
RESEARCH ARTICLE

White Matter Hyperintensity Trajectories in Patients
With Progressive and Stable Mild Cognitive
Impairment
Farooq Kamal, PhD, Cassandra Morrison, PhD, Josefina Maranzano, PhD, Yashar Zeighami, PhD, and

Mahsa Dadar, PhD

Neurology® 2023;101:e815-e824. doi:10.1212/WNL.0000000000207514

Correspondence

Dr. Kamal

farooq.kamal@mail.mcgill.ca

Abstract
Background and Objectives
White matter hyperintensities (WMH) are pathologic brain changes that are associated with
increased age and cognitive decline. However, the association of WMH burden with amyloid
positivity and conversion to dementia in people with mild cognitive impairment (MCI) is
unclear. The aim of this study was to expand on this research by examining whether change in
WMH burden over time differs in amyloid-negative (Aβ−) and amyloid-positive (Aβ+) people
with MCI who either remain stable or convert to dementia. To examine this question, we
compared regionalWMHburden in 4 groups: Aβ+ progressor, Aβ− progressor, Aβ+ stable, and
Aβ− stable.

Methods
Participants with MCI from the Alzheimer Disease Neuroimaging Initiative were included if
they had APOE ɛ4 status and if amyloid measures were available to determine amyloid status
(i.e., Aβ+, or Aβ−). Participants with a baseline diagnosis of MCI and who had APOE ɛ4
information and amyloid measures were included. An average of 5.7 follow-up time points per
participant were included, with a total of 5,054 follow-up time points with a maximum follow-
up duration of 13 years. Differences in total and regional WMH burden were examined using
linear mixed-effects models.

Results
A total of 820 participants (55–90 years of age) were included in the study (Aβ+ progressor,
n = 239; Aβ− progressor, n = 22; Aβ+ stable, n = 343; Aβ− stable, n = 216). People who were
Aβ− stable exhibited reduced baseline WMH compared with Aβ+ progressors and people
who were Aβ+ stable at all regions of interest (β belongs to 0.20–0.33, CI belongs to
0.03–0.49, p < 0.02), except deep WMH. When examining longitudinal results, compared
with people who were Aβ− stable, all groups had steeper accumulation in WMH burden with
Aβ+ progressors (β belongs to −0.03 to 0.06, CI belongs to −0.05 to 0.09, p < 0.01) having the
largest increase (i.e., largest increase in WMH accumulation over time).

Discussion
These results indicate that WMH accumulation contributes to conversion to dementia in older
adults with MCI who are Aβ+ and Aβ−.
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Introduction
Mild cognitive impairment (MCI) is characterized by de-
clines in cognitive functioning that are more severe than
what is observed in normal aging, but do not interfere with
activities of daily living.1 People with MCI experience both
an increased rate of cognitive decline and convert to de-
mentia with a higher annual conversion rate compared with
healthy older adults.1,2 While not everyone with MCI con-
verts to dementia, this stage of decline is often identified as a
transitional stage between healthy aging and dementia.
Much research has thus focused on studying people with
MCI to identify who will convert to dementia. More spe-
cifically, researchers endeavor to find early biomarkers in
people with MCI who convert to dementia (hereafter re-
ferred to as progressive MCI [pMCI]) that distinguish them
from people with MCI who do not convert to dementia
(hereafter referred to as stable MCI [sMCI]). Identifying
who will convert from MCI to dementia has been difficult in
clinical practice because of the heterogeneous nature of
MCI. However, 1 approach is to examine people with MCI
who have biomarkers that increase their risk of developing
dementia. For example, individuals with MCI positive for
β-amyloid (Aβ) or tau are at an increased risk of converting
to Alzheimer disease (AD) because they may be in the initial
symptomatic stages of AD (see Sperling et al.3 for a review).

Other pathologic brain changes, such as white matter hyper-
intensities (WMH), contribute to healthy older adults’ risk of
cognitive decline4 and conversion to MCI or dementia.5-7

WMH are observed as an increased signal in T2-weighted
(T2w) or fluid-attenuated inversion recovery (FLAIR) MRIs.
WMH are used as a proxy for cerebrovascular disease, a
known contributor for cognitive decline and dementia.8-10

High WMH burden is associated with increased cognitive
decline in MCI6,11-13 and increased conversion from MCI to
dementia.14 Another study observed over an 18-month period
that pMCI was associated with increased periventricular and
deep WMH compared with sMCI.15 However, the sample
size in this study was quite limited. In a much larger sample of
591 people with MCI, it was observed that those with pMCI
had increases in total WMH volume compared with those
with sMCI (with mean follow-up times of 2–2.5 years).14

While these studies offer insight into the association be-
tween WMH and MCI, the follow-up periods are quite
short, given that the annual conversion rate from MCI to
dementia in community and clinic samples is only 3% and
13%, respectively.16

Several limitations exist in the current research examining the
relationship between WMH and pMCI vs sMCI. These studies
used total WMH burden that captures overall lesion volume
affecting the whole brain. Examining regionalWMH is important
when investigating conversion to dementia because different
patterns of WMH accumulation are associated with different
types of dementia. For example, a more widespread WMH ac-
cumulation in MCI is associated with conversion to vascular
dementia,17 whereas posteriorWMHare associatedwith AD.18,19

These findings suggest that evaluation of regional WMH differ-
ences may provide insight into the type of dementia someone
with MCI will develop. Furthermore, previous studies have not
examined WMH differences between pMCI and sMCI who are
amyloid positive (Aβ+) and amyloid negative (Aβ−). Those with
MCI who are Aβ+ are on the AD trajectory, whereas those who
are Aβ− are more likely to develop other types of dementia. This
difference in diagnostic outcome may influence WMH burden.
Previous research examining amyloid positivity in mild amnestic
dementia found that those who are Aβ+ have increased WMH
compared with those who are Aβ−. Ultimately, while previous
studies have observed that people with pMCI have increased
WMH burden compared with those with sMCI, they have lim-
ited sample size, short follow-up times, do not examine regional
WMH burden, and have not compared Aβ+ and Aβ− partici-
pants. More research is therefore needed to understand the re-
lationship between WMH burden with amyloid positivity in
those who convert from MCI to dementia.

This study was designed to expand on the current research by
examining WMH burden between Aβ+ and Aβ− pMCI and
sMCI participants. The goal of this studywas to examine whether
WMH influence conversion to dementia in people with MCI
who were either Aβ− or Aβ+. In addition, we sought to examine
how much of WMH progression is associated with amyloid
positivity vs vascular risk factors by including vascular risk factors
into our models. This distinction between amyloid vs vascular
causes of WMH is essential because many vascular risk factors
associated with WMH may be treatable or preventable.20-22

Therefore, if we observe that WMH are associated with the
vascular risk factors, then conversion to dementia may be miti-
gated or prevented by treating these underlying risk factors.

Methods
Participants
Data used in this article were obtained from theAlzheimerDisease
Neuroimaging Initiative (ADNI) database (adni.loni.usc.edu). All

Glossary
Aβ = β-amyloid; Aβ− = amyloid negative; Aβ+ = amyloid positive; AD = Alzheimer disease; ADAS-13 = Alzheimer Disease
Assessment Scale–13; ADNI = Alzheimer Disease Neuroimaging Initiative; AUC = area under the ROC curve; AV45 =
florbetapir; BMI = body mass index; CDR-SB = Clinical Dementia Rating–Sum of Boxes; FLAIR = fluid-attenuated inversion
recovery; MCI = mild cognitive impairment; PiB = Pittsburgh compound B; pMCI = progressive MCI; ROC = receiver
operating characteristic; sMCI = stable MCI; T1w = T1 weighted; T2w = T2 weighted;WMH = white matter hyperintensity.
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participants were between 55 and 90 years of age during re-
cruitment and exhibited no evidence of depression. Participants
with MCI (N = 820) with both APOE ɛ4 status and amyloid
measures were included in the study. These participants had a
maximum follow-up period of 13 years, with a total of 5,054
follow-up time points and an average of 5.7 follow-up time points
per participant.

Participants with MCI were divided into 4 groups: (1) Aβ+
progressor, (2) Aβ− progressor, (3) Aβ+ stable, (4) Aβ−
stable. Both PET and CSF values were used to determine
amyloid positivity in people with MCI because some partic-
ipants had only 1 measurement available. Additional partici-
pant information can be found in the eMethods (links.lww.
com/WNL/C955).

WMH Measurements
In this study, WMH reflect decreased signal (i.e., hypointensities)
in the white matter tissue of the brain observed on T1-weighted
(T1w) images, corresponding to T2w and FLAIR hyper-
intensities and are used as an indicator of cerebral small vessel
disease (i.e., cerebrovascular pathology). WMH volumes were
computed for total brain, deep, periventricular volumes and by
region for frontal, temporal, parietal, and occipitalWMHvolumes.
Details on structural MRI acquisition and processing of WMH
can be found in the eMethods (links.lww.com/WNL/C955).

Statistical Analysis
Linear regression models were used to investigate baseline
group differences in total, deep, periventricular, and regional
WMH loads (frontal, temporal, parietal, and occipital), in-
cluding age, sex, years of education, and APOE ɛ4 status as
covariates. The categorical variable of interest was group
status (Aβ+ progressor, Aβ− progressor, Aβ+ stable, and Aβ−
stable) to examine whether group status influenced baseline
WMH (eSAP1, models 1 and 2, links.lww.com/WNL/C955).

For longitudinal assessments, WMH load at different visits
was examined using linear mixed-effects models. WMH were
the dependent variable of interest, and the interaction be-
tween follow-up time and group status was examined (eSAP1,
model 3, links.lww.com/WNL/C955).

Additional models were added to examine the effect of con-
tinuous Aβ (extracted based on CSF Aβ) on WMH and
cognition (eSAP1, models 4 and 5, links.lww.com/WNL/
C955). The impact of WMH and Aβ on atrophy and con-
version to dementia were also examined using linear mixed-
effects models (eSAP1, models 6 and 7). Receiver operating
characteristic (ROC) curve analysis was completed to exam-
ine differences between Aβ+ progressors and Aβ+ stable
based on the longitudinal slope of WMH. The predictive
value of total and regional WMH was assessed separately
within groups with different baseline Clinical Dementia
Rating–Sum of Boxes (CDR-SB) values. Detailed information
is provided in eSAP for all the additional models, baseline, and
longitudinal assessments.

While our T1w-based WMH have very high correlations with
FLAIR-based WMH (r = 0.97, p < 0.0001), they might not
capture the whole extent of WMH. To investigate whether
this might affect the findings, we repeated the main analyses
for whole brain WMH, separately in the ADNI1 and ADNI2/
GO, which had consistently acquired T2w/PD (for ADNI1)
and FLAIR (for ADNI2/GO) sequences within each study.
The sameWMH segmentation tool was used to extractWMH
volumes based on T1w + T2w + PD sequences in the ADNI1
and T1 + FLAIR sequences in ADNI2/GO.e9 Demographic
and clinical information for the ADNI1 and ADNI2/GO
subsets were also compared with the full sample used to
perform the primary analyses.

Results
Baseline Demographics and Cognitive Scores
eTable 1 (links.lww.com/WNL/C955) summarizes de-
mographic information and clinical characteristics. Of the 820
individuals with MCI at baseline, 455 were diagnosed with
dementia at follow-up visits. Individuals who were Aβ− stable
were younger than both Aβ+ progressors (x2 = −3.48, p <
0.001) and those who were Aβ+ stable (x2 = −4.09, p < 0.001).
The proportion of people with APOE ɛ4+ differed between
all groups except Aβ− stable and Aβ− progressors (x2 belongs
to 12–122, p < 0.001), with Aβ+ progressors having the
highest proportion of people with APOE ɛ4+, followed by
Aβ+ stable, Aβ− stable, and last, Aβ− progressors. Years of
education and proportion of male to female individuals
did not differ between any of the groups. We found signifi-
cant differences in Alzheimer Disease Assessment Scale–13
(ADAS-13) scores between Aβ− stable and Aβ− progressor
groups, Aβ− stable and Aβ+ stable groups, Aβ− stable and
Aβ+ progressor groups, and Aβ+ stable and Aβ+ progressor
groups (t belongs to 4.43–21.12, p < 0.001). For CDR-SB
scores, the Aβ+ progressor group differed from Aβ+ and Aβ−
stable groups (t belongs to 7.71–7.86, p < 0.001) with the Aβ+
progressor group exhibiting higher cognitive performance
scores than Aβ+ and Aβ− stable groups. Body mass index
(BMI) was lower in Aβ+ progressors than in the Aβ− stable
group (t = −3.97, p < 0.001). As for vascular risk factors,
hypertension and diabetes were not different between groups.

To examine potential selection biases in our sample, partici-
pants who were excluded because of missing measurements
(i.e., amyloid, APOE ɛ4 status, or MRI scans) were compared
with our full sample. Demographic and clinical characteristics
are summarized in eTable 2 (links.lww.com/WNL/C955).
The sample that was excluded was similar in terms of age,
sex, and education levels, but had higher CDR-SB (1.6 vs 1.4,
t = 2.85, p = 0.004) and ADAS-13 scores (17.1 vs 15.9, t =
2.98, p = 0.002) compared with the participants included in
our sample.

Finally, we compared the demographic and clinical in-
formation from the full sample (i.e., those with T1w images)
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with the ADNI1 (i.e., those with T1w + T2w + PD) and
ADNI2/GO (i.e., those with T1w + FLAIR). Demographic
and clinical characteristics were not different across the 3
groups (eTables 3 and 4, links.lww.com/WNL/C955).

Baseline Assessments
Figure 1 shows boxplots of baseline total WMH load and
separately for each lobe for all groups. eTables 5 and 6
(links.lww.com/WNL/C955) summarize the linear re-
gression model results for baseline WMH for all groups
across all regions. Both Aβ+ groups exhibited greater
WMH burden than the Aβ− stable group (Aβ+ progressor:
t belongs to 2.65–3.73, p < 0.001, and Aβ+ stable: t belongs
to 2.35–3.94, p < 0.01) at all regions of interest, except for
deep WMH.

Longitudinal Assessments
Figure 2 shows the longitudinal WMH distributions sepa-
rately for each lobe for all groups. eTables 7 and 8 (links.lww.
com/WNL/C955) summarize the results of the longitudinal
linear mixed-effects models for all groups contrasted against
the Aβ− stable group across all WMH regions. Follow-up time
was associated with increase in WMH load in the Aβ− stable
group (t belongs to 7.15–21.33, p < 0.001). Aβ− progressors
(t belongs to 4.45–5.22, p < 0.001) had increased WMH load
change over time compared with the Aβ− stable group at all
regions except the temporal region. Individuals who were Aβ+

stable (t belongs to 6.12–9.30, p < 0.001) and Aβ+ pro-
gressors (t belongs to 10.77–19.17, p < 0.001) had in-
creasedWMH load change over time in all regions compared
with the Aβ− stable group. Aβ+ progressors (t belongs to
3.87–11.01, p < 0.001) had increased WMH load change
over time compared with the Aβ+ stable group. Aβ− pro-
gressors (t = 2.89, p = 0.004) had increased WMH load
change over time compared with the Aβ+ stable group at
only the occipital region. Aβ+ progressors (t belongs to
5.07–6.45, p < 0.02) had increased WMH load change over
time in all regions compared with the Aβ− progressor group
at total, frontal, and parietal regions only. That is, compared
with the Aβ− stable group, increasingly steeper change over
time was observed in Aβ− progressors, followed by the Aβ+
stable group and Aβ+ progressors. To ensure that the min-
imum duration of follow-up time did not affect these results,
the models were repeated including only participants with a
minimum of 1, 2, and 3 years of follow-up, yielding similar
results in terms of effect size and significance (eTables 9
and 10).

To investigate whether using T1w-based WMH biased our
results, we repeated the longitudinal WMH analyses for whole
brain WMH with T2w/PD-based (for ADNI1) and FLAIR-
based (for ADNI2/GO) WMH. Our analyses showed similar
results to the T1w-based analyses (eTables 11 and 12, links.
lww.com/WNL/C955).

Figure 1 Boxplots Showing Baseline WMH Distributions (Log Transformed) Across Diagnostic Groups for Each Lobe

Baseline WMH distributions (log transformed) across diagnostic groups for each lobe. The first and second rows show the log-transformed WMH loads for
each group by lobe. Aβ+ progressor, Aβ− progressor, Aβ+ stable, and Aβ− stable. Aβ− = amyloid negative; Aβ+ = amyloid positive; WMH = white matter
hyperintensity.
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Continuous Amyloid Measure
eTable 13 (links.lww.com/WNL/C955) summarizes the linear
mixed-model results forWMHburden and Aβ across all regions.
There was a significant association between Aβ and WMH
(t belongs to −4.43 to −2.11, p < 0.05) for all regions of interest.

There was a significant interaction between regional WMH
and Aβ on cognition. Higher WMH and lower CSF Aβ
(i.e., increased levels of Aβ in the brain) was associated with
higher CDR-SB score (i.e., worse cognitive performance) at
total, frontal, and parietal regions (t belongs to −3.26 to −2.52,
p < 0.01). These results are summarized in eTable 14 (links.
lww.com/WNL/C955).

WMH, Amyloid, and Brain Atrophy
Weobserved a significant impact ofWMH (t = −2.03, p = 0.04)
and a significant interaction between Aβ positivity and WMH
burden (t = −4.97, p < 0.001) on hippocampal atrophy. For the
entorhinal cortex, we observed independent impacts of WMH
(t = −2.32, p = 0.02) and Aβ positivity (t = −3.18, p = 0.001),
but not an interaction. For the medial temporal lobe, we ob-
served both significant impacts of WMH (t = −2.14, p = 0.03)
and Aβ positivity (t = −3.03, p = 0.002) and a significant
interaction (t = −6.58, p < 0.001). Results are summarized in
eTable 15 (links.lww.com/WNL/C955).

Conversion
The generalized mixed-effects models showed indepen-
dent impacts of WMH (t = 3.68, p < 0.001), and Aβ posi-
tivity (t = 5.32, p < 0.001), but not their interaction (t = −1.60,
p = 0.11) on conversion to dementia.

Vascular Risk Factors
At baseline assessment, BMI was not significantly associated
with WMH at any region. Diabetes was observed to be as-
sociated with WMH only in the occipital region (t = −2.12,
p = 0.03) showing no relationship in the other regions.
Hypertension was found to be associated with WMH in
total volume (t = 3.38, p < 0.001) at all regions (t belongs to
2.14–3.70, p < 0.035) except the occipital region.

At longitudinal assessment, BMI and diabetes were not as-
sociated with WMH at any region (p > 0.05). Hypertension
was found to be associated with total WMH volume (t = 4.00,
p < 0.001) and at all regions (t belongs to 2.50–4.33, p < 0.015)
except the occipital region. Although not significant, the
strongest association between WMH and diabetes was ob-
served in the occipital region (t = −1.90, p = 0.056).

The Aβ+ progressors had a longer maximum follow-up year
compared with Aβ+ stable and Aβ− stable groups. To ensure

Figure 2 Longitudinal Change in Total and Regional WMH Volume by Group

LongitudinalWMHdistributions (log transformed) across diagnostic groups for each lobe. The first and second rows show the log-transformedWMH loads for
each group by lobe. Aβ+ progressor, Aβ− progressor, Aβ+ stable, and Aβ− stable. Aβ− = amyloid negative; Aβ+ = amyloid positive; WMH = white matter
hyperintensity.
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group differences were not driven by the variation in maxi-
mum follow-up year, all analyses were rerun matching a
subsample of the Aβ+ progressors to the other groups in
terms of maximum follow-up year. All results remained the
same in terms of effect size and significance. Additional sec-
ondary analyses were completed on the subset of participants
(N = 767) with baseline triglyceride, smoking, serum glucose,
and cholesterol levels and indication of cardiovascular disease
(identified as 1 = yes, 0 = no). This information was down-
loaded from the ADNI. We observed that only serum glucose
levels were associated with baseline WMH burden at all
measures and regions except occipital and periventricular
regions (t belongs to 2.28–2.89, p < 0.05). The main effects of
these factors on WMH burden by region are summarized in
eTables 16 and 17 (links.lww.com/WNL/C955). Of impor-
tance, including these extravascular risk factors did not change
the effect size or significance of the main effects of interest
(group status).

ROC for Classification: Aβ+ Converters
vs Nonconverters
To distinguish Aβ+ progressors from those who were Aβ+
stable based on the longitudinal WMH slope, we compared
the predictive value of total and regional WMH for each
baseline CDR-SB value (0.5, 1, 1.5, and 2). As expected,
conversion ratios were very different across groups with dif-
ferent baseline CDR-SB scores. For baseline CDR-SB value of
0.5 (N = 111), conversion ratio was observed at 0.1875. For
CDR-SB of 1 (N = 118), 1.5 (N = 109), and 2 (N = 85),
conversion ratios were observed at 0.3364, 0.4455, and
0.5467, respectively. ROC curve analyses showed that WMH
slopes were able to differentiate between stable and pro-
gressor individuals. Classification performance was highest for
the group with baseline CDR-SB value of 1, with best differ-
entiation seen for the frontal region (area under the ROC
curve [AUC] = 0.71, Figure 3) and total WMH (AUC = 0.72,
Figure 3). Overall, total and frontal WMH slopes were very
good differentiators of conversion, suggesting that WMH
accumulation may contribute to AD conversion, particularly
in individuals in the initial stages of cognitive impairment
(i.e., CDR-SB < 2).

Discussion
Previous research has identified an association between MCI
and WMH, with pMCI showing increased WMH loads
compared with those with sMCI.14,15 This association, how-
ever, has not been examined in studies with long follow-up
periods to determine whether rate of WMH load change over
time differs between the groups. Findings have also yet to
explore whether amyloid positivity or negativity influences
rate of change in WMH burden in pMCI and sMCI. This
study investigated regional baseline and longitudinal WMH
burden in 4 subtypes of MCI: Aβ+ progressors, Aβ+ stable,
Aβ− progressors, and Aβ− stable. We have 4 main findings:
(1) WMH burden was related to conversion to both AD and
dementia (i.e., associated with an increased rate of change in

both Aβ+ progressors and Aβ− progressors), (2) Aβ+ indi-
viduals have increasedWMHprogression compared with Aβ−
individuals, (3) hypertension was significantly associated with
baseline and longitudinal progression of WMH burden in
total volume and all regions except occipital, and (4) slope of
change in frontal and total WMH can differentiate between
Aβ+ stable and progressor individuals with similar baseline
cognitive status (CDR-SB), particularly in earlier stages of
cognitive decline.

We observed lower baseline WMH in the Aβ− stable group
comparedwith that in Aβ+progressors and theAβ+ stable group
across all regions. In line with previous reports, which had a
shorter follow-up period, we found a disproportionately greater
prevalence ofWMH inAβ+ progressors with an increased rate of
conversion from MCI to dementia.14,15 When examining the
longitudinal data, increased follow-up time was associated with
increased WMH in all regions. Furthermore, in the longitudinal
data, compared with the Aβ− stable group, all groups had sig-
nificantly steeper change in WMH progression. The largest
change (in slope) was observed for Aβ+ progressors com-
pared with the Aβ− stable group. Compared with Aβ+ stable,
Aβ− progressors only had steeper slopes (i.e., increased
change in WMH over time) in the occipital region. Posterior
WMH accumulation has previously been associated with
AD-associated degenerative mechanisms.18,19,23 Thus, al-
though these Aβ− individuals are converting to non-AD
dementia, they are exhibiting some WMH burden that re-
sembles the pattern seen in individuals with AD.

In such cases, accumulation of WMH in the occipital region is
an indicator of dementia conversion for Aβ− individuals. The
Aβ+ progressors exhibited a steeper slope over time than Aβ−
progressors (in total volume, frontal, and temporal regions).
This difference between Aβ− and Aβ+ progressors suggests
that WMH rate of change in these areas in people who de-
velop dementia may be partly accounted for by amyloid
positivity. The Aβ+ progressors exhibited an increased rate of
WMH change compared with Aβ+ stables in the same regions
as Aβ− progressors (total, frontal, and temporal) and in the
parietal and occipital regions, indicating that the parietal and
occipital changes might be associated with conversion to
dementia, whereas the total, frontal, and temporal WMHmay
be associated with other factors (e.g., amyloid or vascular risk
factors). This interpretation coincides with previous research
suggesting that frontal white matter lesions are partly asso-
ciated with small vessel disease.23 These findings suggest that
an increase in widespread WMH pathology occurs in MCI
who convert to dementia.

Overall, our results highlight that regardless of amyloid status,
older adults who convert to dementia have more WMH
progression than those who remain stable. Thus, WMH
progression contributes to dementia conversion in people
withMCI who are both Aβ− and Aβ+. These findings indicate
that WMH are important for progression to dementia/AD. In
addition, people with MCI who are Aβ+ exhibited more
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WMH progression than people with MCI who are Aβ−. This
finding suggests that amyloid positivity is related to the rate of
progression of WMH across brain regions and that at least a
portion of WMH progression can be explained by amyloid
positivity. When examining the interaction between WMH
burden and continuous amyloid levels, we observed signifi-
cant associations between WMH loads and continuous CSF
Aβ values for total and all regional WMH indicating an as-
sociation betweenWMH and CSF Aβ. This result suggests that
higher WMH burden in participants with MCI (both pro-
gressor and stable) is linked to the accumulation of Aβ in the

brain (corresponding to lower CSF Aβ values). We further
found a significant association with WMH and Aβ, affecting
cognitive performance, suggesting a combined effect of higher
WMH burden and lower CSF Aβ (i.e., higher Aβ levels in the
brain) on cognitive decline in participants with MCI. These
results show that there is an interaction betweenWMH and Aβ
positivity in defining the future risk of dementia.

We also examined the relationship betweenWMH burden and
vascular risk factors as the direct underlying mechanism in-
volved in WMH accumulation. The importance of examining

Figure 3 ROC Analysis to Compare the AUC of Amyloid Positive Converters With Nonconverters

ROC analysis to compare the AUC of amyloid-positive converters with nonconverters at 0.5, 1.0, 1.5, and 2.0 CDR-SB scores for regional and total WMH. AUC =
area under the curve; CDR-SB = Clinical Dementia Rating–Sum of Boxes; ROC = receiver operating characteristic; WMH = white matter hyperintensity.
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these factors is that vascular risk factors are potentially
preventable/treatable, and with appropriate intervention,
WMH progression might be controlled, which in turn could
slow down the conversion to dementia. To examine the asso-
ciation with vascular factors, diabetes, BMI, and hypertension
were added to the baseline and longitudinal models. Our
findings suggest that hypertension is strongly associated with
both baseline and rate of accumulation of total and frontal
WMH. In this sample, approximately 48% of participants had
hypertension, which allows for stronger conclusions regarding
the influence of hypertension on WMH burden. This finding
follows past research indicating the association between small
vessel disease and anterior WMH burden.23 Given that hy-
pertension is a modifiable condition, it may be possible to
prevent some of the WMH accumulation through blood
pressure management. Prevention of WMH burden may in
turn mitigate or slow conversion to dementia.24,25 Diabetes
showed to be marginally associated with baseline occipital
WMH burden, which was no longer significant in the longi-
tudinal findings when including other risk factors as covariates
in the models. These limited findings are likely because few
participants identified as having diabetes (only 69 of the entire
820 participants included). Therefore, these results need to be
replicated in a larger sample of diabetic patients to make gen-
eralizable conclusions on the influence of diabetes on WMH
burden in people with MCI. BMI was not significantly asso-
ciated with baseline or longitudinalWMH accumulation. Other
factors such as waist-to-hip ratio, which has previously shown
to be associated with WMH burden,26 may be a more sensitive
risk factor that should be examined in future MCI studies.

The ROC analysis (Figure 3) displays that total and frontal
longitudinal WMH slopes of participants with baseline CDR-
SB score of 1 surpassed all other regions and baseline CDR-SB
scores at successfully classifying Aβ+ pMCI from Aβ+ sMCI
(total AUC = 0.72; frontal AUC = 0.71). Although most
individuals with Aβ positivity will convert to AD eventually,3

screening using Aβ status tends to result in the inclusion of a
considerable percentage of people who remain stable.27 Our
results indicate that WMH burden can increase classification
of Aβ+ people who either progress to dementia or remain
stable with MCI with moderately high accuracy (AUC = 0.72,
Figure 3). These findings suggest that total and regional
WMH can aid in future research and clinical settings to assess
trajectories of patients with MCI who are Aβ+ on the AD
continuum. The AUC is commonly used as a measure of
discriminative performance. However, while our ROC results
are promising, they lack external validation. Future studies
investigating the discriminative performance of WMH mea-
surements in other independent cohorts are therefore war-
ranted to confirm the generalizability of these findings.

The first limitation of this study is that participants in the
ADNI data set have relatively high education levels; future
research should aim to examine the influence of education
levels on WMH in more representative populations to de-
termine whether high education levels are protective against

WMH progression and the related conversion to dementia.
Furthermore, the Aβ− progressor group had a smaller sample
size compared with the other groups, limiting the statistical
power and generalizability of its results. Although linear mixed
models are robust regarding unbalanced data and optimally
use all information together without reducing power, a larger
sample is warranted and would make the results comparing
the baseline and longitudinal data involving Aβ− progressor
individuals more conclusive.

Another limitation is that other variables might influence
WMH burden and conversion from MCI to dementia that
were not examined in this study. For example, social status,
atrial fibrillation, other MRI markers of small vessel disease
(e.g., lacunes, microbleeds), and medications for risk fac-
tors and comorbidities such as antihypertensives, blood
glucose–lowering treatments, statins, or antiplatelets could
influence outcomes. Future research should examine
whether these variables influence WMH progression and/
or conversion from MCI to dementia. In addition, many
health conditions (e.g., stroke) had limited occurrences in
the follow-ups and other measures (e.g., triglyceride levels)
that may influence WMH progression were measured at
baseline and not during follow-up assessments. Previous
research has shown that WMH severity is associated with
increased blood-brain barrier permeability and abnormal
white matter microstructural integrity28; therefore, future
research should also examine the influence of change in
health status (e.g., development of strokes) across follow-
up visits on WMH burden. This study was unable to ex-
amine the proportion of people who progressed to AD vs
other types of dementia because the ADNI only provides a
diagnosis of “dementia” for those who convert fromMCI to
dementia during the study. Associations between baseline
WMH and change in WMH burden over time may differ
between the types of dementia. Not all participants with
MCI had APOE ɛ4 status, MRI scans, and amyloid mea-
surements available from the ADNI. Given that the cog-
nitive status of the subset of participants that had missing
measurements was significantly worse than those that had
these measurements available (eTable 2, links.lww.com/
WNL/C955), it is possible that our findings might un-
derestimate the levels of pathology in those participants.
CSF-based amyloid measures were used in the continuous
models because they were consistently available for a larger
subset of the participants. While the CSF amyloid measures
had high correlations with both Pittsburgh compound B
(PiB) and florbetapir (AV45) PET amyloid measures (PiB:
r = −0.61, p < 0.001; AV45: r = −0.58, p < 0.001) in the
subsets of participants that had both CSF and these PET
measures available, lack of consistently acquired amyloid
PET measures for the entire data set remains a limitation of
this study. Last, we did not have consistently acquired
FLAIR images for all participants included in this study.
Therefore, we used T1w images to segment WMH and
compared our findings with T2w/PD (for ADNI1) and
FLAIR (for ADNI2/GO). Our main analysis did, however,

e822 Neurology | Volume 101, Number 8 | August 22, 2023 Neurology.org/N

Copyright © 2023 American Academy of Neurology. Unauthorized reproduction of this article is prohibited.

http://links.lww.com/WNL/C955
http://links.lww.com/WNL/C955
http://neurology.org/n


show similar results to the T2w/PD and FLAIR sub-
analyses.

This study observed that WMH accumulation is an important
factor in MCI conversion to dementia for both Aβ+ and Aβ−
individuals. This association was strongest in those who were
Aβ+, indicating that WMH accumulation is partly related to
amyloid deposition. Furthermore, the use of WMH pro-
gression to track conversion to dementia proved to be suc-
cessful with relatively high accuracies obtained in the ROC
analysis. This finding suggests that WMH have the potential
to improve clinical predictions of trajectories of patients with
MCI to AD and dementia. Hypertension was also found to be
associated with increased WMH burden and rate of change in
total volume and all regions except the occipital region, sug-
gesting that conversion from MCI to dementia may be miti-
gated through hypertension prevention and treatment.
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