












7Scientific Reports |          (2019) 9:8986  | https://doi.org/10.1038/s41598-019-45391-w

www.nature.com/scientificreportswww.nature.com/scientificreports/

confidence intervals at the lower end of the SBP distribution were wide enough to be consistent with a threshold 
at around 115/60 mmHg, or with an approximately linear association. No other causes of death showed clear 
evidence of a threshold. A previous study of this population10 found that CVD mortality ceased to decline with a 
subject’s own SBP and DBP below thresholds of about 120 mmHg and 70 mmHg, respectively. In the same study, 
the association with all-cause mortality reversed at low SBP such that the overall curve was U- or J-shaped. These 
differences may be attributed to the different patterns of confounding, or to the demographic changes in the 
population between the two studies. The fathers in our study were older on average than the men in the previous 
study (50 years old versus 42) and external causes mortality, negatively associated with BP in both studies, con-
tributed a smaller proportion (9% versus 50%) of the total mortality.

Figure 3.  Plots of hazard ratio (HR; relative to the median blood pressure) for parental coronary heart disease 
(CHD) mortality against a son’s systolic (SBP) or diastolic (DBP) blood pressure. Son’s SBP and DBP were pre-
adjusted for regional patterns, secular trends and age at examination. Cox regressions with parental age as the 
time axis modeled SBP or DBP as cubic splines with 4 knots and were adjusted for the parent’s educational and 
occupational socioeconomic position. Shaded areas represent 95% confidence intervals. For clarity, plots are 
truncated at the 1st and 99th percentiles of SBP or DBP.

Figure 4.  Directed acyclic graph illustrating potential confounders of the effect of blood pressure (BP) on 
mortality, when a son’s BP is used as an instrument. A conventional estimate of g (the effect of the exposure on 
the outcome) may be biased due to confounding via pathways such as cd and hi. An IV estimate of the same 
effect may be biased by confounding via pathway bad, and any such bias is magnified by the reciprocal of the 
association ef + bac between instrument and exposure. The IV estimate of g is likely to be biased by socio-
economic position (SEP; and other environmental or behavioural factors such as smoking behaviour which 
are associated between generations) but we argue that reverse causation (i.e. confounding by the parent’s 
health) is unlikely to bias the IV estimate. An unbiased instrumental variables analysis also requires that 
there be no pathway from instrument to outcome (except via the exposure) and that the association between 
instrument and exposure is non-null. In the present case, a causal effect of son’s blood pressure on parental 
BP is implausible; we must further assume that there is no causal effect of parental BP on son’s BP and that the 
common genetic and environmental factors (G/E) causing the instrument and exposure to be associated (ef) are 
distinct from those confounding the exposure and outcome.
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