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Abstract

Background: Recent clinical guidelines support intensive blood pressure (BP) treatment targets. 

However, observational data suggest that excessive diastolic BP (DBP) lowering might increase 

the risk of myocardial infarction (MI); reflecting a J- or U-shaped relationship.

Methods: We analyzed 47,407 participants from 5 cohorts (median age 60 years). First, to 

corroborate prior observational analyses, we used traditional statistical methods to test the shape of 

association between DBP and CVD. Second, we created polygenic risk scores (PRS) of DBP and 

SBP and generated linear Mendelian randomization (MR) estimates for the effect of DBP on 

CVD. Third, using novel non-linear MR approaches, we evaluated for non-linearity in the genetic 

relationship between DBP and CVD. Comprehensive MR interrogation of DBP required us to also 

model SBP, given the two are strongly correlated.

Results: Traditional observational analysis of our cohorts suggested a J-shaped association 

between DBP and MI. By contrast, linear MR analyses demonstrated an adverse effect of 

increasing DBP increments on CVD outcomes, including MI (MI Hazard ratio = 1.07 per unit 

mmHg increase in DBP, p<0.001). Furthermore, non-linear MR analyses found no evidence for a 

J-shaped relationship, instead confirming that MI risk decreases consistently per unit decrease in 

DBP, even among individuals with low values of baseline DBP.

Conclusions: In this analysis of the genetic effect of DBP, we found no evidence for a non-

linear J- or U-shaped relationship between DBP and adverse CVD outcomes; including MI.

Keywords
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Introduction

Hypertension is a widely prevalent disease that is associated with significant morbidity and 

mortality worldwide1. Although the adverse associations of hypertension with 

cardiovascular disease (CVD) morbidity and mortality are undeniable, the optimal blood 

pressure (BP) treatment target has been a matter of heated debate. Some experts caution 

against overly intensive BP lowering due to the presence of a non-linear, J- or U-shaped, 

association between BP and CVD events in many observational analyses (with excess risk as 

both the low and high extremes of BP)2,3. When considering the risk of myocardial 

infarction (MI), this specific concern is particularly operative for diastolic BP (DBP) since it 

is the main driver of coronary artery filling. Multiple observational cohort studies have 

reported increased coronary heart disease and MI risk in individuals with very low diastolic 

blood pressure4-6.

The 2015 Systolic Blood Pressure Intervention (SPRINT) trial challenged that view by 

demonstrating a reduction in CVD and all-cause mortality among participants randomized to 

a systolic BP (SBP) target of 120 mmHg compared to 140 mmHg7. While SPRINT 

specifically targeted systolic BP, a post hoc analysis of the trial revealed that there was no 

statistical interaction between baseline DBP and the benefit seen in the intensive treatment 

arm8. Thus, even though SPRINT investigators observed a U-shaped association between 
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DBP and CVD in both arms of the trial, a statistically similar benefit from more intensive 

BP treatment was seen among SPRINT participants who had low baseline DBP as was seen 

among those with higher baseline DBPs. These findings do not support a J- or U-shaped 

causal relationship between low DBP and CVD and instead implicate potential confounding 

factors in this association9. However, the SPRINT trial was not designed to lower DBP 

specifically and did not titrate therapy to reach target DBP levels. To further address the 

question of whether excessive DBP lowering might have a causal effect resulting in 

increased risk of cardiovascular events, we performed a Mendelian randomization (MR) 

study and used a polygenetic risk score (PRS) to examine the shape of the association 

between genetically driven variability in DBP and cardiovascular outcomes.

Methods

Samples, Genotype Quality Control and Imputation

The data and study materials used in this project are part of dbGaP and are available with 

appropriate request to dbGaP. The analytic methods are described in detail below and in 

Methods in the Supplement.

We analyzed individual-level data from five cohorts that study incident CVD events 

(Framingham Heart Study, Cardiovascular Health Study, Atherosclerosis Risk in 

Communities Study, Multi-Ethnic Study of Atherosclerosis, and Women’s Health Initiative). 

For our primary analysis, we excluded study participants with a known history of prevalent 

MI at baseline. Raw genotype and phenotype data were downloaded from dbGAP (accession 

numbers phs000007.v29.p11, phs000287.v6.p1, phs000209.v13.p3, phs000280.v4.p1, 

phs000200.v11.p3, phs000888.v1.p1). For each of the five cohorts, extensive genotype 

quality control procedures were followed according to the current standard for genomic 

studies10 (Methods in the Supplement).

Ethical Considerations

Our study was approved by the local Johns Hopkins School of Medicine IRB (IRB # 

00196536). All subjects enrolled in each of the included cohorts provided written informed 

consent for their inclusion in the corresponding cohorts.

Exposure and Outcomes

We evaluated the genetic effect of DBP and SBP on a series of outcomes. To facilitate a 

comprehensive investigation of DBP it was necessary to also study SBP, given the two 

parameters are so strongly correlated. In particular, the inclusion of SBP as an exposure in 

this investigation was necessary because the vast majority of genetic polymorphisms that 

influence DBP also influence SBP. Our primary outcome of interest was MI. Secondary 

CVD outcomes analyzed included coronary artery disease events, coronary 

revascularization, ischemic stroke, heart failure, fatal coronary disease, and all-cause 

mortality. All outcomes were evaluated in a time-to-event manner. More complete 

definitions of the exposure and outcomes are provided in Methods and Table I in the 

Supplement.
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Statistical Analysis

Observational association evaluations—As a baseline evaluation and to corroborate 

prior observational analyses, we first assessed the relationship between SBP, DBP and CVD 

outcomes using traditional statistical approaches. We applied a proportional hazards time-to-

event Cox model to assess the influence of DBP or SBP on each of our primary and 

secondary outcomes, after controlling for age, sex and a dummy categorical variable for 

each individual substudy (Methods in the Supplement). Statistical significance was 

calculated based on the Wald test. In addition, we evaluated for potential non-linear 

observational relationships between either DBP or SBP and each outcome using a 

multivariable meta-analytic approach based on fractional polynomials11 (Methods in the 

Supplement).

Instrumental Variable—To test the genetic effect of DBP variability on outcomes, we 

generated a polygenic risk score (PRS) for DBP, consisting of 718 single nucleotide 

polymorphisms (SNPs), to use as an instrumental variable in Mendelian randomization 

(MR) analyses12 taking a standard pruning and thresholding approach (Methods in the 

Supplement). We additionally calculated a PRS for SBP following the same procedure.

For sensitivity analyses, we generated PRS for DBP independent of body mass index (BMI) 

or heart rate by excluding all variants in the original DBP PRS that were also associated with 

BMI or heart rate in recent large BMI12 or heart rate13 GWAS at a Bonferroni-adjusted p-

value < 0.05. These analyses were conducted to reduce the likelihood of BMI or heart rate 

introducing pleiotropy in any association between DBP and CVD. For our multivariate MR 

analysis, we also generated a combined PRS for both DBP and SBP, consisting of 1015 

SNPs in total (Methods in the Supplement).

Linear Mendelian Randomization—We performed a two-stage MR analysis to model 

the linear effect of DBP as follows. After merging together all the individual sub-studies in a 

common design matrix, we first regressed DBP on the PRS via linear regression to generate 

an estimate of the effect of the PRS on the exposure. This estimate was the denominator of 

our MR estimate. We then regressed the effect of the PRS on the outcome using a 

proportional hazard (Cox) regression analysis for the time-to-event data to generate an 

estimate of the PRS on the outcome. This estimate (logarithm of the hazard ratio (HR)) was 

the numerator of our MR estimate. To calculate the MR hazard ratio of the outcome per unit 

increase in DBP we exponentiated the ratio of the numerator over the denominator. 95% 

confidence intervals (CI) of that estimate were generated using a first order Taylor series 

approximation (standard error (SE) of MR = SEoutcome/betaexposure). Both regressions 

included a binary dummy covariate to control for each participant’s membership in each 

substudy, which accounts for intra-study differences including race group, genotyping array, 

and differences in outcome definitions. Both regressions also included as covariates 

participant age, participant sex, and 2 genotype principal components (PCs) for each 

substudy to account for residual population stratification (ie. 36 total PC covariates in 

addition to controlling for self-reported race based on the aforementioned substudy dummy 

covariate) (see Methods in the Supplement for details). The above MR analysis was then 

repeated, but with SBP as the exposure of interest.
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We performed a number of sensitivity analyses to evaluate how our DBP MR estimates may 

be affected by confounding from SBP, BMI, medication use, or other pleiotropic effects. We 

additionally performed a sensitivity analysis including all participants with and without 

prevalent MI at study enrollment to evaluate how prevalent events before enrollment in the 

study might affect our results (Methods in the Supplement).

Non-linear Mendelian Randomization—Mendelian randomization analyses to assess 

for potential non-linear J- or U-shape effects of DBP or SBP on the study outcomes were 

performed with state-of-the-art methodologies14,15, using the strategy of conditioning on 

quantiles of instrumental variable (IV)-free exposure and generating localized average causal 

effect (LACE) estimates (Methods in the Supplement).

We also performed several sensitivity analyses to assess how the shape of the relationship 

between DBP and outcomes may change in response to different potential pleiotropic factors 

and confounders. Specifically, we evaluated the shape of the aforementioned associations 

using DBP PRS that were independent of BMI or heart rate. In addition, following the same 

non-linear MR approach, we visualized the shape of the association between DBP and 

outcomes separately in males vs. females, and in individuals on no BP medications at 

baseline. Lastly, since it proved difficult in multivariate MR to disentangle the individual 

effect of DBP independent of SBP, we performed an additional analysis in which we 

generated non-linear LACE estimates of DBP on MI using IV-free exposures in which we 

adjusted for the linear genetic effects of both SBP and DBP in combination (Methods in the 

Supplement). We then repeated the same sensitivity analyses for SBP.

Finally, a simulation study was performed to assess power for MR detection of non-linear 

effects (Methods in the Supplement). We used two techniques to reduce the impact of 

extreme DBP outliers in our MR analyses, (a) we excluded outliers outside the range of the 

mean ±3 standard deviations of the DBP distribution or (b) we winsorized these values. 

Genotype quality control was performed using PLINK versions 1.9 and 2.0, while all 

statistical analyses were conducted using R version 3.5.1, we considered a p-value (2-sided) 

of <0.05 to be statistically significant.

Results

Demographics and baseline information

In aggregate, 48,918 individuals passed all genotype filters and had sufficiently reliable BP 

estimates to satisfy inclusion in our study. A total of 1,400 (2.9%) participants had a 

documented MI before baseline study enrollment and 111 (0.2%) had incomplete data on 

time to MI and were excluded in our primary analysis leaving 47,407 participants. Of those, 

77% were females. The proportion of females in our study sample was 55% when the all-

female WHI was not included in the calculation. Median age at enrollment was 60 years 

(Q1-Q3 interquartile interval 52-68 years). Average follow up for events was 16.5 years. 

During the follow up period, 7.3% of participants (n=3,456) had an incident MI and average 

age at MI during follow-up was 73 years (Q1-Q3 interval 66-80 years). Median age of death 

among the participants who died during follow up (n=12,072) was 78 years (Q1-Q3 interval: 

71-84 years). Summary demographic and outcome information is provided in Table 1, 
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whereas a break-down of the demographics and outcomes in each individual cohort is 

provided in Table II in the Supplement.

Traditional observational analysis of the association between BP and cardiovascular 
events

To verify that our source data were consistent with prior observational reports, we used 

traditional statistics to evaluate the association of DBP (per 1 mmHg increase) with our 

primary and secondary outcomes. The hazard ratios per 1 mmHg increase in DBP for MI 

(HR (95%CI) = 1.012 (1.009-1.016), p<0.001), coronary disease events (HR (95% CI) = 

1.011 (1.008-1.015), p<0.001), fatal coronary disease (HR (95% CI) = 1.008 (1.003-1.013), 

p<0.001), coronary revascularization (HR (95% CI) = 1.010 (1.007-1.014), p<0.001), heart 

failure (HR (95% CI) = 1.013 (1.010-1.017), p<0.001), ischemic stroke (HR (95% CI) = 

1.017 (1.013-1.021), p<0.001) and all-cause mortality (HR (95% CI) = 1.004 (1.003-1.007), 

p<0.001) are all significantly > 1, consistent with expectation. Similar results were observed 

for SBP.

We subsequently assessed for non-linear associations of DBP with CVD events in our 

observational data. Fitting a fractional polynomial to model the shape of association between 

DBP and MI revealed a J- or U-shaped association (Figure 1A). A similar J-shape was 

observed in the association between DBP and all secondary outcomes with the exception of 

ischemic stroke (Figure I in the Supplement). A sensitivity analysis of individuals with DBP 

< 70 mmHg confirmed that the hazard of MI trends lower with an increase in DBP within 

that subset after controlling for age, sex, and substudy (HR=0.99, p=0.06) (consistent with 

an observational J- or U- shape). This result persisted after controlling additionally for SBP 

and BMI (HR=0.98, p=0.001) and in the subset of participants on no BP medications 

(Figure II in the Supplement). Notably, a similar U-shape was not observed in the 

association between SBP and MI (Figure 1B).

Linear Mendelian Randomization of DBP and SBP on incident cardiovascular events

Since the instrumental variable was generated based on summary statistics from an 

independent study, as a check before proceeding with the MR analysis we evaluated whether 

the instrumental variable does in fact predict DBP in our included cohorts. Linear regression 

of DBP on the PRS shows a highly significant positive correlation between the two 

(beta=0.572, p-value<0.001) (Figure III in the Supplement). The association was present 

across different ancestries, although we did observe some cross-ancestry differences in the 

strength of the relationship (Figure IV in the Supplement). The PRS for SBP was similarly 

validated (Figure V in the Supplement).

To obtain an estimate of the causal relationship between either DBP or SBP and our 

outcomes of interest we then performed linear MR. This MR analysis showed a causal 

adverse effect of DBP increments on cardiovascular events. Nevertheless, in contrast to SBP, 

we did not observe a significant increase in risk of all-cause mortality per unit increase in 

DBP (HR (95% CI) = 1.01 (0.996-1.02)). Results are summarized in Figure 2.

Sensitivity analysis with two-stage linear MR estimates using summary statistics from an MI 

GWAS of the UK Biobank were consistent with the estimates from the individual level MR 
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for the effect of DBP on MI (Odds ratio (OR) = 1.08, p <0.001), thereby providing 

independent confirmation of our primary MR estimate. Further, the estimates remain similar 

in size and significance when using MR methods that are known to account for pleiotropy, 

like MR Egger (OR=1.10, p<0.001) and MR median (OR=1.08, p<0.001) (Figure VI in the 

Supplement). The linear MR estimates between DBP and cardiovascular events using PRS 

that are independent of BMI or heart rate are provided in Figure 2 and are consistent with 

the estimates in our primary analysis.

To disentangle the independent roles of SBP and DBP, we performed multivariate linear 

MR, also summarized in Figure 2 and Table 2. This analysis confirmed the causal influence 

of SBP on MI but did not show evidence of statistically significant influence of DBP on MI 

after adjustment for SBP. To further examine whether this lack of an effect of DBP in 

multivariate MR adjusting for SBP was because of lack of power, we repeated these 

estimates in a two-stage summary level multivariate MR using large GWA meta-analyses of 

the UK Biobank. This analysis revealed a linear effect of both SBP (HR=1.03, p<0.001) and 

DBP (HR=1.03, p=0.002) on the risk of MI (albeit with reduced effect size estimates 

compared to the univariable analyses and with the effect of DBP being of nominal statistical 

significance, Table 2). In contrast to SBP, we did not find evidence in multivariate linear MR 

of an independent effect of DBP on coronary disease, heart failure or ischemic stroke 

(Figure 2, Table 2, Figure VII in the Supplement).

Non-linear MR to test the shape of the relationship between DBP and SBP and 
cardiovascular outcomes

To further evaluate the shape of the genetic association between DBP and cardiovascular 

events, we performed a non-linear MR analyses of DBP and cardiovascular events by 

obtaining LACE estimates in centiles of instrumental variable-free exposure, finding and 

visualizing the best fit second degree polynomial in these estimates. The results for our 

primary outcome are summarized in Figure 1C and Figures VIII and IX in the Supplement, 

whereas results for MI in each cohort are shown in Figure X in the Supplement and results 

for secondary outcomes are presented in Figure XI in the Supplement. We observed no 

evidence of a non-linear relationship in the MR analysis (p-value for non-linearity in all 

associations between DBP and our primary/secondary outcomes was > 0.1). Indeed, in the 

subset of individuals with instrumental variable-free DBP of < 70 mmHg we still observed a 

significantly positive adverse association between DBP increments and MI (HR 1.07, 95% 

CI 1.02-1.11). A sensitivity analysis including individuals with prevalent MI (Figure XII in 

the Supplement) did not alter the main findings. Further, these findings were consistent with 

results from similar analyses conducted on PRS that were independent of BMI (Figure XIII 

in the Supplement) and heart rate (Figure XIV in the Supplement) and in individuals not on 

baseline blood pressure medications (Figure XV in the Supplement).

The genetic association between SBP and MI is illustrated in Figure 1D, while the 

associations between SBP and other CVD outcomes are presented in Figure XVI in the 

Supplement and all analyses show no evidence of non-linearity (p-value for non-linearity > 

0.1). Further, we did not observe any evidence for non-linearity in the DBP-MI association 

in a LACE analysis accounting for the linear effect of DBP and SBP combined (Figure 3A), 
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nor did we find evidence of non-linearity in a similar analysis for SBP (Figure XVII in the 

Supplement). It is also important to note that we also did not observe evidence of deviations 

from a monotonically increasing linear association between DBP and MI in LACE analyses 

stratified by participants’ sex (Figure 3B) (non-linearity p-value > 0.1 for all comparisons). 

A simulation study revealed sufficient power to detect non-linear effects in our dataset 

(Figure XVIII in the Supplement), whereas an analysis of the strength of the instrumental 

variable demonstrated that the overlap in samples between the GWAS used for generation of 

the PRS and our primary cohorts is not expected to lead to considerable bias16 (Methods in 

the Supplement).

Discussion

Blood pressure treatment targets are constantly changing, driven by a dynamic evidence base 

that is sometimes conflicting and difficult to interpret. Despite the promising findings of the 

SPRINT trial7, which advocates for a lower is better BP treatment paradigm, the full 

implications of achieving very low BP with therapy are still incompletely understood17. By 

demonstrating a J-curve association, observational data suggest that low DBP is a high-risk 

state. However, these observational analyses are often plagued by confounding factors and 

their findings often do not replicate when subjected to the rigors of a randomized trial8. This 

is particularly true for BP, where low baseline levels may reflect a poor baseline health status 

(inclusive of stiff and diseased vasculature that influece low DBP in particular5,18,19); 

leading to reverse causation as one possible explanation for the link between low BP and 

increased risk for events. Indeed, some observational analyses that account for baseline 

comorbidities have shown an attenuation of the J- or U-shaped association between BP and 

outcomes20,21. Mendelian randomization studies exploit the natural randomization provided 

by the genotypes of each individual to investigate causal relationships, and are therefore 

known to be minimally affected by confounders22. In our study, we performed a large-scale 

MR analysis using time-to-event data from five large population cohorts to more definitively 

establish the causal direction and shape of the relationship between DBP and CVD, in 

particular MI. We found that the effect of DBP on CVD is linear and there is no genetic 

evidence for a J- or U-shaped association between DBP and CVD outcomes. There was also 

no evidence of a non-linear genetic effect of SBP on CVD.

Our study followed a stepwise approach in which we first tested for linear associations 

between BP (both diastolic and systolic) and outcomes using traditional MR design, 

followed by a state-of-the-art non-linear MR to evaluate the shape of that relationship. In 

linear MR, we found that BP has a strong, significant effect in increasing the risk of all 

major cardiovascular outcomes tested. In fact, when modeled as a genetically determined 

exposure, the causal influence of BP on events appears to be more pronounced than the 

corresponding observational data would suggest. This phenomenon is supported by our 

summary-level MR sensitivity analyses in the UK Biobank and corroborated by a recent 

independent MR study that showed that a 2.9 mmHg increase in SBP corresponds to an 

Odds Ratio for major coronary events of 1.22 (which translates to an odds ratio of 1.07 per 

unit change in SBP)23 – which is higher than observational HR estimates20. This observation 

likely implies that cumulative risk of high BP as determined by genetic factors throughout a 

person’s lifetime may be more strongly linked to cardiovascular events than a single 
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measurement of high BP in a clinical setting. Other MR analyses have also reported stronger 

effect sizes for the genotype exposure compared to more traditional phenotypic exposures 

(typically measured at one point in time)23-25.

We subsequently evaluated the shape of the genetically determined relationship between BP 

and cardiovascular events using non-linear MR analyses; focusing particularly on DBP. 

These showed no evidence of non-linearity in the estimates for DBP (or for SBP). Further, a 

number of sensitivity analyses on DBP confirmed the lack of evidence for non-linearity, 

including analyses stratified by sex and analyses accounting for the combined linear effects 

of SBP and DBP when both are modeled together. Our results are consistent with those from 

the post hoc analysis of the SPRINT trial8 and effectively challenge the notion that the J- or 

U-shape in the association between DBP and MI reflects a causal relationship. Although the 

U- or J-shape association in the observational data is not in doubt and is also observed in our 

study, our results suggest that this association is likely the result of underappreciated 

confounders. Low levels of DBP can therefore be considered as a marker of increased risk, 

but, because this relationship does not appear to be causal, our analysis and the post-hoc 

analysis from SPRINT both suggest that further BP control, when necessary, is not expected 

to increase the risk of persons with low baseline diastolic BP. It is worth noting that the 

casual relationship between DBP and MI may differ from its relationship with other 

outcomes, which is why we also tested the shape of the relationship between DBP and a 

series of secondary outcomes (coronary disease, ischemic stroke, heart failure, fatal coronary 

disease and all-cause mortality), confirming no causal evidence of a J-shape.

Our analysis has certain strengths. First, compared with traditional observational studies, 

MR analyses are less prone to bias by confounding factors and reverse causation. Indeed, 

observational studies even when expertly performed, often reveal associations that do not 

hold when submitted to the rigorous test of a randomized trial. This is a consequence of the 

fact that it is often impossible to measure and account for every possible confounder in an 

observational association, whereas MR is able to largely overcome that limitation, since the 

genetic variants are randomly allocated at conception and in general cannot be affected by 

environmental factors acting throughout life26. Second, we used a state-of-the-art method to 

probe the non-linearity in the relationship between DBP and CVD, which allows us to 

evaluate the shape of the relationship between exposure and the outcome in a range of DBP 

well beyond the range of the predicted values of DBP based on the instrumental variable14 

(noted in Figure III in the Supplement). Further, although power is a common concern when 

presenting negative data, our simulation study for power analysis coupled with the fact that 

we still observed a statistically significant and directionally robust detrimental effect of 

increasing DBP increments on MI among individuals with IV-free DBP < 70 mmHg 

demonstrate that power is not the reason for the lack of a U-shape in our MR analysis. We 

should note however, that our analysis cannot exclude a U-shape in the association between 

the exposure and outcomes with an inflection point in extremes of the exposure distribution 

(ie. a DBP value much lower than 70mmHg). Last but not least, the large sample size of the 

most recent GWAS for BP allowed us to create a robust instrumental variable that is 

predicted to give unbiased MR estimates even in the presence of some inevitable overlap 

between the GWAS and our estimation cohorts (Methods in the Supplement).
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Our analysis also has certain limitations. First, as others have pointed out15, MR is not 

equivalent to a randomized trial and MR estimates can only be interpreted as representative 

of what would occur in a randomized trial if the genetic variants in DBP influence outcomes 

in the same way as the effect of therapeutic interventions15. It is indeed possible that 

medication effects will be different than effects of genetic variation in lowering DBP. 

Mitigating this concern is a lack of evidence that reducing BP with treatment imparts 

favorable prognostic effects on CVD in ways that differ substantially from genetic lowering 

of BP. Indeed, MR analyses have been consistently shown to accurately predict the effects of 

drug therapy in prior similar studies23,27,28 and several known blood pressure variants have 

been successfully used as proxies for medication effects in a recent study by Gill et al.29. 

Furthermore, all other things being equal, one would anticipate persons who are 

‘randomized’ to low genetic DBP to be more susceptible to risk for MI from other variables 

that further lower DBP and occur in mid- to later- life (like vascular stiffness or 

medications). We did not find any such susceptibility. Second, since the majority of 

participants enrolled did not have known clinical CVD at baseline, a possible limitation of 

the results of these 5 cohorts may not fully apply to all patients with known obstructive CAD 

or to individuals who are hospitalized or have severe comorbidities that cause substantial BP 

lowering. However, it is worth highlighting that the observational analyses of the 5 cohorts 

included in our report nonetheless found a J- or U-shaped relationship with MI. Therefore, at 

least in our cohorts, we found evidence of a J- or U-curve in traditional analyses that was not 

replicated in more causally rigorous MR analyses- pointing to residual confounding or 

reverse causation as an explanation for the J- or U-shaped relationship between DBP and MI 

seen in observational reports. In addition, the mean age of participants enrolled in the 5 

cohorts studied was 60 and therefore there was probably a notable proportion of these 

individuals with asymptomatic (subclinical) CAD. Third, due to lack of information about 

prevalent events for some of our secondary outcomes in certain cohorts, we were unable to 

fully account for prevalent cases in our analyses of some of the secondary outcomes. 

However, we were able to exclude individuals with prevalent events in our primary outcome 

of MI. Last, our study is limited by the inherent difficulties in disentangling the influence of 

DBP in isolation and independent of SBP. These two aspects of BP are tightly linked and 

highly correlated even in their genetic underpinnings, which makes it difficult to study the 

role of one independent of the other20. Indeed, because of this collinearity, the power of 

evaluating the genetic influence of DBP is substantially reduced in a multivariable MR 

approach that completely adjusts for SBP, which precludes complete evaluation of the 

independent DBP relationship with CVD outcomes. To overcome this limitation, we 

performed a sensitivity analysis of our non-linear MR by generating quantiles of IV-free 

SBP and DBP based on the genetic instruments for both BP parameters combined. The 

persistent lack of evidence for non-linearity between both DBP and SBP and MI in this 

analysis suggests that a genetically determined decrease in BP consistently leads to better 

outcomes even in individuals with baseline low DBP and regardless of their SBP levels.

In summary, we performed a large-scale Mendelian randomization analysis of the effects of 

BP on cardiovascular outcomes. We confirmed a linear causal influence of genetically 

determined DBP on cardiovascular events, finding no evidence of non-linearity in the shape 

of that effect even in individuals with baseline low DBP. This was despite traditional 
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observational analysis of the same data demonstrating a J-curve association between DBP 

and MI. Taken together, these results suggest two conclusions; (1) the J curve relationship 

between DBP and MI is confirmed and low DBP represents a high-risk state for MI; 

however, (2) this relationship between low DBP and MI does not appear to be due to causal 

influence of low DBP on MI risk and instead appears to be due to unmeasured confounders. 

As such, when considered alongside post-hoc analyses of SPRINT, our data suggest that 

treatment of BP among persons with low baseline DBP (for example when pulse pressure is 

high and systolic BP is consequently above target) is not expected to cause further increased 

risk for MI.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Non-standard Abbreviations and Acronyms

BMI Body mass index

BP Blood pressure

CAD Coronary artery disease

CHD Coronary heart disease

CI Confidence interval

CVD Cardiovascular disease

DBP Diastolic blood pressure

GWAS Genome-wide association study

HR Hazard ratio

IRB Institutional review board

IV Instrumental variable

LACE Localized average causal effects

MI Myocardial infarction

MR Mendelian Randomization

PC Principal component
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PRS Polygenic risk score

SBP Systolic blood pressure

SNP Single nucleotide polymorphism

SE Standard error
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Clinical Perspective

What is new?

• Prior observational studies (and our present observational analyses) 

demonstrate a J- or U-shape observational relationship between diastolic BP 

and myocardial infarction (implicating low diastolic BP as a high-risk clinical 

phenotype); however, the Mendelian Randomization analyses presented here 

show no evidence of a J-curve in the relationship between genetically-driven 

diastolic BP and MI.

• Thus, while the observational diastolic BP J-curve is confirmed, our genetic 

data suggest that this relationship does not appear to represent a causal 

phenomenon and may; therefore, be the result of reverse causation or 

unobserved residual confounding.

What are the clinical implications?

• This genetic analysis suggests that, when necessary, reducing blood pressure 

among individuals with baseline low diastolic blood pressure (for example 

when concurrent elevations in systolic BP and pulse pressure are present) may 

not cause a further increase in risk for adverse CVD outcomes or myocardial 

infarction and, in fact, might reduce that baseline risk; a finding that is 

concordant with post-hoc analyses of the randomized SPRINT trial.
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Figure 1. 
Analysis of the shape of the relationship between blood pressure and cardiovascular 

outcomes. A. Shape of the relationship between diastolic blood pressure and myocardial 

infarction based on observational data that reveal a U- or J-curve. B. Shape of the 

relationship between systolic blood pressure and myocardial infarction. C. Shape of the 

genetic relationship between diastolic blood pressure and myocardial infarction based on the 

fractional polynomial non-linear MR approach. D. Shape of the genetic relationship between 

systolic blood pressure and myocardial infarction based on the fractional polynomial non-

linear MR approach. The hazard ratio of the mean DBP (panel C) or mean SBP (panel D) is 

centered at 1 (red dot). Note that the hazard ratios presented in the MR figures represent a 

meta-regression of hazard ratios for each quantile of BP compared to the mean BP in an 

effort to approximate hazard ratio per unit increase in the exposure. The y-axes are in log-

scale.

Arvanitis et al. Page 16

Circulation. Author manuscript; available in PMC 2022 March 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
Linear association between blood pressure and cardiovascular outcomes based on MR data. 

The figure shows a Forest plot of the association between diastolic blood pressure (per unit 

increase in mmHg) and a series of cardiovascular events analyzed based on linear MR in the 

primary analysis (dark blue color), sensitivity analysis using the PRS that is independent of 

BMI (dark red color), sensitivity analysis using the PRS that is independent of heart rate 

(gray color) and multivariable MR analysis of the effect of diastolic blood pressure after 

controlling for systolic BP (black color).
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Figure 3. 
Sensitivity analysis of the shape between DBP and MI based on non-linear MR. A. Shape of 

the relationship between DBP and MI in an analysis of IV-free exposure quantiles 

accounting for the linear genetic effects of both SBP and DBP. B. Shape of the relationship 

between DBP and MI conditioning on participants’ sex. The y-axes are in log-scale.
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Table 1.

Summary demographic and outcome information (N= 47,407 combined participants from Framingham Heart 

Study, Cardiovascular Health Study, Atherosclerosis Risk in Communities Study, Multi-Ethnic Study of 

Atherosclerosis, and Women’s Health Initiative)

Parameter Median Q1-Q3

Age at enrollment (years) 60 52-68

Female sex (%) 77

BMI (Kg/m2) 27.7 24.6-31.7

European ancestry (%) 58

SBP (mmHg) 125 114-139

DBP (mmHg) 75 68-81

MI during follow-up (%) 7.3

Age at MI event (years) 73 66-80

HF during follow-up (%) 7.8

Age at HF event (years) 74 68-80

Fatal CHD during follow-up (%) 3.7

Ischemic stroke during follow-up (%) 5.5

Age at ischemic stroke (years) 76 69-81

Coronary revascularization during follow-up (%) 8.3

Age at coronary revascularization (years) 71 65-77

Death during follow-up (%) 25.4

Age at death (years) 78 71-84

BMI: Body mass index, CHD: Coronary heart disease, DBP: Diastolic blood pressure, HF: Heart failure, MI: Myocardial infarction, SBP: Systolic 
blood pressure
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