
volume measures, we could not exclude the possibility that Ap
interacts with WMHs or vascular risk to influence rates of
neurodegeneration in other brain regjons. Last, future analyses
will be important to assess how longitudinal changes in Ap and
WMHUV relate to rates of neurodegeneration, which may provide
further support for the independence of these processes.

In conclusion, AB and CVD have distinct and additive effects on
rates of neurodegeneration in cognitively normal elderly. These
findings have implications for the use of MRI measures as bio-
markers of neurodegeneration in the preclinical phase of AD and for
understanding the processes that confer increased risk of dementia.
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