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Abstract
A multi-center prospective cross-sectional and genome-wide association study (GWAS) 
recruited pregnant women taking low dose aspirin. Objectives were to (i) develop pregnancy- 
specific 95% reference intervals for a range of laboratory based platelet function tests (PFTs); (ii) 
select an optimal and acceptable PFT that reflected aspirin’s COX-1 inhibition in women with 
confirmed aspirin adherence in pregnancy; and (iii) identify genomic variants that may influ-
ence pregnant women’s platelet response to aspirin.
The study included two independent cohorts of pregnant women. A range of PFTs and 
matched phenotyping with urinary 11-dehydrothromboxane B2 (11DTXB2) and nuclear mag-
netic resonance (NMR) spectroscopy detection of urinary salicyluric acid as a measure of aspirin 
adherence were performed. Genome-wide data was acquired from the UK Biobank Axiom® 
(Thermo Fisher Scientific). 11DTXB2 in combination with adherence testing with NMR salicy-
luric acid was an accurate and acceptable testing strategy for detecting biochemical aspirin 
responsiveness in pregnant women, with the provision of relevant reference ranges. GWAS 
meta-analysis found no significant single nucleotide polymorphisms in association with 
response to aspirin in pregnancy. Further evaluation in relation to effective dosing of aspirin 
in pregnancy and optimizing the benefits to specific subgroups should now be a priority for 
future research.

Keywords
Aspirin, aspirin resistance, genome-wide 

association, platelet function, pregnancy

History
Received 30 September 2021 
Revised 6 November 2021 
Accepted 8 November 2021 

Introduction

Preeclampsia is a multi-system endothelial disorder of preg-
nancy manifesting with hypertension and proteinuria beyond 
20-week gestation [1].With an incidence of 1–8%, it is asso-
ciated with significant maternal and perinatal morbidity and 
mortality [2]. Low-dose aspirin (acetylsalicylic acid) can 
reduce the risk of preterm preeclampsia by up to 62%, although 
it is unclear which women derive most benefit, with subgroup 
analyses suggesting variable clinical responses [2,3]. 
A proportion of women will still develop preeclampsia despite 
prophylactic aspirin, a phenomenon known as relative or abso-
lute aspirin resistance or non-responsiveness, which may be 

responsive to an increased dosage. This phenomenon has 
been widely discussed in the cardiovascular literature and 
may be identified biochemically, with insufficient COX- 
mediated suppression of platelet activation [4]. Some authors 
also define aspirin non-responsiveness clinically, as recurrence 
of adverse events or by combined biochemical definition and 
adverse clinical events [5]. However, there is no unified defini-
tion and a paucity of evidence regarding aspirin non- 
responsiveness in pregnancy [6]. A robust method of assessing 
for the presence of aspirin non-responsiveness in pregnancy is 
required [6].

Acetylsalicylic acid (ASA) irreversibly inhibits the COX-1 
enzyme in platelets. Following oxidation of arachidonic acid, 
COX-1 supplies PGH2 to TXA synthase, with subsequent produc-
tion of several metabolites of which thromboxane B2 and urinary 
11-dehydrothromboxane B2 (11DTXB2) are an example [7]. In 
the pregnant state, there is increased platelet turnover which is 
significantly exaggerated in those at risk of preeclampsia, where 
TXA2 dominance causes utero-placental and systemic vasocon-
striction [8,9]. This directly perpetuates the cycle of platelet 
activation, stimulating further TXA2 release, leading to the clin-
ical manifestations of preeclampsia [10–13]. It is postulated that 
low dose aspirin both inhibits the aforementioned process and has 
an anti-inflammatory effect and can thus mitigate the risk of 
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developing preeclampsia, when commenced prior to 16-week 
gestation [14,15].

A contributory genomic basis for preeclampsia has been sug-
gested through genome wide association (GWAS) and candidate 
gene studies (CGS) [16], in addition, genomic determinants for 
the observed variability of aspirin response have been sought, and 
various polymorphisms described [4]. In the latter group, the 
phenotypic endpoint of aspirin non-responsiveness tends to be 
that of clinical outcome as opposed to impact on platelet function 
[4]. There are a paucity of genomic studies conducted with 
pregnant cohorts, which assess the variability in response to 
aspirin, and none which utilize platelet function as an endpoint, 
or assess populations with differing baseline risks of preeclampsia 
[17]. Further to this, there are no available reference ranges based 
upon sufficiently large populations for platelet function tests 
(PFTs) [6]. Hence the objectives of this study were to (i) develop 
pregnancy-specific 95% reference intervals for a full range of 
laboratory based, non-point-of-care PFTs; (ii) select an optimal 
and acceptable PFT that reflects aspirin’s COX-1 inhibition in 
women with confirmed aspirin adherence in pregnancy; and (iii) 
to identify genomic variants that may influence pregnant women’s 
platelet response to aspirin.

Methods

The program of work included two stages; first, a cross- 
sectional study to establish reference intervals and select 
a PFT which is acceptable to women and reflects aspirin’s 
platelet effects and develop an accurate low dose aspirin 
(LDA) adherence test (cohort phenotyping). Second, a meta- 
analysis of genome-wide association studies from two indepen-
dent cohorts of pregnant women taking LDA to prevent pre-
eclampsia. We included two cohorts of pregnant women, one 
with and one without risk factors for preeclampsia from 
University of Liverpool and cohort at low risk from 
a published randomized controlled trial (RCT) in University 
College Dublin, respectively. The data presented from the later 
cohort represent a secondary analysis from this RCT [ISRCTN 
15191778] [18]. Gestational hypertension and preeclampsia 
were defined for both populations in with theInternational 
Society for the Study of Hypertension in Pregnancy criteria [1].

Reference Intervals for Platelet Function Tests in Pregnancy

We conducted a prospective time-limited cross-sectional study in 
Liverpool Women’s Hospital NHS Foundation Trust between 
October 2012 and April 2014. The study was approved by the 
Liverpool Research Ethics Committee. Construction of reference 
intervals are described in supplementary methods. Pregnant 
women were provided information and recruited between 
11 ± 0 and 20 ± 6 weeks, at antenatal clinics. They donated 
blood and urine samples on one occasion during pregnancy for 
PFTs and LDA adherence testing. A broad range of PFTs includ-
ing point-of-care devices and widely used laboratory measures 
cited in the current literature were assessed [4]. None had estab-
lished reference intervals or a significant evidence-base in preg-
nant populations [6]. PFTs included;

(1) Urinary 11-dehydrothromboxane B2 (11DTXB2) (Randox 
laboratories)

(2) Platelet Solutions ltd test [19,20]
(3) Multiplate™ impedance platelet aggregometry ASPItest 

(Roche)
(4) Multiplate™ impedance platelet aggregometry ADPtest 

(Roche)
(5) PFA 100 with collagen/epinephrine test cartridges (Dade 

Behring)

PFT results from blood and urine produced by each participant 
with a normal pregnancy outcome were used to calculate refer-
ence intervals for each test for women taking aspirin and aspirin 
naïve women. Pregnancy outcomes were determined from patient 
records. Platelet function results from women who had adverse 
pregnancy outcomes including; gestational hypertension or pre-
eclampsia, placental abruption, miscarriage after 12-week gesta-
tion of a structurally normal fetus, birthweight <10th customized 
centile and perinatal death were excluded (composite adverse 
outcome). Overall, 95% reference intervals were constructed 
adhering to recommended approaches, using R version 3.3.2 [R 
Core Team 2018 URL: https://www.R-project.org/]. Where neces-
sary, data were transformed and outliers were removed (Tukey 
method [Garren 2018 URL: https://CRAN.R-project.org/ 
package=jmuOutlier]). Quantile regression was applied to assess 
the need for partitioning of the reference population [Koenker 
2018 URL: https://CRAN.R-project.org/package=quantreg]. The 
2.5th and 97.5th quantiles were referred to, to calculate 95% 
reference intervals and 90% confidence intervals (CI) for the 
upper limit of the interval for each test.

Low Dose Aspirin Adherence Testing

LDA’s short half-life and rapid clearance hinder detection and 
quantification of drug levels in maternal body fluids and are 
impractical for clinical research. Salicyluric acid (SUA) is the 
stable urinary metabolite of salicylic acid produced during 
LDA metabolism. Through a collaboration with experts in 
nuclear magnetic resonance (NMR), we developed an accurate, 
semi-automated method for detection of SUA in maternal urine 
samples of LDA-treated pregnant women. We demonstrated no 
specific sample preparation is required; SUA is stable at room 
temperature and through successive freeze-thaw cycles. SUA 
can readily and reproducibly be detected by NMR using 
ChenomxTM pattern recognition software (Chenomx, Canada) 
and expert review. This method has since been used for adher-
ence assessment in clinical research [21]. In an attempt to 
determine patient acceptability with regards investigative meth-
ods of aspirin adherence testing, we assessed the findings from 
an anonymous questionnaire at 20–22 weeks’ gestation from 
the low-risk Dublin cohort.18

Genome-wide Association Meta-analysis

Finally, both cohorts underwent matched phenotyping with 
11DTXB2 to assess the platelet effects of LDA and NMR detection 
of urinary SUA as a measure of LDA adherence. Genome-wide 
data was acquired from the UK Biobank Axiom® (Thermo Fisher 
Scientific). Full methods for DNA extraction, genome-wide geno-
typing, data quality control, phasing and imputation are contained 
in supplementary methods. Frequentist association analysis of the 
individual cohorts genome-wide data was conducted. This was 
followed by meta-analysis completed using METAL software 
[Willer 2010 URL: http://csg.sph.umich.edu/abecasis/publica-
tions/pdf/Bioinformatics.vol.26-pp.2190.pdf]. The GWAS datasets 
generated and analyzed during this study are available in the 
European Genome-phenome Archive (EGA) repository [URL: 
https://ega-archive.org/studies/EGAS00001005188].

Results

Reference Intervals

Over a period of 1.5 years, 273 women were recruited in 
Liverpool (N = 126) and Dublin (N = 147). The final cohort 
represented those who provided written informed consent to ana-
lysis of their blood and urine for the purposes of the study and for 
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whom results are available. Composite adverse outcomes were 
determined in 29 women considered to have a low-risk pregnancy 
at enrollment, three in high-risk women who were not taking 
aspirin and in six women at high risk of preeclampsia who were 
on aspirin. Reference intervals for platelet activity assays in 
pregnant women taking LDA, are demonstrated in Table I.

Selection of Platelet Function Test and Incorporation of 
Adherence Testing for Cohort Phenotyping

There was considerable variation in the findings from PFTs in our 
pregnant cohort, overall (Table I). We chose to progress 
11DTXB2 forward into cohort phenotyping as it reflects the 
direct action of aspirin against platelet COX-1 and in our dataset, 
was the most reliable differentiator between aspirin-treated and 
naïve platelet function (Figure 1, Figure S3). This characterization 
was enhanced by the addition of urinary aspirin metabolite testing 
to interpret Randox in-light-of a reliable adherence measure. Both 
Randox and metabolite testing could be accurately performed on 
small urine samples which are noninvasive and acceptable to 
pregnant women. Of 406 women who completed an acceptability 
questionnaire, 1.7% (n = 7) found blood testing inconvenient, 
while 0.2% (n = 1) found providing a urine sample inconvenient. 
Both 11DTXB2 and SUA are stable and the tests ease integration 
into large clinical studies. The reference ranges for the different 
PFTs are demonstrated in Table I.

GWAS Meta-analysis

Meta-analysis of the two cohorts (n = 182 women) did not yield any 
genome-wide significant findings though several hits reached sug-
gestive threshold p < 1 x 10-5 (Figure 2). SNP signal identified at 
chromosome 4 did not map to a gene region and no variant conse-
quence information was available. The next strongest genetic 
association was identified on chromosome 3 (rs62246396, 
p = 8.26E-07), an intronic variant of SETD2 (SET domain contain-
ing 2, histone lysine methyltransferase) (Figure 2(b); Table S6).

SNP rs1749777 (p = 1.57E-06) was identified in DAB1 
(Figure 2(c); Table S6). Rs7143033 (p = 2.91E-06) mapped to 
SLC25A21 (solute carrier family 25 member 21) (Figure 2(d); 
Table S6) and indicated several SNPs in linkage disequilibrium, 
similar to rs10156113 (p = 5.82E-06) in CACNA2D1 (calcium 
voltage-gated channel auxiliary subunit alpha 2 delta 1) gene 
region (Figure 2(e); Table S6).

Rs1749777 was found in pre-imputed GWAS data of both 
cohorts (Figure S8(a); Figure S9(a)). A further two pre-imputed 

SNPs, rs1408966 and rs7157702, were located in the genetic 
signal at SLC25A21.

Discussion

This prospective study found that urinary 11DTXB2 in combina-
tion with adherence testing with NMR salicyluric acid was an 
accurate and acceptable objective testing strategy for detecting 
biochemical aspirin responsiveness in pregnant women, with the 
provision of relevant reference ranges. GWAS meta-analysis of 
our carefully phenotyped cohorts found no significant SNPs in 
association with response to LDA in pregnancy, although we 
identified potential hits in SETD2, DAB1, CACNA2D1, and 
SLC25A21.

In non-pregnant populations, it has been historically estab-
lished that there is limited correlation between findings from 
different PFTs 22,22,[22, 23]. With respect to our own findings 
in a pregnant population, this was no different. The reasoning 
behind selection of urinary 11DTXB2 as the optimal PFT in 
pregnancy is fivefold; (i) it is a direct end product of cycloox-
ygenase catalyzed metabolism of arachidonic acid, inhibited by 
LDA; hence as it features within the aspirin pathway, it is 
biologically plausible to analyze; (ii) it is biologically stable 
and highly detectable in urine [23]; (iii) urine sampling is 
a noninvasive and acceptable test for patients; (iv) it correlates 
significantly with aspirin responsiveness as we have demon-
strated; and (v) it has been validated previously as an assess-
ment of aspirin-responsiveness in relation to cardiac 
events [24].

Previous GWAS and candidate gene studies performed in 
non-pregnant populations propose only a partial genetic basis 
for aspirin responsiveness, with identified polymorphisms 
including those in cyclooxygenase-1, glycoprotein, cyto-
chrome P450, thromboxane, and platelet-receptor genes, such 
as those of the platelet endothelial aggregation (PEAR-1) and 
purinergic (P2Y1) receptors [24–28]. However, the phenotypic 
impact of their presence has been variable [24–28]. 
The potential clinical impact of knowledge of such poly-
morphisms is development of genotype-guided aspirin ther-
apy; however, there are considerable gaps in the existing 
literature. Many studies have not assessed aspirin exclusively 
and assessment in the pregnant population is scanty, although 
several candidate genes which reflect platelet response to 
aspirin have been identified, notably on the PBX1 and MMD 
genes [17,29]. The findings from our own GWAS concur with 

Table I. Reference intervals for platelet activity assays in pregnant women taking low-dose aspirin. (Separate intervals were derived for Randox for 
pregnant women at high risk of preeclampsia versus those at low risk, from the Liverpool and Dublin cohorts, respectively).

Method
2.5th Quantile value  

(Lower 90% CI- Upper 90% CI)
50th Quantile value  

(Lower 90% CI- Upper 90% CI)
97.5th Quantile value  

(Lower 90% CI-Upper 90% CI)

Randox (high-risk) 
N = 126

187 (119–259) 1193 (1040–1452) 7152 (5773–12656)

Randox (low-risk) 
N = 157

830 (0–876) 1343 (1115–2561) 4264 (3719-Inf)

Platelet Solutions 
N = 126

96 (Inf-109) 144 (122–258) 632 (583-Inf)

Multiplate ASPI 
N = 157

27 (16–37) 54 (26–80) 150 (140–157)

Multiplate ADP 
N = 157

29 (24–31) 68 (63–73) 114 (110–126)

Multiplate ADP3.3 
N = 157

22 (12–24) 48 (45–50) 93 (90–125)

PFA-100 
N = 157

80 (75–82) 111 (103–116) 180 (166–227)
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existing research in suggesting that aspirin responsiveness has 
a multifactorial basis within the pregnant population. In 
assessment of the potential hits identified, the SETD2 domain 
has been associated with hematopoietic disease, with knock-
out associated with an increased turnover of platelets phe-
nomenon associated with aspirin non-responsiveness [30]. 
The DAB1-p38 signaling pathway has been proposed as 
a novel candidate therapeutic target to decrease angiotensin- 
II induced podocyte apoptosis in chronic kidney diseases 
with associated proteinuria and hypertension in rats linked 
to upregulation of this pathway [31]. Such potential 

polymorphisms found in our study have not been described 
previously in relation to aspirin-responsiveness, although the 
mechanisms of action of SETD2 and DAB1require further 
exploration.

Qualitative and semi-quantitative methods of assessing LDA 
adherence, including questionnaires and pill counts have limited 
reliability [32]. The method of using the more objective assess-
ment of NMR salicyluric acid in combination with urinary 
11DTXB2 ensured more robust phenotyping of cases for the 
GWAS meta-analysis. This method was both novel in relation to 
both the pregnant and in the non-pregnant aspirin taking 

Figure 1. Distribution of individual patient 
results for urinary 11-dehydrothromboxane B2 
(11DTXB2) (Randox laboratories). The three 
groups contain all three gestational ages 
included in the study.
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population. We believe reliance on an objective endpoint opti-
mized the strength of the GWAS performed. Through assessing 
patient acceptability around providing urine and blood samples 
for testing, we robustly demonstrated the feasibility of using our 
proposed methods to determine aspirin responsiveness and mov-
ing forward further studies may utilize this evidence to support 
such an approach to testing. A further strength of our study was 
the use of two different pregnant cohorts with genomic simila-
rities but variable baseline clinical risk profiles, which consis-
tently demonstrated reproducibility in findings. This is the first 
study to our knowledge, which provides reference ranges in rela-
tion to aspirin responsiveness for a variety of PFTs in pregnancy.

While GWAS was the most appropriate assessment for our 
cohort in relation to pharmacotherapeutic effect, it does pose 
limitations in relation to the high participant numbers required to 
reach a greater statistical power, which our study has fallen short 
of. More broadly, mny questions remain unanswered as to the 

optimal use of LDA in pregnancy, including; the etiology of pre-
eclampsia, which subgroups may derive the greatest benefit, what 
dosing schedules should be used and the most effective timing of 
administration [33,34]. While there is some argument for universal 
LDA provision in pregnancy, this would not be without risk and an 
associated increased incidence of bleeding [35].

In conclusion, Our GWAS meta-analysis of low-dose aspirin- 
treated pregnant women, phenotyped with platelet function tests 
with adherence confirmed by LDA metabolite testing did not 
identify any genome-wide significant SNPs associated with 
aspirin responsiveness. Potentially relevant SNPs were identified 
in four genes with biological plausibility and these may merit 
further examination. However, our work to date indicates that 
when LDA’s COX suppression is accurately assessed in 
a confirmed adherent population, true aspirin non- 
responsiveness is not demonstrated. This has some implications 
for research into aspirin non-responsiveness in other specialty 

Figure 2. GWAS meta-analysis findings of Liverpool and Dublin pregnancy cohorts using METAL software (Willer et al., 2010). a) Manhattan plot 
urinary 11-dehydrothromboxane B2 measures of aspirin compliant patients (n = 182). The top red threshold indicates genome-wide significance 
threshold of p < 5 x 10-8, the lower blue threshold indicates suggestive threshold p < 1 x 10-5. R package, qqman, was utilized to produce this 
Manhattan plot (Turner, 2018). Regional plots generated using LocusZoom (Pruim et al., 2010): b) chromosome 3 (rs62246396, SETD2); c) 
chromosome 1 (rs1749777, DAB1) indicating multiple SNPs in linkage disequilibrium; d) chromosome 14 (rs7143033, SLC25A21); and e) 
chromosome 7 (rs10156113, CACNA2D1) with several SNPs in linkage disequilibrium.

DOI: https://doi.org/10.1080/09537104.2021.2007872                                                                                         Aspirin in pregnancy GWAS 5



areas. Unanswered clinical questions around the most effective 
dosing in relation to administration of aspirin and optimizing 
benefits to specific subgroups should be the principal priorities 
for further research.
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