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Abstract 
Background 
People who have a stroke or TIA are at increased risk of secondary vascular events.  

Antiplatelet medications, most commonly clopidogrel, are prescribed to reduce this risk. 

Some people are unable to metabolise clopidogrel due to genetic variants in the CYP2C19 

gene - ƪƴƻǿƴ ŀǎ άŎƭƻǇƛŘƻƎǊŜƭ ǊŜǎƛǎǘŀƴŎŜέ.  Relevant variants can be detected using 

laboratory-based tests or point of care tests (POCT) ς Genomadix Cube and Genedrive; this 

could allow targeting of more suitable treatment. 

 

Objective 
To assess the clinical- and cost-effectiveness of genetic testing to identify clopidogrel 

resistance in people with ischaemic stroke or TIA. 

 

Design  
Systematic review and economic model.  

 

Results 
Two studies assessed the secondary vascular events in patients tested for LOF alleles and 

treated accordingly.  They found a reduced risk, but confidence intervals were wide (HR 

0.50, 95% CI 0.09, 2.74 and HR 0.53, 95% CI 0.24, 1.18). 

 

Seven RCTs compared clopidogrel with alternative treatment in people with genetic 

variants.  Ticagrelor was associated with a lower risk of secondary vascular events than 

clopidogrel (summary HR 0.76, 95% CI 0.65, 0.90; 2 studies).  There was no evidence of 

differences between other antiplatelet treatment strategies. 

 

Twenty-five studies compared outcomes in people with and without genetic variants 

treated with clopidogrel.  People with genetic variants treated with clopidogrel were at 

increased risk of secondary vascular events (HR 1.72, 95% CI 1.43, 2.08; 18 studies).  There 

was no difference in the risk of bleeding (HR 0.98, 95% CI 0.68, 1.40; 5 studies). 

 

Eleven studies evaluated Genomadix Cube accuracy; no studies evaluated Genedrive.  

Summary sensitivity was 100% (95% CI 94, 100%) and summary specificity was 100% (95% CI 

99, 100%).  Seventeen studies evaluated technical performance of POCT.  Test failure rate 

ranged from 0.4% to 19% for Genomadix Cube; time to results was 1 hour for Genomadix 

Cube and 40 mins for Genedrive.   

 

Eight of 10 genomic laboratory hubs completed a survey on technical performance.  

Preferred technologies for CYP2C19 testing included: next-generation sequencing, 

MassARRAY, LAMP, and PCR-based SNP genotyping assays.  Costs per test ranged from £15 

to £250.  Most labs expected test failure rate to be <1%.  Additional testing capacity and 

faster turnaround time would be possible with additional resources.   
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We found that laboratory and point of care CYP2C19 testing strategies were cost-saving and 

increase quality adjusted life-years (QALYs) compared with no testing.  All CYP2C19 testing 

strategies gave similar costs, QALYs and expected net monetary benefit. Findings were 

robust to all sensitivity and scenario analyses explored. Results for Genedrive may change 

when diagnostic and performance data becomes available. 

 

Conclusions 
Our results suggest that CYP2C19 testing followed by tailored treatment is likely to be 

effective and cost-effective in both populations modelled (non-minor ischaemic stroke and 

TIA/minor ischaemic stroke). 

 

Word count: 443 words   
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Scientific Summary 
Background  
Stroke is a neurological condition that can cause lasting brain damage, disability, and death. 

Symptoms of stroke happen suddenly and include problems with movement, speech, vision, 

ŀƴŘ ǘƘŜ ŦŀŎŜ ŘǊƻƻǇƛƴƎ ƻƴ ƻƴŜ ǎƛŘŜΦ  ! ¢L! όάǘǊŀƴǎƛŜƴǘ ƛǎŎƘŀŜƳƛŎ ŀǘǘŀŎƪέύ ƛǎ ŀ ƳƛƭŘŜǊ ǊŜƭŀǘŜŘ 

condition.  Each year, there are around 100 000 strokes and 60 000 TIAs in the UK. 

 

People who have a stroke or TIA are at increased risk of another vascular occlusive event.  

To reduce this risk, doctors often prescribe antiplatelet medication, most commonly 

clopidogrel.  Clopidogrel is a prodrug, which means it needs to be metabolised by an 

enzyme called P450 CYP to achieve its pharmacological effect; a substantial proportion of 

the population have a reduced ability to perform this conversion. This is known as 

άŎƭƻǇƛŘƻƎǊŜƭ ǊŜǎƛǎǘŀƴŎŜέ, and can be caused by genetic variants, mainly in the CYP2C19 gene, 

in addition to other clinical factors. 

 
Relevant genetic variants can be detected using laboratory-based tests or point of care tests 

(POCT). Opportune detection of patients with genetic variants associated with άŎƭƻǇƛŘƻƎǊŜƭ 

ǊŜǎƛǎǘŀƴŎŜέ could help doctors to initiate a more suitable treatment, potentially preventing 

new occlusive vascular events in this population. 

 

Objectives  
The overall aim was to summarise the clinical- and cost-effectiveness of genetic testing to 

identify clopidogrel resistance in people with non-cardioembolic ischaemic stroke or TIA.  

 

Objective 1: Do people who have genetic testing for clopidogrel resistance, and who are 

treated based on these results, have a reduced risk of secondary vascular occlusive events 

compared to those who are not tested and are treated with clopidogrel following standard 

guidelines? 

 

Objective 2: Do people who have loss of function (LOF) alleles associated with clopidogrel 

resistance have a reduced risk of secondary vascular occlusive events if treated with 

alternative interventions compared to treatment with clopidogrel? 

 

Objective 3: Do people who have LOF alleles associated with clopidogrel resistance have an 

increased risk of secondary vascular occlusive events when treated with clopidogrel 

compared to patients without LOF alleles who are treated with clopidogrel? 

 

Objective 4: What is the accuracy of point of care genotype tests for detecting variants 

associated with clopidogrel resistance? 

 

Objective 5: What is the technical performance (other than accuracy) and cost of the 

different CYP2C19 genetic tests? 
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Objective 6: What is the cost-effectiveness of different POCT and laboratory based genetic 
tests for clopidogrel resistance compared with not testing for clopidogrel resistance? 
 

Methods 

Clinical effectiveness review 
A systematic review was conducted. This was supplemented by a survey of genomic 

laboratory hubs on the technical performance of CYPC19 genetic tests.  

 

Eight databases and two trial registries were searched.  We screened trial registries, 

reference lists of reviews and study reports, relevant websites and information submitted 

by test manufacturers. 

 

Title and abstract screening were conducted by two reviewers independently. Inclusion 

assessment, data extraction, and risk of bias assessment were performed by one reviewer 

and checked by a second. Risk of bias was assessed using the RoB 2 (RCTs), ROBINS-E 

(observational studies), and modified QUADAS-2 (diagnostic accuracy studies) tools. 

 

For each objective, we provided a narrative summary of study details, risk of bias, and 

results. Random and fixed effects meta-analysis was performed to generate summary effect 

estimates; heterogeneity was investigated using stratified analyses and meta-regression.  

Forest plots were produced to show individual and summary effect estimates with 95% 

confidence intervals (CIs). 

 

Cost-effectiveness 
We developed a decision analytic model to evaluate the cost-effectiveness of POCT and 

laboratory tests for CYP2C19 LOF alleles, compared with no testing in two populations in 

England and Wales: (i) TIA / minor ischaemic stroke, and (ii) non-minor ischaemic stroke; 

and also present results for a mixed ischaemic stroke and TIA population. We modelled 

patients moving between 5 health states: no recurrent stroke, minor stroke, major bleed or 

intra-cranial haemorrhage, moderate stroke, and severe stroke, with mortality rate 

depending on health state. A decision tree was used to capture short-term (90 day) 

outcomes, and a Markov model with 1-year cycles captured longer-term outcomes over a 

life-time horizon. Costs and quality adjusted life years (QALYs) were estimated using a 3.5% 

discount rate for both.  

 

Model inputs were derived from the clinical effectiveness review, reviews of previous cost-

effectiveness models of CYP2C19 testing and cost-effectiveness models of anti-platelets for 

stroke prevention, results from the survey of laboratories, information provided by 

Genedrive and Genomadix, and additional targeted searches. Uncertainty was explored 

using probabilistic sensitivity analysis, and a range of scenario analyses  to test robustness of 

results to model assumptions. 
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Results  
Objective 1 

Two non-randomised studies evaluated the clinical impact of genetic testing plus 

personalised treatment. Both were at high risk of bias due to potential confounding. Both 

studies treated patients in the control group, who were either not tested or were not 

treated based on their CYP2C19 status, with clopidogrel 75 mg/day.  The intervention group 

were then treated based on the presence of LOF alleles.  Both studies treated those with no 

LOF alleles in the same way as the control group (i.e., clopidogrel 75mg/day), one study 

gave high dose clopidogrel to those with one LOF allele and ticagrelor to those with two LOF 

alleles.  In the other study, those with at least one LOF allele were given aspirin 100mg/day.   

 

There was a suggestion that the risk of secondary vascular events was reduced in patients 

tested for LOF alleles and treated accordingly, but confidence intervals were wide and 

overlapped the null (composite outcome of secondary vascular events: HR 0.50, 95% CI 

0.09, 2.74 and HR 0.53, 95% CI 0.24, 1.18). 

 

Objective 2 

Seven RCTs compared treatment with clopidogrel with alternative antiplatelet therapies 

compared in people with LOF alleles.  Four were at low risk of bias, three had concerns 

regarding missing data and lack of information on allocation concealment.  There was 

evidence that ticagrelor was associated with a lower risk of secondary vascular events than 

clopidogrel (summary HR 0.76, 95% CI 0.65, 0.90; 2 studies), including ischaemic stroke (HR 

0.77, 95% CI 0.65, 0.93; 2 studies).  One study suggested that ticagrelor was associated with 

an increased risk of bleeding (HR 2.18, 95% CI 1.66, 2.86); the other found no difference in 

the risk of bleeding with ticagrelor compared to clopidogrel (HR 1.01, 95% CI 0.60, 1.69).  

There was no statistical evidence for differences between antiplatelet treatment strategies 

for other comparisons or bleeding outcomes. 

 

Objective 3 

Twenty-five studies (20 cohort studies and 5 trials) compared people with and without LOF 

alleles, all of whom were treated with clopidogrel (alone or combined with aspirin or other 

antiplatelet drugs) to see whether the risk of secondary vascular occlusive events differed 

between groups.  Six studies were judged at high risk of bias as we considered that loss to 

follow-up could potentially be related to incidence of vascular events.  There was strong 

evidence that people with LOF alleles treated with clopidogrel (or clopidogrel plus short-

term aspirin) have a greater incidence of secondary vascular events (HR 1.72, 95% CI 1.43, 

2.08; 18 studies), stroke (HR 1.46, 95% CI 1.09, 1.95; 5 studies) and ischaemic stroke (HR 

1.99, 95% CI 1.49, 2.64; 12 studies) than those without LOF alleles.  Meta-regression 

analyses showed statistical evidence of a reduced effect of LOF alleles in patients given a 

loading dose of clopidogrel relative to those who were not (relative hazard ratio (RHR): 0.64, 

95% CI 0.42, 0.97), and in patients taking clopidogrel plus long-term aspirin relative to those 

taking only clopidogrel or clopidogrel plus short-term aspirin (RHR: 0.45, 95% CI 0.22, 0.93). 

Meta-regression did not show evidence for a difference in LOF alleles effect on vascular 
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occlusive outcomes across different ethnicities (Asian or mixed relative to white), study 

location (China, Europe, Asia non-China, Turkey, and International) or follow-up time 

(follow-up of 6 months, 1 year, 1 to 3 years and 3 to 5 years relative to up to 3 months). 

There was no difference in the risk of bleeding between those with and without LOF alleles 

(HR 0.98, 95% CI 0.68, 1.40; 5 studies). 

 

Objective 4 

Eleven studies reported data on the accuracy of the POCT in scope.  All evaluated Spartan 

versions of the Genomadix Cube test: Spartan Cube, Spartan RX or Spartan FRX, against a 

laboratory reference standard ς there were no studies on the accuracy of Genedrive.  All 

studies were judged at low risk of bias.  None of the studies were conducted in a stroke 

population.  The Genomadix (Spartan) CYP2C19 tests were found to have very high accuracy 

for the detection of *2 and/or *3 LOF alleles.  Summary sensitivity was 100% (95% CI 94, 

100%) and summary specificity was also 100% (95% CI 99, 100%).  There were very few 

disagreements between the Genomadix (Spartan) CYP2C19 tests and laboratory-based 

reference standards ς 8 of the 11 studies reported perfect agreement between the tests.  

There was no suggestion of a difference across the three different versions of the test 

evaluated. 

 

Objective 5 

Seventeen studies evaluated the technical performance of the POCT.  One evaluated 

Genedrive; others evaluated Genomadix (Spartan) CYP2C19 tests.  Only one study was 

conducted in a stroke population.  Test failure rate for Genomadix (Spartan) CYP2C19 tests 

ranged from 0.4% to 19%.  Most studies reported that time from buccal swab for to results 

for Genomadix (Spartan) CYP2C19 tests was around 1 hour, although two studies reported 

higher estimates of 90 mins and 90-120 mins.  One study of Genedrive reported that it gives 

results in around 40 mins.  Studies suggested that Genomadix (Spartan) CYP2C19 tests were 

simple, user-friendly, and can require minimal training.  Limitations included storage 

conditions (analytes need to be frozen), only one sample can be genotyped at a time, and it 

only tests for *2, *3 and *17 alleles.  The study that evaluated Genedrive, noted the test is 

simple, portable, rapid, does not require analytes to be frozen, and tests for *2, *3, *4, *8, 

and *17 alleles.  Genedrive and Genomadix provided information on the platform cost, 

assay cost, and cost of external control kits, which were used in our economic model.    

 

Eight of the 10 genomic laboratory hubs completed the survey.  All but one had sequencing 

technologies, and all had targeted CYP2C19 gene variant detection (e.g., TaqMan).  

Preferred technologies for performing CYP2C19 testing included: next-generation 

sequencing (2 labs), MassARRAY(3 labs), LAMP (3 labs), PCR-based SNP genotyping assays 

(e.g., TaqMan) (1 lab).  Resource requirements varied.  Costs per test ranged from around 

£15 (MassARRAY, although another lab estimated this as £100) to £250 for Next-generation 

gene sequencing.  Most labs reported that tests could be performed by existing staff 

members with standard training or that the test was fully automated, although one lab 

stated that their preferred test would be new to their lab and would require training.  Most 
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labs expected test failure rate to be <1%.  Testing capacity ranged from 0 to 200 tests per 

week, and turnaround time from 24-72 hours to 1-2 weeks.  Most labs reported that 

additional testing capacity and faster turnaround time would be possible with additional 

resources (staff, lab space, automation, and equipment).  Major barriers to implementing 

testing were the scale of activity and current capacity (4 labs); one highlighted that they do 

not currently perform any tests of this scale in the NHS.   

 

Objective 6 

In our base-case for all populations, we found that laboratory and point of care CYP2C19 

testing strategies generated more QALYs and lower costs compared with no testing (i.e., no 

testing was dominated by the CYP2C19 testing strategies). All CYP2C19 testing strategies 

gave similar QALYs, so we compare them using expected net monetary benefit at 

willingness-to-pay of £20,000 per QALY, where higher expected net benefit is preferred. In 

the non-minor ischaemic stroke population the expected net benefits were £6,230, £6,214, 

and £6,138 for Genedrive, the laboratory test, and the Genomadix Cube CYP2C19 Test 

respectively. In the TIA / minor stroke population the expected net benefits were £2,932,  

£2,802, and £2,829 for Genedrive, the laboratory test, and the Genomadix Cube CYP2C19 

Test respectively. In both populations net monetary benefit is similar, suggesting little 

difference between the tests.  

 

 

The model inputs that have the biggest impact on the cost-effectiveness results were the 

costs of the different stroke states, and the treatment effects for stroke in patients with 

CYP2C19 LOF, and the hazard ratio for major bleed / ICH on aspirin relative to clopidogrel. 

However, varying these parameters did not change the overall finding that CYP2C19 testing 

is cost-saving and generates more QALYs compared with no-testing. Cost-effectiveness 

acceptability curves show that there is a high probability that one of the testing strategies is 

the most cost-effective, with Genedrive having the highest probability of being cost-

effective.  

 

It should be noted that due to limited information on Genedrive, assumptions were based 

on data for the Genomadix Cube CYP2C19 Test, with the exception of the costs. The results 

for Genedrive should therefore be considered exploratory only and the findings may change 

as further evidence for Genedrive becomes available. 

 

The overall finding that CYP2C19 testing is cost-saving and generates more QALYs compared 

with no-testing was robust in all the scenarios that we explored. The scenarios where 

CYP2C19 testing was most cost-effective were when prevalence of CYP2C19 LOF was high 

and for younger cohorts of patients. The scenarios where CYP2C19 testing was least cost-

effective were when we assumed that only 69.9% of LOF patients actually receive 

alternative treatment, and when the alternative treatment was ticagrelor. In these scenarios 

CYP2C19 testing was still cost-saving but with a smaller increase in QALYs.  
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Conclusions  
Our results suggest that CYP2C19 testing followed by tailored treatment is likely to be 
effective and cost-effective in both populations modelled (non-minor ischaemic stroke and 
TIA/minor ischaemic stroke). Lab-tests and POCT tests generate similar cost-savings and 
QALY benefits. Implementation of CYP2C19 testing would require sufficient capacity for lab-
tests and freezers / storage for POCTs, and training and processes in place to encourage 
uptake of alternative treatment for patients with LOF variants.  
 
There are four areas where further research is required: 

¶ Accuracy and technical performance (e.g. test failure rate, cost, time to perform the 

test) of Genedrive 

¶ Test failure rate of Genomadix Cube in an NHS setting 

¶ Value of testing additional LOF alleles beyond *2 and *3 

¶ Appropriateness of treatment dichotomy based on LOF alleles used in our appraisal 
compared to a more complex approach to tailored treatment 

 

Study registration 
The review was registered at PROSPERO (CRD42022357661). 

 

Funding 
This report was commissioned by the NIHR Evidence Synthesis Programme as project 

number NIHR135620. 

 

Word count:  2364 words 
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Plain English Summary  
 

What is the problem? 
A stroke occurs when the supply of blood to the brain is cut off.  Symptoms of stroke 

happen suddenly and vary depending on which part of the brain is affected.  They usually 

include problems with movement, speech, vision, and the face drooping on one side.  A TIA 

όάǘǊŀƴǎƛŜƴǘ ƛǎŎƘŀŜƳƛŎ ŀǘǘŀŎƪέύ ƛǎ ŀ ƳƛƭŘŜǊ ǊŜƭŀǘŜŘ ŎƻƴŘƛǘƛƻƴΦ  ¢ƘŜǊŜ ŀǊŜ ŀǊƻǳƴŘ млл ллл 

strokes and 60 000 TIAs every year in the UK. 

 

People who have a stroke or TIA are at greater risk of having another stroke.  To reduce the 

chances of this happening, doctors will often prescribe medication.  The most common 

ƳŜŘƛŎŀǘƛƻƴ ǳǎŜŘ ƛǎ ŎŀƭƭŜŘ άŎƭƻǇƛŘƻƎǊŜƭέΦ  IƻǿŜǾŜǊΣ ŎƭƻǇƛŘƻƎǊŜƭ ŘƻŜǎ ƴƻǘ ǿƻǊƪ Ŧor everyone.  

One reason for this is having specific variations of a gene called the CYP2C19 gene. Around 

one in three people in the UK have this variation. 

 

What did we do? 
We wanted to know whether introducing genetic testing to identify variations in the 

CYP2C19 gene for people who have had a stroke or TIA can help doctors prescribe a 

treatment that will work for them, reducing the risk of having another stroke.  We also 

wanted to know if doing this test would be a good use of NHS money. 

 

What did we find? 
Doing a genetic test to identify variations in the CYP2C19 gene, and prescribing an 

alternative medication for people with these variations, reduces the chances of having a 

new stroke. It is likely that a genetic test for variations of the CYP2C19 gene would represent 

value for money for the NHS.  
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1 Background and Definition of Decision problem 
1.1  Population 
The population of interest for this appraisal is people who have had non-cardioembolic 

ischaemic stroke, minor stroke, or transient ischaemic attack (TIA), and for whom 

clopidogrel treatment is being considered. Approximately 100,000 strokes occur every year 

in the UK and between 46,000 and 65,000 people experience a TIA.1 Around 85% of strokes 

are ischaemic, occurring when the supply of blood to a part of the brain is interrupted, 

usually by a blocked artery.1 It has been suggested that a TIA is not a separate pathological 

entity, but exists on an ischaemic stroke spectrum, constituting the mildest form.2 

Symptoms of stroke often occur suddenly and vary depending on the part of the brain being 

compromised. Symptoms tend to include: issues with movement, speech, facial drooping, 

and vision.  

 

The median age for stroke in the UK is 77 years and a quarter of strokes in the UK happen in 

people of working age.3 Lifestyle factors associated with stroke and TIA include smoking, 

alcohol and drug abuse, physical inactivity, and poor diet. The presence of cardiovascular 

diseases, and medical conditions including diabetes mellitus, atrial fibrillation, chronic 

kidney disease and migraine, are also risk factors for stroke.1 Other risk factors include 

previous stroke/TIA, family history of stroke, lower education, and genetic or hereditary 

factors. Strokes are more common in people with African-Caribbean or South Asian 

background (Stroke Association; Kings Fund).4, 5   

 

People who have experienced a stroke or TIA are at an increased risk of further occlusive 

vascular events (e.g., ischaemic stroke, transient ischaemic attack, and myocardial 

infarction).6 TIA precedes stroke in 15% of cases, providing a crucial opportunity to prevent 

more severe stroke.7 Risk of stroke after TIA has been found to be approximately 8% at 

seven days, 11.5% at one month, and 17.3% at three months. Risk of recurrent stroke after 

minor stroke has been suggested to be 11.5%, 15% and 18.5%, respectively.8  NICE TA210 

recommends the use of antiplatelet medications as a preventative treatment for people 

who have had an ischaemic stroke or TIA.9  This includes clopidogrel treatment and is 

discussed further in section 2.4. 

 

1.2  Target condition: Clopidogrel resistance 
Clopidogrel is an irreversible adenosine diphosphate (ADP)-receptor antagonist with 

antiplatelet properties. It is available as branded and generic preparations and has 

marketing authorisation for patients who have recently had an ischaemic stroke or TIA.10   

 

Clopidogrel is a prodrug, which needs to be converted (metabolised) into an active form by 

P450 CYP enzymes.11 A substantial proportion of the population are less able to metabolise 

clopidogrel to its active form and so clopidogrel does not achieve its pharmacological effect, 

usually the result of genetic variants, mainly in the CYP2C19 gene. This is known as 

άŎƭƻǇƛŘƻƎǊŜƭ ǊŜǎƛǎǘŀƴŎŜέΦ !ǎ ǿŜƭƭ ŀǎ ǘƘŜ CYP2C19 gene, other factors that may cause or 
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exacerbate clopidogrel resistance include taking drugs such as omeprazole, which compete 

for metabolism by the CYP450 system 12, and factors such as obesity, diabetes, and 

hypertension.13 There is also a potential role of other rare genetic changes. Thus, both 

genetic and clinical factors need to be considered when determining whether an individual 

will respond to clopidogrel treatment.   

  

1.2.1 Genetic basis of clopidogrel resistance 
Cytochrome P450 2C19 is one of the main enzymes that metabolises clopidogrel to its active 

form. This enzyme is encoded by the CYP2C19 gene. CYP2C19 is one of many genes 

associated with clopidogrel response but it is widely recognised as being the most validated 

genetic determinant.14 The CYP2C19 gene has multiple variant forms (alleles) which produce 

CYP2C19 enzymes. These alleles are given a star (*) number for identification. The 

Pharmacogene Variation Consortium (PharmVar) has outlined more than 35 star (*) allele 

haplotypes.15 The Clinical Pharmacogenetics Implementation Consortium (CPIC) guideline 

for CYP2C19 genotype and clopidogrel therapy notes that CYP2C19 allele *1 pertains to 

normal function, and that *2 and *3 are the most common alleles associated with loss of 

function (LOF).  A systematic review found that people who carried one or two of these 

alleles had an increased risk of stroke and composite vascular events in contrast to 

noncarriers among patients with ischaemic stroke or TIA treated with clopidogrel.16  Some 

alleles, in particular allele *17,  are associated with increased function.14 

 

! ǇŜǊǎƻƴΩǎ ƎŜƴƻǘȅǇŜ ƛǎ ǘƘŜƛǊ ǳƴƛǉǳŜ ǎŜǉǳŜƴŎŜ ƻŦ 5b!Σ ǿƘƛƭǎǘ ǘƘŜƛǊ ǇƘŜƴƻǘȅǇŜ ƛǎ ǘƘŜ 

observable expression of ǘƘƛǎ ƎŜƴƻǘȅǇŜΦ ! ǇŜǊǎƻƴΩǎ ǇƘŜƴƻǘȅǇŜ όƛƴ ǘƘƛǎ ŎŀǎŜ, how they will 

respond to (metabolise) clopidogrel) can be predicted based on their allele function 

combinations.  Generally, people with the genotype of two normal function alleles (e.g., 

CYP2C19*1/*1) have the phenotype of normal metabolisers.  Intermediate metabolisers 

have one normal function allele and one LOF allele (e.g., CYP2C19*1/*2).  Poor metabolisers 

have two LOF alleles (e.g., CYP2C19*2/*3).  Rapid metabolisers have one normal and one 

increased function allele (e.g., CYP2C19*1/*17) and those with two increased function 

alleles (e.g., CYP2C19 *17/*17) are ultra-rapid metabolisers.14  

 

There are significant ethnic variations in the incidence of the different CYP2C19 alleles.  

Table 1Error! Reference source not found. provides an overview of some of the main 

CYP2C19 alleles, their impact on clopidogrel metabolism, and their prevalence in different 

populations.   

 

Table 1 Overview of the main CYP2C19 alleles, their impact on clopidogrel 
metabolism and prevalence in different populations 

Allele Impact on 

clopidogrel 

metabolism 

Prevalence 

Global European African Asian South 

Asian 

East 

Asian 

Latin-

American 

UK 

*2 LOF 16.02 14.72 17.50 29.19 36.70 28.01 16.16 15.08 

*3 LOF 0.26 0.58 0.05 0.80 0.33 0.78 0.07 0.05 
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*4 LOF 0.32 0.33 0.07 0.10 0.04 0.06 0.35 0.16 

*17 Increased 

function 

19.60 23.13 22.64 1.80 7.00 1.00 16.4 20.89 

Data from National Institute for Health and PharmVar.17, 18 

 

1.3 Diagnostic Test  
This review focuses on two categories of CYP2C19 genetic testing: point-of-care tests (POCT) 
and laboratory-based tests. POCT include any analytical test carried out by a healthcare 
professional outside of the laboratory, although it is also possible to install near patient 
testing equipment in local laboratories, which may overcome challenges associated with 
storage of reagents.19 These tests have the potential to deliver results more quickly than 
standard laboratory-based tests.  The two POCT in scope are the Genomadix Cube CYP2C19 
System and the Genedrive CYP2C19 ID Kit.  The Genomadix Cube test was previously known 
ŀǎ ǘƘŜ ά{ǇŀǊǘŀƴ /ǳōŜέΣ ǿƘƛŎƘ ƛǎ ŀ ǎuccessor to the άSpartan RX CYP2C 19 Systemέ.  The two 
Spartan tests are very similar but there are some differences: the 3 reaction tubes have 
been integrated into a single test cartridge, the swabs and test cartridges are packaged 
separately, and the DNA analyser device is smaller.20  There are also differences in the 
mechanisms used to heat and cool the samples; the storage, use, and stability of the 
specimens on the swab; the optical system; and the test workflow.21 
 

 

Laboratory-based tests are conducted by technicians in the laboratory. In the National 

Health Service (NHS), genomic testing is generally delivered by a network of 7 Genomic 

Laboratory Hubs. Testing for CYP2C19 is not currently included in the National Genomic Test 

Directory of tests commissioned by the NHS in England.  Table 2 provides an overview of 

some of the available CYP2C19 genetic tests.  The POCTs only target specific LOF alleles.  

Laboratory based tests have the potential to target all LOF alleles, however commercial kits 

are likely to only test for the most common variants or those with established clinical utility.  

However, lab-based testing would have greater flexibility to alter variants screened for as 

new evidence emerges. 

 

Table 2 Characteristics of CYP2C19 point of care and laboratory tests 
Name of 

test 

Type of test General information CYP2C19 

alleles 

targeted 

Time to run 

test 

Genomadix 

Cube 

CYP2C19 

system 

Point of care  Intended to be used in 

conjunction with clinical 

judgement and routine 

monitoring to determine 

therapeutic strategy for drugs 

metabolized by the CYP2C19 

enzyme.   

 

Test kit cartridges must be 

ǎǘƻǊŜŘ ōŜǘǿŜŜƴ ҍмрϲ/ ŀƴŘ ҍулϲ/ 

*2, *3, *17 The test takes 

1 hour to run 

for each 

cartridge. 
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Name of 

test 

Type of test General information CYP2C19 

alleles 

targeted 

Time to run 

test 

and used within 15 minutes of 

removal from the freezer. 

 

Results are stored locally on a 

laptop connected to the device 

and can be exported as a PDF. 

Genedrive 

CYP2C19 ID 

Kit 

Point of care Used for qualitative in vitro 

molecular diagnostic tests. Test 

for CYP2C19 under development 

and likely to be available to NHS 

in early 2023. 

 

Results will be able to be 

transferred electronically to 

patient records by internet or 

through third-party middleware, 

or printed with an optional label 

printer. 

*2, *3, *4, 

*8, *17, 

*35 

Less than 1 

hour to run 

for each 

cartridge.  

Sanger 

CYP2C19 

sequencing 

Laboratory Routine genomic testing 

approach used in all NHS 

genomic laboratory hubs. This 

test sequences a single DNA 

fragment at a time. 

All alleles Depends on 

sample 

numbers and 

number of 

alleles being 

tested for ς 

more will 

mean longer 

turnaround 

times 

Next-

generation 

CYP2C19 

gene 

sequencing 

Laboratory Sequences millions of short DNA 

sequences in parallel. 

All alleles Quicker 

turnaround 

for large 

sample 

numbers 

compared to 

Sanger 

sequencing. 
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Name of 

test 

Type of test General information CYP2C19 

alleles 

targeted 

Time to run 

test 

Targeted 

CYP2C19 

gene variant  

Laboratory Targeted genotyping assay 

amplifies and detects specific 

variants in target genomic DNA. 

Examples include: 

¶ Polymerase chain reaction 

(PCR)-based SNP genotyping 

assays using fluorescent 

reporter systems, such as 

TaqMan (ThermoFisher) 

¶ Other PCR-based genotyping 

panels that use proprietary 

detection methods, such as 

the xTAG CYP2C19 Kit v3 

(Luminex) 

¶ Variant detection using mass 

spectrometry, such as 

MassARRAY (Agena 

Bioscience) 

¶ Loop-mediated isothermal 

amplification (LAMP), such as 

the LAMP human CYP2C19 

mutation KIT (LaCAR MDx 

Technologies) 

Potential to 

target all 

alleles but 

usually 

target 

specific 

alleles. 

The methods 

of detection, 

equipment 

requirements 

and 

throughput 

capability vary 

between 

systems. 

  

1.4  Place of the technology in the treatment pathway 
Guidelines on appropriate antiplatelet therapy for the secondary prevention of stroke vary.  

The two main guidance documents of relevance are NICE guidance NG128 on stroke and 

TIA3 and guidance from the Royal College of Physicians (RCP) on therapy for secondary 

prevention for people with stroke.22  The treatment pathway is shown in  

 

Figure 1 for (i) adults with non-minor ischaemic stroke and (ii) adults with minor stroke or 

TIA.  Pathways are different in children and for patients with atrial fibrillation.  In children, 

aspirin rather than clopidogrel is currently recommended to prevent recurrence.  Other 

antiplatelets, including clopidogrel, should only be considered when there are other risk 

factors for cerebrovascular disease.23  People who have disabling ischaemic stroke, and who 

are in atrial fibrillation, should be treated with aspirin for 2 weeks after which 

anticoagulation treatment should be considered.3 

 

Everyone with a suspected stroke should be admitted to a specialist acute stroke unit 

following assessment by first responders. NICE guidance NG128 states that within 24 hours 

of ischaemic stroke onset, daily aspirin 300mg should be offered unless the individual is 
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intolerant to aspirin.3  Aspirin should be continued until 2 weeks after stroke symptoms 

begin or until discharged.   

 

For people with high-Ǌƛǎƪ ¢L! όƻŦǘŜƴ ŘŜŦƛƴŜŘ ŀǎ ǇŀǘƛŜƴǘǎ ǿƛǘƘ ŀƴ !./5н ǎŎƻǊŜ ƻŦ җ пύ24 or 

minor stroke, dual anti-platelet therapy of aspirin and clopidogrel is often used in line with 

guidance from the European Stroke Organisation, beginning with 2 weeks acute dual 

therapy. 25  After 2 weeks of acute treatment, NICE guidance recommends long-term 

antiplatelet treatment with clopidogrel monotherapy.3  However, in practice patients are 

often given dual treatment with aspirin and clopidogrel before moving to longer term 

clopidogrel monotherapy.  The recommended duration of dual therapy varies according to 

guidance from up to 21 days,8 21 to 90 days,26 or up to 90 days.27  This is consistent with the 

NICE clinical knowledge summary on secondary prevention following stroke and TIA, 

updated in 2лннΣ ǿƘƛŎƘ ǎǘŀǘŜǎ ǘƘŀǘ άŘǳŀƭ ǘƘŜǊŀǇȅ ǿƛǘƘ ŀǎǇƛǊƛƴ Ǉƭǳǎ ŎƭƻǇƛŘƻƎǊŜƭ όŦƻǊ ǳǇ ǘƻ фл 

days) or aspirin plus ticagrelor (for 30 days) may be initiated in secondary care for some 

people (for example people at high risk of TIA, or those with intracranial stenosis) followed 

ōȅ ŀƴǘƛǇƭŀǘŜƭŜǘ ƳƻƴƻǘƘŜǊŀǇȅΦέ27  In those who are intolerant of aspirin, the RCP guidelines 

suggest clopidogrel could be considered as initial treatment.22  

 

For patients with TIA that is not high-risk (ABCD2 score of < 4), NICE guidance (TA210) 

recommends urgent treatment with modified-release dipyridamole in combination with 

aspirin in the first instance.9 However, the NICE clinical knowledge summary advises 

clopidogrel monotherapy following acute 2-week treatment with aspirin,27 and the Royal 

College of Physicians Guidelines recommend clopidogrel regardless of stroke risk score for 

TIA patients. 22 

 

Currently, genetic testing for clopidogrel resistance is not routinely performed in the NHS 

before using clopidogrel in ischaemic stroke or TIA patients.  If genetic testing to inform 

preventative treatment is introduced in the NHS in people with stroke, it could take place in 

hospital before long-term anti-platelet treatment is started 2 weeks post-ischaemic stroke, 

or sooner in the case of TIA.  People with an allele suggesting poor or intermediate 

metabolism of clopidogrel could be treated with an alternative to clopidogrel, while those 

without these alleles would receive standard clopidogrel treatment.  Alternative treatments 

could include the following: 

¶ Aspirin 

¶ Aspirin combined with dipyridamole 

¶ Clopidogrel dose escalation (Unlicensed) 

¶ Ticagrelor (Unlicensed) 

 

We heard from our clinical advisors that of these the most likely to be used in NHS practise 

would be aspirin combined with dipyridamole, with a potential treatment pathway shown in 

Figure 2 for people with (i) non-minor ischaemic stroke and (ii) minor stroke or TIA. 

Ticagrelor does not have marketing authorisation in the UK for secondary prevention after 

ischaemic stroke or TIA.  However, we have heard from clinicians that it is sometimes used 
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in high-risk patients, although it is not considered in those at high-risk of bleeding due to an 

elevated bleeding risk. There is a suspended NICE technology appraisal on ticagrelor for 

preventing stroke after previous ischaemic stroke or high-risk TIA.28  This was suspended by 

the company on 11 May 2021, who also withdrew their application for marketing 

authorisation for stroke to the European Medicines Agency (EMA) in December 2021.28  

Ticagrelor in combination with aspirin for up to 30 days is however included as a potential 

treatment for secondary prevention for some people (for example people at high risk of TIA, 

or those with intracranial stenosis) in the 2022 NICE clinical knowledge summary on 

secondary prevention following stroke and TIA.27    
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Figure 1 Treatment pathway for current NHS practice: (i) Non minor ischaemic stroke, 
(ii) Minor ischaemic stroke (with NIHSS <3) or TIA  

 

 

 

Doses 

1. clopidogrel 75mg daily (after loading dose of 300mg) 

2. aspirin 300mg daily 

3. aspirin 75mg daily plus clopidogrel 75mg daily (after loading dose of 300mg) 

  (i)  Non-minor ischaemic stroke 

Can the patient take aspirin? 

Offer clopidogrel1 monotherapy (ASAP, 

within 24h of stroke) and continue this 

long-term 

No Yes 

Offer aspirin2 (ASAP, within 24 hours of stroke) for 

2 weeks or until discharge, then switch to long-

term clopidogrel1 monotherapy 

(ii)  Minor stroke (with NIHSS < 3) or TIA 

 

Can the patient take aspirin? 

Offer clopidogrel1 monotherapy (ASAP, 

within 24h of stroke/TIA) and continue 

this long-term 

 

No Yes 

Minor stroke or high risk TIA ((ABCD score Ǝ4)): 

Offer dual aspirin and clopidogrel3 (ASAP within 

24 hours of stroke/TIA) for up to 90 days, 

followed by long-term clopidogrel 

monotherapy1 

 

Low risk TIA (ABCD score < 4): Offer long-term 

clopidogrel1 monotherapy (ASAP, within 24 

hours of stroke)  
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Figure 2 Potential treatment pathway for people with CYP2C19 Loss of Function (LOF) 
alleles: (i) Non minor ischaemic stroke, (ii) Minor stroke (with NIHSS <3) or TIA 

 

 
  

Doses 

1. modified-release dipyridamole 200mg twice daily 

2. aspirin 300mg daily 

3. aspirin 75mg daily plus modified-release dipyridamole 200mg twice daily 

     

(i) Non-minor ischaemic stroke 

Can the patient take aspirin? 

Offer dipyridamole1 monotherapy long-

term (ASAP, within 24h of stroke) and 

continue long-term 

 

No Yes 

Offer aspirin2 (ASAP, within 24h of stroke) for 2 

weeks or until discharge, then switch to long-term 

dual therapy with dipyridamole and aspirin3 

 

(ii)  Minor stroke (with NIHSS < 3) or TIA  

 

Can the patient take aspirin? 

Offer dipyridamole1 monotherapy long-

term (ASAP, within 24h of stroke/TIA) 

and continue long-term 

No Yes 

Offer long-term dual therapy dipyridamole and 

aspirin3 (ASAP within 24h of stroke/TIA) 
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2 Objectives 
The overall aim of this project is to summarise the evidence on the clinical- and cost-

effectiveness of genetic testing to identify clopidogrel resistance in people with non-

cardioembolic ischaemic stroke or TIA. We defined the following objectives to address the 

overall aim: 

 

Objective 1: Do people who have genetic testing for clopidogrel resistance, and who are 

treated based on these results, have a reduced risk of secondary vascular occlusive events 

compared to those who are not tested and are treated with clopidogrel following standard 

guidelines? 

 

Objective 2: Do people who have loss of function alleles associated with clopidogrel 

resistance have a reduced risk of secondary vascular occlusive events if treated with 

alternative interventions compared to treatment with clopidogrel? 

 

Objective 3: Do people who have loss of function alleles associated with clopidogrel 

resistance have an increased risk of secondary vascular occlusive events when treated with 

clopidogrel compared to patients without loss of function alleles who are treated with 

clopidogrel? 

 

Objective 4: What is the accuracy of point of care genotype tests for detecting variants 

associated with clopidogrel resistance? 

 

Objective 5: What is the technical performance (other than accuracy) and cost of the 

different CYP2C19 genetic tests? 

 

Objective 6: What is the cost-effectiveness of different POCT and laboratory based genetic 

tests for clopidogrel resistance compared with not testing for clopidogrel resistance? 

 

Objective 1 to 3 focus on assessing whether people with LOF alleles have better outcomes if 

treated with alternative anti-platelet drugs.  Objectives 4 and 5 evaluate the accuracy and 

technical performance of CYP2C19 genetic tests. 
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3  Assessment of clinical effectiveness 
A systematic review was conducted to summarise the evidence on the clinical effectiveness 

of clopidogrel genotype testing after ischaemic stroke, including minor stroke and TIA.  The 

systematic review followed the principles outlined in the Centre for Reviews and 

Dissemination (CRD) guidance for undertaking reviews in health care, 29 the Cochrane 

Handbook for Systematic Reviews of Diagnostic Test Accuracy30, and the NICE Health 

Technology Evaluations Manual.31  The protocol was registered on the PROSPERO database 

(CRD42022357661) and the systematic review is reported according to PRISMA-2020 and 

PRISMA-DTA guidelines.32, 33  The systematic review was supplemented by a survey of 

manufacturers of POCT tests and genomic laboratory hubs to collect information on the 

technical performance of the different CYPC19 genetic tests (Objective 5; Section 3.5).   

 

3.1 Inclusion and exclusion criteria 

3.1.1 Objectives 1, 2 and 3 
Inclusion criteria for objectives 1, 2 and 3 are summarised in  Table 3.  Studies that met 

these criteria were eligible for inclusion: 

 

Table 3 Inclusion Criteria for Objectives 1, 2 and 3 
 Objective 1 Objective 2 Objective 3 

Participants   Adults or children who 

have experienced an 

Ischaemic Stroke or TIA 

Adults or children who 

have experienced an 

Ischaemic Stroke or TIA 

and who have one or two 

CYP2C19 LOF alleles 

associated with under 

metabolism of 

clopidogrel (e.g. *2 or *3) 

Adults or children who 

have had an ischaemic 

stroke or TIA who are 

treated with clopidogrel 

alone or in combination 

with a second 

antiplatelet drug.   

Intervention/ 

exposure 

Any CYP2C19 genotype 

test followed by any 

alternative antiplatelet 

drug(s).  

Any alternative 

antiplatelet drug(s).   

Presence of one or two 

CYP2C19 LOF alleles for 

metabolism of 

clopidogrel (e.g. *2 or *3) 

Comparators

  

No testing; all patients 

treated with clopidogrel 

alone or in combination 

with a second 

antiplatelet drug 

Clopidogrel alone or in 

combination with a 

second antiplatelet drug 

No LOF alleles 

Outcomes Incidence of secondary vascular occlusive events 

Adverse events (e.g. bleeding or headache) 

Mortality 

Time to starting antiplatelet treatment, or to change of antiplatelet treatment 

Impact of test result on decisions about care 

Health care resource use (e.g. Length of hospital stay)  

Quality of life 

Healthcare costs 
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 Objective 1 Objective 2 Objective 3 

Study design

   

 

Randomised controlled 

trials (RCT) or cohort 

studies 

RCT or cohort studies Cohort studies 

 

 

3.1.2 Objectives 4 and 5  
Inclusion criteria for objectives 4 and 5 are summarised in Table 4.  Additional data for 

objective 5, in particular for standard laboratory-based tests, were identified through the 

survey of laboratories (section 3.5).   Studies that fulfilled the following criteria were eligible 

for inclusion: 

 

Table 4 Inclusion criteria for objectives 4 and 5 
Participants Adults or children who have experienced an Ischaemic Stroke or TIA.  If 

insufficient studies are found in these populations then we will include 

studies in other populations; we do not anticipate that test accuracy is likely 

to differ substantially based on population. 

Index test Either of the following POCT: 

Genomadix or Spartan cube CYP2C19 system (ǊŜŦŜǊǊŜŘ ǘƻ ŀǎ άDŜƴƻƳŀŘƛȄ 

/ǳōŜέύ.  Studies of the previous version of this test, the Spartan RX CYP2C19 

System and  Spartan FRX CYP2C19 were also eligible. 

 

Genedrive system CYP2C19 test όǊŜŦŜǊǊŜŘ ǘƻ ŀǎ άDŜƴŜŘǊƛǾŜ tŜǎǘέ from here) 

Target condition Presence of at least one CYP2C19 LOF allele 

Reference 

standard 

Any reported laboratory-based reference standard for CYP2C19 

Outcomes Data on sensitivity and specificity or sufficient data to construct a 2x2 table of 

test accuracy. 

Test failure rate; number of people with variant forms of CYP2C19 (and 

incidence of particular alleles); time to results; ease of use of test; cost of 

testing 

Setting Any setting 

Study design Any primary study   

  

3.2 Study identification 
Studies were identified using bibliographic and non-bibliographic search methods following 

the guidance in the NICE handbook.31 We carried out two searches:  

 

Search 1, undertaken on August 10 2022, aimed to address objectives 1, 2 and 3, taking the 

following form: ((search terms for Clopidogrel) AND (search terms for CYP2C19))  

 

Search 2, undertaken on August 11 2022, aimed to address objectives 4 and 5, taking the 

following form: ((terms for point of care tests OR Genomadix OR Genedrive) AND (terms for 

CYP2C19 OR terms for Clopidogrel)) 
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The search strategies are reported in Appendix 1: Literature search strategies, using a search 

narrative.34 They were developed by one researcher (CC) and checked by another (ET) using 

the Peer Review of Electronic Search Strategies (PRESS) checklist.35.  

 

3.2.1 Bibliographic searching 
We searched the following databases from inception: 

¶ MEDLINE (MEDALL) via Ovid 

¶ Embase via Ovid 

¶ The Cochrane Central Register of Controlled Trials (CENTRAL) via Wiley 

¶ The Cumulative Index to Nursing and Allied Health Literature (CINAHL) via EBSCO 

Host 

¶ ECONLit via EBSCO Host 

¶ Health Technology Assessment (HTA) Library via the York CRD interface 

¶ NHS EEDs Via the York CRD interface 

¶ Tufts CEA Register via the Tufts Medical Centre website.  

 

3.2.2 Non-bibliographic search methods 
We also searched the following trials registry resources:  

¶ ClinicalTrials.gov via https://www.clinicaltrials.gov/ 

¶ World Health Organisation (WHO) International Clinical Trials Registry Platform 

(ICTRP) via https://www.who.int/clinical-trials-registry-platform 

 

We screened the manufacturer submissions and their respective websites to identify 

additional relevant studies.  

 

For all objectives, the reference lists of studies included at full-text screening were checked 

through manual review.  Reference lists of any reviews (systematic or non-systematic) 

identified by our searches were also screened. For objectives 4 and 5 (the accuracy review), 

studies fulfilling eligibility criteria at full-text were forward citation searched using the 

Science Citations Index (Clarivate). 

 

3.2.3 Managing the searches 
Data were exported to EndNote X9 for deduplication using the default deduplication 

settings.   

  

3.3 Review strategy 
Two reviewers independently screened titles and abstracts identified by the searches.  Full 

copies of all reports considered potentially relevant were obtained and two reviewers 

independently assessed these for inclusion.  Any disagreements were resolved by consensus 

or discussion with a third reviewer. 
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Data were extracted using standardised data extraction forms developed in Microsoft 

Access.  Data extraction forms were piloted on a small sample of papers and adapted as 

necessary.  Data were extracted by one reviewer and checked in detail by a second 

reviewer.  Any disagreements were resolved by consensus or discussion with a third 

reviewer. 

 

3.3.1 Objectives 1, 2 and 3  
Data were extracted on the following: study name, study design (RCT or cohort study), 

objective that study addresses, funding sources (public, industry, mixed), study location, 

participants (type of stroke, age, sex, ethnicity), inclusion criteria, omeprazole use, number 

of eligible patients, number of patients recruited, CYP2C19 test details (test used, alleles 

tested for and definition of poor metaboliser), interventions (e.g. clopidogrel, alternative 

anti-platelet drug), and incidence of secondary vascular occlusive events (number in 

intervention/exposed group and number in control group).  Data were also extracted on the 

following secondary outcomes, where reported: adverse events (e.g. bleeding or headache), 

mortality, time to starting antiplatelet treatment, or to change of antiplatelet treatment, 

impact of test result on decisions about care, health care resource use (e.g. Length of 

hospital stay), quality of life and healthcare costs.   

 

Dichotomous data were extracted as number of patients with events and/or number of 

events and total number of patients in each treatment arm.  Data on follow-up time was 

also extracted.  Where available, summary effect estimates together with 95% CIs and p-

values for comparisons between groups together with details on the methods of analysis, 

any variables controlled for in the analysis and the test statistic were also extracted.  None 

of the studies reported continuous or categorical outcome data.  Where studies reported 

results stratified by ethnicity, these were extracted separately. 

 

3.3.2 Objectives 4 and 5 
Data were extracted on the following: funding (industry, non-industry, mixed), study 

location, start date, study design, inclusion criteria, exclusion criteria, participants 

(condition, age, sex, ethnicity), POCT genetic test (Genomadix cube or Genedrive test) and 

reference standard test details (name, number tested, alleles tested for, who administered 

test, threshold for positive result), and accuracy data. Where reported, we also extracted 

data on the following secondary outcomes: test failure rate; number of people with variant 

forms of CYP2C19 (and incidence of particular alleles); time to results; ease of use of test; 

cost of testing. 

 

Accuracy data were extracted as 2x2 tables comparing the POCT with a laboratory reference 

standard.  Where 2x2 data were not available, data were extracted on any reported 

estimates of accuracy (e.g., sensitivity, specificity, area under the receiver operating 

characteristic curve (AUC ROC)).  Authors of studies were also contacted to request data to 

allow construction of 2x2 tables.   
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Each individual will have two alleles ς one or both of these may be associated with LOF.  As 

described in Section 1.2.1, some alleles are associated with over-metabolism rather than 

poor metabolism (e.g., *17).  As no difference in treatment is recommended in people who 

are over-metabolisers, these alleles were grouped with those that are associated with 

normal function.  This gave three potential categories for each individual: 

¶ Two LOF alleles (e.g. *2/*2 or *3/*3 or *3/*2) 

¶ One LOF allele (e.g. *2/*1, *3/*1, *3/17, or *2/*17) 

¶ Normal function (e.g. *1/*1 or *1/*17) 

 

These categories were dichotomised into alleles that encode for normal function and those 

that are non-ŦǳƴŎǘƛƻƴŀƭΦ  ! άǇƻǎƛǘƛǾŜέ ǘŜǎǘ ǊŜǎǳƭǘ όƴƻƴ-functional) was defined as the 

presence of at least one LOF allele.  A positive reference standard was as reported in the 

study - either detection of any loss of allele function, or detection of those alleles that are 

detectable by the POCT evaluated.  If data were reported for both possible reference 

standards then data were extracted for both of these.  The reference standard was also 

ŘƛŎƘƻǘƻƳƛǎŜŘ ǎƻ ǘƘŀǘ ŀ άǇƻƻǊ metaboliserέ ǿŀǎ ŘŜŦƛƴŜŘ ŀǎ ƘŀǾƛƴƎ ŀǘ ƭŜŀǎǘ ƻƴŜ [hC ŀƭƭŜƭŜΦ 

 

Where multiple sets of 2x2 data were reported in a single study, for example for different 

tests, thresholds, or alleles, all data were extracted.  

 

3.4 Risk of Bias assessment 
The risk of bias in included RCTs and controlled clinical trials (CCTs) was assessed using the 

ROB 2 tool.36 Observational studies of exposure were assessed using the ROBINS-E tool.37  

Diagnostic accuracy studies were assessed using a modified version of QUADAS-2.38  We 

omitted two signalling questions ς άIf a threshold was used, was it pre-ǎǇŜŎƛŦƛŜŘέ ƛƴ ǘƘŜ 

Index TŜǎǘ ŘƻƳŀƛƴΣ ŀƴŘ άWas there an appropriate interval between index test and 

ǊŜŦŜǊŜƴŎŜ ǎǘŀƴŘŀǊŘέ ƛƴ ǘƘŜ Cƭƻǿ ŀƴŘ ¢ƛming domain.  Genetic tests do not have a threshold 

in the standard test accuracy sense ς they identify the presence or absence of certain alleles 

and so we considered that this question did not apply to this review.  Similarly, the question 

on timing is not relevant for genetic tests as the allele would either be present or not and 

this would not change over time: therefore the time interval between tests does not matter. 

We did not formally assess applicability as our research question was broad and all studies 

were applicable; instead, we extracted data on potential sources of variation such as 

population and considered these in our synthesis. Details of the tools are provided in 

Appendix 4: Data extraction tables.  Quality assessment was undertaken by one reviewer 

and checked by a second reviewer.  Disagreements were resolved by consensus or 

discussion with a third reviewer. 

 

3.5 Survey of laboratories 
We conducted a web-based survey to gather data on the technical performance 

characteristics of CYP2C19 genetic tests (objective 5).  The survey was sent to 7 genomic 

laboratory hubs who are responsible for delivering genomic testing in the NHS in England 
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and to genomic laboratory hubs in Wales, Northern Ireland and Scotland.  The survey 

collected information on: 

¶ Platforms capable of performing CYP2C19 testing available in the lab 

¶ Preferred test platform for running CYP2C19  

¶ Reason for preference 

¶ For each platform or genetic test we ask for information on: 

o Alleles that would be tested for 

o Impact of having to test for additional alleles 

o Time to results 

o Resources for running tests: 

Á Staff time 

Á Staff grade 

Á Cost per test to run 

Á Maintenance of machines/quality assurance 

Á Additional administrative resources 

o Ease of use 

o Test failure rate 

o Current testing capacity 

o Whether faster turnaround would be possible with additional resources and 

what these would be 

o Whether additional testing capacity would be possible with additional 

resources and what these would be 

o Could test be performed in local testing laboratories 

¶ Facilitators and barriers to implementing testing, and what platform would be most 

likely to be implemented 

¶ How feasible would it be to install POCT tests in local laboratories and extra 

resources required 

 

3.6 Synthesis methods 
For each objective, a narrative summary of all the included studies is presented.  This 

includes a summary of the study characteristics and study quality.   

 

3.6.1 Objectives 1, 2 and 3 
We extracted and used hazard ratios (HR) presented by the studies where available. For 

observational (cohort) studies, estimates that had been adjusted for potential confounders 

were used if reported, otherwise unadjusted estimates were used. When HRs were not 

provided in the study publication, they were estimated with a hazard rate analysis of event 

frequencies in relation to time at risk (when follow-up time was available), or from 2x2 

tables of event numbers using complementary log-log (cloglog) transformations, assuming 

proportional  hazards.15  For studies with a zero-cell, ǿŜ ŀǇǇƭƛŜŘ ŀ άŎƻƴǘƛƴǳƛǘȅ ŎƻǊǊŜŎǘƛƻƴέ, 

adding 0.5 to every cell. 
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Objective 1 
We did not identify sufficient data on similar intervention comparisons to carry out a meta-

analysis for any outcomes for objective 1.  We provide a narrative summary of results from 

these studies, presented together with a forest plot showing hazard ratios estimates 

comparing secondary occlusive vascular events between patients who received a genetic 

test and were treated accordingly, against patients with standard treatment with 

clopidogrel. 

 

Objective 2 
Where at least two studies evaluated the same outcome, meta-analysis was used to 

generate summary effect estimates for each objective. We had intended to perform random 

effects meta-analyses, but insufficient data were available for this.  Therefore fixed effect 

meta-analyses were performed.  Forest plots were produced for each outcome showing 

individual and summary HRs with 95% confidence intervals (CIs), stratified by interventions 

evaluated.  To inform decisions on whether to conduct network meta-analyses, we drew 

network plots of treatment comparisons for each outcome, to assess whether networks 

were connected and whether loops of evidence existed. 39  Network meta-analysis was not 

subsequently performed for any outcome. 

 

Objective 3 
We used random effects meta-analysis to estimate summary HRs, 95% CIs, and 95% 

prediction intervals, for each outcome evaluated by the included studies, when at least 

three studies were available.  Heterogeneity and inconsistency across studies were 

quantified using the tau and I2 statistics. A restricted maximum likelihood (REML) approach 

was used to estimate tau.40  Fixed effect meta-analyses were performed as sensitivity 

analyses, or as the sole analyses if only two studies were available.  Funnel plots were 

produced for each outcome, to assess the presence of small study effects.41, 42    

 

We used subgroup analysis and meta-regression to investigate potential heterogeneity in 

the HR for risk of secondary vascular occlusive events. In investigating heterogeneity, we 

included different vascular event outcomes (composite outcome, stroke, ischaemic stroke) 

in the same analyses. This allowed us to include more studies in these analyses, increasing 

power to detect differences in HR across variables. This was a post hoc decision based on 

observing that estimates of HR were very similar for these outcomes within studies that 

reported on two or more. For these analyses, we selected one outcome per study related to 

a secondary vascular event based on the following hierarchy: composite outcome, any 

stroke, ischaemic stroke.   

 

We conducted subgroup analysis and univariable meta-regression to explore whether the 

HR for risk of secondary vascular occlusive events in those with LOF compared to those with 

LOF alleles varied with any of the following covariates:   

¶ Ethnicity: Asian, White, mixed, Hispanic, black or not reported (pre-specified) 

¶ Primary event: stroke, stroke or TIA, TIA (pre-specified) 
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¶ Risk of bias: high vs low (pre-specified) 

¶ Clopidogrel regimen: clopidogrel alone (which includes clopidogrel plus initial 

aspirin), clopidogrel plus long-term aspirin, clopidogrel plus optional aspirin (which 

also includes other antiplatelets or anticoagulants) (post-hoc exploratory) 

¶ Proton-pump inhibitor use: <10%, 10-20%, 20-30%, 40-50%, >50% or not reported 

(post-hoc exploratory) 

¶ Duration of follow-up: 3 months, 6 months, 1 year, 1-3 years, 3-5 years or not 

reported (post-hoc exploratory) 

¶ Loading dose (whether a higher initial dose of clopidogrel was administered): yes, no 

not reported 

Where a study reported multiple categories (e.g., estimates stratified by ethnicity), these 

separate estimates were used in the relevant subgroup analyses.   

 

3.6.2 Objective 4  
Estimates of sensitivity and specificity of the POCTs were calculated from each set of 2 x 2 

data, under the assumption that the laboratory reference standards have correctly 

categorised all study participants.  Analyses were stratified according to POCT.  Summary 

estimates of sensitivity and specificity together with 95% confidence intervals (CIs) were 

calculated using bivariate random effects meta-analysis of sensitivity and specificity, using 

binomial likelihoods.43, 44  Coupled forest plots of sensitivity and specificity were used to 

display results from individual studies and summary estimates, to allow visual assessment of 

heterogeneity.  Due to homogeneity of estimates across studies, heterogeneity was not 

formally investigated. 

 

3.6.3 Objective 5 
We did not identify sufficient data to carry out a meta-analysis for the secondary outcomes 

that address objective 5.  We provide a narrative summary of results from these studies, 

presented together with a summary of the results of the web-based survey (section 4.6.2). 
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4 Results of clinical effectiveness review 
4.1 Results of the searches 
The process of study identification and selection is summarised in Figure 3 (Objectives 1-3) 

and Figure 4 (Objectives 4-5). Studies included , stratified by objective, and studies excluded 

at full-text are reported in Appendix 2: Tables of included, on-going, or excluded studies .  

 

4.1.1 Search 1: objectives 1-3 
The searches of bibliographic databases and trials registries identified 4338 references. 
After initial screening of titles and abstracts, 131 references were considered to be 
potentially relevant and ordered for full paper screening; of these, 29 studies reported in 50 
reports were included in the review: two studies for objective 1; seven studies for objective 
2; and 25 studies for objective 3. Five studies were included for objectives and 3. We 
identified three on-going studies, one for objective 1, and two for objective 3 (Appendix 2: 
Tables of included, on-going, or excluded studies).  
 

4.1.2 Search 2: objectives 4-5 
The searches of bibliographic databases and trials registries identified 555 references. After 
initial screening of titles and abstracts, 35 references were considered to be potentially 
relevant and ordered for full paper screening; of these, 21 studies reported in 25 
publications were included in the review. Nine studies for objective 4 (three of these 
reported a pre-trial and a main-trial) and 17 studies for objective 5. Some studies were 
eligible for both objectives.  All 21 references included in the manufacturerΩǎ submissions 
were identified by our searches; four were included in the review and 17 references did not 
meet inclusion criteria (Studies included in manufactureǊǎΩ submissions).  
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Figure 3 Prisma flow chart: objectives 1-3 
 

 

PRISMA 2020 flow diagram for new systematic reviews which included searches of databases, registers, and other sources 
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Figure 4 PRISMA flow chart: objectives 4-5 
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4.2 Objective 1  
Two controlled trials from China were included for objective 1.45, 46 Full details on these 

studies are reported in Appendix 4: Data extraction tables. Both studies were small (80 and 

190 patients) and did not provide sample size or power calculations.  Duration of follow-up 

was 90 days in one study and 1 year in the other. One of these studies was reported in 

Chinese and was extracted with help from a native Chinese speaker and using Google 

Translate.45  Both studies used laboratory based testing to determine the presence of LOF 

alleles.   

 

Xia et al.45 allocated 80 patients to two groups: 

¶ Group A: All received clopidogrel 75 mg/day 

¶ Group B: genotyped for the *1, *2, *3 and *17 alleles 

o No LOF alleles: clopidogrel 75 mg/day (same as control)  

o One LOF allele: clopidogrel 150 mg  

o Two LOF alleles: ticagrelor όǘƘƛǎ ǿŀǎ ǊŜŎƻǊŘŜŘ ŀǎ άǘƛƎǊƛƭƭƻέ in the English 

abstract but translation of the Chinese term suggested that this was 

ticagrelor) 

 

Lan et al.46 genotyped all participants for the *1, *2, *3, and *17 alleles.  Participants were 

then divided into 2 groups (group A and B with 90 patients in each) so that equal numbers 

with each potential genotype were included in each group.  All patients were initially 

treated with clopidogrel (300 mg loading dose followed by 75 mg/day) and aspirin 100 mg 

day for 21 days. Treatment after this varied by intervention group and presence of LOF 

alleles: 

¶ Group A: clopidogrel 75 mg/day  

¶ Group B:  

o normal metaboliser (no LOF alleles) and extensive metaboliser (1 or 2 *17 

alleles): clopidogrel 75 mg/day 

o poor metaboliser (1 or 2 LOF alleles): aspirin 100 mg/day  

 

This study did not technically meet inclusion criteria for objective 1, as all patients were 

tested, however, as half of the tested patients were treated as if they had not been tested 

(i.e., standard treatment), we considered it appropriate to include this study for this 

objective. 

 

Both studies enrolled patients with a stroke as a primary event.   Mean age was 69 years 

and percentage of female participants was 38% in both studies.  One study was funded by 

non-industry46 and the other did not report funding sources45.  

 

4.2.1 Risk of Bias 
Both studies45, 46 were judged at high risk of bias for all outcomes extracted (Table 5).  There 

was no clear information on the allocation process, and they were not randomised ς the Lan 

study46 allocated patients so that equal numbers of each genotype were included in each 
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group, but it was unclear how this was done. There was no evidence of a pre-registered 

protocol for either study. Full details on risk of bias assessment are presented in Appendix 4: 

Data extraction tables 

 

Table 5 Risk of bias assessment for CTs evaluating Objective 1 
Study Details Domain Rationale 

 1 2 3 4 5 Overall  

Lan et al 

(2019)46  
L L L J K L Not randomised. Patients and carers were likely 

aware of the allocation, and there is no information 

on potential deviations, which could have affected 

the outcome. High proportion of loss to follow-up. 

No evidence of a pre-registered protocol. 

Xia et al 

(2021)45 
L L J J K L Not randomised. Patients and carers were likely 

aware of the allocation, and there is no information 

on potential deviations from the intervention, which 

could have affected the outcome. No evidence of a 

pre-registered protocol. 

1: Randomisation process; 2: deviation from intended intervention; 3: missing outcome data; 4: measurement of selective 

outcome reporting outcome 

 

4.2.2 Results 

Incidence of secondary vascular events 
Both studies 45, 46 presented data on incidence of secondary ischaemic stroke and 

myocardial infarction.  Xia et al.45 reported the incidence of TIA, vascular death and a 

composite outcome (including stroke, TIA, myocardial infarction and death).  Lan et al.46 

reported data on haemorrhagic stroke. We additionally calculated a composite outcome for 

Lan et al, adding events for all outcomes reported.  Figure 5 provides an overview of results 

for incidence of secondary vascular events in these studies. We did not meta-analyse results 

from these two studies due to the differences in interventions. In general, hazard ratios 

suggested a reduction in composite outcomes, secondary ischaemic stroke, haemorrhagic 

stroke, and TIA in patients tested for LOF alleles and treated accordingly, but confidence 

intervals were wide and included the null (HR = 1) in all cases.  There was no evidence of 

benefit in either group for vascular death or myocardial infarction, although incidence of 

these outcomes was low (<5%).  Full details on results are presented in Appendix 4: Data 

extraction tables 
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Figure 5 Forest plot showing Hazard Ratios (HR) (95%CI) for secondary vascular 
events in patients treated with clopidogrel compared with patients tested for loss of 
function alleles and offered personalized treatment. 

 
 

 

4.3 Objective 2  
Seven trials, reported in 23 full report publications, were included for objective 2.47-53   All 

studies were published in English.  Two trials were restricted to patients with LOF alleles 

who were then randomised to different antiplatelet therapies.  The other five studies were 

not restricted based on LOF alleles ς patients were randomised to different antiplatelet 

strategies, a subgroup analysis was then performed restricted to those with LOF alleles.  

Table 6 shows an overview of the studies included for objective 2.  Full details on the studies 

are reported in Appendix 4: Data extraction tables . 

 

Three studies included patients who presented with stroke as their primary event, and four 

included patients with either stroke or TIA. Five studies took place in China and recruited 

patients predominantly of Chinese origin, one was done in South Korea including mostly 

patients of South Korean heritage, and one took place in an international setting, with a 

majority white (67%) ethnicity. Mean age ranged from 60.8 (standard deviation (SD) 8.7) to 
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64.8 (SD not reported).  The percentage of females ranged from 24% to 45%. Sample size 

ranged between 154 to 6412.  

 

Three studies compared clopidogrel plus aspirin with aspirin alone.  In the clopidogrel arm, 

one of these studies gave a one-off 300 mg loading dose of clopidogrel and aspirin only for 

an initial 21-day period, the second did not offer a loading dose of clopidogrel and stopped 

aspirin after 30 days, and the third gave a 600 mg loading dose of clopidogrel and continued 

the aspirin in combination with clopidogrel longer term. Two studies compared clopidogrel 

with ticagrelor ς both studies included a 300 mg clopidogrel loading dose and an initial 21-

day period when aspirin was given in addition to the clopidogrel or ticagrelor.  One study 

compared clopidogrel with triflusal, without a loading dose in either arm. The final study 

compared a standard dose of clopidogrel (75 mg) with a higher dose of clopidogrel (150 

mg).  In this study all patients received a 300 mg loading dose of clopidogrel and 150 mg 

aspirin for the first 21 days; after this clopidogrel was stopped and patients continued 

treatment with 150 mg aspirin alone.  One study was funded by industry organisations (drug 

manufacturer), one was funded by non-industry but drugs and genetic tests were supplied 

by industry, and five were funded by non-industry organisations.  

 

Four studies used laboratory based genotyping tests (Seeplex CYP2C19 ACE genotyping 

system and Real-Q CYP2C19 genotyping kit, Drug Metabolism Enzyme TaqMan Allelic 

Discrimination Assay, and Sequenom MassARRAY iPLEX platform (Sequenom)), one used a 

point of care test (GMEX point-of-care genotyping system), and two did not report the type 

of test that was used. Six studies investigated the two main LOF alleles (*2 and *3) and one 

study only genotyped one LOF allele (*2).  

 

Duration of follow-up ranged across studies: five studies had a follow-up time of 90 days, 1 

followed patients up between 2 and 3 years, and 1 between 4 and 5 years. 

 

Table 6 Characteristics of studies that evaluated Objective 2 
Feature Category Number of 

studies 

Population Stroke 3 

Stroke and TIA 4 

Comparisons (Clopidogrel 75 mg/day + aspirin 50-325 mg/day) vs aspirin 50-325 

mg/day 

1 

(Clopidogrel 75 mg/day + aspirin 75-200 mg/day for first 21/30 

days) vs Aspirin 

2 

Clopidogrel 75 mg/day vs triflusal 300 mg twice daily 1 

Clopidogrel 75 mg/day (+aspirin 75-300 mg/day for 21 days) vs 

ticagrelor 90 mg(+aspirin 75-300 mg/day for 21 days) 

2 

Clopidogrel 75 mg/day (+aspirin) vs high dose (HD) clopidogrel 150 

mg/day (+ aspirin) for 21 days followed by aspirin alone 

1 

Clopidogrel 

Loading dose 

600 mg 1 

300 mg 4 
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Feature Category Number of 

studies 

No loading dose 2 

Design RCT 7 

Country South Korea 1 

USA 1 

China 5 

Funding Non-industry 5 

Drugs & tests provided by industry 1 

Industry - other 1 

CYP2C19 test  Seeplex CYP2C19 ACE genotyping system and Real-Q CYP2C19 

genotyping kit 

1 

Drug Metabolism Enzyme TaqMan Allelic Discrimination Assay 1 

GMEX point-of-care genotyping system 1 

Sequenom MassARRAY iPLEX platform 2 

NR 2 

LOF alleles CYP2C19 *2 and *3 6 

CYP2C19 *2 only 1 

Follow-up 

time 

90 days 5 

2 to 3 years (731 to 1095 days) 1 

4 to 5 years (1461 to 1825 days) 1 

Abbreviations: RCT: randomized controlled trial. 

 

4.3.1 Risk of bias 
All outcomes assessed for every study were judged at the same level of risk of bias. Four of 

the seven studies were judged at low risk of bias.47, 49, 51, 52  One study was judged at some 

concerns due to lack of information on allocation concealment.  Two studies were judged at 

high concerns, one due to lack of information on loss to follow-up, and the other due to lack 

of information on the randomisation process and potential deviations from the intended 

intervention. Table 7 provides a summary of the risk of bias assessment for each study; full 

details are provided in Appendix 4: Data extraction tables. 

 



Page 52 of 437 
 

Table 7 Risk of bias assessment for RCTs evaluating Objective 2 
Study Details Domain 

Rationale 
1 2 3 4 5 Overall 

Chen et al 

(2019)52 

J J J J J J No concerns 

Han et al 

(2017)47 

J J J J J J No concerns 

Meschia et al 

(2020)48 

J J L J J L No clear data on loss to follow up, and it could 

potentially be related to the outcomes 

Wang et al 

(2016a)51 
J J J J J J No concerns 

Wang et al 

(2021)49 

J J J J J J No concerns 

Wu et al. 
(2020)50 

K J J J J K No information on allocation concealment, 

ōŀǎŜƭƛƴŜ ŘƛŦŦŜǊŜƴŎŜǎ ŘƻƴΩǘ ǎǳƎƎŜǎǘ ŀ ǇǊƻōƭŜƳ 

with the randomisation process. 

Yi et al 

(2018)53 

K L J J J L No information on allocation concealment, no 

data on blinding and potential deviations from 

the intended interventions. No information on 

statistical analysis 

1: Randomisation process; 2: deviation from intended intervention; 3: missing outcome data; 4: measurement of selective 

outcome reporting outcome 

 

4.3.2 Results  
Included studies presented data on incidence of secondary vascular occlusive events, 

adverse events, and mortality, in people who had LOF alleles associated with clopidogrel 

resistance, and where treated with alternative interventions compared to standard 

treatment with clopidogrel. There were no studies reporting data on other outcomes of 

interest for objective 2.   

 

Secondary vascular occlusive events 
Six studies reported data on the incidence of a composite outcome of secondary vascular 

occlusive events (including stroke, TIA, myocardial infarction, and vascular death), five 

studies on incidence of secondary stroke, six studies on incidence of secondary ischaemic 

stroke, one on incidence of secondary TIA, two on secondary myocardial infarction, two on 

secondary vascular death, and two studies presented data on mortality of any cause. Figure 

6 shows the network of intervention comparisons for each outcome. These are all seen to 

be disconnected, with no loops of evidence, so network meta-analysis was performed. As 

there were a maximum of 2 studies making any one comparison between treatments, only 

fixed effect meta-analyses were performed.  
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Figure 6 Network plots showing drug comparisons for main outcomes in Objective 2 

 
A. Composite outcome, B. Any stroke, C. Ischaemic stroke, D. Any bleeding 

* Drug given on a temporary basis (21 ς 31 days) 

 

Composite outcome of secondary vascular occlusive events 

There was some evidence that treatment with alternatives to clopidogrel reduced the risk of 

secondary vascular events in those with LOF alleles (Figure 7).  Ticagrelor was associated 

with a reduced incidence of secondary vascular events compared to clopidogrel (summary 

Hazard Ratio (HR) 0.76, 95% CI 0.65, 0.90; 2 studies).  There was a suggestion that high dose 

clopidogrel plus aspirin was associated with a reduced incidence of secondary vascular 

occlusive events compared to standard dose clopidogrel plus aspirin, but CIs were wide (HR 

0.18, 95% CI 0.02, 1.52; 1 study).  There was no difference in the incidence of vascular 

events amongst those taking clopidogrel alone compared to aspirin, although one other 

study suggested that the risk of secondary vascular events was higher for those taking 

aspirin alone compared to clopidogrel plus aspirin.  However, this was a small study with 

very few events (all corresponding to ischaemic strokes), and confidence intervals were 

wide (HR 3.03, 95% CI 0.83, 11.11).  All summary estimates are from fixed effects meta-

analysis. 
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Figure 7 Forest plot showing hazard ratios (HR) (95% CI) for incidence of a composite 
of secondary vascular events in carriers of loss of function alleles receiving standard 
therapy with clopidogrel (or clopidogrel + aspirin) compared with an alternative 
antiplatelet 

 
 

Stroke 

The risk of stroke and ischaemic stroke was also reduced in those with LOF alleles taking 

ticagrelor compared to those taking clopidogrel (HR 0.76, 95% CI 0.63, 0.92 for any stroke; 

HR 0.77, 95% CI 0.65, 0.93 for ischaemic stroke; 2 studies; Figure 8 and  

Figure 9).  There was no evidence of a difference in stroke risk between clopidogrel and 

triflusal, or between clopidogrel alone and aspirin.  As with the composite clinical outcome, 

the study that compared clopidogrel plus aspirin (vs. aspirin alone) for the duration of the 

study suggested that the risk of stroke was higher for aspirin alone compared to clopidogrel 

plus aspirin (HR 3.03, 95% CI 0.83, 11.11). 
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Figure 8 Forest plot showing hazard ratios (HR) (95% CI) for incidence of any stroke in 
carriers of loss of function alleles receiving standard therapy with Clopidogrel (or 
Clopidogrel + Aspirin) compared with an alternative antiplatelet 

 
 

 
Figure 9 Forest plot showing hazard ratios (HR) (95% CI) for incidence of ischaemic 
stroke in carriers of loss of function alleles receiving standard therapy with 
Clopidogrel (or Clopidogrel + Aspirin) compared with an alternative antiplatelet 

 



Page 56 of 437 
 

Other secondary efficacy outcomes 

Other secondary outcomes evaluated included TIA, myocardial infarction (MI), vascular 

death, and mortality.  There were very few events for these outcomes and no statistical 

evidence of a difference between any of the antiplatelet strategies evaluated (Figure 10). 

 

Figure 10 Forest plot showing hazard ratios (HR) (95% CI) for incidence of other 
secondary vascular event outcomes in carriers of loss of function alleles receiving 
standard therapy with Clopidogrel (or Clopidogrel + Aspirin) compared with an 
alternative antiplatelet 
 

 
 

Adverse events 
Seven studies reported data on incidence of bleeding events in those with LOF alleles 

treated with different antiplatelet therapies.  One study reported an increased risk of 

bleeding with ticagrelor compared to clopidogrel, while the other study that compared 

ticagrelor with clopidogrel found no difference in the risk of bleeding.  There was no 

statistical evidence for differences between antiplatelet treatment strategies for any of the 

other comparisons or bleeding outcomes (Figure 11 and  

Figure 12). 

 

 



Page 57 of 437 
 

Figure 11 Forest plot showing hazard ratios (HR) (95% CI) for incidence of any 
bleeding events in carriers of loss of function alleles receiving standard therapy with 
Clopidogrel (or Clopidogrel + Aspirin) compared with an alternative antiplatelet 

 
 
Figure 12 Forest plot showing hazard ratios (HR) (95% CI) for incidence of other 
secondary adverse events in carriers of loss of function alleles receiving standard 
therapy with Clopidogrel (or Clopidogrel + Aspirin) compared with an alternative 
antiplatelet 
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4.4 Objective 3 
25 studies reported in 45 publications were included for objective 3.47, 48, 51-73  All studies 
were published in English.  Five of the studies included for objective 2 also provided data for 
objective 3.47, 48, 51-53   
 
Table 8 provides an overview of the studies included for objective 3. Full details on the 
studies are reported in Appendix 4: Data extraction tables. 
 

Twenty studies used a cohort design ς 13 enrolled participants prospectively and seven used 

a retrospective design.  The five RCTs also included for objective 2 compared standard 

clopidogrel therapy against an alternative and provided data for participants with and 

without LOF alleles.  Data were extracted from these studies for the clopidogrel treatment 

arm only, effectively giving a cohort of patients treated with clopidogrel in whom results 

could be compared between those with and without LOF alleles.  All studies administered 

clopidogrel to all patients, and outcomes were compared between those with and without 

LOF alleles.  In 15 studies, patients received clopidogrel alone, 7 studies gave clopidogrel 

plus transitory aspirin (14-30 days), 3 studies administered both clopidogrel and aspirin for 

the duration of the study, and the other two included patients taking clopidogrel, with or 

without other antiplatelets.  In four studies, an initial loading dose of clopidogrel was given 

to all participants, in two studies some patients had been given an initial loading dose, and 

21 studies did not give a loading dose.   

 

Four studies had a follow-up time of 90 days, 5 followed up patients for 180 days, 2 for 365 

days, four studies from one to two years, one study from two to three years, one study from 

three to four years, and two from four to 5 years.  Eight studies did not report follow-up 

time. 

 

Most studies enrolled patients who had experienced a stroke as their primary event (14 

studies), one study only enrolled patients who had experienced a TIA and ten studies 

enrolled patients who had experienced a stroke or TIA.  Most studies were conducted in 

Asia (13 in China, 2 in Japan and 1 in Korea), four studies were conducted in the USA with 

single studies from other countries.  One study had drugs and tests provided by industry, 

one was sponsored by a commercial company, other studies either did not report on 

funding source or were funded by non-commercial organisations.  A variety of different 

laboratory tests were used to determine CYP2C19 status ς none of the studies used POCT.  

The majority of studies tested for both *2 and *3 LOF alleles, five studies only tested for *2 

and two did not report on which LOF alleles were tested for.  Two studies tested for 

additional alleles as well as *2 and *3 ς 8* in one study and *5, *6, *7 and *8 in the other. 
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Table 8 Characteristics of studies that evaluated Objective 3 
Feature Category Number of 

studies 

Population Stroke 14 

TIA 1 

Both 10 

Drug(s) Clopidogrel 15 

Clopidogrel + Aspirin 3 

Clopidogrel + Aspirin (for 14-30 days) 5 

Clopidogrel (Any additional antiplatelets allowed) 2 

Clopidogrel 

loading dose 

Yes 4 

Optional 2 

No 19 

Clopidogrel dose 75 mg 18 

NR 7 

Aspirin dose 50-325 mg 8 

Design RCT sub-analysis 5 

Prospective cohort 13 

Retrospective cohort 7 

Country South Korea 1 

USA 4 

China 13 

International 1 

Czech Republic 1 

Scotland 1 

Japan 2 

Spain 1 

Turkey 1 

Funding Non-industry 16 

Drugs & tests provided by industry 1 

Industry - other 1 

Not stated 7 

CYP2C19 test  Seeplex CYP2C19 ACE genotyping system and Real-Q CYP2C19 

genotyping kit 

1 

Drug Metabolism Enzyme TaqMan Allelic Discrimination Assay 6 

Sequenom MassARRAY iPLEX platform 4 

Sequenom MassARRAY iPLEX platform and Drug Metabolism 

Enzyme TaqMan Allelic Discrimination Assay 

2 

PCR-RFLP 1 

Improved Multiple Ligase Detection Reaction (iMLDR) 3 

Cwbiotech 1 

Lightmix 1 

NR 4 

Perkin Elmer Gene Amp PCR Systems 9600 1 
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Feature Category Number of 

studies 

LightScanner system 1 

Loss of function 

alleles 

CYP2C19 *2 and *3 16 

CYP2C19 *2 5 

NR 2 

CYP2C19 *2 ,*3 and *8 1 

CYP2C19 *2 ,*3, *4, *5, *6, *7 and *8 1 

Follow-up time 90 days 4 

180 days 5 

365 days  2 

1 to 2 years (366 to 730 days) 4 

2 to 3 years (731 to 1095 days) 1 

3 to 4 years (1096 to 1460 days) 1 

4 to 5 years (1461 to 1825 days) 2 

NR  8 

*Studies that enrolled participants who received clopidogrel with or without additional antiplatelet 

or anticoagulant drugs after having a stroke. 

 

4.4.1 Risk of bias 
Nineteen studies were judged to be at low concern regarding risk of bias; seven studies had 

high concerns (Table 9).  Studies judged at high risk of bias were due to potential loss to 

follow-up and the potential for this to be related to the outcome (3 studies), likelihood of 

ethnically diverse population that was not described in detail or considered in the synthesis 

(2 studies), and selection of participants dependant on clopidogrel prescription redemption 

(retrospective study) which might be associated with the outcome (1 study). All outcomes 

evaluated for each study were judged to have the same risk of bias. 

 

Table 9 Results of the ROBINS-E assessment for studies evaluating Objective 3 
Study Details Domain 

Rationale 
1 2 3 4 5 6 7 Overall 

Chen et al (2019)52 J J J J J J J J No concerns 

Diaz-Villamarin et al. (2018)54 J J J J J J J J No concerns 

Fu et al. (2020)55 J J J J J J J J No concerns 

Fukuma et al. (2022)56 J J J J J J J J No concerns 

Han et al (2017)47 J J J J J J J J No concerns 

Hoh et al. (2016)57 J J J J J J J J No concerns 

Lin et al. (2014)58 J J J J J J J J No concerns 

Liu et al. (2020)59 J J J J J J J J No concerns 

Lv et al. (2022)60 J J J J L J J L High percentage of loss to 

follow-up, likely related to 

the outcome 

McDonough et al. (2015)61 J J J J L J J L No data on loss to follow-

up, potential missing data 

likely related to outcome.  
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Study Details Domain 
Rationale 

1 2 3 4 5 6 7 Overall 

Meschia et al (2020)48 J J J J J J J J No concerns 

Ni et al.(2017)62 J J J J L J J L No data on loss to follow up.  

Potential missing data likely 

to be related with the 

outcome 

Patel et al. (2021) 63 J J J J J J J J No concerns 

Qiu et al. (2015)64 J J J J J J J J No concerns 

Sen et al. (2014)65 L J J J J J J L Population likely not 

ethnically homogeneous, no 

info on ethnicity, not 

adjusted. 

Spokoyny et al. (2014) 66 L J J J J J J L Ethnicity is a common cause 

of CYP219 variations and 

recurrent events - mixed 

population, results probably 

not adjusted by ethnicity 

Sun et al. (2015)67 J J J J J J J J No concerns 

Tanaka et al. (2019)68 J J J J J J J J No concerns 

Tomak et al (2018)69 J J J J J J J J No concerns 

Tornio et al. (2018)70 J J L J J J J L Retrospective study -

Inclusion of participants 

dependant on redemption 

of clopidogrel prescription 

which is associated with the 

outcome. 

Wang et al (2016a)51 J J J J J J J J No concerns 

Wang et al. (2016b)71 J J J J J J J J No concerns 

Yi et al (2018)53 J J J J J J J J No concerns 

Yi et al. (2017)72 J J J J J J J J No concerns 

Zhang et al. (2017)73 J J J J J J J J No concerns 

 

4.4.2 Results 

Secondary Occlusive Events 
There was strong evidence that people with LOF alleles treated with clopidogrel (or 
clopidogrel plus aspirin) have a greater incidence of secondary vascular events (HR 1.72, 
95% CI 1.43, 2.08; 18 studies;   
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Figure 13), stroke (HR 1.46, 95% CI 1.09, 1.95; 5 studies, Figure 14) and ischaemic stroke (HR 

1.99, 95% CI 1.49, 2.64; 12 studies; Figure 15) than those without LOF alleles (estimates 

from random effects meta-analysis).  There was some evidence of heterogeneity for the 

composite outcome of secondary vascular events (I2=33%; Tau2 =0.027); there was little or 

no evidence of heterogeneity for other outcomes.  Fixed effect meta-analysis estimates 

were very similar to pooled results from random effects analyses. 
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Figure 13 Forest plot showing hazard ratios (HR) (95% CI) for incidence of a 
composite outcome of secondary vascular events in carriers of LOF alleles compared 
with non-carriers of LOF alleles receiving standard therapy with clopidogrel (or 
clopidogrel + aspirin)  
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Figure 14 Forest plot showing hazard ratios (HR) (95% CI) for incidence of incidence 
of any stroke in carriers of LOF alleles compared with non-carriers of LOF alleles 
receiving standard therapy with clopidogrel (or clopidogrel + aspirin) 

 
 

Figure 15 Forest plot showing hazard ratios (HR) (95% CI) for incidence of ischaemic 
stroke in carriers of LOF alleles compared with non-carriers of LOF alleles receiving 
standard therapy with clopidogrel (or clopidogrel + aspirin) 
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Secondary efficacy outcomes 

There was little evidence to suggest any association between LOF alleles and secondary 

outcomes of mortality and TIA (Figure 16).  However, these were evaluated in very few 

studies and there were very few events.  There was evidence that the risk of vascular death 

is increased in patients with LOF alleles treated with clopidogrel compared to those without 

LOF alleles (HR 5.07, 95% CI 1.26, 20.39). 

 

 

Figure 16 Forest plot showing hazard ratios (HR) (95% CI) for incidence of secondary 
vascular occlusive outcomes in carriers of loss of function alleles compared with non-
carriers of loss of function alleles receiving standard therapy with Clopidogrel (or 
Clopidogrel + Aspirin) 

 
 

 

Investigation of heterogeneity 
Within studies that evaluated multiple vascular occlusive event outcomes, estimates of HR 
were very similar for composite outcome, stroke and ischaemic stroke (ischaemic stroke 
accounted for most of the secondary vascular outcomes reported in all studies). As 
described in the Methods, a post hoc decision was therefore made to combine data across 
different types of vascular event when exploring heterogeneity.   Forest plots stratified for 
each of these variables are provided in Appendix 5: Additional Analyses for Objective 3. 
Results of univariable meta-regressions are show in
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Table 10.   
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Table 10 Meta-regression analyses showing ratios of HRs for incidence of secondary 
vascular occlusive events in LOF carriers compared with non-carriers, stratified by 
key covariates 

Covariate Group RHR 95% CI p-value Tau2 I2 
 R2 

Ethnicity 
  
  
  
  
  

White 1  Reference   0.03 
  
  
  
  
  

26.82% 
  
  
  
  
  

24.99% 
  
  
  
  
  

Asian 0.71 0.39, 1.27 0.24 

Mixed 0.56 0.23, 1.34 0.18 

Black 0.52 0.13, 2.13 0.35 

Hispanic 0.18 0.02, 1.40 0.09 

NR 7.24 1.49, 4.39 0.25 

Regimen 
  
  

Clopidogrel  1 Reference 
 

0.04 
  
  

23.79% 
  
  

58.11% 
  
  

Clopidogrel + optional 
aspirin 

0.82 0.29, 2.34 0.71 

Clopidogrel + aspirin 0.45 0.22, 0.93 0.03 

Loading 
dose 
  

No loading dose 1 Reference 
 

0 
  
  

1870% 
  
  

100% 
  
  

Loading dose 0.64 0.43, 0.96 0.03 

Loading dose optional 1.01 0.64, 1.61 0.95 

Risk of bias 
  

Low risk 1  Reference   0.02 
  

27.45% 
  

14.17% 
  High risk 1.33 0.84, 2.12 0.21 

Primary 
event 
  
  

Stroke 1  Reference   0 
  
  

3.45% 
  
  

100% 
  
  

Stroke or TIA 0.62 0.44, 0.86 0.006 

TIA 1.53 0.57, 4.05 0.38 

PPI use  
  
  
  
  
  

0-10% 1  Reference   0.03 
  
  
  
  
  

20.17 
  
  
  
  
  

12.74% 
  
  
  
  
  

10-20% 0.97 0.56, 1.66 0.91 

2 
0-30% 

1.29 0.61, 2.7 0.48 

40-50% 1.34 0.31, 5.8 0.68 

50-60% 0.14 0.03, 0.59 0.01 

NR 0.99 0.63, 2.49 0.99 

Follow-up 
time 
  
  
  
  
  

3 months 1  Reference   0.12 
  
  
  
  
   

23.62% 
  
  
  
  
  

48.78% 
  
  
  
  
   

6 months 1.11 0.61, 2.02 0.711 

1 year 0.61 0.18, 2.05 0.401 

1-3 years 1.34 0.76, 2.36 0.291 

3-5 years 1.52 0.77, 2.99 0.207 

NR 1.74 0.97, 2.18 0.062 

Study 
location 

Europe 1 Reference  0.38 31.91% 57.21% 

China 0.75 0.38, 1.48 0.38 

Asia 0.53 0.21, 1.29 0.152 

US 0.56 0.21, 1.45 0.216 

International 0.75 0.22, 2.55 0.625 

Turkey 7.26 0.38, 1.48 0.259 

RHR: ratio of hazard ratios; NR: not reported; TIA: transient ischaemic attack; Tau2= estimates of between-study 

variance; I2= proportion of variability in the meta -analysis that is explained by other differences between the 

included studies rather than by sampling error or the included covariate (i.e. residual heterogeneity); R2= 

estimated proportion of heterogeneity that is explained by the covariate
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There was evidence of a reduced effect of LOF alleles in patients given a loading dose of 

clopidogrel relative to those who were not (RHR: 0.64, 95% CI 0.42, 0.97), in patients taking 

clopidogrel plus long-term aspirin relative to those taking only clopidogrel or clopidogrel 

plus short-term aspirin (RHR: 0.45, 95% CI 0.22, 0.93), and in studies that included patients 

with stroke and TIA as primary events compared with only patients with stroke (RHR: 0.62, 

95% CI 0.44, 0.86).  The stratified analysis based on clopidogrel regimen suggested that 

there was no evidence of a difference in the risk of secondary vascular events between 

those taking clopidogrel plus aspirin (HR 0.92; 95% CI 0.50, 1.74). There was no evidence of 

a difference between studies which included patients with TIA as primary event and those 

including patients with stroke, but only one study investigated TIA patients exclusively. 

 

There was some suggestion from subgroup analyses that effects of LOF alleles may vary by 

ethnicity, with a possibly reduced effect in studies in mixed and Hispanic populations 

compared with white. However, there was considerable uncertainty in these stratified 

estimates, resulting in no statistical evidence for differences between LOF effect by ethnicity 

in the meta-regression. 

 

There was no evidence for a difference in LOF alleles effect on secondary vascular occlusive 

outcomes based on risk of bias, PPI use, study location, or duration of follow-up.  

 

Investigation of small study effects 
The funnel plot showing hazard ratios for incidence of secondary vascular occlusive 

outcomes in carriers of LOF alleles compared with non-carriers of LOF alleles appears 

symmetrical (Figure 17).  This suggests that there is no evidence of small study effects.  
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Figure 17 Funnel plot of hazard ratios for incidence of secondary vascular occlusive 
outcomes in carriers of loss of function alleles compared with non-carriers of loss of 
function alleles  

 

 

Adverse events 
There was no evidence of a difference in the risk of bleeding among those with and without 

LOF alleles (Figure 18) for each category of bleeding assessed: any bleeding (HR 0.98, 95% CI 

0.68, 1.40; 5 studies), severe bleeding (HR 0.97, 95% CI 0.42, 2.20; 5 studies), haemorrhagic 

stroke (HR 1.34, 95% CI 0.29, 6.20; 2 studies) or mild bleeding (HR 0.68, 95% CI 0.30, 1.54; 2 

studies).  There was no evidence of heterogeneity for any of these outcomes (I2=0). For this 

reason, subgroup analyses and meta-regression was not performed.  Fixed effect meta-

analysis estimates were identical to pooled results from random effects analyses. 
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Figure 18 Forest plot showing HRs (95% CI) for incidence of secondary adverse effect 
outcomes in carriers of loss of function alleles compared with non-carriers of loss of 
function alleles receiving standard therapy with Clopidogrel (or Clopidogrel + Aspirin) 

 
 

4.5 Objective 4  
Nine studies, reported in 12 publications, reported data on test accuracy of the POCT in 

scope.  Two studies reported separate accuracy data for a pre-trial and the main trial ς 

these are treated as separate studies giving a total of 11 studies.74, 75 Three studies were 

only available as clinical trial registrations, all others were published as full reports.  All 

studies available only as clinical trial registrations were conducted by Spartan (Genomadix), 

who provided additional information when requested for two of the studies.76, 77  All studies 

were reported in English. 

 
All studies evaluated Spartan versions of the test.  Two evaluated Spartan Cube,76, 77 eight 

evaluated Spartan RX,74, 75, 78-81 and one evaluated Spartan FRX.82  These tests are considered 

broadly equivalent to the Genomadix Cube and so were evaluated as a single group referred 

ǘƻ ŦǊƻƳ ƘŜǊŜ ŀǎ άDŜƴƻƳŀŘƛȄ (Spartan) CYP2C19 testsέ, unless referring to specific tests. 

There were no studies on the accuracy of Genedrive.  
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Table 11 provides an overview of the studies included for objective 4.  Full details of the 

studies are reported in Appendix 4: Data extraction tables.  Five studies were funded by the 

test manufacturer. One study was funded by other industry organisations and one by both 

industry and non-industry.    

 

Six studies recruited patients undergoing percutaneous coronary intervention (PCI). The two 

pre-trials included healthy volunteers as they were pre-trial validations of the test. Three 

studies did not report details on the population studied ς all were only available as clinical 

trial registrations.  None of the studies were conducted in our population of interest ς 

stroke patients.   

 

The number of participants ranged from 877 to 258774.  Three studies tested samples from 

individuals multiple times. One conducted 267 tests in 37 participants,75 

*****************  ******************* ****** ** ************* 

*******************  **************  ************ ** **   

 

Two studies took place in Europe, six studies in Canada, one in South Korea, and two studies 

(reported in the same publication) were multi-national conducted in USA/ Canada/ South 

Korea/ Mexico.  

 

Studies targeted different combinations of the three alleles that can be detected using 

Genomadix (Spartan) CYP2C19 tests (*2, *3, *17).  Seven studies targeted all three LOF 

alleles, one targeted 2* and 17*, and the remainder targeted only 2*.  We dichotomised 

results into presence of LOF alleles or no LOF alleles so that those with at least one 2* or 3* 

LOF allele were considered to have LOF alleles; we categorised 17* as normal function, as 

described in the methods.  The reference standard (standard laboratory test) was 

bidirectional sequencing in 3 studies, direct DNA sequencing in two studies, and Sanger 

sequencing in 1 study (all these methods can detect the presence of any LOF allele).  The 

remaining four studies used Taqman, which can be set up with different probes to detect 

different LOF alleles.  One of the studies used Sanger sequencing as an additional reference 

standard where there were discrepancies between the Genomadix Cube and Taqman 

results.  In all studies, even those that used a reference standard that could detect any LOF 

alleles, the laboratory tests only targeted the same alleles as were targeted by the 

Genomadix Cube.  Estimates of accuracy from these studies therefore show the accuracy in 

detecting only those variants that Genomadix (Spartan) CYP2C19 tests can detect (and in 

four studies only the 2* LOF allele), rather than the accuracy for the detection of any variant 

associated with LOF. 

 

Table 11 Characteristics of studies that evaluated the accuracy of Genomadix Cube 
(Spartan) 
Feature Category Number of studies 

POCT Spartan (Genomadix) Cube 2 

Spartan (Genomadix) RX 8 

Spartan (Genomadix) FRX 1 
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Feature Category Number of studies 

Population Not reported  3 

Healthy volunteers 2 

PCI 6 

Country Canada  6 

South Korea  1 

Malta  1 

Czech Republic 1 

Multi-country International (US/ Canada/ South Korea/ 
Mexico) 

2 

Funding Industry - test manufacturer  5 

Industry ς other  1 

Non-industry  4 

Mixed (industry and non-industry)  1 

Alleles 
targeted  

2*, 3* and 17* 7 

2*, 17* 1 

2* only 3 

Reference 
standard 
(laboratory 
test) 

Bidirectional sequencing 3 

Direct DNA sequencing 2 

Sanger Sequencing 1 

Taqman 3 

Taqman plus Sanger sequencing where POCT and 
Taqman discordant 

1 

Abbreviations: PCI: percutaneous coronary intervention, STEMI: ST-segment elevation myocardial infarction, 

DAPT: dual antiplatelet therapy, ACS: acute coronary syndrome, CAD: coronary artery disease 

 

4.5.1 Risk of bias 
All studies were considered at low risk of bias.  An overview of risk of bias in the studies is 

provided in Table 12.  Although a variety of different populations were enrolled, and 

enrolment was not always consecutive, we considered that how patients were enrolled was 

unlikely to affect estimates of test performance.  Information on whether the person 

interpreting the Genomadix (Spartan) CYP2C19 test was blinded to the laboratory test was 

not reported, although some studies did suggest that this was conducted and interpreted 

before the laboratory test.  However, as the Genomadix (Spartan) CYP2C19 tests are 

objective in interpretation, blinding was considered unlikely to have influenced test 

interpretation.  All studies used a laboratory-based reference standard ς this was 

considered appropriate.  Most of these are also objective in their interpretation and so we 

considered it unlikely that knowledge of the Genomadix (Spartan) CYP2C19 test results 

could have biased interpretation of the reference standard.  There were very few patients 

who did not receive both index test and reference standard and so there were no concerns 

regarding patient flow. 

 

Table 12 Overview of risk of bias in studies that evaluated the accuracy of POCT tests 
Study Details Patient 

Selection 

Index 

test 

Reference 

standard 

Flow & 

Timing 

Overall Rationale for 

Judgement 

Baudhuin et al (2022)74 ς pre-

trial 

J J J J J No concerns 
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Study Details Patient 

Selection 

Index 

test 

Reference 

standard 

Flow & 

Timing 

Overall Rationale for 

Judgement 

Baudhuin et al (2022)74 ς 

main trial 

J J J J J No concerns 

Choi et al. (2016)78  J J J J J No concerns 

NCT0171853582  J J J J J No concerns 

NCT0447357377 J J J J J No concerns 

NCT0447358676 J J J J J No concerns 

Petrek et al. 2016 79, 83  J J J J J No concerns 

Roberts et al. (2012)75 ς pre-

trial 

J J J J J No concerns 

Roberts et al. (2012)75 ς main-

trial 

J J J J J No concerns 

So et al. (2016)80  J J J J J No concerns 

Wirth et al. (2016)81 J J J J J No concerns 

 

4.5.2 Results 
Estimates of the accuracy of Genomadix (Spartan) CYP2C19 tests were very high ς 8 of the 

11 studies reported 100% sensitivity and specificity.  It was possible to extract 2x2 data for 9 

of the 11 studies.  We contacted the authors of the other two studies but did not receive a 

response.74, 83  For one of these studies, we were able to estimate 2x2 data based on data 

reported in the paper.74  Data were reported on sensitivity, specificity and the total number 

of people tested using Spartan (Genomadix) RX (255/2641 did not have a Genomadix Cube 

result).  Data were not reported on the number tested who did and did not have LOF alleles 

based on the reference standard.  However, information was available on the numbers with 

and without LOF in the total sample, we assumed that the proportion with LOF alleles would 

be similar in the tested subset and overall cohort and used this to estimate numbers with 

and without LOF in the tested sample and then applied sensitivity and specificity to the 

numbers to estimate 2 x2 data.  Figure 19 shows paired estimates of sensitivity and 

specificity together with 95% confidence intervals for each study.  Summary sensitivity was 

100% (95% CI 94,  100%) and summary specificity was also 100% (95% CI 99, 100%).   
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Figure 19 Forest plot showing estimates of sensitivity and specificity for each 
included study and overall summary estimates of sensitivity and specificity for 
studies that evaluated the accuracy of Genomadix (Spartan) CYP2C19 tests (yellow 
box indicates AiC data). 

 
The proportion of discordant results ranged from 0 to 2.7% and was <1% in nine studies.  

Seven studies reported discordant results between Genomadix (Spartan) CYP2C19 tests and 

the laboratory reference standard, but these only impacted estimates of accuracy in two 

studies as in other studies they did not affect the classification of the individual as a poor or 

normal metaboliser.  An overview of discordant results is provided in Table 13. 

 

Table 13 Overview of discordant results between Genomadix (Spartan) CYP2C19 tests 
and laboratory reference standard tests 

Study Genomadix 

Test 

Proportion 

discordant 

Overview of discordant results Impact on 

accuracy 

Badhuin et al 

(2022)74 ς pre-trial 

Spartan 

(Genomadix) 

RX 

2/373 (0.5%) 2 discordant initially due to pre-

analytical sample mix-up at testing 

centre. Samples re-collected and re-

tested, then concordant. 

None 

Badhuin et al 

(2022)74 ς main-

trial 

Spartan 

(Genomadix) 

RX 

21/2384 

(0.9%) 

21 discordant: 

¶ 9 non-carrier by Spartan, but had *2 

or *3 by TaqMan  

¶ 11 heterozygous *2 or *3 by Spartan, 

but non-carrier by TaqMan 

¶ 1 sample heterozygous *2 by 

Spartan, but homozygous *2 by 

TaqMan 

9 FN and 

11 FP 

Choi et al. (2016)78 Spartan 

(Genomadix) 

RX 

2/119 (1.7%) 2 discordant: 

*3/*17 on Spartan and *1/*3 on SNP 

*1/*17 on Spartan and *1/*1 on SNP 

None 

NCT0171853582 Spartan 

(Genomadix) 

FRX 

0/325 (0%) None None 

NCT0447358676 

 

Spartan 

(Genomadix) 

Cube 

************  *****************************  

********************************  

********************************  

********  

**********************   

****  
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Study Genomadix 

Test 

Proportion 

discordant 

Overview of discordant results Impact on 

accuracy 

**********************  

NCT04473573 77 Spartan 

(Genomadix) 

Cube 

*****  ****  ****  

Petrek et al. 2016 
79, 83 

Spartan 

(Genomadix) 

RX 

0/53 (0%) None None 

Roberts et al. 

(2012)75 pre-trial 

Spartan 

(Genomadix) 

RX 

0/37(0%) NA None 

Roberts et al. 

(2012)75 main trial 

Spartan 

(Genomadix) 

RX 

1/187 (0.5%) One incorrectly classified as *2 carrier 

on Spartan 

1 FP 

So et al. (2016)80 Spartan 

(Genomadix) 

RX 

2/102 (2%) No details 2 FP 

Wirth et al. 

(2016)81 

Spartan 

(Genomadix) 

RX 

1/35 (2.9%) One incorrectly classified as *2/*2 on 

Spartan vs one 2* on Taqman and on 

GenID 

None 

FP: Fales positive; FN: false negative 

 

4.6 Objective 5  

4.6.1 Technical performance of POCT  
Seventeen studies, reported in 24 publications, reported on the technical performance of 

POCT.74, 84 75T, 76-81, 85-92 Three studies reported data for both a pre-study and main study, 

these are included as separate studies giving a total of 20 included studies. All but one82 of 

the studies included for objective 4 also provided data on test performance and so were 

also included for objective 5.  Two studies were available as trial registry entries only (with 

additional information provided by Genomadix),76, 77 two were conference abstracts (with a 

full conference poster shared for one of these),89, 92 and all others were reported as full 

journal articles.  All studies were reported in English. Table 14 provides an overview of the 

studies included for objective 5.  Full details of the studies are reported in the baseline data 

tables and results tables presented in Appendix 4: Data extraction tables.  

 

One study evaluated Genedrive,92 detailing the development of an earlier version of the 
test.  All other studies evaluated Spartan versions of the Genomadix Cube test.  Two 
evaluated Spartan Cube,76, 77 others evaluated Spartan RX.  
 

Five of the studies reporting on technical performance were funded by the test 

manufacturer.75-77, 82  One study was funded by other industry organisations and one by 

both industry and non-industry. Study populations and locations varied between studies. 

Conditions studied included stroke, coronary artery disease, healthy volunteers (in test pre-

validation studies) and patients undergoing PCI. Five studies took place in Europe, 11 studies 

in North America,75-77, 80, 86-89, 91 one in South Korea, one in Saudi Arabia, and two studies 
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(reported in the same publication) were international in USA/ Canada/ South Korea/ 

Mexico.  

 

Table 14 Characteristics of 20 studies reporting on the technical performance of POCT 
Feature Category Number of 

studies 

Tests  Spartan (Genomadix) Cube 2 

Spartan (Genomadix) RX 17 

Genedrive 1 

Population PCI 9 

Not reported  5 

Healthy people  2 

Stroke 1 

STEMI 1 

Stable coronary artery disease 1 

Diagnostic coronary angiography 1 

Outcomes Test failure rate 10 

Number of people with variant forms of CYP2C19 (%) 16 

Time to results 13  

Ease of use of test 8 

Cost of testing  2 

Country USA 6 

Saudi Arabia 1 

UK 1 

Poland 1 

Canada  5 

South Korea  1 

Malta  1 

Czech Republic 1 

Multi-country in Europe (Netherlands/ Italy/ Belgium) 1 

Multi-country International (US/ Canada/ South Korea/ Mexico) 2 

Funding Industry - test manufacturer  5 

Non-industry but kits provided by manufacturer 3 

Industry ς other  1 

Non-industry  10 

Mixed (industry and non-industry)  1 

Not reported/ unclear 2 
Abbreviations: PCI: percutaneous coronary intervention, STEMI: ST-segment elevation myocardial infarction, 

DAPT: dual antiplatelet therapy, ACS: acute coronary syndrome, CAD: coronary artery disease 

 

Test failure rate  
Ten studies, all of which evaluated Genomadix (Spartan) CYP2C19 tests, reported test failure 

rate (Table 15)74-77, 79, 81, 85, 86, 90, 91  There was substantial variation in test failure rate across 

studies, from a minimum of 0.4% of tests (1/267) to a maximum of 18.9% (10/53 patients) 

for the initial run.  In some studies, samples that failed initially were retested and a subset 

produced results on retesting.  Terminology to describe test failures also varied across 

studies.  ¢ƘƻǳƎƘ ƻŦǘŜƴ ŘŜǎŎǊƛōŜŘ ŀǎ άƛƴŎƻƴŎƭǳǎƛǾŜ ǊŜǎǳƭǘǎέΣ ǎǘǳŘƛŜǎ ŀƭǎƻ ƘƛƎƘƭƛƎƘǘ ŘŜǾƛŎŜ 

errors, failure during the amplification process and not identifying a genotype.  Of studies 
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that reported what they did post-test failure, most said they repeated the genotype test and 

highlight the need to consider this when assessing the cost of genotyping.  

 

Table 15 Overview of studies that reported on test failure rate (all GenoMadix Cube) 
Study details Number 

patients with 

unavailable 

test result 

Details of missing results  Action taken post-test failure 

Badhuin et al 

(2022)74 93 

172/2642 

(7%) 

Main trial: In 54/2642 (2%) had no 

Spartan result available (no 

definition of what this means); 118 

(4%) had inconclusive results.  

NR 

Bergmeijer et 

al. (2014) 85, 94 

39 (8%) Inconclusive results   Sample shipped to central lab 

for Taqman genotyping (30 

patients), repeated Spartan 

testing (2 patients), no further 

genotyping (7 patients).  

Cavallari et al. 

(2018)86 

129/931 

(14%) 

56 inconclusive results, 73 device 

errors  

One additional sample collected 

(113 patients), two additional 

samples collected (10 patients), 

refused sample recollection (6 

patients). 9/ 123 patients with 

additional sample collection had 

multiple inconclusive results.  

************ **  ************  

******  

*****************************  

*******  

********************  

***********  

******  

*****************************  

*******  

*************************  

***********************  

***************************  

**************   

************ **  ***********  

******  

************* *************  

******  *******   

**********************  

***********  

******  

************************  

***************  

*************************  

***********************  

***************************  

**************  

Petrek et al. 

2016 79, 83 

10/53 (18.9%) Failure during amplification 

process (n=4), inconclusive result 

(n=3), only two of three alleles 

tested for gave results (n=3) 

 

NR 

7/53 (13.2%) Failure during amplification 

process (n=4), inconclusive result 

(n=3) ς results not included where 

only 2/3 alleles gave a result 

NR 

Roberts et al. 

(2012)75 

1/267 tests 

(0.4%) 

Pre trial: Test did not identify a 

genotype. This is 1 test, not 

necessarily one patient (multiple 

tests done on each patient) 

NR 
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Study details Number 

patients with 

unavailable 

test result 

Details of missing results  Action taken post-test failure 

Tomaniak et al. 

(2017)90 95, 96 

4/34 (11.8%) Inconclusive results  Genotyping repeated. No further 

information given.  

Wirth et al. 

(2016)81 97 

5/35 (14.3%) 4 tests resulted in error (11.4% - no 

further details); 1 test inconclusive 

 

The 4 tests resulting in error 

were repeated with a new test 

ŀǎ ǇŜǊ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ 

instructions. The inconclusive 

test was not repeated as the 

patient had been discharged 

home. No further information 

given. 

Zhou et al. 

(2017)91 98 

 

25/342 (7.3%) Main trial: 14 inconclusive results 

(4%), 10 failed controls (3%), 1 

instrument failure (0.3%) (no 

further information given). 

12 patients resulted after re-

testing; one patient refused to 

recollect sample and 1 had 2 

consecutive inconclusive results. 

No further information given.  

Studies funded by the test manufacturer are shaded grey 

 

Number of people with variant forms of CYP2C19 (%) 
Thirteen studies reported the number of people with variant forms of CYP2C19.7478, 80, 81, 84, 

86, 88-91  We defined variant forms of CYP2C19 as people with one LOF allele (intermediate 

metaboliser e.g. *2/*1) or two LOF alleles (poor metaboliser e.g. *2/*2).  Table 16 provides 

an overview of the number of participants with each allele combination in the studies that 

reported this information. 

 

Overall, intermediate metabolisers were more commonly found than poor metabolisers.  

The allele combination *2/*1 was most frequently reported and the *3 allele was reported 

less frequently than the *2 allele.  The proportion of participants with variant forms varied 

from 15% to 64%.  We would expect to see an association with ethnicity and CYP2C19 

variants, however, most studies did not provide information on ethnicity and so it was not 

possible to investigate this association.  The UK population in the 2021 census was 81% 

white, 9.6% Asian, 4.2 % Black, 3% mixed ethnic groups and other (2.2%).99 The five studies 

that reported on ethnicity had majority white ethnicity (68% to 100%), these reported that 

the proportion of people that were poor or intermediate metabolisers ranged from 29% to 

38%.  The study with the highest proportion of people with variant forms (64%) did not 

report on ethnicity but was conducted in South Korea and so is likely to have included a 

mainly Asian population. 
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Table 16 Number of people with variant forms of CYP2C19 
Study details Country Ethnicity Number of people with variant forms of CYP2C19  

*2/

*2 

*3/

*3 

*3/

*2 

*2/

*1 

*3/

*1 

*3/

17 

*2/

*17 

Poor 

metaboliser* 

Intermediate 

metaboliser* 

Total no. with 

variant forms 

(%)  

Comments  

Al-Rubaish et al. 

(2021)84 

Saudi 

Arabia 

NR NR NR NR NR NR NR NR NR NR 54 (21.1%)  Either *1/*2 or 

*2/*2  

Badhuin et al 

(2022)74, 93 

US, 

Canada, 

South 

Korea, 

Mexico 

NR 19 1 5 96 7 0 23 25 126 151/373 (40%) Pre-trial 

US, 

Canada, 

South 

Korea, 

Mexico 

68% white, 23% 

east Asian  

NR NR NR NR NR NR NR NR NR 837/2587 (32%)  Main-trial  

Cavallari et al. 

(2018)86 

USA White 74.5%, 

black 23.7%, 

Asian 0.8%, other 

or not reported 

1%. 

7 

 

 

NR 

 

 

NR NR NR NR NR 7 

 

 

106 

 

 

113/392 (29%)  

Choi et al. 

(2016)78 

South 

Korea 

NR 11 1 10 40 13 1 0 22 54 76 (63.9%)  

Franchi et al. 

(2020)88 

 

USA NR 20 0 0 189 1 0 32 20 222 242/781 

(28.5%) 

 

Gurbel et al. 

(2018)89 

USA NR NR NR NR NR NR NR NR 11 157 168/578 (29%)  

Roberts et al. 

(2012)75 

Canada 95% white ethnic 

origin 

7 NR NR NR NR NR NR 7 39 46/187 (25%) Main trial 

So et al. 

(2016)80 

Canada 91% Caucasian 4 0 0 33 0 0 0 4 33 37 (36%)  
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Study details Country Ethnicity Number of people with variant forms of CYP2C19  

*2/

*2 

*3/

*3 

*3/

*2 

*2/

*1 

*3/

*1 

*3/

17 

*2/

*17 

Poor 

metaboliser* 

Intermediate 

metaboliser* 

Total no. with 

variant forms 

(%)  

Comments  

Tomaniak et al. 

(2017)90, 95, 96 

Poland   NR NR NR NR NR NR NR NR 2  12  14 (14.83%) 

  

 

Wirth et al. 

(2016)81, 97 

Malta 100% Caucasian 1 NR NR NR NR NR NR 1 12 13/34 (38%) The 12 

intermediate 

metabolisers 

had one copy of 

the *2 allele 

Zhou et al. 

(2017)91, 98 

USA NR 0 0 2 4 0 0 1 2 5 7/12 (58%) Pre-trial  

USA NR 10 0 1 61 0 0 27 11 88 99 (37%) Main trial  
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Time to results 
Thirteen studies provided information on time to results (Table 17).  Ten of these studies 

reported data on time to results based on experience from their study: all evaluated Spartan 

(Genomadix) RX.75, 79-81, 84-86, 88-90.  Seven studies reported that the turnaround time from 

buccal swab to result took approximately 1 hour.  Two studies reported that this took 

90mins and one reported that it took 90-120min.  

 

Three studies reported information about time to results, but this was reported as a 

description of a feature of the test, rather than being a clear finding from the study itself. 78, 

91, 92 Two of the studies evaluated the Genomadix cube and stated that this takes one hour 

from sample to result. In addition, information reported by Genomadix, the test 

manufacturer, to the External Assessment Group (EAG), stated that the time to result for 

the test was 64 minutes.  The study that evaluated Genedrive reported that it is ΨrapidΩ, 

taking around 40mins (no further information was reported).92 

 

Table 17 Overview of studies that reported data on time to results for the POCT tests 
Study details Time to results 

Al-Rubaish et al. (2021)84 First 50 patients: 90-120min to complete the results  

Bergmeijer et al. (2014) 85, 

94 

Result available within 1hr after collection of buccal swab.  

Cavallari et al. (2018)86 For all patients genotyped: Median genotype test turnaround time 

was 96min (interquartile range of 78-144) 

 

Choi et al. (2016)78 Description of feature of the test: time from sample to result 

~60min  

Franchi et al. (2020)88 

 

Allele status within 1hr - readily available when the decision on 

choice of oral P2Y12-inhibiting therapy most commonly occurs. 

Gurbel et al. (2018)89 Results available in all patients within 90min  

 

Petrek et al. 2016 79, 83 Turnaround time (from buccal swab sampling to result print-out) 

was 60 min 

Roberts et al. (2012)75 Main trial: Within 60min from test activation 

So et al. (2016)80 Within 55min of test carrier status for all alleles was available  

Genomadix (test 

manufacturer) response to 

request for information 

Description of feature of the test: Time to result is 64 minutes.  

Tomaniak et al. (2017)90, 95, 

96 

Mean (SD): 56min (11), from material collection to the testing 

results 

Wirth et al. (2016)81, 97 Collection of sample to genotyping result within 1 hour 

Zhou et al. (2017)91, 98 Description of feature of the test (pre trial and main trial): results 

are returned in one hour turnaround time 

McDermott et al. (2020)92 - 

Gendrive 

Description of feature of the test: ~40min  

  

Studies funded by the test manufacturer are shaded grey 
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Ease of use of test 
Eight studies reported data on the ease of use of the test (Table 18).  Five studies, all of 

which evaluated Spartan (Genomadix) RX, reported data on the ease of use of the POCT 

based on experience from their study.74, 75, 79, 81, 86 Overall, these studies suggested that the 

process of using the Spartan POCT was simple, user-friendly, and that it can be conducted 

by staff who have received minimal training.  Limitations highlighted include storage 

conditions of the POCT81, and that only one sample can be genotyped at a time.86 

 

Three studies reported further information on ease of use of POCT, however these were 

reported as descriptions of features of the test rather than direct findings from the study.85, 

87, 92  Regarding Genomadix Cube, these corroborate the findings outlined previously but 

add further limitations that the test is restricted to *2/*3/*1785 and that there can be issues 

with sample collection, including sample recollection due to interference.87  The study that 

evaluated Genedrive, noted that the test is simple, portable, rapid and does not require 

analytes to be frozen.92 

 

Table 18 Overview of studies that provided information on ease of use of POCT tests 
Study details Ease of use of test* 

Badhuin et al (2022)74, 93 Non laboratory trained personnel can successfully perform rapid 

genotyping in a POC setting 

Bergmeijer et al. 

(2014)85, 94 

 

Description of feature of the test: Buccal swab more patient friendly 

than venapuncture for blood sample, but test is limited to testing *2, 

*3, *17 for one patient at a time per genotyping device.  

 

Cavallari et al. (2018)86 Could not be used as POCT due to absence of licensed molecular 

medical technologist so must be sent to central laboratory (the case for 

all of USA), and only a single sample genotyped at a time limiting 

number of patients that can be offered genotyping.  

Davis et al. (2020)87 Description of features of the test: Barriers to implementation: time 

constraints, personnel requirements and coordination, storage and 

sample stability, samples unable to be collected by bedside nurses, 

patients unable to provide samples, sample recollection due to 

interference or improper techniques  

Petrek et al. 2016 79, 83 Simple and non-invasive  

Roberts et al. (2012)75 Main trial: Nurses with no previous laboratory training implemented 

test after 30min training session.  

 

Wirth et al. (2016)81, 97 Simple procedure, portable, convenient, no laborious preparation, 

minimal training required to conduct test. User-friendly interpretation 

with no training required. Storage conditions limit ease of use.  

McDermott et al. 

(2020)92 - Genedrive 

Description of features of the test: Portable, rapid (~40mins), no cold 

chain, simple read out for non-specialist users. 

ϝ¢ŀōƭŜ ǊŜǇƻǊǘǎ ŦƛƴŘƛƴƎǎ ŦǊƻƳ ǎǘǳŘƛŜǎΣ ǳƴƭŜǎǎ ŦƭŀƎƎŜŘ ŀǎ άŘŜǎŎǊƛǇǘƛƻƴ ƻŦ ŦŜŀǘǳǊŜ ƻŦ ǘƘŜ ǘŜǎǘέ όǘƘŜǎŜ ŀǊŜ ƴƻǘ 

findings of the specific studies) 

Studies funded by the test manufacturer are shaded grey 
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Cost of testing  
Two studies provide information about POCT costs ς one evaluated Spartan (Genomadix) 

RX81, and the other evaluated Genedrive.92  Additional information on the cost of 

Genomadix Cube was provided by the manufacturer (Table 19).  Wirth et al (2016) estimate 

the cost per patient of Genomadix Cube POCT at 225 euros, compared to 13 euros for the 

Taqman laboratory assay and 23 euros for the GenID laboratory assay.  The authors do not 

state how they calculated this costing.  The manufacturers of the two tests shared 

information on costs.  

 

Table 19 Overview of studies that provided information on cost of POCT tests 
Study details Test name  Cost of testing  

Genomadix (test 

manufacturer) response to 

request for information 

Genomadix Cube 

(Spartan) 

Description of feature of the test: a) Platform 

cost: £3,500 per testing platform, b) Testing 

assay cost: £175 per test kit, c) external control 

kits: £50 GBP per external control kit 

Genedrive (test 

manufacturer) response to 

request for information 

Genedrive System Description of feature of the test: a) Platform 

cost: 4,995 GBP per testing platform, b) Testing 

assay cost: £100 per test kit, c) external control 

kits: £100 per external control kit 

Wirth et al. (2016)81, 97 Genomadix Cube 

(Spartan) 

Estimated cost per patient test: 225 euros 

(Taqman estimated at 13 euros and GenID at 23 

euros). No indication of how this was 

calculated. 

Studies funded by the test manufacturer are shaded grey 

 

4.6.2 Survey 
The survey was sent to 10 laboratories (labs) for completion ς the seven genomic laboratory 

hubs in England, All Wales Medical Genomics Services, Northern Ireland Regional Genetics 

Service and the Scottish Strategic Network for Genomic Medicine.  Responses were received 

from 8 labs - 5 regional genomic laboratory hubs (Central and South; East; North West; 

South East; and North East and Yorkshire) and from the Scottish (NHS North Tayside), Welsh 

and Irish services.  Full survey results are reported in Appendix 6: Survey Results. 

 

Testing Platform 
Table 20 provides an overview of the test platforms that each lab reported currently having 

in place that would be capable of performing CYP2C19 genotyping, and the platforms 

identified as preferred platforms by each lab.  Seven of the eight labs reported having 

Sanger sequencing, 6 also had next-generation gene sequencing; one did not report having 

any sequencing technology.  All  had at least one form of targeted CYP2C19 gene variant 

detection, most commonly PCR-based SNP genotyping assays using fluorescent reporter 

systems, such as TaqMan (ThermoFisher) ς this was also one of the most commonly 

reported reference standard in the DTA studies included for objective 4.  Preferred 

technologies included next-generation sequencing (2 labs), MassARRAY(3 labs), LAMP (3 
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labs), PCR-based SNP genotyping assays using fluorescent reporter systems, such as TaqMan 

(ThermoFisher) ŀƴŘ vǳŀƴǘ{ǘǳŘƛƻ мнY CƭŜȄ wŜŀƭ-Time PCR System or X9 Real-Time PCR 

System (1 lab).  Note that two labs highlighted two different technologies as their preferred 

technology ς one selected both MassARRAY and LAMP, the other selected next generation 

sequencing and LAMP.  When asked about whether there are other platforms available that 

they may consider for CYP2C19 testing, one lab reported that they were currently looking at 

NGS Genexus due to speed and capacity.  Another stated that they would use Sanger 

sequencing as a back-up test for when LAMP produced indiscriminate results. 
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Table 20 Available and preferred CYP2C19 testing technologies, with reasons for preferences 
Technology Technology 

Available 

Preferred 

Technology 

Reasons for preference 

Sequencing technology 

Sanger CYP2C19 sequencing 7 0  

Next-generation CYP2C19 gene sequencing 

 

6 2 ¶ High through-put and massively parallel. Automated bioinformatics analysis. Pre-existing 
workflows established. 

¶ High throughput 

Targeted CYP2C19 gene variant detection 

PCR-based SNP genotyping assays using 

fluorescent reporter systems, such as 

TaqMan (ThermoFisher) 

6 1 ¶ Cost effective, Time efficient, Minimal staff time, Two-step process, High throughput, 
Robust technology, Simple analysis and reporting 

Other PCR-based genotyping panels that 

use proprietary detection methods, such as 

the xTAG CYP2C19 Kit v3 (Luminex) 

1 0  

Variant detection using mass spectrometry, 

such as MassARRAY (Agena Bioscience) 

4 3 ¶ Ability to target multiple variants in a single assay applying automated PCR prep and 
automated genotype calling (validated within our lab for HFE and DPYD testing on this 
platform), reduced TAT and reduces the necessary staff resources. 

¶ Ability to PCR direct from blood is also feasible for this technology (in validation for HFE 
and DPYD within this lab). 

¶ Efficiency, cost and TAT 

¶ Commercial kits are available for CYP2C19 testing - MassArray offers *2-*8 and *17. Also 
possible to design bespoke assays.   If the CYP2C19 assay was combined with other testing 
the MassArray is probably better suited for covering increased numbers of variants.   

Loop-mediated isothermal amplification 

(LAMP), such as the LAMP human CYP2C19 

mutation KIT (LaCAR MDx Technologies) 

 

4 3 ¶ Can be done directly from blood and does not require extraction. easy method to set up 
and automate. 

¶ Commercial kits available for CYP2C19 testing - current LaCAR test covers *2,*3 and *17 

¶ Speed and lack of need for a DNA extraction.   
 

Other: vǳŀƴǘ{ǘǳŘƛƻ мнY CƭŜȄ wŜŀƭ-Time PCR 

System or X9 Real-Time PCR System 

1 1 ¶ Higher throughput and can have automated loading. e.g.X9 can test 96 samples for 96 
different SNPs in a 2 hour run. 

 

 



 

86 
 

Alleles targeted 
Figure 20 provides an overview of the alleles that would be targeted in a request for 

CYP2C19Φ  ¢ƘŜ ƻƴŜ ƭŀō ǘƘŀǘ ǊŜǎǇƻƴŘŜŘ ŀǎ άƻǘƘŜǊέ ǎǘŀǘŜŘ ǘƘŀǘ ŀƴ bD{ ŀǎǎŀȅ ǿƻǳƭŘ ōŜ ŀōƭŜ ǘƻ 

detect all sequence variants. Note that there was an error in this question on the survey so 

that we asked about *7 rather than *17. 

 

Figure 20 Alleles targeted in request for CYP2C19 

 
 

Four labs stated that the test would be affected by testing for all LOF alleles compared to 

only testing for *2 or *3 alleles, although two highlighted that this would depend on the 

technology.  Potential impacts included increased cost and increased turnaround time.   

 

Resources required 
Two labs were not able to provide any information on resources required and one lab was 

only able to provide an estimate of the cost of the test. 

 

Staff time 

Three labs provided an estimate of staff time to run the selected test.  One, that had 

selected LAMP as the preferred test, estimated 1-2 days in total: 1 -2 hours set up, 2 hours 

analysis, and 2 hours checking and reporting.  The secondΣ ǘƘŀǘ ǎŜƭŜŎǘŜŘ vǳŀƴǘ{ǘǳŘƛƻ мнY 

Flex Real-Time PCR System or X9 Real-Time PCR System, estimated 0.5 working time 

equivalent (WTE) for performing test  0.5 WTE for DNA extraction  0.2 WTE for admin.  The 

third  lab selected PCR-based SNP genotyping assays using fluorescent reporter systems as 

their performed test and are currently performing this test estimate staff time at 

22mins/sample. 

 

Staff grade 

Estimates of staffing grade varied in the five labs that reported on this: 

¶ Band 5 set up, Band 6 analysis & reporting, Band 7 checking and authorisation of 

reports 

¶ Band 3 up to Band 8a 

¶ Band 3, band 5, band 7  

¶ Band 3, band 4, band 5 

¶ Band 2, 3, 4 for laboratory work; band 7 for authorising reports 
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Cost 

There was also variation in estimates of cost for test.  Estimated costs are summarised in 

Table 21, which also shows the preferred technology that the estimate relates to. 

 

Table 21 Estimates of costs per test and maintenance costs 
Preferred Platform Cost per test Maintenance costs 

MassARRAY (Agena 

Bioscience) 

~ £15 per test  

 

£15k maintenance plus EQA 

LAMP  

 

£40 per test (reagent cost only) NR 

MassARRAY or LAMP ~£100 NR 

Next-generation gene 

sequencing or LAMP 

£100-£250 NR 

vǳŀƴǘ{ǘǳŘƛƻ мнY CƭŜȄ wŜŀƭ-

Time PCR System or X9 Real-

Time PCR System 

 

~£200 per sample.  Additional 

costs in data analysis either by 

scientists or using automated 

calling and reporting system = £5-

10 per sample 

£5000 pa for qPCR machine 

BUT for 10,000 sample pa we 

would need to increase our 

existing DNA extraction 

capacity, which may mean 

another  automated DNA 

extraction system = £150k 

capital investment 

PCR-based SNP genotyping 

assays using fluorescent 

reporter systems, e.g. 

TaqMan 

£25.09 inc VAT ς include 

reagents/consumables, staff time 

& overheads 

NR 

 

Additional administrative resources 

Three labs highlighted additional administrative resources that would be required and one 

stated that they would be required but did not provide further details.  One lab stated that 

these would not be required. Additional administrative resources required were: 

¶ one band 4 admin  

¶ LIMs upload to electronic care record where link does not exist - admin support to 

send results and upload to ECR.  

¶ Preferable electronic test ordering but may require admin support for dealing with 

enquiries 

 

Ease of use  
Six labs reported that their preferred test could be performed by existing staff members 

who have received standard training, one lab reported that the test was fully automated 

(LAMP) and the other that additional training would be required ς this lab had selected 

vǳŀƴǘ{ǘǳŘƛƻ мнY CƭŜȄ wŜŀƭ-Time PCR System or X9 Real-Time PCR System has their preferred 

test, which would be a new test for their lab and was the reason training would be required. 
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Test validity 
Most labs reported that it was difficult to estimate the proportion of samples that would not 

return a valid result, most of those that responded stated that they expected this to be <1%.  

One lab did report ~90% for this question; it appears likely that they have misinterpreted 

the question.  One lab, that are currently performing PCR-based SNP genotyping assays using 

fluorescent reporter systems reported that 5% of samples would not return a valid result. 

 

Testing capacity and turnaround time 
In the introduction to the survey we estimated that the NHS would need to perform 
approximately: 

¶ 150 000 CYP2C19 tests in the first year (assuming annual stroke incidence of 100 000 
and TIA incidence of 50 000).  

¶ 100 000 CYP2C19 tests annually after this (57 000 first strokes, 46 000 first TIAs 
assuming ~10-15% of those with first stroke would previously have had a TIA and 
already been tested). 

 
Two laboratories reported that there current testing capacity was 0, two were unable to 
answer this question and another said that they would not be able to process any samples 
without additional staff and equipment.  One laboratory reported that there were currently 
delivering 110 tests per week, one that they were delivering 200 tests/week, and another 
that they could do 92 tests per run with up 2 runs per week (total 184 tests per week).   
 
Estimated turnaround time from receiving a sample to returning a test result varied 
considerably across laboratories ranging from 24-72 hours (1 laboratory) to >4 weeks (1 
laboratory).  The most common estimate (5 laboratories) was 72 hours to 1 week; 1 
laboratory estimates that results would be returned in 1-2 weeks.   
 
Most laboratories reported that additional testing capacity and faster turnaround time 
would be possible with additional resources ς one lab reported that faster turnaround time 
would not be possible (this lab had estimated turnaround time at 72 hours-1 week).   
Additional requirements included: additional staffing (6 labs); increased laboratory space (2 
labs), increased automation (2 labs),and additional equipment (4 labs).  One laboratory 
specified that staffing would need to be at all grades, another that more technical and IT 
staff would be needed, the others did not specify further.   
 
Seven labs confirmed that the test could be performed in local laboratories but most said 

this would require additional staff training and/or equipment- one stated this could be done 

using existing staff and equipment.  The laboratory that stated that the test could not be 

performed in local laboratories had selected a Real-Time PCR System as its preferred test. 

 

Barriers to implementing CYP2C19 testing 
The major barriers to implementing CYP2C19 testing were the scale of the predicted activity 

and current capacity (4 labs), with one highlighting that they do not currently perform any 

tests of this scale in the NHS and so do not have the infrastructure for this.  Staffing was also 

seen as a major barrier ς this was highlighted by 5 labs.  Two labs highlighted the 
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importance of having automated/electronic laboratory systems in place.  One lab, despite 

highlighting several barriers to implementing CYP2C19 testing, ŘƛŘ ǎǘŀǘŜ ǘƘŀǘ ƛǘ ƛǎ άŜƴǘƛǊŜƭȅ 

ǇƻǎǎƛōƭŜέ ǘƻ ƻǾŜǊŎƻƳŜ ǘƘŜǎŜ ōŀǊǊƛŜǊǎΦ  !ƴƻǘƘŜǊ ƭŀō ŀƭǎƻ ƘƛƎƘƭƛƎƘǘŜŘ ŦŀŎƛƭƛǘŀǘƻǊǎ ǘƻ 

implementing testing including previous knowledge of pharmacogenomics testing in lab and 

the availability of appropriate equipment available within the department. The Scottish 

Tayside lab, which is currently piloting CYP2C19 testing highlighted the following as barriers 

to implementing testing:  

¶ Fixed budget for pilot so had to confine requests to Stroke Unit and Cardiology 

¶ Unable to accept requests from GPs 

¶ Difficulty for some medical disciplines to understand output of genetic results 

¶ Separate requesting and reporting systems for acute and primary care 

They also stated that strong support from stroke clinicians, specialist pharmacists and senior 

managers were facilitators for testing. 

 

Implementation of rapid point of care tests in laboratory workflow 
Six labs stated that it should be possible to implement a POCT test within the laboratory 

workflow.  One highlighted that this would not be the most efficient process for the number 

of samples that would need to be tested, and another that there is no precedent for this in 

their lab.   Additional resources needed included more additional staffing (3 labs) and 

additional freezers (one lab).  Two labs stated that they would not be able to implement 

POCT.  One explained that this would require staff to be able to drop all other duties to 

perform this test which would not be feasible.  One of the labs that stated that it would be 

possible highlighted that delivering POCT would require different testing technology and 

cost would increase, another lab highlighted that the time for sample to be receiving in the 

laboratory might be an issue. 
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5 Assessment of cost effectiveness 
5.1 Review of economic evaluations of CYP2C19 genetic tests for clopidogrel 

resistance in non-cardioembolic ischaemic stroke and TIA patients  

5.1.1 Review methods 
We conducted a systematic review to identify previous studies on the cost-effectiveness of 

CYP2C19 genetic tests for guiding treatment in non-cardioembolic ischaemic stroke and TIA 

patients. We searched the following databases: 

 

¶ MEDLINE (MEDALL) via Ovid: 1946 to present; 

¶ Embase via Ovid: 1974 to 2022 August 09 (Search 1) and 1974 to 2022 August 

мл (Search 2); 

¶ The Cochrane Central Register of Controlled Trials (CENTRAL) via Wiley: Issue 7 of 12, 

July 2022; and 

¶ The Cumulative Index to Nursing and Allied Health Literature (CINAHL) via EBSCO 

Host: 1981 to present; 

¶ ECONLit via EBSCO Host: 1986 to present;  

¶ HTA Library via the York CRD interface; 

¶ NHS Economic Evaluation Database (EED) via the York CRD interface; and  

¶ Tufts CEA Register via the Tufts Medical Centre website.  

 

We also included any relevant papers on cost-effectiveness identified in the clinical 

effectiveness reviews, searched citations in relevant publications that we identif ied, and 

asked experts in the field. We supplemented the searches with a targeted search for 

economic models of treatment for secondary prevention following non-cardioembolic 

ischaemic stroke or TIA. This search was undertaken in MEDLINE, Embase and EconLit. The 

search strategy for this search is reported in Appendix 1: Literature search strategies.  

 

The quality of included cost-effectiveness studies was assessed using the Drummond 

checklist.100 

 

Sources for parameter inputs for the model were identified from previous models, the 

studies identified in the clinical effectiveness reviews (objectives 1-5), and by running 

additional targeted searches to identify inputs to the economic model (as required). This 

included searching for previous network meta-analyses of antiplatelet treatments in general 

non-cardioembolic ischaemic stroke and TIA populations.  

 

5.1.2 Results of the review of cost-effectiveness studies for CYP2C19 testing strategies 
Figure 26 shows the PRISMA flowchart showing the studies identified from the systematic 

review of cost-effectiveness studies for CYP2C19 testing for patients who have had a non-

cardioembolic ischaemic stroke and TIA, and reasons for exclusions.  
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Figure 21 PRISMA diagram showing the studies identified in the systematic review of cost-effectiveness studies for CYP2C19 testing 
for patients who have had a non-cardioembolic ischaemic stroke or TIA 
 
































































































































































































































































































































































































































































































































































































































































































