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Abstract

Background The prevalence of ex vivo ‘high on-treatment platelet reactivity (HTPR)’ and its relationship with recurrent
vascular events/outcomes in patients with ischaemic cerebrovascular disease (CVD) is unclear.

Methods A systematic review and meta-analysis was performed in accordance with the PRISMA statement. MEDLINE,
EMBASE and Cochrane Library were searched for completed manuscripts until May 2019 on TIA/ischaemic stroke
patients, > 18 years, treated with commonly-prescribed antiplatelet therapy, who had platelet function/reactivity testing and
prospective follow-up data on recurrent stroke/TIA, myocardial infarction, vascular death or other cerebrovascular outcomes.
Data were pooled using random-effects meta-analysis. Primary outcome was the composite risk of recurrent stroke/TIA,
myocardial infarction or vascular death. Secondary outcomes were recurrent stroke/TIA, severe stroke (NIHSS > 16) or dis-
ability/impairment (modified Rankin scale > 3) during follow-up.

Results Antiplatelet-HTPR prevalence was 3—65% with aspirin, 8-56% with clopidogrel and 1.8-35% with aspirin—clopi-
dogrel therapy. Twenty studies (4989 patients) were included in our meta-analysis. There was a higher risk of the composite
primary outcome (OR 2.93,95% CI 1.90-4.51) and recurrent ischaemic stroke/TIA (OR 2.43,95% CI 1.51-3.91) in patients
with vs. those without ‘antiplatelet-HTPR’ on any antiplatelet regimen. These risks were also more than twofold higher in
patients with vs. those without ‘aspirin—~HTPR’ and ‘dual antiplatelet-HTPR’, respectively. Clopidogrel-HTPR status did
not significantly predict outcomes, but the number of eligible studies was small. The risk of severe stroke was higher in those
with vs. without antiplatelet-HTPR (OR 2.65, 95% CI 1.00-7.01).

Discussion Antiplatelet—-HTPR may predict risks of recurrent vascular events/outcomes in CVD patients. Given the hetero-
geneity between studies, further prospective, multi-centre studies are warranted.

Keywords Platelet function/on-treatment platelet reactivity - Transient ischaemic attack - Ischaemic stroke - Systematic
review - Meta-analysis

Introduction

An important proportion of patients with ischaemic cere-

brovascular disease (CVD) are not protected from recurrent
vascular events with commonly prescribed ‘non-monitored’
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antiplatelet therapy. Because the risk of recurrent events
is highest early after a non-cardioembolic TIA/ischaemic
stroke [1, 2], early institution of an effective preventive anti-
platelet regimen is very important [3].

Monitoring the effects of antiplatelet therapy with reliable
ex vivo platelet function/reactivity tests has the potential to
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facilitate precision-based medical treatment of CVD patients
[4]. Prior data suggesting that ex vivo antiplatelet-HTPR
increases the risk of subsequent vascular events are mostly
derived from patients with ischaemic heart disease (IHD)
[5-10], but data in this cohort are conflicting [11-15]. One
meta-analysis found a higher incidence of stent thrombo-
sis, myocardial infarction (MI) or death in patients with
antiplatelet-HTPR compared with those with lower on-
treatment platelet reactivity following percutaneous coro-
nary intervention (PCI) on a device called the VerifyNow®
which assesses platelet reactivity in whole blood ex vivo at
low shear stress [16]. Altering antiplatelet therapy based on
platelet function/reactivity testing with the VerifyNow did
not improve ‘vascular outcomes’ in two large trials in IHD
patients [17, 18]. However, a subsequent meta-analysis of 10
randomized clinical trials (N=4213 patients) revealed that
intensifying antiplatelet therapy based on HTPR testing was
associated with reduced cardiovascular mortality and stent
thrombosis after PCI (P =0.02), with no difference in the
risk of major haemorrhagic complications between ‘inten-
sified’ and ‘standard treatment’ groups (P=0.44) [19]. A
more recent substudy of the TROPICAL-ACS randomized
trial also showed that the 1 year risk of stroke, MI or vascu-
lar death was higher in patients with compared with those
without prasugrel-HTPR who underwent percutaneous coro-
nary intervention for an acute coronary syndrome (4.8% vs.
2.2%; Hazard Ratio 2.16, 95% CI 1.01-4.65; P=0.049) [20].

Due to the heterogenous aetiology of TIA and ischae-
mic stroke [21] and the higher risk of intracerebral haemor-
rhage after stroke than after an acute coronary syndrome,
one cannot simply extrapolate data on ex vivo HTPR from
IHD patients to those with CVD. This area of translational
research has received much less attention in the important
population of patients with CVD, as outlined in prior sys-
tematic reviews [22, 23]. Therefore, there is now a compel-
ling need to determine whether there is sufficient evidence
to indicate that platelet function/reactivity monitoring could
enable optimised secondary prevention to reduce the mor-
bidity, costs of care or mortality specifically in patients with
TIA or ischaemic stroke.

Aims

The aims of this updated systematic review and innovative
meta-analysis were to establish the latest prevalence ranges
of antiplatelet—-HTPR, and to determine the potential role of
ex vivo platelet function/reactivity testing in predicting the
risk of ‘recurrent vascular events’ and ‘neurological out-
comes’ following TIA or ischaemic stroke.
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Hypothesis

We hypothesised that antiplatelet—HTPR status would
be associated with the risk of these outcome events in a
‘CVD-specific’ patient population.

Methods
Search Strategy

The systematic review and meta-analysis were performed
in accordance with the Preferred Reporting Items for Sys-
tematic Reviews and Meta-Analyses (PRISMA) statement
[24]. This study protocol is registered with the Interna-
tional Prospective Register of Systematic Reviews (PROS-
PERO) (Registration No. CRD42018104210). MED-
LINE (OVID and PubMed), EMBASE (via OVID) and
The Cochrane Library (Cochrane Database of Systematic
Reviews, Cochrane Central Register of Controlled Tri-
als (CENTRAL), Cochrane Methodology Register) were
searched for completed, peer-reviewed manuscripts in
English from the establishment of these databases until
Ist May 2019. The search strategy encompassed subject
headings or thesaurus terms, and a comprehensive, rel-
evant text-word strategy utilizing truncations and ‘wild-
cards’. Searches were combined using Boolean operators
‘and’, ‘or’ and ‘not’. The following search terms were
used in different combinations: transient ischaemic attack,
TIA, stroke, platelet function, platelet reactivity, platelet
aggregation, platelet aggregometry, antiplatelet resistance,
high on-treatment platelet reactivity, aspirin, clopidogrel,
dipyridamole, and three commonly available whole blood
platelet function/reactivity testing platforms at the time
of planning the review (Platelet Function Analyser-100
(PFA-100®), VerifyNow®, Multiplate®). In addition, refer-
ence lists of included papers and systematic reviews were
critically evaluated to search for articles not identified with
the above search strategy.

Study Selection and Data Extraction
We used the following inclusion criteria:

1. Studies including patients with TIA or ischaemic
stroke, > 18 years, treated with aspirin or clopidogrel
monotherapy, aspirin—dipyridamole or aspirin—clopi-
dogrel combination therapy, who had platelet function/
reactivity testing with aggregometry or any of the above
commonly available whole blood platelet function/reac-
tivity platforms;
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2. Any prospectively collected outcome data recorded dur-
ing follow-up after platelet function/reactivity testing;

3. We included pharmacogenetic studies only if they
had simultaneously collected antiplatelet—-HTPR data
because e.g. clopidogrel may potentially have less clin-
ical efficacy in ‘poor’ or ‘intermediate metabolizers’
and greater efficacy in ‘extensive metabolizers’ without
CYP2C19 loss-of-function alleles [25, 26].

Exclusion Criteria

We excluded studies assessing platelet function in vitro or
‘platelet activation status’ ex vivo, pharmacogenetic studies
not linked to antiplatelet—HTPR testing, or reports in which
it was unclear whether haemorrhagic stroke patients were
included. Studies which did not prospectively collect data
on the risk of recurrent vascular events or outcomes during
follow-up after ex vivo platelet reactivity/function testing
were excluded. We also excluded studies purely focused on
subgroups of patients with moderate—severe symptomatic or
asymptomatic carotid atherosclerotic stenosis because this
is the subject of a separate systematic review in preparation.
However, some included studies on CVD patients overall did
of course incorporate data on some patients with recently
symptomatic carotid stenosis.

The majority of studies assessing antiplatelet—HTPR in
CVD used a ‘cross-sectional/case—control’ definition of
HTPR where patients’ results at a single time point were
compared with those from a group of healthy controls or
the manufacturer’s normal range [22]. Prospective longitu-
dinal studies which assessed alteration of platelet function/
reactivity ex vivo in matched samples from individual CVD
patients who were tested prior to and following commence-
ment or modification of their antiplatelet regimen are limited
[27-34]. Members of our group have proposed the novel
concept of ‘longitudinal antiplatelet—-HTPR status’, which
we defined as failure to alter a patient’s platelet function/
reactivity data compared with their own ‘baseline value’
before undergoing a change in antiplatelet therapy by more
than twice the coefficient of variation of the assay [27].
Therefore, available data pertaining to cross-sectional and
longitudinal definitions of HTPR in CVD were analysed as
both have the potential to be clinically informative [27, 28].

Two independent reviewers (STL and SYL) screened
the title and/or abstract of retrieved citations. If the abstract
suggested the article met our inclusion criteria, the full-text
article was reviewed by two reviewers who extracted the
following data on pre-specified forms: authors; journal; year
of publication; geographical location of the study; study
design; inclusion and exclusion criteria; baseline clinical
and demographic data; sample size; clinical indication for
antiplatelet therapy; prescribed antiplatelet regimens and
doses; type of platelet function test/platform utilised and

definition of antiplatelet-HTPR employed; duration of
follow-up; comparison of outcomes between those with vs.
those without antiplatelet—-HTPR. Any discrepancies were
resolved by consensus between reviewers. Each manuscript
was also critically-appraised by the supervising author who
finally adjudicated on any disagreements between reviewers.

Some studies contained relevant data which were only
suitable for inclusion in our systematic review. Others
reported sufficiently-detailed data which were suitable for
inclusion in both the systematic review and in the meta-anal-
ysis to calculate the potential value of antiplatelet-HTPR
testing in prospectively predicting the risk of our pre-spec-
ified primary and secondary outcomes. The primary out-
come for our meta-analysis was defined as the composite
risk of recurrent stroke, TIA, myocardial infarction or vas-
cular death. Secondary outcomes were: (a) the risk of hav-
ing a recurrent ischaemic stroke or TIA; (b) severe stroke
(NIHSS score > 16) or disability/impairment (defined as a
modified Rankin scale [MRS] score > 3) during follow-up
because antiplatelet—-HTPR could theoretically contribute to
progressive ischaemia or infarction following stroke onset.

Statistical Methodology

We used standard descriptive statistical methodology for the
systematic review. VT coordinated the meta-analyses using
the STATA/IC 15.1 statistical package. We calculated unad-
justed odds ratios (ORs) for each individual study based on
reported binary data. In studies requiring OR calculations
from binary data which included arms with zero events,
0.5 was added to all cells. These outcomes were pooled on
the log-scale using the DerSimonian—Laird random-effects
model with an inverse-variance calculation method, and the
pooled effect exponentiated with resulting ORs. A second-
ary analysis utilizing a fixed-effects model was performed
to complement the random-effects approach. Heterogene-
ity was assessed using the /? statistic. To explore possible
sources of heterogeneity, we undertook subgroup sensitivity
analyses based on factors which might influence outcomes
between patients with and without antiplatelet—-HTPR: anti-
platelet regimen (aspirin, clopidogrel, aspirin—clopidogrel,
aspirin—dipyridamole combination therapy); aspirin dose
(<100 mg/day, > 100 mg/day); geographical location/ likely
ethnicity’ (arbitrarily defined as ‘Non-Asian’ versus ‘Asian’
study populations) based on Country of origin of respective
studies. Furthermore, studies were categorized and analysed
according to methods used to assess HTPR status, includ-
ing ‘platelet aggregation under low shear stress’, ‘platelet
adhesion and aggregation under high shear stress’ and ‘other
methods’. We also performed random-effects meta-regres-
sion analyses of data based on common variables, such as
the effect of year of study publication, patient age and sex
on the risk of subsequent stroke/TTA, MI or vascular death.
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Quality Assessment and Risk of Bias

The Risk Of Bias In Non-randomized Studies-of Interven-
tions (ROBINS-I) tool [35] was employed by two independ-
ent reviewers (STL and SYL) to assess quality and risk of
bias of included studies. The ROBINS-I domain encompass-
ing ‘deviation from interventions’ was not relevant to this
review.

Data Availability

The data extraction tables, which were populated from the
studies included in the systematic review and meta-analy-
sis, are available on request to be shared by the first author
with qualified scientific collaborators for relevant research
projects.

Ethical Considerations

Because these data were collated as part of a systematic
review and meta-analysis, our Local Research Ethics Com-
mittee (LREC) hospital guidelines indicate that formal
LREC approval for such a study is not required. However, all
data were securely stored in electronic format and no indi-
vidual patient could be identified from the data contained
within. The study and analyses were conducted in accord-
ance with best ethical practice and supervised by experi-
enced Consultants who are International Conference on
Harmonisation of Technical Requirements for Registration
of Pharmaceuticals for Human Use Good Clinical Practice
(ICH GCP)-certified.

Results

The search identified 34 studies which were suitable for
inclusion in our comprehensive systematic review, 20 of
which also met inclusion criteria for both qualitative and
quantitative synthesis in our meta-analysis (Fig. 1). A sum-
mary of data from our systematic review of 34 studies will
be presented first, followed by data from the meta-analysis
of the aforementioned 20 studies.

Systematic Review of the Prevalence
of Antiplatelet-HTPR

Most studies used ‘cross-sectional/case—control’ definitions
of antiplatelet—HTPR [22] and prevalence varied accord-
ing to the device used, time interval after TIA or stroke
onset, definition employed [36, 37] and doses of prescribed
therapy [22, 38]. The following figures represent the range
for the minimum-maximum reported prevalence of anti-
platelet-HTPR on each antiplatelet regimen based on the
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definition of antiplatelet—-HTPR used in the individual stud-
ies included in our systematic review. The prevalence of
antiplatelet—-HTPR across all studies ranged from 3 to 65%
with aspirin, 8-56% with clopidogrel, 1.8-35% with aspirin
and clopidogrel in patients on aspirin—clopidogrel combina-
tion therapy, and 56-59% with dipyridamole in patients who
were also on aspirin (Supplemental Tables I and II). In our
systematic review, thirteen independent studies found a clear
association (P <0.05; Supplemental Table III), and eleven
studies found no clear independent association between
antiplatelet—-HTPR status and the risk of recurrent vascular
events (Supplemental Table IV). Twelve studies revealed
an association between antiplatelet—-HTPR status and more
severe strokes, early neurological deterioration or adverse
outcomes (P <0.05; Supplemental Table V). One study
found a relationship between clopidogrel-HTPR status and
CYP2C19%*2 and CYP2C19%3 pharmacogenetic profiles,
and revealed that clopidogrel-HTPR, but not CYP2C19
genotype, was associated with an increased risk of recur-
rent ischaemic stroke/TIA, cardiac events or vascular death
[39]. Four studies showed an association between CYP2C19
genotype and the risk of clopidogrel-HTPR [39-42]. One
study suggested that patients with a ‘CYP2C19 extensive
metaboliser genotype’ were more likely to have good func-
tional outcomes (MRS < 2) at 3 and 6 months follow-up [40].

Meta-analysis

The meta-analysis was performed on pooled data from
20 studies in 4989 patients (1507 patients with antiplate-
let-HTPR and 3482 without antiplatelet-HTPR), 56.7% of
whom were men, with a mean age of 65.8 years (standard
deviation: 4.9 years). The mean duration of follow-up was
14.9 months for all studies combined in the meta-analysis
(supplemental table VI).

Quality Assessment and Risk of Bias

Fourteen of 20 included studies were considered to have a
‘very low risk’ of bias, with 3 studies potentially influenced
by ‘missing data’ and 4 studies had some domains catego-
rized as ‘sound for a non-randomized study but not compa-
rable to a rigorous randomized trial’. If one accepts that it is
difficult to assess the precise impact of the missing data in 3
studies, the overall risk of bias was deemed to be low or very
low in 17/20 (85%) included studies (supplemental figure I).

Meta-analysis of Data on HTPR Status and Risk
of Composite Vascular Outcomes

There was an increased risk of the composite pri-
mary outcome of recurrent stroke/TIA, myocardial
infarction or vascular death in patients with vs. those
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Fig. 1 Flow chart summarising
search strategy used in line with

PRISMA statement

Identification

Records identified through
MEDLINE database searching
(N =1692)

Additional records identified through
EMBASE database searching
(N =876)

Records after duplicates removed
(N =2254)

Screening

Eligibility

Included

without antiplatelet—-HTPR on any antiplatelet regimen
(OR=2.93,95% CI 1.90-4.51 (Fig. 2a), with high het-
erogeneity between studies (I*=80.7%, p <0.001). Sub-
group analysis by antiplatelet regimen demonstrated
a significant risk of the composite outcome in patients
with vs. those without aspirin—-HTPR (OR=3.13, 95% CI
1.77-5.56) and dual antiplatelet-HTPR (OR =3.14, 95%
CI 1.86-5.31) (Fig. 2b). Patients with clopidogrel-HTPR
did not have a significantly higher risk of the composite
outcome, but the number of included studies was very
small (OR =1.98, 95% CI 0.89-4.4). There was high het-
erogeneity between aspirin studies (I>=84%, p <0.001),
moderate heterogeneity between clopidogrel studies
(12= 67.3%, p=0.047), and low heterogeneity between
dual antiplatelet studies (I*=0%, p =0.78). Separate sub-
group analysis of outcomes in studies on lower dose aspi-
rin (<100 mg daily) and higher dose aspirin (> 100 mg
daily) revealed that there was a statistically significantly
increased risk of the composite outcome in patients with

A 4

R d J Records excluded
ecords screene (Not relevant)
(N =2234) (N =2139)
v Full-text articles
Full-text articles excluded, with reasons
s e.g. non prospective
assessed for eligibility stu%ieS' stFLdieF; which
(N = 95) did not record outcomes
(N =75)

h 4

Studies included in
qualitative and
quantitative synthesis
(Meta-analysis)

(N =20)

vs. those without aspirin—HTPR on lower dose aspirin
(OR=3.38,95% CI 1.77-6.45), but not on higher dose
aspirin although the 95% CIs were very wide (OR =2.24,
95% C10.46-10.99) (Fig. 2c). Antiplatelet—-HTPR on any
regimen was associated with a higher risk of the compos-
ite outcome in ‘Asian’ and ‘Non-Asian’ populations, with
no difference between these subgroups (Fig. 2d). How-
ever, there was high heterogeneity in each subgroup. Stud-
ies employing the principle of platelet aggregometry (e.g.
conventional aggregometry, VerifyNow and Multiplate)
showed a higher risk of composite outcomes in those
with vs. those without antiplatelet-HTPR (OR =3.27,
95% CI 2.02-5.31; supplemental figure II). Studies which
assessed platelet adhesion/aggregation under high shear
stress (PFA-100) did not show a significant association
between HTPR status and risk of the subsequent com-
posite outcome, but the number of subjects included in
this analysis was limited (N=521 in total; supplemental
figure II).
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Overall (-squared =80.7%, p = 0.000) 0 2.93(1.90, 451) 377ns07 44273084 100.00
1

NOTE: Weights are from random effects analysis :

I I

0204 1

«— HTPR decreases risk

Fig.2 a Combined analysis of the composite risk of subsequent
ischaemic stroke/TIA, myocardial infarction or vascular-related death
in those with vs. those without antiplatelet—-HTPR on any antiplate-
let regimen. b Subgroup analysis based on antiplatelet regimen on
the composite risk of subsequent ischaemic stroke/TIA, myocardial
infarction or vascular death in those with vs. those without HTPR on
aspirin, clopidogrel or dual antiplatelet therapy. (Tobin et al. 2011
study included patients changing from aspirin to aspirin—dipyrida-
mole combination therapy, but no outcome events were observed dur-

Meta-analysis of Data on HTPR Status and Risk
of Recurrent Ischaemic Stroke/TIA

Meta-analysis of studies which included data on the risk
of recurrent ischaemic stroke/TIA showed a significantly
higher risk of ischaemic stroke/TIA recurrence in patients
with vs. those without antiplatelet—~HTPR on any antiplate-
let regimen (OR =2.43,95% CI 1.51-3.91) (Fig. 3a). How-
ever, there was considerable heterogeneity between studies
(I’=81.6%, p<0.001). Analysis of specific antiplatelet
regimens showed that aspirin—-HTPR (OR =2.26, 95% CI
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HTPR increases risk —

ing follow-up. All other ‘dual antiplatelet therapy’ studies were on
aspirin—clopidogrel). ¢ Subgroup analysis based on aspirin dose on
the composite risk of subsequent ischaemic stroke/TIA, MI or vas-
cular death in those with vs. those without aspirin—-HTPR on ‘Lower
dose’ (<100 mg daily) and ‘Higher dose’ (> 100 mg daily) aspirin. d
Subgroup analysis based on geographical study location on the com-
posite risk of subsequent ischaemic stroke/TIA, myocardial infarction
or vascular death in those with vs. those without antiplatelet—~HTPR

1.19-4.30) and dual antiplatelet-HTPR (OR =4.78, 95%
CI 2.65-8.62) were associated with a higher risk of recur-
rent ischaemic stroke/TIA. However, there was no statisti-
cally significant association between clopidogrel-HTPR
and risk of subsequent ischaemic stroke/TIA (OR =1.98,
95% CI 0.89-4.42). There was high heterogeneity between
studies assessing aspirin-HTPR (I2 =84.9%, p<0.001),
moderate heterogeneity between clopidogrel-HTPR
studies (I>=66.1%, p=0.05) and low heterogeneity
between studies of dual antiplatelet therapy (I*=0%,
p=0.38) (Fig. 3b). Aspirin—-HTPR was associated with
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«— HTPR decreases risk

Fig.2 (continued)

a significantly increased risk of subsequent ischaemic
stroke/TTA in patients on lower dose aspirin (OR =2.70,
95% CI 1.30-5.59), but not in those on higher dose aspirin
(Fig. 3c). There was high heterogeneity between studies
of lower dose aspirin (I2 =88.1%, p<0.001), but low het-
erogeneity in studies with higher dose aspirin (I*=0%,
p=0.99). There was a higher risk of subsequent ischae-
mic stroke/TTA in patients with antiplatelet-HTPR in the
‘Asian’ subgroup’ (OR=2.48, 95% CI 1.56-3.93), but the
differences were not statistically significant in the ‘Non-
Asian’ subgroup (OR=2.02, 95% CI 0.62-6.61), with high
heterogeneity in each subgroup (Asian: I*=77.2%; Non-
Asian I%: 80.1%: p<0.001) (Fig. 3d).

HTPR increases risk —

Meta-analysis of Data on the Relationship
between HTPR Status and Stroke Severity
or Disability during Follow-up

The risk of having a severe stroke during follow-up
(NIHSS > 16) was higher in those with vs. those without
HTPR (OR =2.65, 95% CI 1.00-7.01) (Fig. 4), but there
were insufficient data to comment on MRS outcomes in
those with vs. those without HTPR. There was moderate
heterogeneity between studies (I*=63.2, p=0.099).
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Study Events, Events,
D OR (95% CI) HTPR No HTPR Weight
1
Higher Dose Aspirin 1
> !
Berrouschot et al (2006) -4- T 115 (0.14,9.61) 1723 /210 412
1
Boncoragho et al (2008) T 0.99 (0.26, 3.80) e 12/108 6.24
1
Grotemeyer et al (1993) \ _————— 14.53 (5.16, 40.89) 24/60 5114 727
[
Schwammenthal et al (2008) T 1.04 (0.19, 5.80) 222 5/57 513
Subtotal (I-squared = 78.1%, p = 0.003) <$ 224 (0.46, 10.99) 30131 30/484 2275
1
1
1
Lower Dose Aspirin l
[
Cha et al (2008) _— 470 (151, 14.66) 8126 7181 692
1
Dharmasaroja et al (2014) ~ - 7.42 (1.12, 48.99) 26 695 468
1
Gengo et al (2008) 1 e 13.04 (7.86, 21.63) 57/129 30/524 8.86
1
Mannu et al (2014) —$— - 1.08 (0.19, 6.29) 27 458 501
| [
McCabe et al (2005) I -4- 294 (0.25, 35.06) 219 1126 342
1
Lai et al (2012) 0.96 (0.24, 3.80) 83 71186 6.14
1
Ozben etal (2012) —_——— 354 (1.30,9.59) 20135 am 7.39
1
Yietal () (2013) e 425 (2.74,657) 55/150 54/450 9.02
1
Yietal (1) ( -J Neurol) (2016) R <a— 472(2.36,9.44) 24/104 151251 836
1
Yietal (Ill) (2017) —— 1 1.05 (072, 1.51) 511223 130/589 9.16
1
Zhang N etal (2017) _— 4,09 (1.99,837) 20043 30171 829
1
Tobin et al (2013) ! (Excluded) o8 o4 000
Subtotal (I-squared = 86.5%, p = 0.000) <> 338 (1.77, 6.45) 2537851 325/2506 77.25
1
Overall (-squared = 84.0%, p = 0.000) ¢ 313(1.77,556) 283982 355/2990 100.00
1
NOTE: Weights are from random effects analysis :
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Fig.2 (continued)

Meta-regression Analysis

Meta-regression analysis revealed that the only common
variable which influenced the relationship between antiplate-
let-HTPR status and the risk of the composite outcome was
the ‘year of publication’, with older studies more likely to
reveal a significant relationship between antiplatelet—-HTPR
status and outcomes (p=0.01). However, post hoc analysis,
after excluding data from the study by Grotemeyer et al. [7]
to focus on the era of ‘more modern secondary preventive
therapy’ from 2005 onwards, negated the impact of the year
of publication on our results (p =0.7). Nevertheless, it is
important to note that the higher risk of composite outcomes
with antiplatelet—-HTPR overall, or aspirin—~HTPR in particu-
lar, persisted after post hoc meta-analyses which excluded
Grotemeyer’s data (supplemental figures III and IV).
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Discussion

Our comprehensive systematic review revealed a wide range
of prevalence of antiplatelet-HTPR of 3—-65% with aspirin,
8-56% with clopidogrel, 1.8-35% with either aspirin or
clopidogrel in patients on aspirin—clopidogrel combina-
tion therapy, and 56-59% with dipyridamole when it was
added to aspirin in the early, subacute or late phases after
TIA/ischaemic stroke [22]. The highest absolute prevalence
of aspirin—-HTPR was observed in a case—control study
assessing platelet adhesion/aggregation with the PFA-100
under moderately-high shear stress [43]; the highest preva-
lence of clopidogrel-HTPR was noted with a modified
aggregometry paradigm (VerifyNow) [44] (Supplemen-
tal Table I). Case—control definitions may underestimate
effects of antiplatelet therapy in individuals compared with
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Study Events, Events, %

D OR (95% Cl) HTPR No HTPR Weight
1

Non-Asian 1

Berrouschot et al (2006) 2 g : 1.15(0.14,9.61) 1/23 8/210 264

Boncoraglio et al (2008) + 0.99 (0.26, 3.80) /26 121103 429

Gengo et al (2008) : —— 13.04 (7.86, 21.63) 57129 30/524 6.68

Grotemeyer et al (1993) ! _‘_ 14.53 (5.16, 40.89) 24/60 5/114 517

Mannu et al (2014) - : 1.08 (0.19, 6.29) 227 458 3.30

McCabe et al (2005) = # 2.94 (0.25, 35.06) 2119 1126 214

Schwammenthal et al (2008) # 4 1.04 (0.19, 5.80) 222 5/57 3.39

Meves (2013) -&- : 1.63 (0.42, 6.33) /70 4189 426

Tobin et al (2013) : (Excluded) o6 0/4 0.00

Tobin (2013) 1 (Excluded) o7 13 0.00

Tobin et al (2011) : (Excluded) 028 0/22 0.00

Subtotal (I-squared = 78.6%, p = 0.000) -<:>— 2.76(1.01,7552) 96/417 6911220 31.87
1

Asian :

Cha et al (2008) el — 4.70 (1.51, 14.66) 8/26 7/81 486

Dharmasaroja et al (2014) : C 7.42(1.12,48.99) 26 6/95 3.05

Lai etal (2012) - : 0.96 (0.24, 3.80) 3/83 7186 420

Ozben etal (2012) —_— 3.54 (1.30, 9.59) 29735 am 5.28

Yietal (i) (2013) -;—0— 4.25(2.74,6.57) 5§5/150 54/450 6.84

Yietal (Il) (-J Neurol) (2016) —{—+— 472 (2.36,9.44) 24104 15251 6.18

Yietal (Ill) (2017) — 1 1.05(0.72, 1.51) 51/223 130/589 6.98

Zhang N et al (2017) —i—+— 4,09 (1.99,8.37) 20/43 30171 6.11

Han etal (2015) — : 1.23 (0.69, 2.18) 29122 311153 6.51

Yietal (1l) (-J Neurol) (2016) —_— 3.68(1.90, 7.12) 29/153 15/251 6.27

Yietal (1l) (-J Neurol) (2016) —_—— 3.31(1.75,6.28) 22/82 25/251 6.33

Rao Z (2017) —_—— 2.82(1.13,7.04) 9/63 121215 552

Subtotal (l-squared = 75.5%, p = 0.000) 0 2.81(1.85,4.27) 281/1090  373/2764 68.13
1

Overall (l-squared = 80.7%, p = 0.000) ¢ 2.93 (1.90, 4.51) 3771507  442/3984 100.00

NOTE: Weights are from random effects analysis :
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Fig.2 (continued)

novel longitudinal definitions [22, 27], but most data in this
review were derived from studies employing traditional
case—control definitions. Variability in HTPR prevalence
rates between studies and devices emphasises the impor-
tance of ideally assessing platelet reactivity with more than
one device in future studies to clarify which testing plat-
forms are most likely to predict outcomes.

Our meta-analysis indicates that CVD patients with
antiplatelet—-HTPR on any regimen, based on HTPR defini-
tions employed in individual studies, had at least 2-3 times
the risk of experiencing the composite outcome or recur-
rent ischaemic cerebrovascular events alone during pro-
spective follow-up compared with patients without anti-
platelet-HTPR. These findings also applied to patients on
aspirin monotherapy or aspirin—clopidogrel combination

HTPR increases risk —

therapy, but there was high heterogeneity between studies
in patients on aspirin alone and fewer studies in patients on
aspirin—clopidogrel dual antiplatelet therapy. Our outcome
data on aspirin are broadly in keeping with a prior sys-
tematic review and meta-analysis by Fiolaki et al. which
reported an increase in the relative risk of recurrent ischae-
mic stroke/TIA in patients with vs. those without aspi-
rin—-HTPR [23]. However, not all recurrent vascular events
were recorded during prospective follow-up after HTPR
testing by Fiolaki et al., which is a major strength or our
current, more focused prospective meta-analysis, and the
value of assessing HTPR status to predict the risk of the
composite outcome of recurrent stroke, TTA, myocardial
infarction or vascular death was not pre-planned or ana-
lysed in that prior study [23]. In contrast to the findings by
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Study Events, Events,
[} OR (95% CI) HTPR No HTPR Weight
1
Ozben et al (2012) | 0.81(0.31,2.09) 835 19/71 6.1
1
Lai et al (2012) —_—————————— 0.96 (0.24, 3.80) 383 7186 481
| 1
Boncoraglio et al (2008) —_—— 0.99 (0.26, 3.80) 3re 12/103 4.90
| 1
Yi et al (1ll) (2017) —— : 1.04 (0.70, 1.53) 44223 113/589 7.67
|
Schwammenthal et al (2008) + : 1.04(0.19, 5.80) 2122 s/57 392
Lo
Mannu et al (2014) g . 1.08 (0.9, 6.29) 2127 /58 382
1
Berrouschot et al (2006) T 1.15 (0.14,9.61) 123 8210 3.09
1
Han et al (2015) —+_' ] 1.23(0.69, 2.18) 29122 31153 723
1
Meves (2013) —_— 1.63 (0.42, 6.33) 570 489 488
1
Yiet al (i) (2013) — 2.74 (1.68, 4.46) 35/150 45/450 7.45
1
McCabe et al (2005) - 2.94 (0.25, 35.06) 219 1126 252
1
Rao Z (2017) B . < — 3.42(1.32,8.83) 983 10/215 6.1
1
Yi et al (1) (- J Neurol) (2016) — 3.75 (1.86, 7.55) 26/153 131251 6.88
1
Zhang N etal (2017) —H— 4.09(1.99,8.37) 20/43 30171 6.83
Yi et al (1I) (-J Neurol) (2016) JI—.— 4.63 (2.2, 9.66) 217104 137251 6.77
Yi et al (1) (- J Neurol) (2016) : —_—— 5.91 (278, 12.53) 20/82 13/251 672
1
Gengo et al (2008) ' —— 13.04 (7.86, 21.63) 57129 30/524 7.40
! . S ]
Cha et al (2008) T - > 1455 (1.55,136.84) 426 1181 288
1
Tobin (2013) ] (Excluded) o7 o013 0.00
1
Tobin et al (2011) 1 (Excluded) o028 o022 0.00
1
Tobin et al (2013) 1 (Excluded) 0% o4 0.00
Overall (I-squared =81.6%, p = 0.000) ¢ 2.43(1.51,3.91) 29171441 359/3775 100.00
1
NOTE: Weights are from random effects analysis !
1
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Fig.3 a Combined analysis of the risk of recurrent ischaemic stroke/
TIA in those with vs. those without antiplatelet-HTPR on any anti-
platelet regimen (aspirin, clopidogrel or dual antiplatelet therapy)
during follow-up. b Subgroup analysis of the risk of recurrent ischae-
mic stroke/TIA in those with vs. those without HTPR on various anti-
platelet regimens (Aspirin, Clopidogrel, Dual Antiplatelet therapy).
(Tobin et al. [28] study included patients changing from aspirin to

Fiolaki et al. [23], the presence of clopidogrel-HTPR was
not significantly associated with the risk of ischaemic cer-
ebrovascular outcomes (or composite vascular outcomes
in our study) using different, carefully-selected prospec-
tive studies in our meta-analysis. However, our clopi-
dogrel-HTPR findings should be interpreted with caution
because they might reflect a type II error due to the lower
number of patients on clopidogrel with prospective data
available for analysis, and there was moderate heterogene-
ity between studies. Larger prospective studies assessing
the value of clopidogrel-HTPR at predicting outcomes
after TIA/ischaemic stroke are warranted.
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aspirin—dipyridamole combination therapy, but no outcome events
were observed during follow-up. All other ‘dual antiplatelet therapy’
studies were on aspirin—clopidogrel). ¢ Subgroup analysis on the risk
of recurrent ischaemic stroke/TIA in those with vs. those without
aspirin-HTPR on ‘Lower dose’ (<100 mg daily) and ‘Higher dose’
(> 100 mg daily) aspirin

Pre-planned subgroup analyses revealed that the relation-
ship between aspirin—HTPR and risk of recurrent vascular
outcomes overall or cerebrovascular outcomes in particular
pertained to studies on ‘lower dose’ (<100 mg/day) but not
‘higher dose’ aspirin (> 100 mg/day). This highlights the
need to conduct adequately-powered, multi-centre studies
assessing the predictive value of aspirin—-HTPR status in
CVD patients in routine clinical practice on a range of aspi-
rin doses. Most patients included in this review received
lower dose aspirin, in keeping with recommendations from
meta-analyses of clinical trials [45]. However, because a
minority of studies assessed patients on higher dose aspirin,
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D OR (95% CI) HTPR No HTPR Weight
Aspirin :
Berrouschot et al (2006) - + 1.15(0.14,9.61) 123 8/210 3.09
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Gengo et al (2008) | — 13.04 (7.86, 21.63) 57/129 30/524 7.40
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1
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Subtotal (I-squared = 66.1%, p = 0.052) 10 1.98 (0.89, 4.42) 60352 48/506 18.99
1
Dual Antiplatelet Therapy :
Yietal (Il) (- J Neurol) (2016) P 591 (278, 12.53) 20/82 13/251 6.72
Rao Z (2017) + 3.42 (1.32, 8.83) 9/63 107215 6.11
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|
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NOTE: Weights are from random effects analysis :
| |
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Fig.3 (continued)

one should not conclude that assessment of aspirin—-HTPR
status is unwarranted in patients on higher dose aspirin
because the 95% Cls of the analyses of data from lower and
higher dose aspirin studies overlapped, and the 95% confi-
dence intervals in the higher dose aspirin group in particular
were wide, as emphasised in the results section above.

Our novel subgroup data also indicate that the poten-
tial value of antiplatelet—-HTPR status in predicting the
risk of recurrent composite vascular outcomes applies to
both ‘Asian’ and ‘non-Asian’ study populations, which to
our knowledge, had not been comprehensively addressed
before. However, the absence of information on the precise
ethnic background of study patients is a limitation of this
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review and precludes further specific comment. HTPR data
were predictive of the composite outcome in studies using
aggregometry or modified aggregometry techniques, but
not in studies assessing platelet adhesion or aggregation at
high shear stress. It must be acknowledged that the limited
number of outcome data from prospective studies with the
PFA-100 could also have led to a type II error, and thus war-
rants further study.

The recently published Platelet Reactivity in Acute Stroke
or Transient Ischaemic Attack (PRINCE) trial revealed a
lower prevalence of antiplatelet—-HTPR with ticagrelor than
with clopidogrel on the VerifyNow P2Y 12 assay in Chinese
patients at 90 days following a ‘high risk TIA’ or minor
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Fig.3 (continued)

ischaemic stroke (12.5 vs. 29.7%, p <0.001) [46]. However,
the authors did not report the risks of recurrent vascular
events in the subgroups of patients with vs. those without
ticagrelor-HTPR and clopidogrel-HTPR, respectively, and
the study was not designed or powered to detect such differ-
ences. Therefore, these trial data, which were included in our
systematic review but did not meet criteria for inclusion in
our meta-analysis, do not provide evidence that one should
change antiplatelet treatment based on clopidogrel-HTPR
or ticagrelor-HTPR status.

An emerging body of evidence indicates that the presence
of antiplatelet-HTPR in particular might have an adverse
effect on baseline stroke severity, early deterioration, poorer
functional outcome or higher mortality during follow-up
(Supplemental Table V) [47-53]. These studies do not
prove that antiplatelet—-HTPR is directly responsible for the
pathogenesis of more severe strokes at presentation or poorer
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outcomes during follow-up because the dose and duration
of therapy varied between studies, but might partly reflect
‘secondary platelet hyper-reactivity’ following larger strokes
which is not inhibited by prescribed doses of aspirin or
clopidogrel. We identified an increase in the risk of having
a persistently severe stroke during follow-up in those with
vs. those without antiplatelet—-HTPR. However, there were
insufficient data to perform separate subgroup analyses on
aspirin or clopidogrel, respectively due to the limited num-
ber of studies in which these dichotomous NIHSS outcome
data were included. Future meta-analyses should explore the
impact of antiplatelet-HTPR on ‘dynamic NIHSS changes’
in the early phase after ischaemic stroke. These preliminary
findings are still informative and indicate that assessment of
the combined risk of recurrent vascular events or ‘adverse
functional outcomes’ could enhance the statistical power of
future studies.
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Fig.4 Analysis of the odds of having a severe disabling stroke (defined as having an NIHSS > 16) in those with vs. those without antiplatelet—

HTPR on aspirin or clopidogrel

Limitations

Our study had some limitations. The meta-analysis was lim-
ited by fundamental constraints inherent in some studies,
e.g. small sample size and discernible clinical heterogeneity
between individual studies which we have outlined above,
and we did not conduct an individual patient data meta-anal-
ysis. There were differences between studies in the defini-
tions of antiplatelet—-HTPR, the timing of measurement of
HTPR status following index TIA/stroke and whether or not
initial ‘loading doses’ of antiplatelet agents were prescribed;
available information regarding these variables have been
described in detail in our supplemental tables. Further analy-
ses are warranted to determine whether time from symptom
onset influences results because some prior studies have
shown a higher absolute prevalence of aspirin—~HTPR in the
early vs. late phase after TIA/ischaemic stroke [36]. Because
we only included studies which assessed recurrent events
during prospective follow-up after antiplatelet—HTPR test-
ing, and as recurrent vascular events may occur very early
after initial TTA or stroke onset [1], this robustly designed
meta-analysis might potentially have underestimated the pre-
dictive value of antiplatelet-HTPR testing at predicting early
recurrent vascular events in CVD patients. We do not have

data on the precise timing of recurrent events/outcomes after
symptom onset in patients on individual antiplatelet regi-
mens, but our inclusive approach nevertheless provides use-
ful information that antiplatelet—HTPR testing after TIA or
ischaemic stroke overall may predict outcomes. The inher-
ent problem with hyper-acutely assessing antiplatelet—HTPR
status is that e.g. aspirin may not have fully inhibited throm-
boxane biosynthesis if testing is performed too early in the
first week after commencing treatment, so assessment of
the prevalence of antiplatelet—HTPR status during this time
period could produce misleadingly high values. However,
future studies and meta-analyses could address the issue of
the predictive value of antiplatelet-HTPR testing e.g. after
7 days of treatment and in the more subacute and later phases
after symptom onset. The use of enteric coated aspirin might
have led to an increased prevalence of aspirin—-HTPR over-
all in studies on CVD patients included in this systematic
review and meta-analysis, as has been observed in healthy
controls [54], and in obese patients with type II diabetes
[55]. We did not have sufficient data on the formulation of
aspirin prescribed in several studies to reliably comment fur-
ther on this issue, but future studies should document infor-
mation on the formulation of aspirin used in individual CVD
patients. We could not entirely control for the possibility of
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positive publication bias if groups did not publish findings if
their data were not predictive of recurrent events/outcomes.
However, this comprehensive review included a wide range
of positive and negative predictive studies, including those
not powered or designed to predict outcomes, thus mini-
mising selection bias in our own systematic review process.
Although available published data in some studies may also
have limited our ability to perform a thorough assessment
of the risk of bias, assessment of studies with the ROBINS-I
tool revealed that the majority (85%) had a low or very low
risk of bias.

Conclusions

In conclusion, monitoring antiplatelet-HTPR status with
platelet function/reactivity assays, in combination with phar-
macogenetic testing [22], has the potential to predict the
risk of recurrent vascular events and functional outcomes
in CVD patients on commonly prescribed antiplatelet regi-
mens. Given the moderate—high heterogeneity between stud-
ies, further prospective, adequately-powered, multi-centre
studies in diverse geographical populations are urgently
needed to address this issue. Such information would facili-
tate progression to a definitive interventional trial to deter-
mine whether altering therapy in individual patients with
antiplatelet-HTPR reduces the risk of recurrent vascular
events, adverse functional outcomes or improves survival
following TTA/ischaemic stroke. However, the current evi-
dence-base does not yet support routine alteration of anti-
platelet therapy in clinical practice based on ex vivo anti-
platelet—HTPR testing in CVD patients outside of a research
study or clinical trial.
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