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Cerebral small vessel disease is one of the most common causes of cognitive decline and stroke. While several
lines of evidence have established a relationship between inflammation and cerebrovascular pathology, the mech-
anistic link has not yet been elucidated. Recent studies suggest activation of immune mediators, including the sol-
uble form of triggering receptor expressed on myeloid cells 2 (TREM2), may be critical regulators.
In this study, we compared the plasma levels of soluble TREM2 and its correlations with neuroimaging markers
and cerebral amyloid load in 10 patients with Alzheimer’s disease and 66 survivors of spontaneous intracerebral
haemorrhage with cerebral amyloid angiopathy or hypertensive small vessel disease, two of the most common
types of sporadic small vessel disease. We performed brain MRI and 11C-Pittsburgh compound B PET for all partici-
pants to evaluate radiological small vessel disease markers and cerebral amyloid burden, and 18F-T807 PET in a
subgroup of patients to evaluate cortical tau pathology.
Plasma soluble TREM2 levels were comparable between patients with Alzheimer’s disease and small vessel disease
(P = 0.690). In patients with small vessel disease, plasma soluble TREM2 was significantly associated with white
matter hyperintensity volume (P50.001), but not with cerebral amyloid load. Among patients with Alzheimer’s
disease and cerebral amyloid angiopathy, plasma soluble TREM2 was independently associated with a tau-positive
scan (P = 0.001) and white matter hyperintensity volume (P = 0.013), but not amyloid load (P = 0.221).
Our results indicate plasma soluble TREM2 is associated with white matter hyperintensity independent of amyloid
and tau pathology. These findings highlight the potential utility of plasma soluble TREM2 as a strong predictive
marker for small vessel disease-related white matter injury and hold clinical implications for targeting the innate
immune response when treating this disease.
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Introduction
Cerebral small vessel disease (SVD), the major cause of stroke and
vascular cognitive impairment, is a disorder characterized by path-
ologies in the superficial and deep perforating arteries and arterio-
les in the brain.1 Cerebral amyloid angiopathy (CAA) and
hypertensive SVD (SVD-HTN) are the most common sporadic types
of SVD. Typical radiological presentations that reflect parenchy-
mal injury in SVD on conventional MRI include cerebral micro-
bleeds, white matter hyperintensities (WMH), lacunes and dilated
perivascular spaces.2 The severity of CAA can also be evaluated
in vivo by measuring the amount of cerebrovascular amyloid using
amyloid PET.3,4

Inflammation associated with cerebrovascular pathology has
been increasingly recognized in studies exploring the associations
between inflammatory biomarkers and neuroimaging markers of
SVD.5,6 However, the differential contributions of CAA and hyper-
tensive SVD to inflammatory responses are mostly unknown, as
these pathologies frequently overlap. Additional evidence from
preclinical studies also highlights the important contribution of
neuroinflammation to the progression of CAA, and activated
microglia specifically cluster around CAA vessels with gross amyl-
oid deposits.7,8 Targeting inflammation has been adopted as a
novel therapeutic approach in SVD, and preclinical findings sug-
gest that inhibition of cerebral vascular amyloid-induced micro-
glial activation using pharmacological interventions alleviates the
progression of CAA.9,10 However, the mechanistic link between in-
flammation and SVD-mediated brain alterations is still largely
unexplored.

Recent studies suggest that triggering receptor expressed on
myeloid cells 2 (TREM2), an innate immune receptor of the immuno-
globulin superfamily that is mainly expressed on the cell surface of
myeloid cells, impacts a multitude of their functions including acti-
vation, inflammation, phagocytosis, proliferation and survival.11,12

In the brain, TREM2 is mostly expressed on microglia and has been
proposed to regulate both pro- and anti-inflammatory microglial ac-
tivation in Alzheimer’s disease-related conditions.13,14 TREM2 con-
tains an ectodomain that can be cleaved by sheddases, which
results in release of the soluble form of TREM2 (sTREM2) into the
extracellular space.15 The presence of sTREM2 in CSF has been sug-
gested as an alternative biomarker of microglial activation in many
neurodegenerative diseases.16,17 Soluble TREM2 can also be detected
in the blood, and the levels of sTREM2 in peripheral blood correlate
strongly with the levels of sTREM2 in CSF,18,19 suggesting a potential
role for peripheral sTREM2 in CNS pathologies. However, it remains
unknown whether the peripheral levels of sTREM2 reflect the extent
of parenchymal injury in SVD or correlate with brain pathology.

In this cross-sectional study, we aimed to elucidate the rela-
tionship between elevated plasma sTREM2 and the pathology of
SVD. We first compared the plasma sTREM2 levels between
patients with symptomatic SVD and patients with clinical
Alzheimer’s disease. We then explored the associations between
plasma sTREM2 and changes in radiological SVD markers and

vascular amyloid load using MRI and PET imaging of patients with
cerebral amyloid angiopathy and hypertensive SVD. Finally, we
investigated the association between the peripheral sTREM2 levels
and the severity of SVD in subjects with amyloid-b disorders, while
accounting for cerebral and cerebrovascular amyloid and tau
pathology.

Materials and methods
Patient selection

For this cross-sectional analysis, we prospectively recruited
patients from the stroke clinic and memory clinic of National
Taiwan University Hospital (NTUH) and NTUH Bei-Hu Branch be-
tween June 2015 and July 2020. We included patients who were (i)
clinically diagnosed with probable Alzheimer’s disease dementia
based on the diagnostic criteria of the National Institute on
Aging-Alzheimer’s Association20; and (ii) survivors of spontan-
eous ICH in which the underlying aetiology was attributed to
SVD. Patients with SVD were further categorized as CAA (SVD-
CAA) if the ICH and cerebral microbleeds were exclusively
located in the lobar, cortical and/or cortical-subcortical areas
according to the modified Boston criteria.21 Patients with haem-
orrhage/cerebral microbleeds exclusively located in deep brain
regions (basal ganglia, thalamus, pons) or patients with a com-
bination of mixed lobar and deep bleeds were categorized as
hypertensive SVD (SVD-HTN), as convincing data suggest these
haemorrhages are caused by hypertensive microangiopathy.22,23

We excluded patients with a history of neuroimmunological dis-
orders. All survivors of ICH were recruited in the chronic phase
(defined as at least 6 months after the index ICH event) to avoid
the effect of potential inflammation associated with acute intra-
cerebral haematoma, and patients who could not cooperate with
the cognitive evaluation were also excluded. A total of 76
patients fulfilling the enrolment criteria agreed to participate in
this study and underwent plasma sample collection and brain
MRI and 11C-Pittsburgh compound B (PiB)-PET scans. Patients
with amyloid-b disorders, including Alzheimer’s disease and
SVD-CAA, also additionally received 18F-T807-PET to evaluate
cortical tau pathology (Fig. 1). Baseline clinical data and Mini-
Mental State Examination (MMSE) scores were acquired through
a standardized review of medical records and interviews with
each participant. This study was performed with the approval of
and in accordance with the guidelines of the institutional review
board (201912003MINC) of NTUH; written informed consent was
obtained from all participants or their family members according
to the Declaration of Helsinki.

Plasma sample collection and sTREM2
measurement

Venous blood (10 ml) was drawn from each study participant at en-
rolment. Blood samples were centrifuged (2500g for 15 min) within
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3 h of collection. DNA was isolated from the buffy coat layer and gen-
otyping of the APOE epsilon alleles (e2, e3 and e4) was performed by
PCR. The plasma was aliquoted and stored at –80�C before testing.
Plasma levels of sTREM2 were analysed using the Meso Scale
Discovery platform, as previously described.17,24 In addition, plasma
levels of total tau, amyloid-b1-42 and amyloid-b1-40 were measured
using the Simoa immunoassay platform (Quanterix), as described
previously.25 Measurements were performed by board-certified la-

boratory technicians who were blinded to the clinical groups. All
samples were run in duplicate, and the average concentrations were
calculated.

MRI acquisition and analyses

Images were obtained using 3 T MRI scanners (Siemens Verio).
The imaging protocol included T1-weighted magnetization-pre-
pared rapid gradient-echo imaging (MPRAGE, flip angle 9�, repeti-
tion time/echo time = 1460/2.39 ms, field of view = 25.6 cm, slice
thickness = 1 mm), T2-weighted imaging (repetition time/echo
time = 3530/83 ms, field of view = 23 cm, slice thickness = 5 mm),
FLAIR (repetition time/echo time = 10 000/89 ms, field of
view = 23 cm, slice thickness = 5 mm), susceptibility-weighted
imaging (flip angle 15�, repetition time/echo time = 28/20 ms, ma-
trix number = 221 � 320, field of view = 23 cm, slice thick-

ness = 2 mm), diffusion-weighted imaging, and apparent
diffusion coefficient maps. Based on the Standards for Reporting
Vascular Changes on Neuroimaging criteria,2,26 we systemically
evaluated relevant SVD markers on MRI, including the presence
and location of cerebral microbleeds, cortical superficial sidero-
sis, severity of WMH, and presence/absence of lacune. WMH vol-
ume was calculated as previously described.23 The volume
estimates were performed in the left hemisphere in patients with
Alzheimer’s disease and the ICH-free hemisphere in survivors of
ICH, and multiplied by 2. All MRI scans were also processed using
FreeSurfer software v6.0.0 (http://surfer.nmr.mgh.harvard.edu/
accessed 8 October 2021) to determine the mean cerebral cortex
thickness and hippocampal volume using a T1-weighted MPRAGE
sequence.

PET acquisition and analyses
11C-PiB and 18F-T807 were prepared at the Cyclotron and
Radiopharmaceutical Laboratory of NTUH. PET images (Discovery
ST, GE Healthcare) were acquired over 30 min approximately
40 min after injection of 10 mCi 11C-PiB or 18F-T807. PET data were
reconstructed via ordered set expectation maximization and cor-
rected for attenuation. The PiB-PET data were semi-quantitatively
analysed and expressed as standardized uptake value ratios
(SUVRs) of the whole cerebral cortex using the cerebellar cortex as
the reference region, as we previously described.27,28 18F-T807 was
visually rated as positive or negative by two investigators (R.-F.Y.
and H.-H.T.) who were blinded to the clinical diagnosis. The image
intensity was manually adjusted by each reader, so the mid range
of the colour scale was defined as the value of the inferior cerebel-
lar cortex. T807 retention was assessed at seven predefined
regions (medial temporal, inferior temporal, medial parietal, lat-
eral parietal, frontal, occipital, lateral temporal/cingulate) as previ-
ously proposed (0 = no binding; 1 = mild binding; 2 = intense
binding).29 In cases with asymmetrical uptake within the regions
of interest between bilateral hemispheres, the higher signal inten-
sity was chosen as the regional binding score. A global score (sum
of the binding scores in the seven predefined regions) was calcu-
lated in each patient. We operationally defined the tau scan as
positive if the global visual score was 52. A consensus rating was
achieved after discussion if there was disagreement in regards to
the tau scan positivity. In addition to visual ratings, we also calcu-
lated the SUVR for the whole cerebral cortex and Braak stage V
regions of interest using the cerebellar cortex as the reference re-
gion with PMOD software. The cerebral regions affected by the
haematoma were excluded from the analysis to avoid the effect of
off-target binding of T807 on haemosiderin deposition. All neuroi-
maging studies (MRI and PET scans) were performed within
3 months of enrolment of each participant.

Statistical analysis

Categorical variables are presented as percentages, and continu-
ous variables are presented as mean ± standard deviation (SD) or
median (interquartile range, IQR) depending on their distribution.

Figure 1 Flow chart of patient enrolment and imaging. We recruited 10 patients with Alzheimer’s disease, 20 patients with SVD-CAA, and 46 patients
with SVD-HTN in this study. All patients underwent 11C-PiB PET scans to measure cerebral amyloid burden. Additionally, all patients with
Alzheimer’s disease and 15 patients with SVD-CAA underwent 18F-T807 PET to evaluate cortical tau deposition.
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In univariable analyses, we compared baseline demographic and
neuroimaging variables and sTREM2 levels between patients with
Alzheimer’s disease and SVD using the Mann-Whitney test or
Fisher’s exact test, as appropriate. The correlations between
plasma sTREM2 levels and the other plasma biomarkers (total tau,
amyloid-b1-40, amyloid-b1-42 and amyloid-b1-40:amyloid-b1-42 ratio)
were analysed using a multivariable linear regression model to ad-
just for age and sex in the Alzheimer’s disease, SVD-CAA and SVD-
HTN groups. Given the non-normal distribution, the plasma
sTREM2 levels were log-transformed before entering all linear re-
gression models.

We performed further univariate and multivariable linear re-
gression analyses to investigate the independent correlations be-
tween plasma sTREM2 levels and relevant neuroimaging markers.
For patients with Alzheimer’s disease or SVD-CAA for whom tau
PET scans were available, we compared the baseline demograph-
ics, neuroimaging variables, and sTREM2 levels between patients
with tau PET-positive [PET( + )] and tau PET-negative [PET(–)] scans.
The association between the sTREM2 level and a positive tau scan
was further examined in a multivariable model with covariates
including WMH volume, amyloid load, age and sex. To explore the
effect of sTREM2 on cognitive performance, we then performed lin-
ear regression analysis to assess the association between the
MMSE score and plasma sTREM2 in the whole cohort and prede-
fined subgroups, including: (i) amyloid-b disorders with tau PET( + )
and tau PET(–); and (ii) the SVD subgroups with high-grade WMH
(overall Fazekas scale 5 2) and low-grade WMH (overall Fazekas
scale 0–1), respectively. All statistical analyses were performed
using SPSS version 22 (SPSS Inc., Chicago, IL, USA). All tests of sig-
nificance were two-tailed with a threshold for significance of
P5 0.05.

Data availability

Any data not published within the article are available from the
corresponding author upon reasonable request.

Results
Plasma sTREM2 levels are comparable in patients
with SVD and Alzheimer’s disease

Increased levels of sTREM2 in CSF have been reported in subjects
across the Alzheimer’s disease continuum30,31; however, only a
few studies have investigated plasma sTREM2 in patients with
Alzheimer’s disease, and none to date of plasma sTREM2 in
patients with SVD.32 We first compared the plasma sTREM2 levels
between patients with symptomatic SVD and patients with clinical
Alzheimer’s disease. We recruited 66 patients with SVD (20 SVD-
CAA and 46 SVD-HTN) and 10 patients with Alzheimer’s disease in
the current study; the main demographic data are summarized in
Table 1. Compared to patients with Alzheimer’s disease (age
75.6 ±8.1, 70% female), significantly fewer patients with SVD (age
65.5 ±11.4, 24.2% female) had the APOE e4 allele (6.3% versus 40%,
Fisher’s exact test: P = 0.010) and they performed better on the
MMSE (MMSE score 24.0 ± 7.6 versus 17.2 ± 6.1, Mann-Whitney test:
P = 0.004). The SVD group was associated with neuroimaging SVD
markers, including a higher microbleed number (12.2 ± 21.0 versus
0.9 ± 1.5, Mann-Whitney test: P = 0.003) and larger WMH volume
(13.6 ± 12.6 versus 3.1 ± 1.9, Mann-Whitney test: P = 0.001) compared
with the Alzheimer’s disease group. Conversely, patients with SVD
had a lower amyloid load on PiB-PET scans (Global PiB
SUVR = 1.16 ±0.22 versus 1.48 ±0.33, Mann-Whitney test: P50.001)
than patients with Alzheimer’s disease. Plasma sTREM2 levels
were not significantly different between patients with SVD and
Alzheimer’s disease [8.13 (6.94–10.19) ng/ml versus 8.75 (6.08–
10.79), Mann-Whitney test: P = 0.690]. Among the patients with
SVD, plasma sTREM2 levels were comparable between the SVD-
CAA and SVD-HTN subgroups [7.70 (7.34–9.92) versus 8.45 (6.82–
10.07) ng/ml, Mann-Whitney test: P = 0.829, Fig. 2].

We next assessed the correlations between plasma sTREM2
levels and other plasma biomarkers (total tau, amyloid-b1-40, amyl-
oid-b1-42 and amyloid-b1-40:amyloid-b1-42 ratio) in the Alzheimer’s

Table 1 Demographics of study subjects

SVD SVD-CAA SVD-HTN Alzheimer’s disease P-valueb

(n = 66) (n = 20) (n = 46) (n = 10)

Female, % 16 (24.2%) 7 (35%) 9 (19.6%) 7 (70%) 0.007*
Age, years 65.5 ± 11.4 71.1 ±9.8 63.1 ±11.3 75.6 ± 8.1 0.007*
APOE e4 frequency, %a 4 (6.3%) 2 (11.8%) 2 (4.3%) 4 (40%) 0.010*
APOE e2 frequency, %a 9 (14.3%) 5 (29.4%) 4 (8.7%) 1 (10%) 1.000
Educational years 11.5 ± 4.3 11.2 ±4.5 11.7 ± 4.3 9.8 ± 5.7 0.355
MMSE 24.0 ± 7.6 23.6 ±7.8 24.1 ± 7.6 17.2 ± 6.1 0.004*
Chronic hypertension, % 52 (78.8%) 14 (70%) 38 (82.6%) 9 (90%) 0.676
Hyperlipidaemia, % 21 (31.8%) 5 (25%) 16 (34.8%) 4 (40%) 0.721
Diabetes mellitus, % 14 (21.2%) 2 (10%) 12 (26.1%) 0 (0%) 0.193
Soluble TREM2, ng/ml 8.13 (6.94–10.19) 7.70 (7.34–9.92) 8.45 (6.82–10.07) 8.75 (6.08–10.79) 0.690
Presence of microbleed

Lobar microbleed, % 45 (68.2%) 13 (65%) 32 (69.6%) 4 (40%) 0.153
Deep microbleed, % 33 (50%) 0 (0%) 33 (71.7%) 2 (20%) 0.097

Total microbleed number 12.2 ± 21.0 11.6 ± 24.3 12.5 ±19.6 0.9 ± 1.5 0.003*
WMH volume, ml 13.6 ± 12.6 12.5 ± 12.4 14.1 ±12.8 3.1 ± 1.9 0.001*
Lacune, % 35 (53.0%) 7 (35%) 28 (60.9%) 3 (30%) 0.309
Cortical superficial siderosis, % 9 (13.6%) 8 (38.1%) 1 (2.2%) 0 (%) 0.598
Cortical amyloid load, global PiB

SUVR
1.16 ± 0.22 1.35 ± 0.28 1.08 ±0.11 1.48 ± 0.33 50.001*

Values are mean ± SD, median (IQR) or n (%).
aThree SVD-CAA patients did not have APOE allele data.
bP-value indicates significance level for comparison between SVD and Alzheimer’s disease groups.

*P5 0.05.
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disease, SVD-CAA and SVD-HTN groups (Supplementary Fig. 1).
Plasma sTREM2 (log transformed) did not correlate with other
plasma biomarkers in Alzheimer’s disease (Supplementary
Fig. 1A). However, in SVD-CAA, plasma sTREM2 level (log trans-
formed) correlated positively with the plasma amyloid-b1-40

level (standardized b = 0.518, P = 0.033; Supplementary Fig. 1B)
and showed a strong correlative trend with the plasma amyloid-
b1-42 level (standardized b = 0.442, P = 0.055, Supplementary
Fig. 1B). In SVD-HTN, plasma sTREM2 (log transformed) corre-
lated positively with the total tau level (standardized b = 0.330,
P = 0.028; Supplementary Fig. 1C).

Plasma sTREM2 levels are associated with WMH in
SVD

Next, we evaluated the associations between sTREM2 and radio-
logical biomarkers to identify whether any relevant SVD injury is
associated with plasma sTREM2. Table 2 summarizes the univari-
ate and multivariate linear regression analyses of the plasma
sTREM2 level and neuroimaging variables (SVD subtype, cerebral
microbleed number, WMH volume, lacune, amyloid burden, hippo-
campal volume and mean cortical thickness) for patients with
SVD. Plasma sTREM2 (log transformed) correlated significantly
with the WMH volume (standardized b = 0.480, P5 0.001; Fig. 3A),
but not with the total microbleed number (standardized b = 0.085,
P = 0.495; Fig. 3B) or the cerebral amyloid load (standardized
b = 0.069; P = 0.579, Fig. 3C). The positive correlation between
plasma sTREM2 and WMH volume remained significant when the
linear regression model was adjusted for age and sex, and also in
the full model including all of the neuroimaging variables as cova-
riates (Table 2).

Plasma sTREM2 is independently associated with
cortical tau pathology and WMH in amyloid-b
disorders

To further investigate the independent contribution of small ves-
sel pathology to the plasma sTREM2 level in the presence of

amyloid and tau pathologies, we analysed patients with amyloid-b
disorders, including Alzheimer’s disease and SVD-CAA, for whom
tau PET data were available (n = 25). Fifteen patients with SVD-CAA
and 10 patients with Alzheimer’s disease underwent a tau PET
scan to measure cortical tau deposition. Twelve individuals (48%,
five with SVD-CAA and seven with Alzheimer’s disease) were cate-
gorized as tau PET( + ) based on visual ratings. Representative
images of tau PET( + ) and tau PET(–) scans are shown in Fig. 4A.
The inter-rater agreement for tau PET positivity was satisfactory
(j = 0.76, 95% confidence interval 0.51–1.0). Table 3 summarizes the
comparison between patients with tau PET( + ) and tau PET(–)
scans. Patients with tau PET( + ) scans had a comparable age, but
lower MMSE scores (Mann-Whitney test: 16.6 ± 6.7 versus 23.1 ± 7.3,
P = 0.033) than patients with tau PET(–) scans. Cerebral amyloid
load was similar between the two subgroups, while higher tau
tracer retention was observed in patients with tau PET( + ) scans
compared with patients with tau PET(–) scans using a semi-quanti-
tative method (global 18F-T807 SUVR = 1.36 ± 0.24 versus 1.08 ± 0.09,
Mann-Whitney test: P50.001; Braak stage V SUVR = 1.29 ± 0.23 ver-
sus 1.05 ±0.08, Mann-Whitney test: P5 0.001).

The plasma sTREM2 levels of patients with tau PET( + ) and tau
PET(–) scans are shown in Fig. 4B. Patients with tau PET( + ) scans
had higher plasma sTREM2 levels than patients with tau PET(–)
scans [9.96 (8.50–14.76) versus 7.45 (6.55–7.76) ng/ml, Mann-
Whitney test: P = 0.002]. Additionally, we performed multivariate
linear regression analysis to investigate the associations between
plasma sTREM2, tau scan positivity, WMH volume and amyloid
load with further adjustment for age and sex. Plasma sTREM2 (log
transformed) remained independently associated with a positive
tau scan (standardized b = 0.653, P = 0.001) and higher WMH vol-
ume (standardized b = 0.461, P = 0.013), but not with amyloid load
(standardized b = –0.234, P = 0.221).

Plasma sTREM2 correlates with better cognition in
patients with cortical tau pathology only

We next examined if plasma sTREM2 is associated with cognitive
status. In the entire cohort, including both the patients with
Alzheimer’s disease and SVD, there was no significant correlation
between the MMSE score and plasma sTREM2 level (standardized
b = –0.164, P = 0.160). Interestingly, among patients with amyloid-b
disorders (Alzheimer’s disease and SVD-CAA), the MMSE score
only positively correlated with plasma sTREM2 in patients with
tau PET( + ) scans (standardized b = 0.647, P = 0.023), but not in
patients with tau PET(–) scans (standardized b = –0.112, P = 0.716;
Fig. 5A). The correlation between the MMSE score and plasma
sTREM2 level in patients with tau PET( + ) scans remained signifi-
cant after adjusting for age and years of education (standardized
b = 0.632, P = 0.049). We further assessed the correlation between
plasma sTREM2 and the MMSE score in patients with SVD (SVD-
CAA and SVD-HTN) stratified by the WMH severity scale. We found
that the MMSE score and plasma sTREM2 were not significantly
correlated to each other in subjects with either high-grade WMH
or low-grade WMH (both P40.05; Fig. 5B), suggesting no associ-
ation between plasma sTREM2 and cognitive performance irre-
spective of SVD stage.

Discussion
In the present study, we explored the associations between
plasma sTREM2 and the neuroimaging features of SVD in a cohort
of 76 patients. First, we showed the plasma sTREM2 levels are
comparable between patients with SVD and patients with
Alzheimer’s disease. Second, plasma sTREM2 correlated positively
with the WMH volume independent of amyloid-b load in patients

Figure 2 Box plots of plasma sTREM2 in patients with Alzheimer’s dis-
ease, SVD-CAA, and SVD-HTN. Plasma sTREM2 levels were not signifi-
cantly different between patients with SVD and Alzheimer’s disease
[8.13 (6.94–10.19) ng/ml versus 8.75 (6.08–10.79), P = 0.690]. Among
patients with SVD, sTREM2 levels were not significantly different be-
tween the SVD-CAA and SVD-HTN subgroups [7.70 (7.34–9.92) versus
8.45 (6.82–10.07) ng/ml, P = 0.829].
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with SVD, implicating increased myeloid cell-associated inflam-
mation and TREM2 signalling occur during the progression of SVD
in a cerebral amyloid-b deposition-independent manner, and
plasma sTREM2 is likely to be associated with white matter lesions
in SVD. Finally, we demonstrate that higher plasma sTREM2 was
independently associated with higher WMH volume and positive
cortical tau pathology, but not with amyloid deposition in amyl-
oid-b disorders. Taken together, our results suggest SVD-related
white matter injury is associated with elevated plasma sTREM2,
independent of cerebral amyloid and tau pathologies.

Cerebral SVDs are pathologies in small superficial and deep
penetrating arteries of the brain that result in a multitude of clinic-
al manifestations, including gait disturbance, cognitive impair-
ment, mood disorders, and strokes such as spontaneous ICH.33

Studies investigating the underlying pathogenic mechanisms in
SVD have identified impaired blood–brain barrier integrity and ex-
travasation of plasma constituents such as fibrinogen. This blood
protein may in turn activate the innate immune response and sub-
sequently promote cellular or humoral immune responses, which
ultimately lead to neuron and oligodendrocyte injury.34 Here, we
demonstrate that plasma sTREM2 levels significantly correlate
with WMH, a marker of SVD severity and white matter injury.
While the function of TREM2-dependent inflammation in SVD is
mostly unknown, our findings suggest that peripheral sTREM2 is

an essential immune response implicated in neurovascular com-
promise in SVD. We investigated the correlation between plasma
sTREM2 and cognitive scores in SVD as sTREM2 and TREM2 signal-
ling have been proposed to exert potential neuroprotective
effects17,35,36; however, we did not detect any association in either
early or advanced-stage SVD. It should be noted that the patients in
the SVD group were recruited as survivors of ICH; thus, their cogni-
tive function may be significantly affected by the previous stroke
event, which may therefore confound our results. Future longitu-
dinal follow-up cohort studies are needed to elucidate the prognos-
tic value of plasma sTREM2 for long-term outcomes. Approaches
such as in vivo cerebral PET for neuroinflammation may also help
delineate the dynamics of microglial activation during the progres-
sion of SVD.

While CSF sTREM2 has been extensively studied, only a handful
of studies have investigated circulatory (plasma or serum) sTREM2
and its role in CNS pathology remains controversial. Patients with
early Alzheimer’s disease were suggested to have higher levels of
CSF sTREM2, but no significant difference in plasma sTREM2 was
detected between patients with Alzheimer’s disease and control
subjects.32,37 Additionally, Piccio and colleagues38 showed the
serum level of sTREM2 did not differ between patients with mul-
tiple sclerosis and other neurological disorders. Studies have pro-
posed that circulatory sTREM2 could be of peripheral origin, given

Table 2 Correlation between plasma sTREM2 and neuroimaging markers in SVD patients (SVD-CAA and SVD-HTN)

Model 1 (Univariate) Model 2 (Age, sex) Model 3 (full model)

Standardized b P-value Standardized b P-value Standardized b P-value

Small vessel disease subtype
(SVD-CAA versus SVD-HTN)

–0.019 0.877 – – 0.096 0.571

Total microbleed number 0.085 0.495 – – 0.007 0.962
WMH volume 0.480 50.001* 0.451 50.001* 0.374 0.013*
Lacune presence 0.147 0.240 – – 0.313 0.058
Amyloid burden 0.069 0.579 – – –0.004 0.997
Hippocampal volume 0.002 0.986 – – 0.168 0.302
Mean cortical thickness –0.030 0.871 – – 1.371 0.177

*P5 0.05.

Figure 3 Correlations between plasma sTREM2 and neuroimaging markers. (A) Positive correlation was observed between plasma sTREM2 (log trans-
formed) and WMH volume (standardized b = 0.480, P5 0.001). (B) No correlation was observed between plasma sTREM2 (log transformed) and micro-
bleed burden (standardized b = 0.085, P = 0.495). (C) No correlation was observed between plasma sTREM2 (log transformed) and cerebral amyloid load
(standardized b = 0.069, P = 0.579).
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that TREM2 is highly expressed in myeloid lineage cells such as
monocytes, macrophages and osteoclasts.11 In line with this idea,
post-mortem data also suggested that TREM2 in the human brain
could represent a marker of recruitment of monocytes, rather than
the resident microglia.39 In fact, multiple studies have reported
strong correlations between levels of peripheral sTREM2 and CSF
sTREM2.18,19 Moreover, additional evidence suggests central
TREM2 activation potentially leads to blood–brain barrier dysfunc-
tion, and therefore elevates the peripheral levels of sTREM2.18 A
population-based study by Ohara et al.40 found increased serum
sTREM2 was a risk factor for developing incident dementia.
Collectively, this evidence suggests a potential role for peripheral
sTREM2 in CNS pathology. Our findings support this hypothesis by
showing that the plasma sTREM2 level correlates strongly with
white matter lesions and tau pathology in the brain.

Previous research has suggested major roles for sTREM2 in the
development of neurodegenerative disorders, especially in
Alzheimer’s disease. A cross-sectional study of the CSF of patients

with Alzheimer’s disease reported that the CSF sTREM2 level peaked
at the early symptomatic stages and correlated with other CSF
markers of neurodegeneration, including t-tau and p-tau.31 Another
study found CSF sTREM2 was elevated in patients with Parkinson’s
disease with a positive tau signature,41 suggesting the level of
sTREM2 in CSF can be considered as a marker of neuronal injury in
neurodegenerative disorders. In line with previous studies, we
observed elevated plasma sTREM2 was associated with cortical tau
pathology in both Alzheimer’s disease and CAA. We also demon-
strated that plasma sTREM2 correlated positively with the level of
plasma t-tau in the SVD-HTN subgroup. Tau proteins are primarily
expressed in CNS neurons, and the plasma t-tau levels are thought
to reflect neuronal damage and subsequent drainage of tau from the
brain parenchyma to the CSF and blood.42,43 Our results strengthen
the idea of utilizing plasma sTREM2 as a biomarker of neuronal in-
jury and neurodegeneration.19 Interestingly, TREM2 signalling in the
CNS is thought to exert opposing functions, and whether TREM2 is
beneficial or detrimental to brain pathology depends on the disease

Table 3 Comparison between tau PET( + ) and tau PET(–) in amyloid-b disorders (SVD-CAA and Alzheimer’s disease)

Tau PET( + ) Tau PET(–) P-value
(n = 12) (n = 13)

Female, % 7 (58.3%) 5 (38.5%) 0.434
Age, years 76.8 ±8.2 73.4 ±6.6 0.231
Educational years 9.1 ±4.7 10.2 ±4.6 0.448
MMSE 16.6 ±6.7 23.1 ±7.3 0.033*
CAA/AD 5/7 10/3 0.111
Soluble TREM2, ng/ml 9.96 (8.50–14.76) 7.45 (6.55–7.76) 0.002*
Presence of microbleed

Lobar microbleed, % 7 (58.3%) 9 (69.2%) 0.688
Deep microbleed, % 1 (8.3%) 1 (7.7%) 1.0

Total microbleed number 10.8 ±28.3 8.5 ±15.4 0.717
WMH volume, ml 7.3 ±7.8 10.3 ±9.4 0.341
Lacune, % 5 (41.7%) 4 (30.8%) 0.688
Cortical superficial siderosis, % 4 (33.3%) 4 (30.8%) 1.0
Global PiB retention, SUVR 1.49 ±0.30 1.44 ±0.26 0.913
Global T807 retention, SUVR 1.36 ±0.24 1.08 ±0.09 50.001*
Braak stage V T807 retention, SUVR 1.29 ±0.23 1.05 ±0.08 50.001*

Values are mean ± SD, median (IQR) or n (%).

*P5 0.05.

Figure 4 Box plots of plasma sTREM2 in patients with tau PET(–) and tau PET( + ) scans. In 25 patients with SVD-CAA and Alzheimer’s disease, 12
(48%) patients were visually rated as tau PET( + ). (A) Representative images of positive and negative tau PET scans. (B) Patients with tau PET( + ) scans
had higher plasma sTREM2 than patients with tau PET(–) scans [9.96 (8.50–14.76) versus 7.45 (6.55–7.76) ng/ml, P = 0.002].
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type and disease stage. Some studies have suggested that increased
CSF sTREM2 is associated with slower cognitive decline in
Alzheimer’s disease.17,36 The current study reveals the interesting
observation that a positive correlation exists between plasma
sTREM2 and cognition status in patients with Alzheimer’s disease or
CAA with a positive tau scan. A similar correlation was observed in
a previous study investigating CSF sTREM2 in Parkinson’s disease,
in which the sTREM2 level correlated positively with the cognitive
scores in patients with a positive CSF tau signature.41 Despite the
low numbers of patients and the cross-sectional design, our findings
based on plasma samples suggest high levels of sTREM2 may be a
potentially prognostic marker when tau-mediated neurodegenera-
tion occurs in Alzheimer’s disease or CAA.

One of the strengths of this study is the inclusion of SVD-CAA
in addition to Alzheimer’s disease in the study cohort. This
allowed us to examine the individual contribution of SVD, amyl-
oid-b and tau pathology to elevated plasma sTREM2, as the clinical
manifestations and cerebral pathologies of CAA and Alzheimer’s
disease often overlap with each other.44 Previous preclinical stud-
ies suggest TREM2 plays an important role in signalling to contain
and clear cerebral amyloid-b.45,46 Only one animal study specifical-
ly focused on CAA and described impaired TREM2 signalling in the
early stage of CAA, suggesting that reduced inflammation may be
associated with early vascular pathology. Unfortunately, the func-
tion of TREM2-dependent signalling in the clearance of amyloid-b
cannot be demonstrated in most clinical studies. In patients with
Alzheimer’s disease, CSF sTREM2 has been shown to correlate
with total and phosphorylated tau levels, but not with the levels of
amyloid-b42.47 Another preclinical study in Alzheimer’s disease
also observed increased CSF sTREM2 in the presence of tau depos-
ition, rather than amyloid-b pathology.48 Our results based on
plasma samples from subjects across the SVD and Alzheimer’s dis-
ease spectrum are in agreement with the previous literature, and
provide additional evidence that elevated plasma sTREM2 occurs
independently of both parenchymal and cerebrovascular amyloid-
b deposition. We detected a positive correlation between plasma

sTREM2 and plasma amyloid-b1-40 or plasma amyloid-b1-42 in
SVD-CAA in this study. Elevated plasma amyloid-b levels have
been suggested as a marker that reflects cerebrovascular
lesions, including white matter lesions and cerebral micro-
bleeds.49–52 Our findings support the idea that neurovascular
compromise in CAA, rather than the vascular amyloid deposits,
is associated with an enhanced peripheral TREM2 response.

Another important strength of our study is the use of in vivo
molecular imaging to measure cerebral amyloid-b and tau pathol-
ogies, which allowed us to investigate their relationships with
plasma sTREM2 in real time. This approach also provides accurate
estimates of cerebral pathologies. Amyloid PET can detect both
parenchymal and cerebrovascular amyloid-b in Alzheimer’s dis-
ease and CAA.3,23 Amyloid PET has been applied to identify the
presence of CAA in survivors of ICH, and this methodology is es-
sential as many patients may harbour a dual SVD pathology (i.e.
coexisting CAA and hypertensive SVD).27 Amyloid PET can also
provide quantitative data that correlates with plaque density and
the severity of CAA.4,53 Our analysis of this cohort provides valu-
able information regarding cerebral amyloid-b load in patients
with SVD, and therefore helps to elucidate the association between
SVD and plasma sTREM2 when the effect of cerebral amyloid-b
burden, especially CAA, is also taken into consideration.

There are limitations to this study. First, we only measured
plasma sTREM2, and not the levels in CSF. Plasma sTREM2 could
be of peripheral origin and be affected by other systemic dis-
eases.54 However, plasma samples are generally more accessible,
and therefore have a broader clinical application. Second, patients
with SVD were recruited from survivors of spontaneous ICH, and
not from patients presenting with other clinical manifestations.
We believe this is the best selection strategy to recruit patients
with CAA, as CAA can be accurately diagnosed after symptomatic
lobar ICH in clinical practice using the modified Boston criteria.55

However, we could not completely rule out the possibility that the
observed sTREM2 levels reflect inflammation caused by unre-
solved haematoma. To minimize this confounding factor, we only

Figure 5 Correlations between plasma sTREM2 and cognitive scores. (A) In patients with amyloid-b disorders, a positive correlation was observed
between plasma sTREM2 and the cognitive scores of patients with tau PET( + ) scans (standardized b = 0.647, P = 0.023; adjusted for age and years of
education, P = 0.049), but not in patients with tau PET(–) scans (P = 0.84). (B) In patients with SVD, no correlation was observed between plasma
sTREM2 and cognitive score in the subgroups with high-grade WMH or low-grade WMH (both P4 0.05).
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included patients at least 6 months after their index ICH event.
Lastly, the lack of sTREM2 data from normal healthy controls and
the cross-sectional design of this current study limit our interpret-
ation of causality between plasma sTREM2, WMH and tau depos-
ition within our cohort. Future longitudinal studies with
neuroimaging follow-up and detailed neuropsychological profiling
are essential to clarify whether sTREM2 provides a disease-protect-
ive effect in SVD.

In conclusion, our findings suggest SVD-related WMH on MRI is
associated with plasma sTREM2, independently of cerebral amyl-
oid-b and tau deposition. Since small vessel pathology plays a
major role in stroke and other neurodegenerative disorders, our
findings related to inflammation in advanced SVD should prompt
further investigations to clarify the intricate relationship between
TREM2-related inflammation, neurovascular unit compromise
and, ultimately, neurodegeneration. Our results also imply the in-
nate immune response may represent a potential target to effect-
ively treat this disease.
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