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Background: Growing evidence indicates an association between cerebral microhemorrhages (MHs) and amyloid B accumulation in
Alzheimer disease (AD), but to the knowledge of the authors the association with tau burden is unknown.

Purpose: To investigate the association between cerebral MH load and tau pathologic structure measured in healthy older individu-
als and individuals along the AD spectrum, stratified by using the A (amyloid B)/T (tau)/N (neurodegeneration) biomarker clas-
sification system.

Materials and methods: In this prospective cohort study, participants from the AD Neuroimaging Initiative were included (healthy
control participants, participants with mild cognitive impairment, and participants with AD dementia; data from October 2005
to January 2019). T2*-weighted gradient-echo MRI was performed to quantify MH, fluorine 18 (**F) flortaucipir (AV-1451) PET
was performed to quantify tau, and "*F-florbetaben/'*F- florbetapir (AV45) PET was performed to quantify amyloid B to study
associations of MH with regional and global tau and amyloid 8 load. Associations with cerebrospinal fluid (CSF) biomarkers
(amyloid B1-42, total tau, phosphorylated tau 181) were also assessed. Analysis of covariance and Spearman rank correlation test
for cross-sectional analysis and Wilcoxon signed rank test for longitudinal analyses were used, controlling for multiple comparisons
(Bonferroni significance threshold, 2 < .008).

Results: Evaluated were 343 participants (mean age, 75 years * 7; 186 women), including 205 participants who were A-TN-
(mean age, 73 years = 7; 115 women), 80 participants who were A+ TN- (mean age, 76 years = 7; 38 women), and 58 partici-
pants who were A+TN+ (mean age, 77 * 8; 34 women). MH count was associated with global (Spearman p = 0.27; P = .004)
and frontal (p = 0.27; P = .005) amyloid {3 load and global tau load (p = 0.31; P = .001). In a longitudinal analysis, MH count
increased significantly over approximately 5 years in the entire cohort (T-1, 81 [range, 06 participants]; TO, 214 [range, 0—58
participants]; P < .001), in A+TN+ (T-1, 20 [range, 0-5 participants]; TO, 119 [range, 1-58 participants]; P < .001), A+TN-
(T-1, 31 [range, 06 participants]; TO0, 43 [range, 0-8 participants]; = .03), and A-TN- (T-1, 30 [range, 0—4 participants];
TO, 52 [range, 06 participants]; P = .007). A higher MH count was associated with higher future global (p = 0.29; P = .008) and
parietal (p = 0.31; P = .005) amyloid B and parietal tau load (p = 0.31; P = .005).

Conclusion: Cerebral microhemorrhage load is associated spatially with tau accumulation, both cross-sectionally and longitudinally.
©RSNA, 2020

Online suppl | material is available for this article.

Neuropathologic (1), neuroimaging (2), and cerebro- attributed to Alzheimer disease (AD) (4). An increasing
spinal fluid (CSF) protein marker findings (3) indi- number of midlife vascular risk factors are associated with
cate that vascular changes are key determinants of cogni-  a higher late-life in vivo amyloid B burden, independent
tive decline in old age. Small-vessel disease contributes to  from APOE (5). Vascular pathophysiology in AD is linked
dementia cases globally, including those predominantly  to toxic effects of amyloid B and hypertension-accelerated
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Abbreviations

AD = Alzheimer disease, ADNI = AD Neuroimaging Initiative,
AV45 = florbetapir, AV-1451 = flortaucipir, CSF = cerebrospinal fluid,
FBB = florbetaben, MH = microhemorrhage, SUVR = standardized up-
take value ratio

Summary

In individuals with mild cognitive impairment and early Alzheimer
disease, and in healthy individuals, MRI microhemorrhage count was
associated with amyloid B and tau load at PET.

Key Results

= In participants with mild cognitive impairment, early Alzheimer
disease, and in healthy participants, MRI microhemorrhage (MH)
count was associated with global (Spearman p = 0.31; P =.001)
amyloid B and tau load (p = 0.23; P = .004).

= Study participants with multiple MHs had greater tau (standard-
ized uptake value ratio, 1.31 vs 1.22, respectively; 2 < .03) and
amyloid B PET load (mean centiloid, 53 vs 28; P = .04) versus
healthy participants.

m Cerebrospinal fluid total tau and phosphorylated tau were greater in
participants with multiple MHs versus control participants (386 vs
261 pg/mL [P = .02] and 38 vs 24 pg/mL [P = .005], respectively).

amyloid B deposition by promoting B-secretase activity (6) in
AD mice (overexpressing mutated human amyloid precursor
and presenilin 1 proteins).

Cerebral microhemorrhage (MH) is an established marker of
small-vessel disease: Lobar distribution reflects cerebral amyloid
angiopathy, whereas changes in the deep white matter occur in
arterial hypertension, mostly unrelated to cognitive deteriora-
tion (7). Previous studies (8-10) identified a typical topographic
distribution of MH in AD with lesions located in occipital and
temporoparietal structures. However, MH in hypertensive vas-
culopathy are predominantly located in brainstem, basal ganglia,
and thalamus (11). Lobar vascular changes are also associated
with CSF phosphorylated tau (hereafter, phospho-tau) levels in-
dependent from amyloid B (7).

In AD mice, amyloid 3 and tau accumulation may lead to an
carly breakdown of the blood-brain barrier (12). Human data
suggest that individuals with mild cognitive impairment show
hippocampal blood-brain barrier breakdown even in the absence
of amyloid B and tau (13). MH is a frequent manifestation of
vascular alterations in early AD (10,14) and more prevalent in
APOE g4-allele carriers (15). Individuals with mild cognitive
impairment and AD dementia show a strong correlation be-
tween PET amyloid B load and MH count (9), and individuals
with decreased amyloid 8 and increased total tau and phospho-
tau CSF levels have increased cortical MHs (16,17). Findings
in cerebral amyloid angiopathy suggest that MH are preferen-
tially localized in brain regions with concentrated amyloid B
(18), with evidence from case studies suggesting an association
between MH and tau PET load (19) but not CSF total tau and
phospho-tau (20). However, the spatial associations between
MH, amyloid B, and tau load, to our knowledge, have so far not
been addressed explicitly by using PET imaging in AD.

Our main aim was to investigate the spatial associations be-
tween MH and tau PET pathologic structure cross sectionally
and longitudinally in cognitively normal older individuals and
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individuals with mild cognitive impairment and early AD de-
mentia by considering the presence of fibrillar amyloid . We
decided to focus on MH instead of other MRI vascular abnor-
malities because their pathogenesis is comparable to AD and
because MHs may have a role in triggering adverse reaction to
anti-amyloid § immunotherapy (21).

Materials and Methods

Data used in the preparation of this study were obtained on
January 25, 2019, from the database of the prospective AD
Neuroimaging Initiative (ADNI) study, launched in October
2004 (http:/ladni.loni.usc.edul). All procedures performed in
the ADNI studies that involved human participants were in
accordance with the ethical standards of the institutional re-
search committees and with the 1964 Helsinki declaration and
its later amendments. Written informed consent was obtained
from all participants or their authorized representatives. The
study procedures were approved by the institutional review
boards of all participating ADNI sites.

Study Participants

Participants included in our analyses were recruited for the
prospective ADNI-2, ADNI-go, and ADNI-3 convenience
cohorts (National Clinical Trial numbers NCT00106899,
NCT01231971,and NCT02854033) between 2008 and 2019
and are as follows: participants aged between 55 and 90 years
(inclusive), including cognitively healthy control participants
and participants with mild cognitive impairment or AD demen-
tia who underwent serial evaluations of functional, biomedical,
neuropsychologic, and clinical status at various intervals. Previ-
ous publications referencing the ADNI data set used in this study
are listed online (hezp:/ladni.loni.usc.edu/news-publications/
publications/), as are inclusion and exclusion criteria (b#zps://
adni.loni.usc.edulwp-content/uploads/2008/07/adni2-procedures-
manual.pdf), and summarized in Appendix El (online).
Only participants with available T2*-weighted gradient-echo
MRI for MH depiction and flortaucipir (AV-1451) tau PET
imaging within 12 months from the MRI assessment were
considered for our study (Fig 1). Participants with insufficient
imaging quality and incidental findings (eg, macrohemorrhage
or infarction) were excluded.

On the basis of the National Institute of Aging—Alzheimer’s
Association research framework (22), each participant was as-
signed to a group defined by their respective PET biomarker
profile according to the amyloid B/tau/neurodegeneration,
known as ATN, classification system, irrespective of clinical sta-
tus. Individuals with an A-TN- profile were considered to be
healthy, resulting in a final set of 205 control participants (mean
age, 73 years = 7; 115 female participants). To study MH along
the AD continuum, the following groups were defined: A+TN-
(n = 80; mean age, 76 years = 7; 38 female participants) and
A+TN+ (n = 58; mean age, 77 years = 8; 34 female partici-
pants). Furthermore, individuals suspected of having non-AD
pathologic results were defined as A~TN+ (= 12; mean age, 75
years % 8; six female participants). Participants suspected of hav-
ing non-AD pathologic results were excluded from our analysis
because of non-AD pathophysiologic structure, resulting in a
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ADNI Participants
« T2* GRE MRI (n=1481)

» AV-1451 tau PET imaging within 12 months from the MRI (n=475)

Tau PET exclusions (n=9)

« Data acquired outside window
(n=2)

+ Bad normalisation (n=2)

« Other artifacts (n=5)

MRI exclusions (n=17)

+ Poor T2* MRI quality (n=6): motion
artifacts (n=2)/other artifacts (n=4)

+ Macro hemorrhage/infarction (n=11)

+ non-AD pathophysiology: A-TN+ (n=12)

+ Participant with multiple lesions,
suspect vascular disease (n=1)

days

Available tau PET and T2* GRE MRI (n=343); A-TN- (n=205); A+TN-
(n=80); A+TN+ (n=58), mean time difference Tau-PET and MRI: 30 — .

Exclusions “finding" counts

Al findings (n= 314)

MH not distinguishable from
vascular flow-void/other findings

(n=20)

Excluded (n=145)

no CSF biomarker data
available

| Definite MH counts (n=294) |

Final study cohort for MH/CSF analysis (n=198)

Figure 1:

Flowchart, shows the inifial number of participants and those excluded for any reason. A+ = amyloid 8 positive, A~ = amyloid 8 nega-

tive, AD = Alzheimer disease, ADNI = AD Neuroimaging Initiative, AV-1451 = flortaucipir, CSF = cerebrospinal fluid, GRE = gradient echo, MH =
microhemorrhage, TN+ = tau/neurodegeneration positive, TN- = tau/neurodegeneration negafive.

final cohort of 343 participants (mean age, 75 years = 7; 186 fe-
male participants). This cohort included patients who were given
the clinical classifications of AD dementia (7 = 29) and mild
cognitive impairment (7 = 92) and healthy control participants
(n =222) (Fig 1, Table 1).

Study Design

Because tau PET only recently became available, it was in-
cluded as a neuroimaging measure during ADNI-3. Therefore,
for the purposes of the primary analysis we chose a point at
which all relevant imaging modalities were available (referred
to as T0). In a cross-sectional approach, we analyzed MH count
in the different diagnostic groups and the associations between
MH, tau and amyloid  PET, and CSF biomarkers and cogni-
tive scores. Additionally, we explored how MH change over
time is associated with future tau and amyloid 8 PET load and
CSF biomarkers changes. For this longitudinal approach, we
calculated the MH count difference between T0 and an earlier
time (referred to as T-1; mean difference, 4.84 years * 0.38;
71 participants at T-1). This timeline represents the optimal
trade-off between maximizing the time range for retrospective
longitudinal analysis and the number of participants available
at each point (Fig 2).

MRI, PET, and CSF Acquisition and Analysis

A detailed description of the image and CSF analysis protocols
is provided in Appendix E1 (online). Briefly, experienced rat-
ers counted MH in T2*-weighted native space images. Each
MH was spatially assigned to a T1 magnetization-prepared
rapid acquisition with gradient-echo image. On the basis of a
35-region atlas, the localization and status of each finding and
an estimate of tissue probability (gray matter vs white matter vs
CSF) were recorded. Cerebral tau and amyloid B depositions
were assessed by using fluorine 18 (*F)-labeled AV-1451 tau
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and "®F-florbetaben (FBB)/'*F florbetapir (AV45) PET, respec-
tively, calculating a standardized uptake value ratio (SUVR)
composite score. CSF concentrations of amyloid 3-42, phos-
pho-tau 181, and total tau were available at TO and T-1 for 198
and 66 participants, respectively.

For ATN classification purposes, amyloid B and tau PET
results were dichotomized by using established cutoff values
('""F-AV45 PET SUVR > 1.11; FBB PET SUVR > 1.20; "*F-
AV-1451 PET SUVR > 1.27) (23-25). To obtain comparable
quantification of the amyloid B burden across tracers, we used the
following centiloid calculation as recommended for the ADNI
pipeline: AV45 centiloid = 196.9 X SUVR_, — 196.03, where
SUWFBP is the SUVR of AV45, and FBB centiloid = 159.08 X
SUVRFBB - 151.65, where SUVRFBB is the SUVR of FBB).

Statistical Analysis

Statistical analyses were performed by using statistical software
(SPSS Statistics version 20, IBM, Armonk, NY; and R version
3.5.1, the R Foundation for Statistical Computing, Vienna,
Austria). For a single test, P values less than .05 were consid-
ered to indicate statistical significance. We used Bonferroni
correction in all post hoc comparisons throughout the study to
control for multiple comparisons and we show the corrected P
value except when comparing multiple brain regions, wherein
we indicated the resulting new significance level. Group dif-
ferences in Table 1 were tested by using Kruskal-Wallis test, x?
test, or analysis of covariance, as appropriate. Shapiro-Wilk test
(P <.05) showed deviations from the normality distribution in
MH, tau, and amyloid 3 PET. Nonparametric Spearman cor-
relation adjusted for sex, age, and education was subsequently
used. We transformed the imaging variables into normality
scores of ranks by using the rankit method (26). To control
for confounding variables (cross sectionally and longitudinally)
we tested for group differences in an analysis of covariance ad-
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Table 1: Study Cohort Characteristics

Parameter All Participants A-TN- A+TN- A+TN+ P Value
No. of participants 343 205 80 58

Mean age at MH examination (y) 75 *+7 73 =7 76 =7 77 £ 8 <.001*

No. of women' 186 (54) 115 (56) 38 (48) 34 (59) .36*

Mean no. of years of education 16 =2 17+3 17+3 16 +2 .02*
No. of APOE-positive participants® 36.9 8.7 36.3 48.3 <.001*
Total MH count! 294 (0-58) [11] 74 (0—6) [3] 49 (0-8) [4] 171 (0-58) [5] .01%
Mean CSF amyloid B1-42 (pg/mL) (= = 198) 1256 * 677 1538 £ 670 866 * 493 706 = 307 <.001*
Mean CSF total tau (pg/mL) ( = 198) 270 = 128 223 + 73 288 = 99 416 *+ 184 <.001*
Mean CSF phosphorylated tau (pg/mL) (7 = 198) 25 £ 15 19*7 27 =11 43 =23 <.001*
Mean MMSE score 28+ 3 29 =1 28+ 3 25*5 <.001*
Mean CDR score 0.2*0.3 0.2 £0.2 0.2*+0.3 0.6 £ 0.49 <.001*
Mean ADNI memory function score 0.7*x0.8 0.9 £0.6 0.8 *+0.8 0.0 = 0.9 <.001*
Mean ADNI executive function score 0.8*1 0.8 0.9 0.7 %1 0.1 1.2 <.001*

* Kruskal-Wallis Test.

" Data in parentheses are percentages.

#x?-Test

# Analysis of variance of rankit normality scores.

Note.—Mean data are * standard deviation. A+ = amyloid  positive, A- = amyloid B negative, ADNI = Alzheimer’s Disease Neuroimag-
ing Initiative, CDR = Clinical Dementia Rating, CSF = cerebrospinal fluid, MH = microhemorrhage, MMSE = Mini-Mental State Exami-
nation, TN+ = tau/neurodegeneration positive, TN~ = tau/neurodegeneration negative.

$ Only available for 203 (59.2%) participants on February 25, 2019 in the ADNI database.

I Data in parentheses are ranges of participants; data in brackets are skewness.

justed for age, sex, and education. For the assessment of as-
sociations between MH count with amyloid § and tau PET,
and CSF amyloid B1-42, phospho-tau 181, and total tau, a
Spearman correlation analysis was used, adjusted for sex, age,
and education. To assess retrospective longitudinal changes in
MH count, a Wilcoxon signed rank test was performed.

Results

Demographics of the Cohort

Table 1 shows the demographics of the study population. Of
the included 343 participants, 205 fulfilled criteria for A-
TN-, 80 participants were A+TN-, and 58 participants were
A+TN+. The mean age was 75 yearsand 54% (186 of 343) were
women. MH count differed between groups (P = .01), with a
higher total MH count per group in A+ TN+ (number of MHs,
171 [range, 0-58 participants; skewness, 5]) compared with
A+TN- (number of MHs, 49 [range, 0—8 participants; skewness,
4]), and A-TN- (number of MHs, 74 [range, 06 participants;
skewness, 3]) (Table 1). Post hoc comparisons showed higher
MH counts (P = .01) in participants who were A+ TN+ (mean
[normal score of rankit formula], 0.31 * 0.99 [standard de-
viation]) compared with A-TN- (mean, 0.002 * 0.63), but
not compared with A+TN- (mean, 0.07 = 0.72; P = .14).
Between A+TN- and A-TN-, no difference was found (P
=.99).

However, after adjusting for age, sex, and education, the
group differences were no longer significant (P = .12). The dis-
tribution of MH load per diagnostic group is shown in Figure 3.
Ilustrative examples of T2*-weighted MRI for participants with
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and without MHs and associated tau PETs are presented for the
ATN groups in Figure 4.

Association of MH Count with Tau and Amyloid 3

To assess the associations of tau and amyloid 8 with MH, we
compared participants with a single MH with participants
with multiple MHs (two or more) and participants without
MH. After adjustment for sex, age, and education we observed
a significant main effect for the analysis of covariance group
differences in both tau SUVR (2 = .005) and amyloid B PET
centiloid (P =.02).

Post hoc analysis of tau group differences showed lower (P =
.03) tau composite SUVR in control participants (mean, 1.22 +
0.24) and lower tau composite SUVR (2 = .004) in participants
with a single MH (mean, 1.18 = 0.17) compared with partici-
pants with multiple MHs (mean, 1.31 = 0.27); no difference
between participants without MH and participants with a single
MH was found (P = .39) (Fig 5).

Post hoc analysis of group differences revealed lower (P = .04)
amyloid B centiloid load in control participants (mean, 28 *
37) and lower load (# = .02) in participants with a single MH
(mean, 30 * 48) compared with participants with multiple
MHs (mean, 53 * 49). Again, no difference was found when
comparing control participants and participants with a single
MH (P = .99) (Fig 6). In a comparison of demographic factors
between the single MH and multiple MH groups, age was sig-
nificantly different between groups (2 < .001) but no significant
group difference was revealed for education (P = .71) by using
the Kruskal-Wallis test. Furthermore, sex showed a significant
group difference (P = .03) by using the x* test.
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* MH counts
» CSF biomarkers

v
» Tau and AB PET
« CSF biomarkers
« Cognitive Scores

(Imaging
(MRI) analysis)
N=66 N=198
(CSF) (CSF
analysis)
Mean time period between TO and T-1 = 4.84 + 0.38 years
| I
2012-2013 2017-2018

Figure 2: Study design. CSF = cerebrospinal fluid, MH = microhemorrhage, T = time.

100%
75%
Numbers of MH
no
50% single
I wo
| B
25%
A-TN- A+TN- A+TN+
Figure 3: Distribution of microhemorrhage counts by ATN study groups. A+ = amyloid B posi-

tive, A— = amyloid B negative, MH = microhemorrhage, TN + = tau/neurodegeneration positive,
TN — = tau/neurodegenerafion negative.

An additional correlation analysis by considering the en-
tire study cohort with MH lesions, adjusted for sex, age, and
education, showed positive associations between MH and tau
PET SUVR (Spearman p = 0.31; P = .001) and amyloid B
PET centiloid (p = 0.27; P = .004). Furthermore, regional
correlation analyses, adjusted for sex, age, and education,
showed a positive association of MH count with amyloid
PET centiloid in the frontal lobe (p = 0.27; P = .005) after
Bonferroni correction for six brain regions, resulting in a sig-
nificance threshold (P < .008). Results of the regional cor-
relation analysis are shown in Table 2.
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Longitudinal MH Change and Its Associations
with Tau and Amyloid 3

In alongitudinal analysis, an increase of MH count
was found between the points T-1 and T0 by con-
sidering the entire study cohort and in an ATN-
based subgroup analysis. MH counts and results
of the statistical analysis are presented in Table 3.
In a subsequent analysis, we explored how change
in MH count during approximately 5 years from
T-1 was associated with tau and amyloid § PET
load at TO. We found a positive association of MH
change with amyloid 3 PET composite centiloid
on a global level and on a regional level for parietal
brain regions in tau PET SUVR and amyloid
PET centiloid, adjusted for sex, age, and educa-
tion (Table 4).

Cross-sectional and Longitudinal Associations of
MH with CSF Biomarkers

To support our PET findings, we repeated the
group comparison between participants with a
single MH with participants with multiple MHs

(two or more) and participants with no MH by using the avail-
able CSF data. After adjustment for sex, age, and education,
analysis of covariance analysis showed a significant main effect
for group differences in amyloid B1-42 (2 = .049), total tau (P
=.02), and phospho-tau 181 (2 = .005). Post hoc comparison
of amyloid B1-42 group differences showed higher amyloid
[31-42 CSF levels in participants without MH (mean, 1250
pg/mL * 669) and one MH (mean, 1435 pg/mL * 678) com-
pared with participants with multiple MHs (mean, 924 pg/mL
% 657), but the difference did not reach statistical significance
(P = .23 and .06, respectively). Moreover, no significant differ-
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A-TN-/MH-

Figure 4: |mages in representative parficipants from each amyloid B /tau/neurodegeneration (ATN) group. The upper row shows axial T2* gradient-echo

A-TN-/MH+ A+TN-/MH-

A+TN-/MH+

A+TN+/MH- A+TN+/MH+

images with (arrows) and without microhemorrhage. The second, third, and fourth row show sagittal, coronal, and axial fluorine 18-labeled flortaucipir tau

PET standardized uptake value ratio (SUVR) images, respectively, normalized to cerebellum gray matter in a SUVR range 3-0. A+ = amyloid B positive, A- =
amyloid B negative, TN+ = tau/neurodegeneration positive, TN- = tau/neurodegeneration negative, MH- = microhemorrhages absent, MH+ = microhemor-

rhages present.

AV1451 SUVR

Non MH
participants

Participants
with 1 MH

Participants
with >= 2MH

Figure 5:  Box plots show differences in flortaucipir (AV1451) standardized
uptake value rafio (SUVR) load in relation to microhemorrhage (MH) load. * P <
.05; #% P<<.01. ns = nonsignificant.

ence was found between participants without MH and partici-
pants with one MH (P = .53).

Post hoc group comparisons for total tau showed lower lev-
els (P = .02 and .04, respectively) in participants without MH
(mean, 261 pg/mL = 114) and participants with one MH
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(mean, 261 pg/mL = 97) compared with participants with
multiple MHs (mean, 368 pg/mL * 228). No significant dif-
ference was found between participants without MH and par-
ticipants with one MH (P = .99). Post hoc group comparisons
for phospho-tau 181 showed lower levels (P = .005 and .01,
respectively) in participants without MH (mean, 24 pg/mL
%+ 13) and participants with one MH (mean, 24 pg/mL *
10) compared with participants with multiple MHs (mean, 38
pg/mL = 28). No statistically significant difference was found
between participants without MH and participants with one
MH (P =.99). In a subsequent analysis, we assessed the associ-
ations of MH counts with CSF biomarkers, in which amyloid
[31-42 exhibited a negative correlation with MH (p = —0.40;
P =.002), phospho-tau 181 showed a positive correlation with
MH (p = 0.26; P = .04). No correlation was found for total tau
(p =0.22; P = .00).

In alongitudinal analysis, change in MH count over time was
not associated with amyloid B1-42 (p = —0.29; P = .00), total
tau (p = 0.19; P = .18), or phospho-tau 181 (p = 0.21; P = .14)
levels at TO. Correlation of longitudinal CSF biomarker change
between T-1 and TO with change in MH revealed no significant
correlations for amyloid B1-42 (p = —0.06; P = .39), total tau
(p=0.09; P=.32), and phospho-tau 181 (p = 0.10; 2 =.30). All
correlations were adjusted for sex, age, and education.
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Figure 6: Differences in florbetapir (AV45)/ florbetaben (FBB) standardized

uptake value rafio load in relation fo microhemorrhage (MH) load. * P <.05.
ns = nonsignificant.

Association of MH Count with Cognitive Function

We explored the association between MH count and cognitive
performance or Clinical Dementia Rating by using Spearman
rank correlations, adjusted for sex, age, and education. Clinical
Dementia Rating showed significant positive associations with
MH (p = 0.24; P = .01). No correlations were found for MH
with Mini-Mental State Examination (Spearman p = -0.08;
P =.22), memory function (p = -0.09; P = .19), or executive
domain function (p = -0.03; P = .40).

MH Load and Subcortical Vascular Cognitive Impairment

To show whether MH count in the study cohort is related to
probable subcortical vascular cognitive impairment, we ex-
plored the associations of MH with modified Hachinski score
and anamnestic reports of arterial hypertension. In a group
comparison, 132 participants with hypertension did not show
a higher MH count (number of MHs, 100 [range, 0-18 par-
ticipants; skewness, 5]; mean, 0.03 * 0.74), compared with
211 participants without a history of hypertension (number
of MHs, 194 [range, 058 participants; skewness, 10]; mean,
0.10 = 0.72), adjusted for sex, age, and education (P = .42).
Also, no correlation (adjusted for sex, age, and education)
of MH count and modified Hachinski score was found (p =
—0.02; P = .45).

Discussion

Microhemorrhages (MHs) are a common finding in healthy
older adults and patients with cognitive decline (27). In our
study, we aimed for an improved understanding of the spatial
and temporal associations of MH with the two pathologic hall-
marks of Alzheimer disease (AD), amyloid 8 and tau.

The main findings of our study were as follows: (z) MH
count was positively associated with global tau PET (p = 0.31;
P =.001; Bonferroni P < .008) and CSF phospho-tau 181 con-
centration (p = 0.26; P = .04); () MH was positively associated
with global (p = 0.27; P = .004) and frontal amyloid B PET
(p = 0.27; P = .005; Bonferroni P < .008) and negatively as-
sociated with CSF amyloid 31-42 concentration (p = -0.40;

140

P=.002); (c) participants with multiple (vs a single) MHs showed
increased tau load (P < .03; mean, 1.22 vs 1.31, respectively),
amyloid B PET centiloid (” = .04; mean, 28 vs 53, respectively),
CSF total tau (mean, 261 vs 368 pg/mlL, respectively; P = .02),
and phospho-tau 181 concentrations (mean, 24 vs 38 pg/mlL,
respectively; P = .005) compared with control participants, and
MH count increased over approximately 5 years (T-1 vs T0: MH
count, 81 [range, 0-6 participants] vs 214 [range, 0—58 partici-
pants]; P < .001); and () increasing MH load over time was
associated with a higher burden of global (p = 0.29; P = .008)
and parietal amyloid B (p = 0.31; 2= .005) and parietal tau PET
(p =0.31; P =.005; Bonferroni P < .008) load.

Earlier studies showed a strong association between MH
count and global amyloid 3 PET SUVR measured by using
different PET tracers (9,28), which we confirmed in a larger
cohort. Our study also highlights the brain region—specific as-
sociation between MH and amyloid B pathologic structure,
preferentially in the frontal and parietal lobe but not in in-
fratentorial and deep brain regions (9). We extend the existing
evidence by reporting a longitudinal correlation between the
accumulation of MH count and global amyloid 3 load over
time. These findings suggest a common pathologic mechanism
linking vascular alterations to the toxic effects of amyloid .
By showing that the accumulation of MH load and overall
amyloid B burden is concurrent in older individuals, our re-
sults also help clarify contradictory reports on the association
between late-in-life (vs midlife) (5) risk factors and amyloid 8
(29,30).

To extend the knowledge about the relationship between
vascular lesions and AD pathophysiologic structure, we ex-
plored the cross-sectional and longitudinal association between
MH and "®F-AV-1451 tau PET SUVR. Tau was associated with
MH count both globally and in the parietal lobe; an increased
vascular lesion load was linked to increased tau accumulation
over approximately 5 years, which is in line with previous stud-
ies that reported an association between MH count and CSF
tau (16), which we replicate here, and an elevated tau PET load
in cognitively normal adults with high amyloid B burden (31).

‘The mechanisms linking vascular alterations and tau accumu-
lation are so far not well understood, and our observations require
confirmation in subsequent studies including correlation with his-
topathologic findings. Hypointense MH lesions observed on im-
ages from T2*-weighted MRI derive from hemosiderin deposits in
the perivascular spaces phagocytosed by macrophages; therefore,
presumably heme iron plays a major role in the underlying patho-
physiologic cascade. A relationship between tau accumulation and
free iron was previously suggested, providing a possibly mecha-
nistic link between MH with consecutive blood-brain barrier
disruption and tau accumulation. Supporting this assumption, ex
vivo studies suggest that iron induces oxidative stress and tau ag-
gregation, and it was shown in a mouse model that overexpression
of HMOX1 induces tau phosphorylation (32,33), modulated by
iron via the aberrant activation of several tau kinases, including
MAPK, CDKS5, and GSK3-B (34). This suggests that iron may
act as a cofactor for tau aggregation and the phosphorylated state
of tau may induce conformational changes of the protein to medi-
ate interactions between tau and iron.
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Table 2: Microhemorrhage Count and Correlation with Tau PET Standardized Uptake Value Ratio and Amyloid PET Centiloid

AV-1451 SUVR AV45/FBB PET Centiloid
Brain Region Microhemorrhage Count p Value P Value p Value P Value
Overall count 294 (0-58) 0.31 .001* 0.27 .004*
Frontal 30 (0-30) 0.18 .04 0.27 .005*
Parietal 77 (0-14) 0.24 .01 0.06 29
Temporal 54 (0-15) 0.13 11 0.19 .04
Occipital 31 (0-8) 0.11 15 0.22 .02
Deep brain regions and infratentorial 12 (0-1) -0.14 .09 -0.06 .28

Note.—Data in parentheses are range of participants. Data were adjusted for sex, age, and education. AV45 = florbetapir, AV-1451 = flor-
taucipir, FBB = florbetaben, MH = microhemorrhage, SUR = standardized uptake value ratio.

* P < .008 (Bonferroni-adjusted significance level for multiple comparisons in six brain regions).

Table 3: Change in Microhemorrhage Count at MRI in ATN Diagnostic Groups

Cognitive/Clinical Assessment T-1 Baseline Microhemorrhage Count TO Microhemorrhage Count P Value
All participants 81 (0-6) 214 (0-58) < .001
A+TN+ 20 (0-5) 119 (0-58) <.001
A+TN- 31 (0-6) 43 (0-8) 03
A-TN- 30 (0-4) 52 (0-6) .007

Note.—Data in parentheses are range of participants. A+ = amyloid B positive, A- = amyloid B negative, TN+ = tau/neurodegeneration
positive, TN- = tau/neurodegeneration negative, TO = 5 years after T-1, T-1 = baseline time approximately 5 years earlier than TO MRI.

Table 4: Change in Microhemorrhage Count by MRI and Its
Correlation with Tau and Amyloid Accumulation

AV-1451 AV45/FBB PET
SUVR Centiloid

Brain Region p Value PValue pValue P Value
Overall 0.21 .047 0.29 .008*
Frontal 0.05 .36 0.18 .07
Parietal 0.31 .005* 0.31 .005*
Temporal 0.07 .29 0.19 .06
Occipital 0.10 .20 0.21  .046
Deep brain -0.16 .10 -0.15 .11

regions and infratento-
rial

Note.—Data adjusted for sex, age, and education. AV-1451 =
flortaucipir, AV45 = florbetapir, FBB = florbetaben, SUVR =
standardized uptake value ratio.

* P < .008 (Bonferroni-adjusted significance level for multiple
comparisons in six brain regions).

Our study had limitations. The ADNI cohort was mainly
white, educated, middle class, and without major comorbidities,
and there was no postmortem verification of the clinical diag-
noses and MH at MRI; however, the ADNI cohort is enriched
intentionally with participants with probable predementia AD.
The relatively thick T2*-weighted sections may have occasionally
led to a missed MH count at visual readings during image analy-
sis; however, the bias introduced is likely negligible. In certain
cases, no differentiation between vascular low void and MH was
possible, and those cases were excluded from all further analysis.
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We acknowledge that there are important factors other than MH
contributing to AD pathogenesis, including different types of
brain lesions, environmental influences, and lifestyles, and our
study was not designed to explore the added value of MRI MH
assessment and tau PET in diagnosing AD. These considerations
should be explored in future studies.

In conclusion, our study suggested a spatial correlation be-
tween cortical microhemorrhage and tau accumulation. After
the failure of clinical trials targeting amyloid  so far, tau is
increasingly recognized as a promising target for intervention.
Therefore, tau PET will probably become more widely inte-
grated in trials and consideration of vascular lesion load will
become increasingly important when assessing tau burden in
clinical research. Furthermore, our findings also supported the
rationale of dementia prevention approaches that target systemic
vascular disease burden to attenuate the progression of amyloid
B-related neocortical tau pathologic structure. It was shown that
tau PET and structural MRI were associated independently with
cognitive decline in Alzheimer disease (35) and whether micro-
hemorrhage assessment adds independent information relevant
to the Alzheimer disease diagnostic workup should be explored.
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