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Abstract
Background and Purpose: In order to assess the association of microparticles derived from 
activated platelets (PMP) or endothelial cells (EMP) with risk markers for recurrent embolic 
events in patients with symptomatic carotid artery disease, we studied the associations be-
tween PMP/EMP and three risk markers: plaque haemorrhage (PH), micro-embolic signals and 
cerebral diffusion abnormalities. Methods: Patients with recently symptomatic high-grade 
carotid artery stenosis (60–99%, 42 patients, 31 men; mean age 75 ± 8 years) and 30 healthy 
volunteers (HV, 11 men; mean age 56 ± 12 years) were prospectively recruited. Patients were 
characterised by carotid magnetic resonance imaging (presence of PH [MRI PH]), brain diffu-
sion MRI (cerebral ischaemia [DWI+]) and transcranial Doppler ultrasound (micro-embolic 
signals [MES+]). PMP and EMP were classified by flow cytometry and expressed as log-trans-
formed counts per microlitre. Results: MES+ patients (n = 18) had elevated PMP (MES+  
9.61 ± 0.57) compared to HV (8.80 ± 0.73; p < 0.0001) and to MES– patients (8.55 ± 0.85; p < 
0.0001). Stroke patients had elevated PMP (9.49 ± 0.64) and EMP (6.13 ± 1.0) compared to 
non-stroke patients (PMP 8.81 ± 0.73, p = 0.026, EMP 5.52 ± 0.65, p = 0.011) and HV (PMP  
8.80 ± 0.73, p = 0.007, and EMP 5.44 ± 0.47, p = 0.006). DWI+ patients (n = 16) showed elevat-
ed PMP (DWI+ 9.53 ± 0.64; vs. HV, p = 0.002) and EMP (DWI+ 5.91 ± 0.99 vs. HV 5.44 ± 0.47;  
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p = 0.037). Only PMP but not EMP were higher in DWI+ versus DWI– patients (8.67 ± 0.90;  
p = 0.002). No association was found between PMP and EMP with MRI PH. Conclusions: PMP 
and EMP were associated with stroke and recent cerebrovascular events (DWI+) but only PMP 
were also associated with ongoing (MES+) thrombo-embolic activity suggesting a differential 
biomarker potential for EMP to index cerebral ischaemia while PMP may predict on-going 
thrombo-embolic activity. © 2019 The Author(s)

Published by S. Karger AG, Basel

Introduction

Antiplatelet medication and carotid endarterectomy are effective for secondary 
stroke prevention [1, 2]; however, there are subgroups of patients who fail to respond to 
medical treatment [3, 4]. This well-recognised heterogeneity in treatment responsiveness 
may be linked to individual differences in platelet function, but to date there is no estab-
lished platelet function test that could be recommended for clinical use [3]. Ideally, a 
platelet function test would allow to predict the individual’s risk of stroke and likelihood 
to respond to specific antiplatelet drugs, and it would allow to directly monitor the 
treatment response.

There are several biomarkers with predictive power of the risk of stroke in patients 
with carotid artery disease, such as magnetic resonance imaging (MRI) of carotid plaque 
haemorrhage (PH) [4, 5]. Whilst MRI PH can be considered a marker of the risk of thrombo-
embolic activity [6], it does not inform on the mechanism of thrombus formation itself, and 
we do not know its interrelation with platelet-derived microparticles (PMP). Other imaging 
markers such as diffusion-weighted imaging (DWI) of the brain has a high sensitivity 
(90–100%) and specificity (97–100%) for detecting cerebral ischaemia in clinical stroke 
[7–9] and approximately 30% in transient ischaemic attack (TIA) [10–12]. Importantly, 
demonstration of an index ischaemic event via DWI has been shown to predict recurrent 
stroke [10, 11]. Another widely accepted risk marker is micro-embolic signals (MES) 
directly reflecting on-going cerebral thrombo-embolic activity when using transcranial 
Doppler ultrasound (TCD) monitoring [13, 14]. 

Additional mechanistic biomarkers would be desirable to inform on the stroke risk 
amenable to specific antiplatelet therapy. Microparticles (MP) are promising in this context 
and have been proposed as biomarker of thrombo-embolic risk [15]. PMP and endothelial MP 
(EMP) are membranous phospholipid vesicles (size 0.05–2 μm) that are derived from platelets 
and red blood cells. MP contain an antigen complex and therefore can be quantified, sepa-
rated from each other and from inflammatory cells. They are complex molecules with complex 
interactions that have procoagulant, pro-inflammatory and pro-atherogenic properties [16, 
17] (see online suppl. Fig. 1; see www.karger.com/doi/10.1159/000495942 for all online 
suppl. material). These characteristics are essential in the pathophysiology of thrombo-
embolic stroke. There is now increasing evidence that PMP [18–21] are also elevated in is- 
chaemic stroke and EMP in unstable plaques [22].

MP are therefore attractive biomarker candidates to probe the responsiveness or resis-
tance to conventional antiplatelet treatment and moreover to directly assess the mechanistic 
efficacy of novel drugs targeting platelet function.

In this study, we aimed to investigate the potential biomarker role of PMP and EMP in 
patients with recent symptomatic carotid artery stenosis. Specifically, we assessed whether 
and which type of MP may be associated with (i) recent cerebrovascular ischemic events, 
indexed by diffusion MRI, (ii) ongoing thrombo-embolic activity (MES) and (iii) long-term 
thrombo-embolic risk indexed by MRI PH. 
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Methods

Patient and Healthy Volunteer Recruitment
All patients gave informed written consent and were prospectively recruited from a TIA/

stroke clinic. The research protocol was approved by the Nottingham ethics committee 2.
Forty-four patients with symptomatic carotid stenosis (≥60%) [23] were prospec-

tively recruited from a TIA or stroke clinic, where the TIA, amaurosis fugax (AmF) or stroke 
was confirmed by a stroke physician or a neurologist with a specialised interest in stroke. 
Patients were excluded if they had less than 60% carotid stenosis, asymptomatic carotid 
disease/ischaemic event more than 6 months from time of recruitment, known haemato-
logical disorder, if the MRI would delay surgery, had treatment with a thrombolytic prior 
to recruitment, an ongoing inflammatory or infective medical condition or any contraindi-
cation to MRI.

A control group of healthy volunteers (HV) was also recruited. They were subdivided into 
older (> 55 years) (OHV) and younger healthy volunteers (YHV) to assess any age influence 
on MP. A careful medical history of vascular and demographic risk factors for both groups was 
recorded. Inclusion criteria: (1) no significant carotid stenosis (< 30%) confirmed by duplex 
ultrasound (if volunteer was over 50 years). Exclusion criteria: (1) history of cardiac or 
peripheral vascular disease, (2) history of TIA or stroke, (3) known haematological disorder, 
(4) ongoing inflammatory or infective medical condition.

TCD Protocol
Patients had non-mobile TCD to detect MES (mean duration of scan: 49 min) which was 

performed separately but on the same day as the MRI. This was achieved using new-gener-
ation transcranial M-mode imaging (Doppler box, DWL Elektronische Systeme GmbH, 
Germany).

MRI Protocol
Imaging was performed at 1.5 T (Signa, GE Healthcare, WI, USA) using standard receive-

only quadrature neck array coils. As published previously [24], a coronal T1-weighted 3-dimen-
sional gradient echo sequence with effective blood nulling and fat suppression was used to 
identify areas of complicated plaque, specifically PH. DWI MRI was performed with an 
8-channel neurovascular coil [6] by using an axial fat-suppressed single-shot double-spin-
echo echo-planar imaging sequence with 15 diffusion gradient directions and high spatial 
resolution (1.5 × 2 × 3). 

Blood Protocol for Analysis of MP
Blood was taken on the same day prior to MRI/TCD from the antecubital vein via non-

vacuum syringes using a 21-G needle and placed in 5-mL citrate anticoagulant bottles. 
The blood samples were analysed in Cardiovascular Medicine at the University of 
Nottingham, by or under direct supervision of experienced researchers (S.C.F. or J.M.) 
who were blinded to TCD and MRI findings. Within 10 min of collection, the samples 
underwent a standard double centrifugation process. Platelet-rich plasma was prepared 
by centrifugation for 6 min at 1,000 g. The platelet-rich plasma was removed with a 
Pasteur pipette, and the remaining platelet-poor plasma (PPP) was centrifuged at 180 g 
for 10 min at room temperature. The PPP supernatant was then transferred to micro-
tubes and was frozen at –80  ° C and thawed for 30 min prior to analysis. A preliminary 
study performed in the department showed no elevation of PMP over time and no signif-
icant degradation once frozen, from day 1 compared to day 21 in HV (n = 3, PMP: CV 5%, 
EMP: CV 9%).
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By using cell-specific antibodies, simultaneous detection of the different types of MP was 
possible. CD31 antibody was used for detection of both PMP and EMP; CD42a selected only 
PMP, and CD45 was used for exclusion of any remaining leucocytes. At room temperature the 
PPP was incubated with antibodies CD31, CD45, CD42a (3 × 10 µL) for 25 min at 4  ° C in the 
dark. 500 µL of FACS flow (flow cytometry buffer) was added to the PPP samples, which were 
then counted for exactly 30 s by flow cytometry (BD LSR II; Fig. 1). This analysis was performed 
in triplicate and MP counts calculated as counts per microlitre using Trucount standard beads. 

Statistical Methods
PMP and EMP were expressed as counts per microlitre, and the median PMP/EMP counts 

from the triplicated results were used. Since PMP/EMP were not normally distributed 
(according to Shapiro-Wilk test < 0.001) the results were log transformed (log median PMP/
EMP counts). Groups were compared using independent t tests and ANCOVA as appropriate.

Potential demographic influences (age and sex) on MP were explored in the HV group by 
respective subgroup comparison of PMP/EMP and age vs. EMP/PMP scatter plot. As a further 
caveat against bias from age and sex, repeat tests controlling for age and sex were carried out 
in patient comparisons to all HV using univariate analysis of covariance (ANCOVA) with 
multiple test corrections using the Bonferroni test.
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Fig. 1. The detection of platelet-derived/endothelial microparticles (PMP/EMP) by flow cytometry. Counts 
calculated as PMP and EMP per microlitre using flow cytometry showing population data. #Eve, number of 
events; %Par, percent particles. a CD31 fluorescent conjugated antibodies were used to detect all MP (P1).  
b CD45 fluorescent conjugated antibodies were used to exclude lymphocytes (P2). c CD42a fluorescent con-
jugated antibodies were used to detect PMP which were excluded from P1 and P2, and the remaining MP 
were measured as EMP.
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MES and DWI change with time from the initial ischaemic event [25–27], that was 
therefore controlled when comparing PMP and EMP levels in MES, DWI and MRI PH subgroups.

p < 0.05 was regarded as statistically significant. Statistical calculations were made using 
SPSS software (SPSS 20.0; SPSS, Chicago, IL, USA).

Results

General Findings
Forty-four patients were recruited, of whom 2 were excluded due to claustrophobia. 

Forty-two patients (31 men; mean age 75 ± 8 years, range 56–88) and 30 HV (11 men; mean 
age 56 ± 12 years, range 23–72) were included. 

Demographics and vascular risk factors are shown in online supplementary Table 1.

Table 1. Platelet (PMP) and endothelial (EMP) derived microparticles are associated with acute embolic cerebral ischaemia 

DWI+ 
(n = 16)

DWI–
(n = 26)

HV 
(n = 30)

DWI+ vs. HV 
(p value)

DWI+ vs. DWI– 
(p value)

PMP 9.53±0.64 8.67±0.90 8.80±0.73 0.002 (F = 11.0) 0.002 (F = 10.7)

EMP 5.91±0.99 5.65±0.83 5.44±0.47 0.037 (F = 4.7) 0.32

Microparticles per microlitre log-transformed, means with standard deviation. DWI, diffusion-weighted imaging; HV, 
healthy volunteers. Italics indicate significant p values with ANCOVA (F).

Table 2. Platelet (PMP) and endothelial (EMP) derived microparticles are associated with stroke

Stroke 
(n = 12)

Non-stroke 
(n = 30)

HV 
(n = 30)

Stroke vs. HV 
(p value)

Stroke vs. non-stroke 
(p value)

PMP 9.49±0.64 8.81±0.73 8.80±0.73 0.007 (F = 8.1) 0.026 (F = 5.3)
EMP 6.13±1.0 5.52±0.65 5.44±0.47 0.006 (F = 8.3) 0.011 (F = 6.8)

Microparticles per microlitre log-transformed, means with standard deviation. HV, healthy volunteers. Italics indicate signif-
icant p values with ANCOVA (F).

Table 3. Platelet-derived (PMP) but not endothelial (EMP) microparticles are associated with multiple embolic signals (MES)

MES+ 
(n = 18)

MES– 
(n = 24)

HV 
(n = 30)

MES+ vs. HV 
(p value)

MES+ vs. MES– 
(p value)

PMP 9.61±0.57 8.55±0.85 8.80±0.73 <0.0001 (F = 19.5) <0.0001 (F = 16.3)
EMP 5.70±0.76 5.78±0.99 5.44±0.47 0.16 0.65

Microparticles per microlitre log-transformed, means with standard deviation. HV, healthy volunteers. Italics indicate 
significant p values with ANCOVA (F).
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There were no significant differences for EMP or PMP between the two age groups: PMP 
(OHV: 8.74 ± 0.8 and YHV: 8.90 ± 0.62; non-significant [ns]) or EMP (OHV: 5.35 ± 0.43 and 
YHV: 5.61 ± 0.52; ns). There was no significant sex influence on PMP (men 9.05 ± 0.78 vs. 
women 8.65 ± 0.68; ns) or EMP (men 5.41 ± 0.45 vs. women 5.48 ± 0.49; ns).

PMP and EMP Are Associated with Acute Embolic Cerebral Ischaemia
There were no differences in PMP or EMP between the patients and HV. Subtype analysis 

revealed that patients with acute cerebral ischaemia (DWI+) lesions (n = 16) had elevated PMP 
and EMP compared to HV (p = 0.002 and p = 0.037, Table 1) but only PMP was significantly 
elevated in patients with acute cerebral ischaemia (DWI+) compared to no DWI lesions (DWI–, 
n = 26, p = 0.002, Table 1). Also, patients presenting with stroke (n = 12) had elevated PMP and 
EMP compared to HV (p = 0.007 and p = 0.006) and compared to non-stroke patients (Table 2). 
The difference between DWI+ and DWI– patients remained significant for PMP (p = 0.035), when 
additionally controlling for stroke. There was no correlation for DWI+ patients between time 
from ischaemic event to blood sampling of PMP (r = 0.32, p = 0.23) and EMP (r = 0.33, p = 0.22).

PMP Are Associated with On-Going Embolic Activity, but Not Underlying Long-Term 
Thrombo-Embolic Risk (MRI PH)
MES+ patients (n = 18) had significant elevation in PMP compared to MES– patients (n = 

24) (p < 0.0001) and HV (p < 0.0001, Table 3). EMP were not altered by MES status (ns, Table 
3). The difference remained significant (F = 16; p < 0.0001) when also controlling for stroke. 

Carotid PH was not associated with changes in PMP and EMP (ns, online suppl. Table 2). 

Vascular Risk Factors and MPs
From the studied vascular risk factors, only ischaemic heart disease was associated with 

significantly elevated EMP (p = 0.002, online suppl. Table 1).

Antiplatelet Treatment and MP
There were no significant differences in PMP between patients with and without anti-

platelet medication. There was a tendency towards higher PMP counts in patients without 
antiplatelet medication compared to HV (p = 0.08).

EMP were significantly elevated in patients without antiplatelet medication compared to 
those who were on antiplatelet medication (p = 0.03) and compared to HV (p = 0.004). 

Discussion

PMP were higher in patients with recent thrombo-embolic activity indexed as DWI+, 
ongoing micro-embolisation (MES+) or when presenting with stroke. EMP were only elevated 
in DWI+ and stroke patients.

In patients with recently symptomatic carotid stenosis of at least 60% we did not observe 
alterations of MP for the whole patient group. This finding may at first be surprising but is in 
line with several other studies [28, 29] that have shown no significant differences in PMP in 
patients compared to HV. There is an apparent conflict with Kuriyama et al. [19] and Cherian 
et al. [21], who reported higher PMP levels in their patient groups. However, all of their 
patients presented with stroke, which suggests that higher PMP levels may lead to a greater 
severity of cerebral ischaemia burden and explain our observed differences. In fact, most of 
our patients did not present with stroke, and those who did also demonstrated high PMP.

Further support for a link between recent cerebral ischaemia and PMP comes from our 
observation that patients with imaging-confirmed acute or subacute cerebral ischaemia as 



15Cerebrovasc Dis Extra 2019;9:9–18E X T R A

Kandiyil et al.: Microparticles and Embolic Plaque Activity

DOI: 10.1159/000495942
www.karger.com/cee
© 2019 The Author(s). Published by S. Karger AG, Basel

indexed by DWI+ lesions had significantly elevated PMP compared to HV and to those without 
imaging-confirmed ischaemia. DWI+ lesions in patients presenting with either AmF/TIA or 
stroke symptoms are arguably a clearer definition of recent cerebral ischaemia than duration 
of symptoms defining stroke [7]. In contrast, DWI– patients may include patients with non-
ischaemic pathology (stroke/TIA mimic) [7] or reflect a mild ischaemic burden [30] or too 
long an interval from the presenting symptom. DWI+ patients are increasingly considered to 
have a similar risk as stroke patients [31]. We hence also looked at MP levels in the subgroup 
of stroke patients and confirmed elevated MP in stroke patients compared to those presenting 
with TIA or AmF alone. Taken together our study confirms and extends previous reports on 
elevated PMP in acute stroke patients [19, 21] demonstrating MP elevation in recent cerebral 
ischaemia only when evidenced by DWI+ or lasting longer than 24 h.

We found a strong association between PMP and micro-embolic signals indexing ongoing 
thrombo-embolic activity. This finding supports a direct pathophysiological link between 
PMP and cerebral emboli. There is experimental evidence that PMP are generated by platelet 
activation or apoptosis induced by various stimuli such as atherosclerosis [32], shear stress 
[33] and vascular risk factors such as smoking [34]. This is combined with a PMP potent 
thrombogenic effect around its membrane wall along with receptors that are important 
factors in initiation of the coagulation cascade [35]. It suggests PMP can exert its procoagulant 
effects distant to the site of platelet activation/apoptosis, for longer periods than platelet acti-
vation. 

PMP/EMP were not significantly elevated in MRI PH+ patients. The lack of association 
with vulnerable plaque features such as PH make PMP/EMP unlikely as causative factors of 
PH or as mediators of the PH-associated elevated thrombo-embolic risk. This discrepancy 
may be explained by the divergent dynamic behaviour of MRI PH which remains relatively 
stable for at least 1 year [36] whilst changes of PMP elevation beyond 3 months are less clear 
[18, 21].

We found that stroke patients showed higher EMP compared to healthy controls. This is 
well in line with two previous studies reporting elevated levels of EMP in stroke patients 
compared with HV [28, 29]. We also found higher EMP in stroke versus non-stroke patients. 
EMP were also higher in DWI+ patients versus controls but not compared to DWI– patients. 
This is in line with reported similar levels of EMP between patients with stroke and stroke 
mimic (DWI–) patients [37]. The differences between PMP and EMP are likely to be related 
to the differences in MP origin, as EMP arise from endothelial cells and have different physi-
ological characteristics compared to PMP. The lack of association between EMP and MES in 
contrast to a strong association between PMP and MES points to further pathophysiological 
differences with EMP being largely unrelated to on-going micro-thrombo-embolic activity. 
We can however not exclude an association with certain other EMP subtypes [28] not assessed 
in this study. 

We observed higher levels of EMP in patients without antiplatelet medication compared 
to those on antiplatelet medication. This putative treatment effect could further explain 
why EMP were not significantly elevated in our whole patient group compared to controls 
as most patients were treated. Interestingly, EMP increase in patients with stroke, or DWI+ 
lesions seemed unrelated to antiplatelet medication. The sample size was too small to 
further evaluate heterogeneity of medication effects, but our preliminary finding warrants 
further investigation of EMP as a putative marker of resistance to standard antiplatelet 
therapy.

In contrast, PMP levels did not differ with antiplatelet medication. This could be due to 
the small sample size of non-medicated patients although other studies that have also shown 
no significant reduction in PMP with antiplatelet medication such as aspirin [38, 39], cilo-
stazol [38], tirofiban and eptifibatide [40]. This suggests that MP may have procoagulant 
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properties that are independent of platelet function. This may be important for future studies 
into the mechanisms of resistance to standard antiplatelet therapy and drug development 
that may target MP-related coagulation pathways.

Limitations of the Study
PMP/EMP blood samples and imaging were not acquired immediately or at a constant time 

interval after the first cerebral ischaemic event, which will have reduced the sensitivity of TCD 
and DWI. Although we controlled for time from symptom to scan, we cannot exclude an effect 
from this in our study. We acknowledge that the median delay of 35 days may be responsible 
for the lack of observed elevation of PMP/EMP in patients without stroke or DWI+ lesions.

We were unable to age match our healthy controls with our patient population, but we 
do not believe this is likely to have affected our results, as we did not find any age or sex effect 
on MP in HV or patients. Moreover, reported results were confirmed by repeated tests 
controlling for age and sex. 

Conclusion

PMP and EMP were increased in recently symptomatic carotid disease with neuroim-
aging-confirmed (DWI+) cerebral ischaemia or clinical stroke, while only PMP were strongly 
associated with ongoing (MES+) thrombo-embolic activity, and only EMP were lower in 
patients under antiplatelet therapy. 

This study points to a differential biomarker potential of MP, with PMP to predict recent 
and on-going thrombo-embolic activity and EMP indicative of a recent cerebrovascular event 
and possibly also of insufficient antiplatelet therapy which could be tested in larger prevention 
treatment trials. 
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