
1

Vol.:(0123456789)

Scientific Reports |        (2023) 13:10212  | https://doi.org/10.1038/s41598-023-37123-y

www.nature.com/scientificreports

Resting heart rate and antisocial 
behaviour: a Mendelian 
randomisation study
Lucy Karwatowska 1*, Leonard Frach 2, Tabea Schoeler 3, Jorim J. Tielbeek 4, 
Joseph Murray 5,6, Eco de Geus 7, Essi Viding 8 & Jean‑Baptiste Pingault 2,9

Observational studies frequently report phenotypic associations between low resting heart rate 
(RHR) and higher levels of antisocial behaviour (ASB), although it remains unclear whether this 
relationship reflects causality. To triangulate evidence, we conducted two‑sample univariable 
Mendelian randomisation (MR), multivariable MR and linkage disequilibrium score regression (LDSC) 
analyses. Genetic data were accessed from published genome‑wide association studies (GWAS) for 
RHR (n = 458,835) and ASB (n = 85,359) for the univariable analyses, along with a third GWAS for heart 
rate variability (HRV; n = 53,174) for all other analyses. Genome‑wide significant (p < 5 ×  10−8) single‑
nucleotide polymorphisms associated with RHR (n = 278) were selected as instrumental variables and 
the outcome was a composite measure of ASB. No causal association was observed between RHR and 
ASB (BIVW =  − 0.0004, p = 0.841). The multivariable MR analyses including RHR and HRV also suggested 
no causal associations (BIVW = 0.016, p = 0.914) and no genetic correlations between the heart rate 
measures and ASB were observed using LDSC (rg = 0.057, p = 0.169). Sensitivity analyses suggested 
that our results are not likely to be affected by heterogeneity, pleiotropic effects, or reverse causation. 
These findings suggest that individual differences in autonomic nervous system functioning indexed 
by RHR are not likely to directly contribute to the development of ASB. Therefore, previously observed 
associations between RHR and ASB may arise from confounding, reverse causation, and/or additional 
study characteristics. Further causally informative longitudinal research is required to confirm our 
findings, and caution should be applied when using measures of RHR in interventions targeting ASB.

Antisocial behaviour (ASB), which includes aggression, rule-breaking and acts of violence, imposes a substantial 
economic and social burden on the individual, their community and wider society. Individuals who display high 
levels of ASB are at risk of lifelong adverse outcomes, such as poor mental health, substance misuse, criminal 
behaviour and  unemployment1–4. Furthermore, up to half of individuals who display ASB in childhood continue 
to exhibit these behaviours through adolescence and  adulthood5–7. Considering these long-term and pervasive 
adverse outcomes, it is important to understand the aetiology of ASB to inform early identification and evidence-
based intervention efforts.

Numerous reviews exist on putative risk factors for ASB, which include environmental and neurobiologi-
cal  factors8–11. Physiological markers, such as those indexing autonomic nervous system (ANS) activity, are 
particularly important in elucidating potential mechanisms underlying the development of  ASB12,13. Of these, 
resting heart rate (RHR), defined as the number of heart beats per minute while at rest, is the most well-studied. 
Observational studies frequently report a strong inverse relationship between RHR and ASB, where individu-
als with lower RHR display higher levels of various types of ASB, including child conduct problems, juvenile 
delinquency and adult  violence14–19. Several meta-analyses have been conducted on this  topic20–23, all reporting 
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a robust association between the two traits, with one review stating that “resting heart rate is a possible causal 
risk factor for antisocial behavior”20.

Various potential mechanisms have been proposed to explain the relationship between RHR and ASB. The two 
main theories are the  fearlessness24 and sensation-seeking  hypotheses25. According to the fearlessness hypoth-
esis, an individual with a low RHR has a higher threshold for experiencing fear than individuals with higher 
RHRs, partly due to attenuated ANS responses to aversive stimuli. The typical links between poor behavioural 
choices (e.g., aggression) and aversive stimuli (e.g., perceived punishment cues) are either not established or are 
insufficiently established in individuals with lower RHR. As such, an individual with lower RHR would have 
inappropriately low expectations of negative outcomes and be prone to repeat poor decision making. In support 
of this hypothesis, many behavioural experiments report that participants who show deficient fear conditioning 
and reduced anticipatory fear reactivity have lower RHRs and higher levels of  ASB26,27.

The sensation-seeking hypothesis states that individuals with lower RHR have low basal ANS activity and 
are chronically hypo-aroused. Hypo-arousal is an unpleasant physiological state and therefore individuals with 
lower RHR seek to increase their arousal to a normal level by engaging in ASB. Sensation-seeking has been shown 
to be associated with both RHR and ASB, with some evidence suggesting that sensation-seeking is a mediator 
between these two  factors28–30.

Although the link between RHR and ASB is well studied, questions remain over whether these two pheno-
types are causally related. This is in part due to limitations in the existing literature which prevent the drawing of 
causal conclusions. A closer look at the studies included in the four meta-analyses20–23 shows that the majority of 
studies have used small and/or selective samples, which can produce unreliable and ungeneralisable estimates. 
In recent years, authors have attempted to include larger, unselected samples followed up over time. The findings 
from these studies are more inconsistent than those from earlier studies reporting a strong negative relationship 
between RHR and ASB, with some more recent studies confirming earlier  findings28,31–33 and others suggesting 
no relationship between these two  factors12,34–37. There is also a paucity of research adopting causal inference 
approaches to help overcome the inherent biases of these studies, including confounding and reverse causation. 
For example, only two studies have used genetically informed family-based methods and both found that the 
relationship between heart rate and ASB is entirely explained by genetic effects, i.e. genetic  confounding14,38. 
Interestingly, these studies show evidence of genetic covariation between RHR and ASB, whereby children with 
a genetic liability for lower RHR also have a genetic liability for ASB.

Genetically informed methods can exploit the heritability of both  RHR39,40 and  ASB41–43. The two afore-
mentioned genetically informed studies used methods which rely on knowledge of genetic relatedness between 
family members. Other genetically informed methods can be used to triangulate these findings by relying on 
different types of data and  assumptions44,45. A useful genetically informed causal inference method is Mendelian 
randomisation (MR). MR is an instrumental variable approach that uses genetic variants (i.e. single nucleotide 
polymorphisms; SNPs) associated with an exposure of interest (e.g., SNPs associated with RHR) as instrumental 
variables to assess the effect of an exposure of interest (e.g., RHR) on an outcome (e.g. ASB). MR provides causal 
effect estimates under the classic instrumental variable assumptions: the genetic variants indexing the exposure 
must be (1) associated with the exposure (relevance); (2) independent of confounders of the exposure-outcome 
relationship (exchangeability); and (3) only associated with the outcome through the exposure (exclusion restric-
tion)46,47. If these assumptions are met, a significant association between the genetic variants and the outcome 
suggests a causal relationship between the exposure and the outcome.

Objectives. The current study will be the first to interrogate the potential causal effect of RHR on ASB using 
two-sample MR analyses. We will exploit powerful genetic data from two large, independent genome-wide asso-
ciation studies (GWAS) on  RHR48 and  ASB49 to provide a new type of evidence for triangulation with previous 
observational studies. The majority of evidence suggests an association between lower RHR and higher ASB, 
although research using more rigorous approaches has questioned the strength of this association. Given these 
findings, the current study aims to investigate whether RHR has a causal effect on ASB.

Methods
Study design. To identify potential causal effects of resting heart rate (RHR) on antisocial behaviour (ASB), 
we conducted two-sample Mendelian randomisation (MR) analyses using the inverse-variance weighted (IVW) 
 estimator47,50–55. Univariable two-sample MR integrates summary level genetic data from two GWAS, one GWAS 
estimating the association between the single nucleotide polymorphism (SNPs) and the exposure (i.e., SNP-
RHR), and the other, independent GWAS estimating the associations between the genetic variants and the out-
come (i.e., SNP-ASB). The IVW estimator is a weighted regression of SNP-outcome effects on SNP-exposure 
effects where the intercept is constrained to zero and the weighting is based on the inverse of the variance, 
thereby reflecting the precision of each  instrument54. The IVW estimator can be construed as a weighted aver-
age of the effect estimates across all SNPs (i.e., each SNP provides one estimate of the causal effect of interest).

We also ran a number sensitivity analyses to test for potential violations of the MR  assumptions46,47. These 
included other MR methods such as MR  Egger56, weighted median  analysis57, MR Robust Adjusted Profile 
Score (RAPS)58, MR Pleiotropy RESidual Sum and Outlier (PRESSO)59 and contamination mixture  methods60. 
We further checked for heterogeneity and horizontal pleiotropy using the MR Egger intercept, and we used the 
Steiger approach to rule out reverse  causation61. A dictionary designed to provide a comprehensive and accessible 
overview of MR theory, methodology and interpretation is available  online62.

The autonomic nervous system (ANS) controls both RHR and resting heart rate variability (HRV). Therefore, 
to assess alternative explanations, we conducted further analyses, including a multivariable MR analyses using 
data from a GWAS of  HRV63. By adding a second indicator we better capture the individual differences in ANS 
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functioning underlying low RHR, in particular high levels of cardiac vagal control. As such we were able to assess 
effects of RHR on ASB independent of cardiac vagal control, for instance due to cardiac sympathetic control, 
and therefore elucidate possible mechanisms of ANS activity. As a positive control we also conducted MR with 
HRV as an alternative outcome, assuming a negative causal effect between RHR and HRV. Finally we conducted 
linkage disequilibrium (LD) score regression  analyses64,65 to estimate genetic correlations between the heart rate 
measures and ASB. We followed the Strengthening the Reporting of Observational Studies in Epidemiology—
Mendelian Randomization (STROBE-MR)  guidelines66 (see Supplementary Table S1).

Data sources and measures. The current study used data from three summary statistics files. There was 
no sample overlap between the RHR and the other two GWAS and limited overlap (potential n = 1300) between 
the HRV and ASB GWAS. Further information on the cohorts and measures used in all the original GWAS is 
available in Supplementary Table S2. Ethical approval for each GWAS was obtained by the authors of the original 
 studies48,49,63.

Exposure measures. Resting heart rate. The summary statistics for RHR were obtained from the largest and 
most recent GWAS on  RHR48, which included 458,835 individuals from the UK  Biobank67. The original GWAS 
controlled for smoking but as smoking is an important covariate for RHR and  ASB20,30 and was not controlled 
for in the ASB GWAS we asked the study authors to rerun the analysis without controlling for smoking. RHR is 
expressed in beats per minute. Further information is available in the Supplementary Materials.

Resting heart rate variability. Resting HRV captures the vagal effects on the sinoatrial node co-determining 
RHR and has also been considered a potential marker of  ASB69,70. We obtained summary statistics for HRV 
from the Genetic Variance in Heart Rate Variability (VgHRV) Consortium  GWAS63 of 53,174 participants (see 
Supplementary Materials).

Outcome measures. Antisocial behaviour. Summary statistics for ASB were obtained from the Broad Antiso-
cial Behaviour Consortium (BroadABC) GWAS, which includes 85,359  individuals49. The ASB measures from 
these samples covered a broad range of behaviours including conduct disorder, aggression, and delinquency 
using study-specific scales in different age groups (see Supplementary Table S2 for further information).

SNP selection. Prior to the main analyses, we conducted quality control procedures on the GWAS sum-
mary statistics, including harmonisation and clumping using default parameters from the R package TwoSa-
mpleMR71 (see Supplementary Materials). The same clumping and harmonisation parameters were used in all 
univariable and multivariable MR analyses.

Statistical analyses. We performed all MR analyses in R (version 4.2.372) using the TwoSampleMR (ver-
sion  0.5.771) and MendelianRandomization  (version  0.7.073) packages. The LD score regression analyses were 
conducted using a publicly available command line tool available on GitHub: LDSC (https:// github. com/ bulik/ 
ldsc)64,65.

Results
Univariable MR analyses between resting heart rate and antisocial behaviour. After harmoni-
sation, 300 genetic variants were available in both exposure and outcome datasets, of which eight non-inferable 
palindromic SNPs with intermediate allele frequencies were removed. For the remaining 292 variants, we inves-
tigated the direction of their effects using Steiger filtering. Fourteen SNPs showed higher associations with the 
outcome than the exposure and were removed, leaving 278 variants. The MR analyses of RHR on ASB using the 
IVW method did not support a causal effect, with an estimate close to zero and the 95% confidence intervals 
including the null  (NSNPs = 278; BIVW =  − 0.0004; 95% CI − 0.004, 0.004; p = 0.841; see Table 1).

Sensitivity analyses. Table 1 also summarises the results obtained using other estimators. The IVW and 
MR Egger Q statistics revealed significant heterogeneity in the estimates (Q = 339.32, p = 0.024 and Q = 339.32, 

Table 1.  Results from the univariable Mendelian randomisation analyses on resting heart rate and antisocial 
behaviour.

Method NSNPs B SE p

95% CIs

Lower Upper

IVW 278  − 0.0004 0.002 0.841  − 0.004 0.004

MR Egger 278  − 0.0007 0.004 0.849  − 0.008 0.007

Weighted median 278  − 0.0039 0.003 0.199  − 0.010 0.002

MR RAPS 278  − 0.0009 0.002 0.617  − 0.005  − 0.003

MR PRESSO 278  − 0.0004 0.002 0.833  − 0.004 0.003

Contamination mixture 278  − 0.0023 0.003 0.452  − 0.008 0.004

https://github.com/bulik/ldsc
https://github.com/bulik/ldsc
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p = 0.027 respectively). No directional pleiotropic effects were observed from the MR Egger intercept (inter-
cept = 0.0000185; p = 0.985) or MR PRESSO global test for pleiotropy  (RSSobs = 252.642, p = 0.872), which sup-
ports the exclusion restriction assumption.

The MR Steiger test revealed that associations between the genetic instruments and the exposure were 7.49 
times higher than with the outcome (R2

EXP = 0.05, R2
OUT = 0.007), and therefore we were able to assume that if a 

causal effect existed it was from the exposure to the outcome, instead of the outcome to the exposure.
The results did not change when conducting leave-one-out analyses using IVW (pmin = 0.605) and MR Egger 

(pmin = 0.598). The genetic instruments had a high average F statistic of 84.20 (range = 27.30–1185.15) and the 
I2

GX statistic of 0.99 further showed that the results were not affected by weak instrument  bias57.

Univariable MR analysis between heart rate variability and antisocial behaviour. To investigate 
alternative explanations for the association reported by previous research between RHR and ASB, we conducted 
additional analyses including univariable MR with HRV, multivariable MR and LD score regression. The results 
from the univariable MR analyses suggested no causal effect of any of the three measures of HRV on ASB (Sup-
plementary Table S3).

Multivariable MR analysis with resting heart rate and heart rate variability. We also performed 
multivariable MR using both RHR and HRV (root mean square of the successive differences of inter beat inter-
vals; RMSSD) as exposures. Variants that were significant in either of the two exposure datasets and were avail-
able in both datasets were retrieved and we performed clumping and harmonisation, resulting in a final set of 18 
SNPs. The results from the multivariable MR did not support a causal effect of RHR on ASB when cardiac vagal 
effects were accounted for (Supplementary Table S4).

Univariable MR analysis between resting heart rate and heart rate variablility. As a positive 
control, we conducted a MR analysis using RHR as the exposure and an alternative outcome that we assumed 
would be causally related to RHR, resting HRV. The results from these results were significant  (NSNPs = 206; 
BIVW =  − 0.014; 95% CI − 0.017, − 0.011; p < 0.001; see Supplementary Table S5).

LD score regression. Finally, we performed LD score regression to calculate genetic correlations between 
the heart rate measures and ASB, using default parameters (see Supplementary Materials). There were significant 
genetic correlations between RHR and HRV but we did not find any significant genetic correlations between 
either heart rate measure and ASB (Supplementary Tables S6, S7).

Discussion
In these preliminary analyses using two-sample Mendelian randomisation (MR), we report no significant effects 
for resting heart rate (RHR) on antisocial behaviour (ASB). Sensitivity analyses suggested that these results are 
unlikely to be affected by heterogeneity, pleiotropy and/or weak instrument bias. Additional analyses using a 
measure that captures the vagal contribution to RHR, heart rate variability (HRV), also did not produce any 
significant effects and there were no significant genetic correlations between any measure of heart rate and ASB.

In line with two prior studies that controlled for unmeasured  confounders14,38, using a twin and a co-relative 
control design, our results do not support the hypothesis that the often observed association between RHR and 
ASB is directly causal. The null findings in the current study and the discrepancy between these and the pheno-
typic associations reported in previous research lend themselves to several alternative explanations.

First, it may be that the relationship between RHR and ASB is causal but the current study was not able 
to detect this either on account of limited power due to the sample size of the outcome GWAS (n = 85,359) 
or because RHR has a causal effect on specific, potentially “more extreme”, forms of ASB than those included 
in this study. The most recent meta-analysis on RHR and ASB found significant evidence of heterogeneity of 
effects, with the effect of RHR on ASB being largest for the most violence offenders and those with  psychopathy21. 
Although the phenotype used here included “more extreme” forms of ASB (e.g., violent and sexual crimes) and 
clinical samples, these measures were combined with other “less extreme” forms (e.g., delinquency) to create a 
broad measure of ASB. Therefore, it is possible that we were not able to detect a potentially true causal effect on 
specific forms of ASB. It should be noted that the only three other genetically informed studies found no evidence 
of an effect of RHR on ASB in  childhood14 or in  adulthood38 nor evidence of a genetic correlation between RHR 
and childhood  aggression74. Future research should aim to investigate heterogeneity in the relationship between 
RHR and ASB by considering specific phenotypes of ASB.

Another potential explanation is that the relationship between RHR and ASB is not causal but may arise in 
part due to issues in data quality and/or publication bias in previous research. In terms of data quality, many 
existing studies have included small and/or non-representative samples. In the most recent meta-analysis on 
RHR and  ASB21, over half of the studies included data from fewer than 100 participants (61%; n = 62). The funnel 
plots also showed evidence of publication bias, whereby extreme negative findings were more likely to have been 
identified and included in the meta-analysis than studies that reported either a null or positive effect of RHR on 
ASB. The availability of larger and more representative datasets, such as those included in the current analyses, 
lends itself to future research overcoming these data quality issues.

A third explanation is that the association reported in previous research is driven by genetic confounding. 
Indeed, previous genetically informed studies suggest that the association between RHR and ASB is entirely 
explained by genetic  effects14,38. However, using LDSC, we were unable to support this hypothesis. Our results 
suggested no evidence of genetic correlation between any measure of heart rate and ASB, in line with a recent 
GWAS on childhood aggression which also found no genetic correlation with  RHR74. It should be noted that 
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LDSC relies on common SNPs which only capture a fraction of the heritability of RHR and ASB so we cannot 
exclude that future studies using larger samples and/or including rarer variants may detect significant genetic 
correlations between RHR and ASB.

A fourth explanation for the association between RHR and ASB is that it is driven by other confounders which 
are not adequately accounted for in previous research. In another recent meta-analysis20 over three quarters of 
the effect sizes included adjusted for no confounders (77%; n = 89). It may be, for example, that sensation-seeking 
behaviour, which has been found to be associated with both RHR and  ASB28–30, could be a “common cause” 
for both low RHR and high ASB. These alternative causes of the association between RHR and ASB need to be 
investigated fully as simply adjusting for a larger number of putative confounders poses the risk of conditioning 
on mediators and colliders.

Potential time-varying confounders have also not often been considered previously. Repeated measures enable 
the examination of the temporal ordering of variables. By using causal inference methods it is possible to control 
for time-fixed unmeasured confounding (e.g. fixed effects analyses) and/or measured time-varying confounders 
(e.g. g-methods). However, there is currently a lack of longitudinal studies looking at RHR and ASB. In the same 
meta-analysis, nine in ten of the studies included were cross-sectional (90%; n = 91). Indeed, we are aware of 
only eight studies with moderate sample sizes (i.e. including more than 100 participants) that use longitudinal 
 data14,28,32,33,38,75–77. Five of these studies found an inverse association between RHR and  ASB14,28,32,33,76 and three 
studies found no  relationship38,75,77. These results highlight the inconsistencies in the literature which may arise 
in part due to differences in study design, RHR and ASB measurement, analyses and confounder adjustment. 
Of note, only two of these studies employed causal inference  methods14,38, with both using family-based geneti-
cally informed methods. In order to draw causal conclusions, triangulation using methods that utilise different 
but complementary assumptions is  needed44,45. The current study adds to the existing evidence by relying on 
instrumental variable assumptions. However, further analyses with large, longitudinal datasets using causal 
inference methods is required to disentangle this relationship further.

Despite limited confounder adjustment, the use of small sample sizes, cross-sectional data, and evidence of 
publication bias, it has been argued that RHR measures could be incorporated into risk assessments and interven-
tions for  ASB20,21. The null findings from the current study and the lack of high-quality evidence from previous 
research suggest that, although RHR may still be a robust indicator of ASB, RHR should not be interpreted as a 
causal risk factor for ASB until more rigorous, longitudinal research is conducted.

Strengths and limitations. The current study has some key strengths, such as utilising data from two, 
large GWAS and using MR analyses, which can help strengthen causal inference when instrumental variable 
assumptions are met. However, we must consider certain limitations. As mentioned above, the ASB GWAS had a 
relatively small sample size (n = 85,359) in comparison to other GWAS and reported a SNP heritability of 8.4%49. 
Therefore, the current study may not have been powered to detect small causal effects. However, the clinical util-
ity of such small effects, for instance using RHR as a basis to diagnose or intervene on ASB, is uncertain. As is 
often the case, once more data are available the analyses should be updated using GWAS with larger sample sizes.

Another potential limitation that has already been discussed is that the phenotypic measurements in both 
the exposure and the outcome GWAS were heterogeneous. The exposure GWAS used a measure of RHR which 
was averaged over multiple measures and the outcome GWAS combined questionnaires that captured a broad 
range of ASB types. Therefore, we may not have been able to detect an association between RHR and ASB due 
to the heterogeneity in the measurements used.

Furthermore, it should be noted that the exposure GWAS used an older sample than the outcome GWAS 
sample, meaning that the SNP-exposure associations were measured later than the SNP-outcome associations. 
MR estimates are often interpreted as lifetime exposures but the effect of this on MR results is an issue of ongo-
ing  debate78,79. However, it may be that the genetic effects of RHR on ASB are different over the life course (e.g. 
during adolescence) and we were not able to detect this in the current study.

Finally, although more of a concern for significant MR findings, some of the instrumental variable assump-
tions of MR are not verifiable. To be confident that the assumptions were supported, we used genetic variants that 
reached genome-wide significance; checked for high F statistics to support the relevance assumption; ensured 
the absence of significant horizontal pleiotropy to support the exclusion restriction assumption; and used a 
positive control.

Conclusions
We found no significant genetic correlation nor a causal link between RHR and ASB in preliminary analyses using 
currently available summary statistics. Therefore, our results do not support that the often-reported association 
between RHR and ASB is causal. We suggest that the association reported by observational studies may be due to 
biased estimates resulting from small, selective samples, publication bias, and from inadequate control of genetic 
and environmental confounders. Future research should aim to use larger samples and appropriately control for 
potential confounders by using longitudinal data and more robust study designs (e.g., discordant monozygotic 
twin studies) and statistical analyses (e.g., within-person fixed effects, g-methods). Only by adopting a range of 
causal inference methods will researchers be able to further understand whether there is a causal relationship 
between RHR and ASB.

Data availability
The secondary data used in the current study are available either from the public GWAS catalog (HRV: https:// 
www. ebi. ac. uk/ gwas/ publi catio ns/ 28613 276) or directly from the study authors (RHR: Dr Zhaozhong Zhu; 

https://www.ebi.ac.uk/gwas/publications/28613276
https://www.ebi.ac.uk/gwas/publications/28613276


6

Vol:.(1234567890)

Scientific Reports |        (2023) 13:10212  | https://doi.org/10.1038/s41598-023-37123-y

www.nature.com/scientificreports/

zhz586@mail.harvard.edu; ASB: Dr Jorim J. Tielbeek; j.tielbeek@amsterdamumc.nl). The scripts used to clean 
the data and produce the results will be available on GitHub (https:// github. com/ lk137 3190/ asb_ mr).
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