
European Heart Journal (2023) 44, 208–218 
https://doi.org/10.1093/eurheartj/ehac632

CLINICAL RESEARCH 
Arrhythmias

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Bone morphogenetic protein 10: a novel risk 
marker of ischaemic stroke in patients with 
atrial fibrillation
Ziad Hijazi 1,2*, Alexander P. Benz 3,4, Johan Lindbäck 1, John H. Alexander 5, 
Stuart J. Connolly3, John W. Eikelboom 3, Christopher B. Granger5, Peter Kastner6, 
Renato D. Lopes 5, André Ziegler6, Jonas Oldgren 1,2, Agneta Siegbahn1,7,  
and Lars Wallentin 1,2

1Uppsala Clinical Research Center, Uppsala University, Dag Hammarskjölds väg 38, 751 85 Uppsala, Sweden; 2Department of Medical Sciences, Cardiology, Uppsala University, Ingång 40, 
751 85 Uppsala, Sweden; 3Population Health Research Institute, McMaster University, 237 Barton Street East, Hamilton, Ontario L8L 2X2, Canada; 4Department of Cardiology, Cardiology 
I, University Medical Center Mainz, Johannes Gutenberg-University, Langenbeckstraße 1, 55131 Mainz, Germany; 5Duke Clinical Research Institute, Duke University School of Medicine, 300 
W. Morgan Street Durham, NC 27701, USA; 6Roche Diagnostics GmbH, Nonnenwald 2, DE-82377 Penzberg, Germany; and 7Department of Medical Sciences, Clinical Chemistry, Uppsala 
University, Ingång 40, 751 85 Uppsala, Sweden

Received 9 March 2022; revised 31 August 2022; accepted 24 October 2022; online publish-ahead-of-print 16 November 2022

See the editorial comment for this article ‘A specific new biomarker for atrial fibrillation and its sequelae?’, by M.F. Sinner and A.S. von 
Falkenhausen, https://doi.org/10.1093/eurheartj/ehac645.

Abstract

Aims Biomarkers specifically related to atrial tissue may increase the understanding of the pathophysiology of atrial fibrillation (AF) 
and further improve risk prediction in this setting. Bone morphogenetic protein 10 (BMP10) is a protein expressed in the 
atrial myocardium. We evaluated the association between BMP10 and the risk of ischaemic stroke and other cardiovascular 
events in large cohorts of patients with AF, treated with and without oral anticoagulation (OAC).

Methods 
and results

BMP10 was measured in plasma samples collected at randomisation in patients with AF without OAC in the ACTIVE A and 
AVERROES trials (n = 2974), and with OAC in the ARISTOTLE trial (n = 13 079). BMP10 was analysed with a prototype 
Elecsys immunoassay. Associations with outcomes were evaluated by Cox-regression models adjusted for clinical charac
teristics, kidney function, and N-terminal pro-B-type natriuretic peptide (NT-proBNP). Median concentrations of BMP10 
were 2.47 and 2.44 ng/mL, in the non-OAC and OAC cohort, respectively. Increasing BMP10 was associated with lower 
body mass index, older age, female sex, kidney dysfunction, and AF rhythm. BMP10 was consistently associated with ischae
mic stroke. In the non-OAC cohort, BMP10 increased the concordance index of the multivariable model from 0.713 to 
0.733 (P = 0.004) and in the OAC cohort from 0.673 to 0.694 (P < 0.001). Additionally, BMP10 maintained a significant prog
nostic value after additionally adjusting for NT-proBNP. BMP10 was not independently associated with bleeding or with 
death.

Conclusion The novel atrial biomarker BMP10 was independently associated with ischaemic stroke in patients with AF irrespective of 
OAC treatment. BMP10 seems to be more specifically related to the risk of ischaemic stroke in AF.

One-sentence 
Summary

In this study, BMP10 may be a novel specific biomarker of ischaemic stroke in patients with atrial fibrillation, irrespective of 
oral anticoagulation.
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Introduction
Atrial fibrillation (AF) is associated with increased risk of ischaemic 
stroke, heart failure, and mortality. The currently recommended pre
ventive treatment with oral anticoagulation (OAC) substantially re
duces the risk of stroke and stroke-related mortality. The risk of 
these complications is variable and related to the presence of clinical 
risk factors, e.g. older age, history of prior stroke, heart failure, and 
other cardiovascular (CV) comorbidities.1 In the past years, the circu
lating protein biomarkers N-terminal pro-B-type natriuretic peptide 
(NT-proBNP), reflecting cardiac stress and dysfunction, and cardiac 
troponin T, reflecting myocardial damage, have been shown to provide 
important incremental information on the risk of stroke, heart failure, 
and death in patients with AF and have subsequently led to the devel
opment of novel risk scores, such as the ABC-AF-stroke score (age, 
biomarkers, clinical history).2–4 These biomarkers are also associated 
with the aforementioned outcomes in patients with other CV condi
tions.5 The identification of circulating biomarkers specifically related 
to AF and its complications might improve the understanding and prog
nostication of the risk of ischaemic stroke and other clinical outcomes 

in patients with AF. Recently, bone morphogenetic protein 10 (BMP10) 
was identified as a biomarker mainly expressed by atrial tissue and posi
tively associated with AF recurrence.6 Based on the availability of a 
prototype assay of BMP10, we investigated the associations between 
the circulating BMP10 level and the risk of ischaemic stroke and other 
outcomes in two large clinical trial cohorts of patients with AF without 
(n = 2974) and with OAC treatment (n = 13 079).

Methods
Study populations
Patients without oral anticoagulation (n = 2974)
The ACTIVE A trial7 randomised 7554 patients with AF and an increased 
risk of stroke who were deemed unsuitable for vitamin K antagonist treat
ment to long-term prevention with clopidogrel (75 mg) or placebo, in add
ition to aspirin (75–100 mg). Patients were followed for a median of 3.6 
years. The study was conducted between June 2003 and November 
2008. Baseline plasma samples for BMP10 analyses were available for 948 
participants randomised to aspirin.
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The AVERROES trial8 randomised 5599 patients with AF and an in
creased risk of stroke who were deemed unsuitable for vitamin K antagonist 
treatment to receive apixaban (5 mg twice daily) or aspirin (81–324 mg).8

The study was conducted between September 2007 and May 2010, 
when it was terminated early because of a superior ratio of benefit to 
risk of apixaban over aspirin. Of the 2791 patients randomised to aspirin, 
baseline plasma samples for BMP10 analyses were available for 2026 parti
cipants. The median follow-up time was 1.2 years.

Both aspirin cohorts have previously been shown to be rather similar in 
regard to baseline characteristics.9 Both cohorts were merged into one co
hort with a total of 2974 patients to increase statistical power for the evalu
ation of BMP10 in patients without OAC.

Patients treated with oral anticoagulation (n = 13 079)
Between December 2006 and April 2010, the ARISTOTLE trial10,11 en
rolled 18 201 patients with AF and an increased risk of stroke. Patients 
were randomised to double-blind treatment with either warfarin (n = 
9081) or apixaban 5 mg twice daily (n = 9120). The median length of follow- 
up was 1.9 years for the participants in the biomarker cohort consisting of 
14 798 included patients, out of whom 13 079 had plasma samples available 
for determination of BMP10.

The studies were conducted in accordance with the Declaration of 
Helsinki and were approved by the ethics committee at each participating 
site. All patients provided written informed consent before enrolment.

Outcomes
Outcome definitions (ischaemic stroke, hospitalisation for heart failure, ma
jor bleeding, CV, and all-cause death) and the adjudication process are listed 
in the Supplementary material online.7,8,11

Samples and biochemical analyses
Subsets of patients enrolled in all three trials provided blood samples at 
baseline. Blood was drawn from an antecubital vein into EDTA tubes 
and centrifuged within 2 h of collection. Plasma was aliquoted, frozen at 
−20°C, and within one week transferred to the long-term storage at 
−80°C, until shipment to a central laboratory.

BMP10 was analysed in plasma by a prototype Elecsys electrochemilumi
nescence immunoassay developed by Roche Diagnostics. The assay em
ploys a quantitative sandwich principle, where the first monoclonal 
antibody specifically binds the BMP10 as a capture antibody and a rutheny
lated second monoclonal antibody binds BMP10 as a detection antibody. 
Recombinant BMP10 is used to normalise the measurements across the 
runs with a high degree of accuracy. At the Uppsala Clinical Research 
Center (UCR) laboratory, Sweden, the coefficient of variation was 6.0% 
and 4.3% for BMP10 concentrations of 1.39 and 3.56 ng/mL, respectively. 
The levels of NT-proBNP were analysed in plasma by commercialized 
Elecsys electrochemiluminescence immunoassays (Roche Diagnostics) as 
previously published.12–14 The biochemical analysis of BMP10 was per
formed on an Elecsys e411 analyser at the UCR laboratory. NT-proBNP, 
cardiac troponin T and growth differentiation factor (GDF)-15 were ana
lysed at the Clinical Research Laboratory and Biobank, Hamilton, 
Ontario, Canada (ACTIVE A and AVERROES), and in the UCR 
Laboratory, Uppsala. Sweden (ARISTOTLE).

Statistical methods
BMP10 was log-transformed using the natural logarithm in all analyses. The dis
tribution of BMP10 was illustrated graphically by plotting both the estimated 
density and the empirical cumulative distribution function. Event rates were es
timated as the number of events divided by the total follow-up time and cor
responding approximate 95% confidence intervals (CI) were estimated using 
a gamma distribution. The median follow-up time was estimated by the 
Kaplan–Meier method using the observed time in the study while censoring 
for death. For descriptive purposes only, BMP10 was also categorised into 
quartile groups. Baseline characteristics were presented both within the 

quartile groups and combined. Cumulative event rates were estimated using 
the Kaplan-–Meier method and were plotted for the quartile groups.

Marginal and conditional associations between BMP10 and baseline vari
ables [age, sex, body mass index (BMI), smoking status, regular alcohol con
sumption, hypertension, diabetes, heart failure, type of AF, sinus rhythm at 
enrolment, prior myocardial infarction (MI), prior peripheral arterial disease 
(PAD), prior stroke/transient ischaemic attack (TIA), prior coronary artery 
disease, creatinine, and study] were evaluated by fitting linear regression 
models with BMP10 as the dependent variable and the baseline variables in
cluded one at a time and all together as independent variables. As BMP10 
was log-transformed, the back-transformed parameter estimates can be in
terpreted as the ratio of geometric means of BMP10 on the original scale. 
To illustrate the amount each variable contributes to explaining the total 
variance of BMP10 in the conditional model, the partial R2 value for each 
variable was plotted.

Smooth associations between BMP10 and all outcomes were assessed by 
fitting Cox-regression models including BMP10 as a restricted cubic spline 
with three knots placed at the 10th, 50th, and 90th sample percentiles. As 
the association was allowed to be non-linear, it was not possible to give 
one single hazard ratio to summarise the association. Instead, a graphical re
presentation gives the best illustration of the full association. Both unadjust
ed and conditional models, adjusting for relevant potential confounders, 
were fitted. The adjusted models included (Model 2): age, study, and creatin
ine; (Model 3): Model 2 + sex, BMI, smoking status, regular alcohol consump
tion, hypertension, diabetes, heart failure, type of AF, sinus rhythm at 
enrolment, prior MI, prior PAD, prior stroke/TIA, and prior coronary artery 
disease; (Model 4): Model 3 + NT-proBNP or, for major bleeding, Model 3 + 
GDF-15. In all models, all continuous variables were entered as restricted 
cubic splines. To save degrees of freedom in the full models, the number 
of knots for each spline representation was pre-specified to be three and 
were placed at the 10th, 50th, and 90th sample percentiles of the respective 
variable. In a sensitivity analysis, we increased the number of knots to the first 
four and then six for BMP10, but the results were materially unaltered (data 
not shown). Each predictor’s relative contribution in the models was mea
sured as the partial χ2 statistic minus the predictor degrees of freedom. The 
discriminative ability of each model was evaluated using Harrell’s concord
ance index (C-index).15 In addition, the added predictive value of BMP10, be
yond the discriminatory ability as expressed by the C-index, was evaluated 
by comparing the likelihood ratio , χ2 statistic for the model with BMP10 
with the same model without BMP10, and by comparing the variance of 
the predictions from the models. The fraction of new information provided 
by BMP10 was defined as one minus the ratio of the respective statistic with
out BMP10 to the corresponding statistic with BMP10.16

Pre-specified interaction tests regarding cardiac rhythm and BMP10 were 
performed in the unadjusted model and Model 3. Although BMP10 was in
cluded as a restricted cubic spline, the interaction tests only included the lin
ear part of BMP10. Thus, the functional form of the association was assumed 
to be the same but the slope of the association was allowed to be different for 
rhythm and study, respectively. BMP10 was also evaluated in relation to clin
ical risk models, such as the CHA2DS2-VASc risk score, and the newer 
biomarker-based ABC-AF-stroke score, which encompasses both 
NT-proBNP and high-sensitivity troponin T, to assess the additional value 
of BMP10 over these established stroke risk scores. Throughout, a statement 
of ‘significant’ means statistically significant at the 5% significance level. All ana
lyses were done using R, version 4.0.517 and in particular the rms package.18,19

Results
BMP10 distribution and its association 
with baseline characteristics and other 
biomarkers
The median (25th–75th percentile) BMP10 level was similar in both co
horts, at 2.47 (2.10–2.95) and 2.44 (2.07–2.89) ng/mL, respectively, 
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with the distribution shown in Supplementary material online, Figure S1. 
The baseline characteristics of the non-OAC cohort and the OAC co
hort were similar except for a higher proportion of patients in sinus 
rhythm at entry in the non-OAC cohort (Table 1). The levels of estab
lished biomarkers were also similar in both cohorts. Baseline character
istics according to BMP10 quartile groups are presented in 
Supplementary material online, Table S1A and S1B. In both cohorts, in 
multivariable models, higher plasma levels of BMP10 were most strong
ly associated with, in falling order of importance: low BMI, female sex, 
impaired kidney function (increased creatinine), and older age. In the 
non-OAC cohort, with a higher proportion of patients in sinus rhythm 
at entry, AF rhythm was associated with higher BMP10 levels (Figure 1). 
BMP10 was positively correlated with NT-proBNP (r = 0.54 and 0.44) 

and with cTnT (r = 0.35 and 0.25) in the non-OAC and OAC cohorts, 
respectively. There was no marked difference between the subgroups 
defined by AF rhythm regarding the correlation.

BMP10 association with ischaemic stroke
The number of events and annual event rates during follow-up in both 
cohorts are presented in Table 1. Overall, in the non-OAC cohort, the 
rates of ischaemic stroke were three times higher as compared with the 
OAC cohort (3.04%/year vs. 0.90%/year). The risk of ischaemic stroke 
increased continuously with increasing BMP10 level, in both the 
non-OAC cohort, with the higher event rate, as in the lower risk 
OAC cohort (Figure 2). In Kaplan–Meier estimates of cumulative event 
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Table 1 Baseline characteristics, biomarker levels and outcomes in the ACTIVE A-AVERROES and ARISTOTLE cohorts

Variable ACTIVE A-AVERROES (n = 2974) ARISTOTLE (n = 13 079)

Age (years) 71.0 (63.0–77.0) 70.0 (63.0–76.0)

Sex (male) 58.1% (1729) 63.8% (8349)

Height (cm) 168.0 (160.0–175.3) [6] 169.0 (161.0–176.0) [58]

Weight (kg) 79.0 (68.0–92.0) [2] 82.0 (70.0–95.7) [39]

BMI (kg/m2) 27.8 (24.7–31.6) [6] 28.6 (25.3–32.7) [60]

Current smoker 7.4% (219) [1] 7.8% (1023) [12]

Regular alcohol consumption 26.2% (780) 2.5% (331)

Permanent/persistent AF 71.2% (2116) [2] 84.6% (11 058) [3]

AF rhythm 67.0% (1990) [2] 82.7% (10 783) [35]

Sinus rhythm 28.8% (857) 12.9% (1673) [132]

Heart failure 35.0% (1040) 31.1% (4072)

Hypertension 86.7% (2579) 87.6% (11 462)

Diabetes 19.8% (589) 24.7% (3230)

Prior stroke/TIA 12.8% (381) 18.6% (2433)

Prior PAD 3.5% (103) 4.9% (640) [1]

Prior MI 8.7% (257) [3] 12.6% (1652) [1]

Creatinine (µmoL/L) 89.0 (77.0–106.0) [146] 89.3 (76.9–105.2) [5]

NT-proBNP (ng/L) 704.0 (277.4–1379.1) 702.0 (358.0–1235.5)

hs-cTnT (ng/L) 13.2 (9.1–20.2) 10.8 (7.4–16.4)

GDF-15 (ng/L) 1593.0 (1094.0–2374.8) 1358.0 (965.0–2025.0)

BMP10 (ng/mL) 2.47 (2.10–2.95) 2.44 (2.07–2.89)

Ischaemic strokea 3.04 [2.59, 3.54] (n = 165) 0.90 (0.79–1.03) (n = 226)

Deatha 5.20 [4.62, 5.83] (n = 292) 3.34 (3.12–3.57) (n = 853)

CV deatha 3.67 [3.19, 4.21] (n = 206) 1.69 (1.53–1.86) (n = 431)

Heart failurea 4.11 [3.58, 4.69] (n = 220) 2.01 (1.84–2.20) (n = 503)

Major bleedinga 1.48 [1.18, 1.84] (n = 82) 1.71 (1.54–1.89) (n = 391)

aper 100 patient-years. 
(a—b) represents median (Q1—Q3). 
P% (n) represent percentage (frequency). Percentages computed by group. [M ] represents number of patients with missing data. 
AF, atrial fibrillation; TIA, transient ischaemic attack; PAD, peripheral arterial disease; MI, myocardial infarction; NT-proBNP, N-terminal pro B-type natriuretic peptide; hs-cTnT, 
high-sensitivity cardiac troponin T; GDF-15, growth differentiation factor 15; BMP10, bone morphogenetic protein 10; CV, cardiovascular.

http://academic.oup.com/eurheartj/article-lookup/doi/10.1093/eurheartj/ehac632#supplementary-data
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rates, there was a corresponding increase in the rate of ischaemic 
stroke by quartile group of BMP10 (Figure 3). In multivariable analyses 
in the non-OAC cohort, BMP10 was the variable most strongly asso
ciated with ischaemic stroke after adjusting for age, renal function, 
and all clinical characteristics (Figure 4), with a C-index increasing 
from 0.713 to 0.733 (P = 0.004), as compared with a model containing 
clinical variables (Table 2). In the OAC cohort, with a lower event rate, 
BMP10 was the second most important risk indicator for ischaemic 
stroke after prior stroke (Figure 4). The independent discriminatory va
lue of BMP10 for ischaemic stroke was consistent in the OAC cohort, 
with a significant improvement of the C-index from 0.673 to 0.694 (P < 
0.001) (Table 2). The incremental discriminatory value of BMP10 re
mained statistically significant after additional adjustment for the stron
gest prognostic biomarker, NT-proBNP, with increases in the C-indices 
of 0.008 (P = 0.031) and 0.011 (P = 0.006) in the non-OAC and OAC 
cohorts, respectively (Table 2). The addition of BMP10 to the clinical 

stroke risk scores, CHA2DS2-VASc and the ABC-AF-stroke score, re
sulted in significantly improved discrimination (Table 2). For all models, 
the addition of BMP10 provided new prognostic information according 
to the fraction of new information analysed (see Supplementary 
material online, Table S2). There were no significant interactions be
tween heart rhythm at baseline and the associations between BMP10 
and ischaemic stroke.

BMP10 association with other clinical 
outcomes
The BMP10 levels were, in unadjusted analyses, associated with an in
creased risk of heart failure, CV death, and major bleeding in both 
the non-OAC and OAC cohorts. After adjusting for age and renal func
tion, BMP10 did not remain significantly associated with major bleeding. 
After further adjustment for all clinical variables, BMP10 remained sig
nificantly associated with heart failure and CV death in both the 
non-OAC and OAC cohorts (all P ≤ 0.006) (Figure 2 and 3 and 
Supplementary material online, Figure S2). When also adjusting for 
the established risk biomarker NT-proBNP, BMP10 remained signifi
cantly associated with heart failure hospitalisations in both cohorts, al
though the improvement of C-index was modest, 0.002 (P = 0.021) and 
0.005 (P < 0.001), in the non-OAC and OAC cohorts, respectively (see 
Supplementary material online, Figure S2).

Discussion
The identification of biomarkers specifically related to atrial tissue might 
improve the understanding of the pathophysiology and risk prediction 
of AF and its complications. BMP10 is a novel biomarker mainly ex
pressed in the atrial myocardium. The present study is the first to evalu
ate the plasma concentrations of circulating BMP10 and its associations 
with clinical characteristics, other biomarkers, and the risk of ischaemic 
stroke and other outcomes in patients with AF. The study was per
formed in two very large cohorts consisting of 16 053 patients with 
AF—one cohort of 2974 patients without OAC, reflecting the natural 
course of the disease without effective stroke prevention, and a second 
cohort of 13 079 with effective stroke prevention by OAC treatment 
with apixaban or warfarin. A higher plasma concentration of BMP10 
was consistently associated with lower BMI, female sex, older age, 
and kidney dysfunction. In this study, BMP10 was independently and 
consistently associated with the risk of ischaemic stroke in patients 
with AF, irrespective of OAC treatment. BMP10 also showed an incre
mental and consistent discriminatory value for the risk of ischaemic 
stroke beyond clinical characteristics and NT-proBNP, and improved 
discrimination when added to established clinical stroke risk scores 
(Structured Graphical Abstract). BMP10 was not significantly associated 
with major bleeding or death, and for heart failure the incremental value 
was small. Thus, BMP10 may be a novel and specific atrial biomarker in
dicating the risk of ischaemic stroke in patients with AF with an incre
mental prognostic value beyond currently used risk indicators. Another 
major finding in this analysis was the fact that the major risk markers of 
ischaemic stroke were largely similar in OAC-treated and untreated 
patients.

BMP10 and risk of stroke
In the past years, interest in biomarkers for risk stratification in AF has 
increased substantially.20 The cardiac biomarkers NT-proBNP and 
troponin have shown consistent associations with the risk of stroke 
in patients with AF. Their incorporation into biomarker-based risk 

Sex

BMI

Creatinine

Age

Heart failure

Rhythm

Type of AF

Diabetes

Prior stroke/TIA

Alcohol

Rand trt

Current smoker

Hypertension

Prior MI

Prior PAD

0.00 0.01 0.02 0.03 0.04

Partial R2

Rhythm

BMI

Sex

Creatinine

Age

Study

Type of AF

Reg. alco. cons.

Diabetes

Prior stroke/TIA

Smoker

Heart failure

MI

Hypertension

PAD

CAD

0.00 0.01 0.02 0.03 0.04 0.05

Partial R2

A

B

Figure 1 Association between BMP10 and other variables in ad
justed models. (A) non-OAC cohort and (B) OAC cohort
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scores in AF has improved discrimination and calibration as compared 
with traditional clinical risk scores.2–4,9 The identification of biomarkers 
specifically related to AF and its complications might expand the under
standing and prognostication of the risk of ischaemic stroke in patients 
with AF. The current study showed that BMP10 may be a specific atrial 

biomarker related to AF and its most severe complications, as BMP10 
was independently and consistently associated with ischaemic stroke 
events and provided incremental discrimination beyond clinical charac
teristics and NT-proBNP. This association was seen in both patients 
with AF at higher risk of stroke without OAC treatment and patients 

Figure 2 Unadjusted, smoothed association between BMP10 and one-year risk of ischaemic stroke, heart failure hospitalisation, and CV death in the 
non-OAC cohort (left) and the OAC cohort (right)
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with a relatively lower risk of stroke due to effective OAC treatment. 
Therefore, BMP10 should be useful to evaluate the risk of stroke in 
both the OAC naïve patient as well as estimating the risk of stroke in 
the individual patient on OAC treatment. Although BMP10 was asso
ciated with higher levels of AF rhythm on the baseline electrocardio
gram, there was no significant interaction between cardiac rhythm 
and the prognostic value of BMP10 as a risk marker. Accordingly, 

BMP10 should be a useful biomarker for stroke risk prediction irre
spective of cardiac rhythm. The addition of BMP10 improved the per
formance of both the CHA2DS2-VASc score and the more precise 
biomarker-based ABC-AF-stroke score. Because BMP10 is not asso
ciated with the risk of bleeding, it has the potential to further improve 
risk stratification in AF. Importantly, such advancements may also pro
vide novel opportunities to use more AF-specific risk markers in clinical 
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groups in the non-OAC cohort (left) and OAC cohort (right)
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stroke risk scores as they show less overlap between the risk of ischae
mic stroke and the risk of major bleeding. Therefore, despite offering a 
relatively modest discriminatory improvement over the biomarker- 
based ABC-AF-stroke score, BMP10 could potentially provide a valu
able improvement in stroke risk assessment in clinical practice by in
corporating more specific markers.

Circulating BMP10 concentrations and 
associations with clinical characteristics
This study also, for the first time, presents the association between clin
ical characteristics and BMP10 levels. The finding that AF rhythm was 
independently associated with high levels of BMP10 is in accordance 

with an increased expression of BMP10 in patients with AF and the pre
viously demonstrated association between higher BMP10 and AF re
currence after catheter ablation.6 BMP10 might therefore be a useful 
indicator of both the risk of AF development and the risk of stroke in 
patients with established AF. The finding that lower BMI was associated 
with higher levels, indicating more expression of BMP10, is interesting 
as several recent studies have demonstrated that patients with AF and 
low BMI have an increased risk of stroke.21 It might be hypothesised 
that the atrial tissue response to AF might vary by different degrees 
of body weight. Also, female sex has been suggested to be associated 
with ischaemic stroke, although results have been inconsistent and me
chanisms are not fully explained or understood.1,22 The higher levels of 
BMP10 in females might reflect differences in the atrial tissue response 
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to AF between men and women. Accordingly, it might be speculated 
that higher BMP10 levels and increased risk of stroke in AF rhythm, 
low BMI, and female sex might reflect a common pathophysiological 
origin in these conditions. Interestingly, this pattern also resembles 
that of natriuretic peptides, concerning the associations with age, fe
male sex, kidney dysfunction, obesity, and risk of stroke, where part 
of the negative association with obesity might be related to uptake of 
NT-proBNP in fat cells.13,23–25 However, despite similarities between 
the distribution of BMP10 and NT-proBNP concentrations, it is note
worthy that BMP10 concentration was not associated with heart failure 
or other CV or structural comorbidities at baseline, such as hyperten
sion, coronary artery disease, or prior MI, and was not independently 
associated with fatal outcomes. Therefore, the profile of the BMP10 as
sociations with clinical characteristics and outcomes supports that 
BMP10 might be a more specific circulating biomarker of atrial stress 
and AF-specific complications, such as ischaemic stroke and hospitalisa
tion for heart failure. The mechanisms behind the pattern of BMP10 
concentrations should be further explored in experimental and clinical 
studies.

BMP10 origin and atrial fibrillation
Genome-wide association studies have consistently identified gene var
iants in a small region on chromosome 4q25 to be strongly associated 
with the development and recurrence of AF as well as cardioembolic 
strokes.6,26–28 PITX2 (paired like homeodomain-2 transcription factor) 
is a gene located close to this region that encodes for a transcriptional 
factor that regulates the development of thoracic organs. The cardiac 

isoform of PITX2 is expressed in the adult left atrium and regulates 
the expression of local ion channels.29,30 Since cardiac PITX2 concen
trations cannot be easily measured in clinical practice, there has been 
a need to identify a surrogate marker measured from plasma. Studies 
have found that a genetic reduction of PITX2 results in the reciprocal 
upregulation of the BMP10 gene, which in turn increases the plasma 
concentration of BMP10.6 In clinical practice, recent subsequent ana
lyses have shown that the use of plasma BMP10 as a surrogate for car
diac PITX2 was strongly associated with AF recurrence after catheter 
ablation and even outperformed other endothelial-, inflammatory-, 
and CV biomarkers.6 Plasma BMP10 has thus been proposed as a bio
marker that reflects a more AF-specific pathophysiology. In the present 
study, we, for the first time, expanded on previous findings and showed 
that BMP10 was strongly and independently associated with ischaemic 
stroke in patients with AF, treated or not treated with OAC. This as
sociation of BMP10 with ischaemic stroke is potentially due to similar 
pathways reflecting a higher AF burden and genetic predisposition 
not captured by clinical characteristics or specifically by the currently 
established risk biomarkers.

Strengths and limitations
This study is one of the first and definitely the largest evaluations of cir
culating BMP10 in the clinical setting. The evaluation is based on very 
precise measurements of BMP10 using a novel prototype assay from 
Roche Diagnostics. Other strengths include the systematic evaluation 
of BMP10, the use of several models of adjustments, and the consist
ency of the findings in three independent, very large, well-characterised 
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Table 2 Discriminatory value of BMP10 for ischaemic stroke in multivariable models and comparisons with the 
CHA2DS2-VASc and ABC-AF-stroke scores within the non-OAC (ACTIVE A, AVERROES) and OAC (ARISTOTLE) 
cohorts

Model C-index (95% CI) no BMP10 C-index (95% CI) incl. BMP10 P

ACTIVE A-AVERROES

Model 2 0.666 [0.620, 0.711] 0.709 [0.668, 0.749] <0.001

Model 3 0.713 [0.671, 0.755] 0.733 [0.691, 0.774] 0.004

Model 4 0.745 [0.705, 0.785] 0.753 [0.713, 0.793] 0.031

BMP10 only 0.643 [0.601, 0.686] NA NA

CHA2DS2-VASc score 0.634 [0.590, 0.679] 0.677 [0.636, 0.718] <0.001

ABC-AF-stroke stroke 0.707 [0.668, 0.746] 0.715 [0.676, 0.753] 0.024

ARISTOTLE

Model 2 0.582 [0.545, 0.619] 0.631 [0.595, 0.666] <0.001

Model 3 0.673 [0.637, 0.710] 0.694 [0.660, 0.729] <0.001

Model 4 0.695 [0.660, 0.731] 0.706 [0.672, 0.740] 0.006

BMP10 only 0.618 [0.582, 0.655] NA NA

CHA2DS2-VASc score 0.643 [0.609, 0.678] 0.673 [0.640, 0.707] <0.001

ABC-AF-stroke score 0.677 [0.642, 0.713] 0.689 [0.655, 0.723] 0.008

Model 2: Adjustment for age and creatinine. 
Model 3: Adjustment for age and creatinine and all available clinical characteristics. 
Model 4: Adjustment for age and creatinine and all available clinical characteristics and the level of NT-proBNP. 
ABC-AF-stroke: Additive value of BMP in relation to the ABC-AF-stroke score, consisting of the variables age, prior stroke, and levels of NT-proBNP and troponin T. 
All available clinical characteristics: sex, BMI, smoking status, regular alcohol consumption, hypertension, diabetes, heart failure, type of AF, sinus rhythm at enrolment, prior MI, prior PAD, 
prior stroke/TIA, and prior coronary artery disease.
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cohorts of patients with AF. We lack imaging characteristics of the left 
atrium and thus cannot correlate BMP10 levels, with atrial size mea
sures. The absolute risk was estimated without accounting for the com
peting risk of death. This means that the risk should be interpreted as 
conditional on survival. However, with the relatively short follow-up 
time and with the relatively low proportion of patients dying before 
the event of interest, the impact of competing risk from death is negli
gible. Another limitation of the present study is that it is based on clin
ical trial populations at an increased risk of stroke and may therefore 
not be immediately extrapolated to a very low-risk AF population.

Conclusions
Plasma levels of the atrial biomarker BMP10 were independently asso
ciated with the risk of ischaemic stroke in patients with AF, irrespective 
of OAC treatment. BMP10 showed an incremental discriminatory va
lue for the risk of ischaemic stroke beyond clinical characteristics and 
NT-proBNP, and it may be a novel specific biomarker for stroke in pa
tients with AF.
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