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Associations of mortality with
own blood pressure using son’s
blood pressure as an instrumental
variable
David Carslake1,2, Abigail Fraser1,2, Margaret T. May2, Tom Palmer
Per Tynelius5, Debbie A. Lawlor1,2 & George Davey Smith1,2

3

, Karri Silventoinen4,

High systolic blood pressure (SBP) causes cardiovascular disease (CVD) and is associated with mortality
from other causes, but conventional multivariably-adjusted results may be confounded. Here we used
a son’s SBP (>1 million Swedish men) as an instrumental variable for parental SBP and examined
associations with parents’ cause-specific mortality, avoiding reverse causation. The hazard ratio for
CVD mortality per SD (10.80 mmHg) of SBP was 1.49 (95% CI: 1.43, 1.56); SBP was positively associated
with coronary heart disease and stroke. SBP was also associated positively with all-cause, diabetes and
kidney cancer mortality, and negatively with external causes. Negative associations with respiratoryrelated mortality were probably confounded by smoking. Hazard ratios for other causes were imprecise
or null. Diastolic blood pressure gave similar results to SBP. CVD hazard ratios were intermediate
between those from conventional multivariable studies and Mendelian randomization and stronger
than those from clinical trials, approximately consistent with an effect of exposure duration on effect
sizes. Plots of parental mortality against offspring SBP were approximately linear, supporting calls for
lower SBP targets. Results suggest that conventional multivariable analyses of mortality and SBP are
not substantially confounded by reverse causation and confirm positive effects of SBP on all-cause, CVD
and diabetes mortality.
Higher blood pressure (BP) resulted in an estimated 10 million deaths and 212 million disability-adjusted life
years globally in 20151. Randomised control trial (RCT) and Mendelian randomization (MR) analyses show that
higher BP causes mortality from cardiovascular diseases (CVD) including coronary heart disease (CHD) and
stroke2–6, supporting the results of numerous prospective cohort studies7–12. Higher BP has also been associated
with mortality from external causes (accidents, homicides and suicides)13, renal disease14, all-site cancer15–17 and
with several site-specific cancers18–23, including a strong positive association with kidney cancer15,22,24–26.
It is not clear whether these non-CVD outcomes are causally affected by BP or whether there is some confounding factor that affects both BP and survival. Potential confounding factors include aspects of behaviour,
socioeconomic circumstances and the presence of pre-existing undiagnosed disease (sometimes called reverse
causation). Reduced BP will only result in improved survival if the association between them is causal. Limited
MR results suggest that higher BP is causally related to the risk of type 2 diabetes27, but not kidney disease6.
Current advice in the UK is to reduce the BP of hypertensive patients to a target of 140/90 mmHg in adults
under 80 years old, and to 150/90 mmHg in older adults28,29. However, two major meta-analyses of prospective
studies of BP and CVD7,11 have suggested that further reductions, to at least 115/75 mmHg, are beneficial to health
and the apparent thresholds found in some prospective studies may have been due to confounding by pre-existing
disease30,31. RCTs of antihypertensive drugs32–35 rarely include those with lower baseline BP, but mostly indicate
that reduction to below 140/90 mmHg would reduce CVD mortality, with one study2 suggesting an advantage in
reductions to 110/70 mmHg. BP target values are the subject of ongoing debate2,32,36–38.
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Regression of father’s blood pressure (SD) against son’s blood pressure (SD)
Blood pressure Adjustment

Mean difference
(95% CI)

F-statistic

R2

SBP

None

0.130 (0.122, 0.137)

1121.8

0.0166

SBP

Father’s SEP

0.131 (0.123, 0.138)

145.5

0.0193

SBP

Father’s SEP, son’s BMI

0.128 (0.120, 0.135)

134.4

0.0199

DBP

None

0.060 (0.053, 0.067)

278.8

0.0042

DBP

Father’s SEP

0.060 (0.053, 0.067)

36.1

0.0049

DBP

Father’s SEP, son’s BMI

0.059 (0.052, 0.066)

38.1

0.0057

Table 1. Mean differences in father’s blood pressure per standard deviation (SD) of son’s blood pressure.
Systolic blood pressure (SBP) and diastolic blood pressure (DBP) were each pre-adjusted for regional
patterns, secular trends and age at examination. Blood pressure in fathers and sons was analysed in SD units
(10.80 mmHg SBP and 9.22 mmHg DBP). Mean differences were obtained from linear regression and provide
the denominators for the ratio method instrumental variable estimates. N = 66,567. F-statistics and R2 are
provided as measures of instrument strength.

Here, we estimate the effect of BP on all-cause and cause-specific mortality using a son’s BP as an instrumental
variable (IV) for their parent’s BP. An IV is a variable that is associated with the exposure of interest, but not with
the factors confounding the association between the exposure and outcome. It can therefore be used to estimate
causal effects in the presence of confounding. In MR, the IV is a genetic variant associated with the person’s (usually lifelong) exposure. We use the BP of a person’s son in the same way. A son’s BP is correlated with their parent’s
BP but is unlikely to be affected by the parent’s existing, but undiagnosed, illness. This approach may also avoid
some socioeconomic and behavioural confounding, but not all, since socioeconomic position and health-related
behaviours track across generations. We compare our results with those from RCTs of anti-hypertensive treatments, MR and conventional multivariable analyses of prospective cohorts to explore evidence for different
potential causes of bias and duration of exposure to higher BP across these studies. We also examine the shape of
the association between son’s BP and parental mortality for any evidence of a threshold.

Results

Description of study sample by quintiles of blood pressure. The standard deviations (SD) of son’s
BP (used to convert all BP to SD units) were 10.80 mmHg for systolic blood pressure (SBP) and 9.22 mmHg for
diastolic blood pressure (DBP). In the main dataset, sons with higher SBP or DBP had greater height and BMI
and were less likely to smoke (Supplementary Tables S2 and S3). Their fathers also had greater height, BMI and
BP and were less likely to smoke. Their mothers and fathers were born earlier, had lower educational and occupation socio-economic position (SEP) and were older when the son was born. Results within the data subset
with data on father’s BP were similar, except that sons with higher SBP (but not DBP) had parents of higher SEP
(Supplementary Tables S4 and S5). Characteristics of sons, fathers and mothers varied similarly with father’s BP
(Supplementary Tables S6 and S7).
Two-sample IV estimates for parental mortality. In the main dataset, there were 152,575 maternal
deaths and 281,489 paternal deaths from all causes. The mean differences in father’s BP per SD of son’s BP (used
as denominators in the IV ratios) are shown in Table 1. These associations were strong, approximately linear
(Supplementary Fig. S2) and changed little with adjustment for the father’s SEP and/or the son’s BMI (Table 1).
Two-sample IV analysis suggested a modest association between SBP and all-cause mortality (HR per SD:
1.11, 95% CI: 1.09, 1.14) which did not differ between mothers and fathers (Fig. 1, Supplementary Table S8).
Reasonably well-powered results for CVD, CHD, stroke and diabetes suggested stronger positive associations.
SBP had a strong negative association with external causes and suicide mortality and weaker negative associations with mortality from respiratory diseases (fathers only) and lung cancer. Very strong positive associations
with cancers of the oesophagus and kidney were apparent only in mothers and a strong positive association with
thyroid cancer was imprecisely estimated (Supplementary Table S14). Precision for many site-specific cancers was
too low to allow confident interpretation.
Two-sample IV analyses of DBP (Fig. 2, Supplementary Table S9) showed a positive association with all-cause
mortality (HR per SD: 1.39, 95% CI: 1.30, 1.48) that was stronger than that observed for SBP. Positive associations
with CVD, CHD, stroke and diabetes were also greater. Unlike for SBP, there was a strong but imprecise positive
association with kidney disease, which was most apparent in mothers. The negative association of SBP with external causes and suicide mortality was also apparent with DBP among mothers, but not fathers, and there was no
apparent association of DBP with respiratory diseases. There was again a negative association with lung cancer
and a positive association with kidney cancer which matched those of SBP, albeit with very low power in the latter.
Positive associations of DBP with liver cancer and malignant melanoma (Supplementary Table S15) were only very
weakly repeated for SBP (Supplementary Table S14). A sex-specific association with oesophageal cancer (positive
in mothers, negative in fathers) was apparent for both SBP and DBP, albeit with very low precision in both cases.
Two-sample IV analyses that were not adjusted for SEP (Supplementary Tables S10 and S11) gave slightly
higher hazard ratios (i.e. stronger positive ones and weaker negative ones) but the differences were not sufficient
to change interpretation materially. Additional adjustment for son’s BMI substantially attenuated IV hazard ratios
for diabetes mortality (e.g. from 1.78 (95% CI: 1.49, 2.13) to 1.29 (95% CI: 1.08, 1.55) for SBP), but had a relatively
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Figure 1. Adjusted hazard ratios (HR) for parental mortality per standard deviation (SD) of own SBP, using
son’s SBP as an instrumental variable (IV). SBP was pre-adjusted for regional patterns, secular trends and age
at examination and its SD was 10.80 mmHg. Cox proportional hazards models with age as the time axis were
adjusted for parental sex and for educational and occupational socioeconomic position. Robust standard errors
were clustered by the son’s identity. PM vs F was derived from a Z-test of an additional interaction term between
parental sex and son’s SBP. Two-sample IV estimates were made using the ratio method. Mothers and fathers
were also modelled separately, without the robust standard errors or the adjustment for parental sex. Plotted
data are tabulated in Supplementary Table S8. N = 1,002,031 mothers and 986,075 fathers at risk of mortality.

small effect for other causes of death (Supplementary Tables S12 and S13). There was strong evidence suggesting
that the positive association between a son’s BP and parental all-cause mortality (except for DBP and fathers)
increased with the parent’s age, but hazard ratios from follow-up split at 60 years old (Supplementary Tables S18
and S19) suggested that the magnitude of the difference may have been minor. For most specific causes of mortality, there was no strong evidence of non-proportional hazards.

One-sample IV estimates for parental mortality.

Hazard ratios from one-sample IV analyses in the
subset with data on father’s BP (Tables 2 and 3, Supplementary Tables S16 and S17) were broadly similar to the
corresponding estimates from two-sample IV analyses (Figs 1 and 2, Supplementary Tables S8 and S9), but were
imprecise and hazard ratios could not confidently be distinguished from the null. Conventional multivariable
analyses of father’s BP in this subset were a little more precise and showed positive associations of SBP and DBP
with CVD, CHD and stroke mortality. The results were weakly suggestive of negative associations with mortality
from external causes, suicide and lung cancer. Conventional multivariable hazard ratios for all-cause mortality
were close to the null, with reasonable precision (HR per SD: 1.03, 95% CI: 0.99, 1.07 for SBP and HR per SD:
1.01, 95% CI: 0.97, 1.06 for DBP). Estimation of hazard ratios by conventional multivariable and IV methods
in the same dataset allows their comparison by Durbin-Wu-Hausman test. There was no evidence that the two
methods gave different estimates, regardless of the outcome, exposure or adjustment, although this should be
interpreted in the context of the very low precision of the one-sample IV estimates.

Shape of the associations between son’s blood pressure and parental mortality. As well as providing the numerator of the linear IV ratio (Figs 1 and 2, Supplementary Tables S8–S13) the association between son’s
BP and parental mortality can be plotted to indicate the likely shape of the association between BP and mortality
with some sources of confounding removed (Fig. 3, Supplementary Fig. S3). Paternal mortality from all-causes,
CVD, CHD, stroke, external causes and suicide was approximately linear across the observed ranges of son’s SBP and
DBP. In mothers, there was some suggestion that the positive associations of son’s SBP with mortality from all causes,
CVD, CHD and stroke leveled off below approximately 120 mmHg, and that the association of DBP with diabetes
mortality leveled off below about 70 mmHg. However, wide confidence intervals, particularly at lower BP, left some
uncertainty in the shape of the associations. Plotted associations for the rarer causes of death were very imprecise.
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Figure 2. Adjusted hazard ratios (HR) for parental mortality per standard deviation (SD) of own DBP, using
son’s DBP as an instrumental variable (IV). DBP was pre-adjusted for regional patterns, secular trends and age
at examination and its SD was 9.22 mmHg. Cox proportional hazards models with age as the time axis were
adjusted for parental sex and for educational and occupational socioeconomic position. Robust standard errors
were clustered by the son’s identity. PM vs F was derived from a Z-test of an additional interaction term between
parental sex and son’s DBP. Two-sample IV estimates were made using the ratio method. Mothers and fathers
were also modelled separately, without the robust standard errors or the adjustment for parental sex. Plotted
data are tabulated in Supplementary Table S9. N = 1,002,031 mothers and 986,075 fathers at risk of mortality.

Discussion

Using a son’s BP as an IV for his parents’ BP, we confirmed clear positive associations of SBP and DBP with death
from all-causes, CVD, CHD, stroke and diabetes. SBP (and to a lesser extent DBP) had strong, negative associations with suicide and external causes of death and weaker negative associations with death from lung cancer and
respiratory disease. Several other causes of death, particularly from rarer cancers, showed suggestive associations
which were estimated imprecisely and were often inconsistent between men and women, or between SBP and DBP.

Do hazard ratios using son’s blood pressure as an IV estimate the causal effect of blood pressure on mortality? IV methods give estimates which reflect the causal effect of the exposure (here, the par-

ent’s own BP) on the outcome (here, the parent’s survival) if some important assumptions are met39. In particular,
the untestable assumption is made that the instrument is not associated with any unmeasured factors confounding the relationship between the exposure (parents BP) and outcome (mortality). Here this assumption is likely
to be violated because a son’s socioeconomic position and characteristics associated with it, such as smoking, are
likely to be associated with these same characteristics in the parents.
Although adjustment for the few socioeconomic covariates which were measured did not greatly affect the
IV estimates of the association between mortality and BP in parents (compare Supplementary Tables S8 and S9
with Supplementary Tables S10 and S11), we cannot assume that these reflect all unmeasured confounding. In
particular, the inverse association of BP with respiratory diseases and lung cancer in our IV analyses is probably
due to the association of son’s BP with smoking in the parents. Smoking is strongly associated with increased
mortality from these causes and is positively associated between generations. Most studies have found smoking
to be associated with reduced BP40–42, though it is not clear if this association is causal43. The limited dichotomous
smoking data available in the present study also suggest a negative association with BP but were too sparse to be
used in adjustment. Furthermore, we had no data at all on more detailed measures of smoking (e.g. pack-years
or cotinine levels).
When effects of exposure on outcome are estimated in IV analyses, any biases in the association between
instrument and outcome due to such confounding will be amplified in inverse proportion to the strength of the
instrument-exposure association44. An IV analysis may therefore be more biased than the analogous conventional
multivariable analysis even if the unmeasured confounder is more closely associated with the exposure than it is
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Cause of death

Deaths

HR (95% CI) per SD
of own SBP

IV HR (95% CI) per
SD of own SBP

All cause

2,332

1.03 (0.99, 1.07)

1.01 (0.74, 1.37)

0.873

Cardiovascular disease

423

1.21 (1.11, 1.33)

1.34 (0.65, 2.77)

0.779

Pown vs IV

Coronary heart disease

235

1.23 (1.09, 1.39)

1.91 (0.72, 5.04)

0.373

Stroke

86

1.21 (0.99, 1.48)

1.92 (0.39, 9.56)

0.568

External causes

1,065

0.97 (0.92, 1.03)

0.94 (0.60, 1.48)

0.884

Suicide

466

0.95 (0.87, 1.04)

0.87 (0.44, 1.72)

0.780

Cancer

428

1.04 (0.95, 1.15)

1.00 (0.48, 2.05)

0.898

Brain cancer

61

1.15 (0.91, 1.47)

0.31 (0.05, 2.09)

0.174

Lung cancer

59

0.85 (0.66, 1.10)

1.24 (0.18, 8.66)

0.698

Lymphatic cancer

64

1.02 (0.80, 1.30)

0.35 (0.05, 2.24)

0.255

Table 2. Adjusted hazard ratios (HR) for paternal mortality (i) per standard deviation (SD) of own systolic
blood pressure (SBP) and (ii) per SD of own SBP, using son’s SBP as an instrumental variable (IV) within
the subset having data on own SBP. SBP was pre-adjusted for regional patterns, secular trends and age at
examination and its SD was 10.80 mmHg. Cox proportional hazards models with age as the time axis were
adjusted for educational and occupational socioeconomic position. One-sample IV estimates were made using
the ratio method. Pown vs IV was derived from Durbin-Wu-Hausman tests comparing the two HR. N = 66,567
fathers at risk of mortality. Rarer causes of death (<50 deaths in the data subset) are omitted.

with the instrument45. Although son’s BP is a stronger instrument than most of the genetic instruments used in
MR46, it is more likely to be associated with factors confounding the association between BP and mortality. It is
also considerably weaker than other offspring characteristics (height, BMI) previously used as IVs for the same
characteristic in their parents47,48. It therefore seems likely that these IV estimates for BP are subject to at least as
much bias from socioeconomic confounding as conventional multivariable estimates are. We therefore present
these IV estimates not as unconfounded, but as differently confounded. They may be interpreted alongside estimates from other methods to improve causal inference under the principles of triangulation49.
While the present estimates may be vulnerable to socioeconomic confounding, reverse causation (i.e. confounding from pre-existing disease) should not be a problem, since a medical condition in the parents is unlikely
to have a major effect on their son’s adult BP (Fig. 4). There is evidence30,50–52 suggesting reverse causation acting
on BP up to three years prior to death, but it is not clear whether chronic, sub-clinical conditions can lower BP
earlier than this. Conventional multivariable analyses in which BP is measured at a young age may therefore have
limited vulnerability to reverse causation, but we consider offspring BP to be an instrument for lifelong BP in
the parents, including in old age when reverse causation is likely to be important in conventional multivariable
analyses.

Comparison with other studies. This study confirms the positive associations of high BP with mortality
from CHD and stroke previously found using MR, RCTs and conventional multivariable analyses2–12. One previous study53, using Norwegian data from the HUNT cohort, has estimated associations between BP and mortality
using offspring BP as an IV. In that study, the offspring’s BP was measured at a rather later age (mean 29.5 years
compared to 18.3 here) which may account for the greater SD in SBP (16.6 mmHg in men, compared to 10.8 here;
SD of DBP was similar in the two studies). Lower power meant that only four causes of death were considered in
the earlier study and all four, as in the present study, were positively associated with BP. Considered per SD, they
found similar HR for all-cause mortality to the present study, rather lower HR for CVD and CHD mortality, and
for stroke mortality the HR per SD of SBP were similar to the present study but those per SD of DBP were rather
lower. When the HR per SD of SBP were converted to HR per mmHg, those for CVD and CHD were considerably
lower than those in the present study; for example the HR for CHD mortality per 10.8 mmHg SBP was 1.19 (95%
CI: 1.10, 1.29) compared to the analogous HR here (Fig. 1, Supplementary Table S8) of 1.66 (95% CI: 1.57, 1.75).
These differences may be due to the more comprehensive adjustment possible in the earlier study or to the more
advanced age of both offspring at BP measurement and parents during follow-up.
Our results for SBP and CHD may be compared with those of Ference et al.4, who meta-analysed analogous
results from RCTs (relative risk reduction (RRR) per 10 mmHg lower SBP: 17%; 95% CI: 10%, 24%), prospective
cohort studies (RRR: 25%; 22%, 29%) and MR (RRR: 46%; 32%, 56%). Our result (RRR per 10 mmHg lower SBP:
37%; 34%, 40%) is intermediate between those for cohort studies and MR. Arguably, the duration of exposure in
the present IV study is also intermediate between the values for cohort studies and MR in Ference et al., which
would be consistent with the suggestion4 that effect estimates increase in proportion to the duration of exposure
in different study types.
The associations with CHD were a little stronger than most results from conventional multivariable analyses.
For example, we found an IV hazard ratio per SD of SBP of 1.66 (95% CI: 1.57, 1.75), compared with 1.39 (1.38,
1.41) in the largest meta-analysis to date54 (taking the 60–69 age group which most closely matches the mean age
at death in our data, and converting hazard ratios to our units). In contrast, at 1.25 per SD of SBP (95% CI: 1.16,
1.35) our hazard ratio for stroke mortality was rather smaller than that in the same meta-analysis, which was
1.58 (1.54, 1.62). Besides the possible effect of duration of exposure mentioned above, these differences could
reflect cause-specific differences in the bias remaining under each methodology or could simply be due to population differences. The hazard ratios found in the meta-analysis above were very similar to those found in an
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Cause of death

Deaths

HR (95% CI) per SD
of own DBP

IV HR (95% CI) per
SD of own DBP

All cause

2,332

1.01 (0.97, 1.06)

0.69 (0.35, 1.35)

0.264

Cardiovascular disease

423

1.11 (1.00, 1.23)

1.23 (0.25, 5.95)

0.901

Pown vs IV

Coronary heart disease

235

1.13 (0.98, 1.29)

2.70 (0.32, 22.66)

0.419

Stroke

86

1.14 (0.91, 1.43)

3.62 (0.11, 122.51)

0.520

External causes

1,065

0.97 (0.91, 1.04)

0.69 (0.25, 1.87)

0.496

Suicide

466

0.98 (0.89, 1.08)

0.90 (0.20, 4.05)

0.910

Cancer

428

1.03 (0.93, 1.14)

0.59 (0.12, 2.83)

0.486

Brain cancer

61

0.97 (0.74, 1.27)

0.29 (0.00, 18.49)

0.569

Lung cancer

59

0.84 (0.64, 1.11)

1.11 (0.02, 76.55)

0.900

Lymphatic cancer

64

0.94 (0.73, 1.22)

0.06 (0.00, 3.21)

0.171

Table 3. Adjusted hazard ratios (HR) for paternal mortality (i) per standard deviation (SD) of own diastolic
blood pressure (DBP) and (ii) per SD of own DBP, using son’s DBP as an instrumental variable (IV) within
the subset having data on own DBP. DBP was pre-adjusted for regional patterns, secular trends and age at
examination and its SD was 9.22 mmHg. Cox proportional hazards models with age as the time axis were
adjusted for educational and occupational socioeconomic position. One-sample IV estimates were made using
the ratio method. Pown vs IV was derived from Durbin-Wu-Hausman tests comparing the two HR. N = 66,567
fathers at risk of mortality. Rarer causes of death (<50 deaths in the data subset) are omitted.

independent meta-analysis of Asia-pacific cohorts11, but a more recent study of a single large UK cohort12 found
much smaller associations, which may be due to the increasing use of antihypertensive medication50.
High BP has previously been associated with increased mortality from external causes, including suicide13. In
contrast, our IV analyses suggested a strong negative association with SBP in both sexes and with DBP in mothers; high BP appeared to be protective against external causes and suicide mortality. A previous conventional
multivariable analysis using much of the same data as the present study10 found a positive association of DBP (but
not SBP) with suicide but negative associations of SBP and DBP with other external causes mortality. Low BP is
associated with impaired cognitive performance55, anxiety and depression56 and fainting57, all of which provide
plausible causal pathways for a negative association between BP and external causes mortality. Positive associations in previous studies could be due to confounding by psychologic distress, socioeconomic position or alcohol
consumption13. Some of these sources of confounding might be reduced in the present study and in the previous
study of similar data by the young age at which BP was recorded. Alternatively, differences between populations,
particularly regarding the age of follow-up, could be responsible for the difference.
It has been suggested7 that the proportional effect of high BP on mortality declines with age; we found weak
evidence supporting this for CHD and stroke mortality. The increasing HR with age that we found for all-cause
mortality were probably due to the decreasing contribution of external causes mortality (against which high BP
appears protective in our study) to total mortality as the parents aged.
Previous studies have found an association between high BP and increased incidence of, or mortality from,
kidney disease14,58. We found a similar association for DBP which was rather stronger in women than in men.
The association with SBP, however, was close to the null, albeit with sufficient imprecision that a positive association of similar magnitude could not be ruled out (after conversion to our units, the Asia-Pacific Cohort Studies
Collaboration found HR: 1.41, 95% CI: 1.31, 1.53 compared to our IV estimate of HR: 1.03, 95% CI: 0.79, 1.34).
The extent to which high BP is a consequence, rather than a cause, of kidney disease remains uncertain6,59,60 but
reverse causation is largely accounted for in our IV analysis. We also found positive, but rather imprecise, associations of BP with kidney cancer which supports previous studies suggesting that high BP can also cause cancer
in the kidneys.
Our IV results for any-site cancer were close to the null, but this appears to have been a consequence of positive and negative associations for several different site-specific cancers cancelling each other out. Power was
generally low for site-specific cancers. Those that appeared associated with BP in one sex only, or with only one
of SBP and DBP, should be interpreted with particular caution given the number of tests conducted. Our IV
results for SBP and DBP suggested a negative association with lung cancer that was consistent between the sexes.
By contrast, previous studies61,62 have suggested a positive association. As discussed above, our IV estimates of
the association between higher BP and lung cancer mortality are probably biased downwards by confounding by
smoking, which previous studies adjusted for.
The substantial attenuation of the IV estimates for diabetes when adjusted for son’s BMI suggests that these
particularly strong positive associations may have been confounded by BMI, which is a particularly strong risk
factor for diabetes63 and is associated between generations. Nonetheless, the attenuated HR was similar in magnitude to the positive effect of higher SBP on diabetes risk (approximate odds ratio per 10.80 mmHg: 1.24, 95% CI:
1.11, 1.38) reported by an MR27.

Is there a threshold for the benefits of reduced blood pressure?

If the associations between BP
and mortality are taken to be causal, the presence or absence of a threshold below which reductions in BP are
no longer beneficial is important for the optimal management of high BP33,36,38. Consistent with two major
meta-analyses of prospective cohort studies7,11, we observed associations between son’s BP and paternal CHD
mortality that were approximately log-linear across the observed range of BP. For maternal CHD mortality the
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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 preadjusted 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 socioeconomic 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.
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, contributed a smaller proportion (9% versus 50%) of the total mortality.
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When considering the treatment of high BP, it should be noted that associations between BP and mortality,
even if causal, may not apply in the same way to drug-induced changes in BP37. Furthermore, reduced BP and
increased medication may impact upon quality of life, which becomes increasingly important at older ages.

Strengths and limitations of the study.

The study followed survival among the parents of an almost
complete cohort of Swedish men. This gave a very large sample which was highly representative of the recent
population of Sweden. Those who do not have sons are the only substantial section of the population missing
from the study. Biological mechanisms causally linking BP to mortality are likely to be similar in different populations, but patterns of socioeconomic confounding might be different in populations outside Europe or even
Scandinavia (the setting for both studies to date using this method). There was some evidence of digit preference
in the BP measurements, which may result in a slight attenuation of the results towards the null. The availability
of BP data in a subsample of fathers allowed the use of a son’s BP as an IV and not just as a proxy and was a particularly valuable feature of these data. By using a son’s BP as an IV, we were able to increase the follow-up time
and to avoid confounding by pre-existing disease. The two major limitations of the IV approach are the risk of
amplifying any remaining confounding and the reduction in power for the same sample size. The subsample of
fathers with measured BP, although large by normal epidemiological standards, was not sufficient to make usefully powerful comparisons of the IV and conventional multivariable methods on comparable data. The absence
of any BP data for mothers meant that two-sample IV estimates for mothers required the additional assumption
that the mother-son association in BP was the same as the father-son association. There is some evidence that this
is the case for SBP, but that a son’s DBP may be better associated with his father’s DBP than his mothers64,65. When
comparing IV estimates for maternal and paternal mortality it should also be noted that they could be differently
biased if, for example, a son’s health-related behavior and hence BP are more affected by unhealthy behaviour in
the mother than by similarly unhealthy behaviour in the father. The father-son correlation in SBP in the present
study was similar to that found in other studies, while the correlation in DBP was rather lower, and less than that
typically found elsewhere64,65. Besides the amplification of confounding considered above, a weak association
between the exposure and the instrument can lead to IV estimates being biased towards the conventional multivariable estimates. The sample size, however, led to reassuringly large F-statistics for the father-son associations.

Conclusions

Using a son’s BP as an IV for his parents’ BP, we found that son’s SBP and DBP were positively associated with
mortality in both parents from all-causes, CVD, CHD, stroke and diabetes. SBP, but not DBP, was inversely associated with mortality from external causes and specifically suicide. These results are approximately consistent with
other published studies using subjects’ own BP and suggest that hazard ratios estimated by conventional multivariable methods are not substantially confounded by pre-existing ill-health. The negative associations found
with respiratory disease and lung cancer contrast with the positive associations found by most conventional
multivariable studies and were probably confounded by smoking. The limited evidence available to us suggests
that these IV estimates are at least as vulnerable to socioeconomic and behavioural confounding as conventional
multivariable estimates are. Other causal inference methods using observational data, such as MR, may give more
reliable estimates of the causal effect of long-term differences in BP. When a son’s BP was plotted as a proxy for
his parents’ BP, we found no strong evidence of a threshold below which the positive association between BP and
CVD mortality was nullified or reversed.

Methods

Data preparation.

The Swedish Multi-Generation Register provided the unique national identity numbers
and dates of birth of all 1,629,396 males born in Sweden between 1951 and 1980 (Supplementary Fig. S1), and
those of their biological parents. The identity numbers of the sons and fathers were linked to records from conscription examinations held between 1969 and 2001. Conscription examinations were compulsory for young
Swedish men during this period, except for those with severe handicap or chronic disease. They took place at a
mean age of 18.3 years (range 16 to 25, with 91% aged 17 or 18) at one of six regional conscription centres and
provided data on examinees’ SBP, DBP, height and weight. Blood pressures were measured after 5–10 minutes’
rest in a supine position, with an appropriately sized cuff at heart level. Manual cuffs were used until 1995 in most
examination centres, before replacement with automatic ones. If SBP was less than or equal to 145 mmHg and
DBP between 50 and 85 mmHg, a single measurement was made. Otherwise, a second measurement was made
and this value was recorded and used for analysis10. Data were missing for 17% of examinees, mainly due to
accidental loss following administrative changes at the conscription authority. Smoking habits were available for
29,485 examinations, mostly from 1969 or 1970.
The Swedish Cause of Death Register provided the underlying cause for the 281,489 paternal and 152,575
maternal deaths which occurred between 1961 and 2004. These were converted from international classification of diseases (ICD) codes into broad categories, some of which were nested within others (Supplementary
Table S1). Emigrants were also identified, allowing the assumption that parents who were not dead or emigrated
by 31st December 2004 were still alive at this date. The Swedish Population and Housing Census provided data
on parental educational level and occupational status in 1970 and 1990. We took the higher of the 1970 and 1990
values for educational level and classified it into five levels: <9 years; 9–10 years; full secondary education; tertiary education; and missing (2.0% of mothers and 6.1% of fathers). We also classified parents according to five
mutually exclusive categories of occupational status: high/intermediate non-manual; lower non-manual; skilled
manual; unskilled manual; and other/missing. We used the 1970 value for parents born before 1935 and the 1990
value for parents born later. 27.5% of mothers fell into the other/missing category, comprising 1.9% missing data,
0.8% farmers and 24.9% others (including housewives, students, pensioners and part-time workers). 17.2% of
fathers were categorised as other/missing, comprising 4.7% missing, 4.0% farmers and 8.5% others.
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To avoid pseudoreplication within families, only one son from each parent was retained in the database.
Retention was random except that whenever possible, the same son was retained for both his parents. Our main
analyses were thus conducted on 986,075 father-son pairs and 1,002,031 mother-son pairs. In 66,567 father-son
pairs, the father’s BP (measured at his own conscription examination at age 18) was also available. This subset of
the data was used to quantify the intergenerational association of BP and for other analyses requiring data on the
father’s BP (Supplementary Fig. S1).

Statistical analysis. Analyses described below were conducted separately for SBP and DBP (which we
refer to collectively as BP). Before all further analysis, son’s BP was adjusted for regional patterns, secular trends
and the effect of age at examination by taking residuals from a regression of son’s BP on regional conscription
centre (categorical variable with six levels) and cubic splines of age at examination and date of birth (7 knots at
percentiles of 2.5, 18.3, 34.2, 50, 65.8, 81.7 and 97.5)66. A similar adjustment was applied to father’s BP, where
available, and both were divided by the SD of adjusted BP in sons. Sons’ and parents’ characteristics were summarised by quintiles of son’s adjusted BP and linear or logistic regression was used to examine associations as
appropriate.
We estimated the effect of parents’ own BP on their mortality using the ratio method in two-sample instrumental variable (IV) analyses39. If certain assumptions are met, IV methods allow the estimation of causal effects
free from confounding and reverse causation. The instrument was son’s BP. In IV estimates made by the ratio
method the numerator is the association between the outcome and the instrument and the denominator is the
association between the exposure and the instrument. Since BP was not measured in women, IV estimates for
mother’s mortality used a denominator based on the father-son association in BP. The denominator was estimated
in the subset of data for which the father’s BP was available (N = 66,567; Supplementary Fig. S1). Linear regression provided the mean difference in father’s BP (in SD units) per SD of son’s BP, with and without additional
adjustment for the father’s occupational status and educational level, which we refer to collectively as socioeconomic position (SEP). The numerator was estimated in the main dataset in which father’s BP was not required
(N = 986,075 father-son and 1,002,031 mother-son pairs; Supplementary Fig. S1). Cox proportional hazards
models were used to estimate the natural logarithms of hazard ratios (HR) for all-cause and cause-specific parental mortality per standard deviation (SD) of son’s BP. Initial models analysed parents of both sexes together, with
adjustment for parental sex and robust standard errors clustered by the son’s identity. Parental age was used as the
time axis and models were run with and without additional adjustment for SEP. Observations were right-censored
at the earliest of parent’s date of death or emigration, or on 31st December 2004 (the end of follow-up). They were
left-truncated at the latest of the son’s date of birth or 1st January 1961 (the start of follow-up). To test whether
the associations with son’s BP differed between mothers and fathers, parent’s sex was further allowed to interact
with son’s BP and SEP (if included). Separate analyses were also conducted for mothers and fathers, omitting
adjustment for parent’s sex and the clustered robust standard errors. Ratio method IV estimates made using
similar adjustment in the numerator and denominator were exponentiated to provide IV estimates of the HR for
parental mortality per SD of their own BP. Confidence intervals were calculated using Taylor series expansions67.
To test the proportional hazards assumption, correlation coefficients between the parent’s age and the Schoenfeld
residuals were calculated. Follow up was also split to estimate separate hazard ratios for parents before and after
their 60th birthday. To test whether associations were confounded by body mass index (BMI), we conducted a sensitivity analysis in which the IV numerator and denominator were additionally adjusted for son’s BMI (parental
BMI was not available in the main dataset).
The IV estimates assume linearity in the associations making up both the numerator and the denominator.
This assumption was tested in the denominator by plotting mean father’s BP in centiles of son’s BP. For the numerator, sex-specific Cox models were estimated as described above, except that son’s BP was represented by a cubic
spline with knots at the 5th, 35th, 65th and 95th percentiles66 for comparison with previously published results for
own BP10.
Two-sample IV optimises power, but we may also wish to test whether IV estimates differ from analogous
estimates made by a conventional multivariable analysis of parents’ own BP. For this purpose, one-sample IV
estimates (where the numerator and denominator are estimated from the same sample) were made using the subsample of data in which father’s BP was known (Supplementary Fig. S1) and compared with conventional multivariable HR for a father’s mortality against his own BP. The one-sample IV estimates were made in exactly the way
described above for the father-specific two-sample IV estimates. The conventional multivariable estimates were
made with the same time axis, truncation, censoring and adjustment and were compared to the one-sample IV
estimates using Durbin-Wu-Hausman tests68.
Statistical analyses were performed using Stata 14.1 on the University of Bristol supercomputer Blue Crystal
and Stata 15.1 on a desktop machine. The study was performed in accordance with relevant guidelines and regulations and was approved by the Research Ethics Committee of the University of Bristol Faculty of Health Sciences
(55841). Swedish national law and European guidelines do not require informed consent for research based on
non-identifiable register-based data.

Data Availability

Swedish privacy laws prohibit us from making individual-level data publicly available. Researchers who are interested in replicating our work using individual-level data should apply to the appropriate Swedish authorities e.g.
Statistics Sweden. For more information, see https://www.scb.se/en/services/guidance-for-researchers-and-universities/.

Scientific Reports |

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

9

www.nature.com/scientificreports/

www.nature.com/scientificreports

References

1. Forouzanfar, M. H. et al. Global burden of hypertension and systolic blood pressure of at least 110 to 115 mm Hg, 1990–2015. JamaJournal of the American Medical Association 317, 165–182, https://doi.org/10.1001/jama.2016.19043 (2017).
2. Law, M. R., Morris, J. K. & Wald, N. J. Use of blood pressure lowering drugs in the prevention of cardiovascular disease: metaanalysis of 147 randomised trials in the context of expectations from prospective epidemiological studies. Br. Med. J. 338, https://
doi.org/10.1136/bmj.b1665 (2009).
3. Clarke, R. et al. Impact of systolic blood pressure on cardiovascular disease in a Chinese population: A Mendelian randomization
study. Circulation 130 (2014).
4. Ference, B. A. et al. Clinical effect of naturally random allocation to lower systolic blood pressure beginning before the development
of hypertension. Hypertension 63, 1182–1188, https://doi.org/10.1161/hypertensionaha.113.02734 (2014).
5. Sundstrom, J. et al. Effects of blood pressure reduction in mild hypertension: A systematic review and meta-analysis. Ann. Intern.
Med. 162, 184–U174, https://doi.org/10.7326/m14-0773 (2015).
6. International Consortium for Blood Pressure Genome-Wide Association Studies. Genetic variants in novel pathways influence
blood pressure and cardiovascular disease risk. Nature 478, 103–109 https://doi.org/10.1038/nature10405 (2011).
7. Prospective Studies Collaboration. Age-specific relevance of usual blood pressure to vascular mortality: a meta-analysis of individual
data for one million adults in 61 prospective studies. Lancet 361, 1060–1060 (2002).
8. Prospective Studies Collaboration. Cholesterol, diastolic blood pressure, and stroke: 13,000 strokes in 450,000 people in 45
prospective cohorts. Lancet 346, 1647–1653 (1995).
9. Rodgers, A. et al. Blood pressure, cholesterol, and stroke in eastern Asia. Lancet 352, 1801–1807 (1998).
10. Sundström, J., Neovius, M., Tynelius, P. & Rasmussen, F. Association of blood pressure in late adolescence with subsequent
mortality: cohort study of Swedish male conscripts. Br. Med. J. 342, doi:d64310.1136/bmj.d643 (2011).
11. Asia Pacific Cohort Studies Collaboration. Blood pressure and cardiovascular disease in the Asia Pacific region. J. Hypertens. 21,
707–716 https://doi.org/10.1097/01.hjh.0000052492.18130.07 (2003).
12. Rapsomaniki, E. et al. Blood pressure and incidence of twelve cardiovascular diseases: lifetime risks, healthy life-years lost, and agespecific associations in 1.25 million people. Lancet 383, 1899–1911, https://doi.org/10.1016/s0140-6736(14)60685-1 (2014).
13. Terry, P. D., Abramson, J. L., Neaton, J. D. & Grp, M. R. Blood pressure and risk of death from external causes among men screened
for the multiple risk factor intervention trial. Am. J. Epidemiol. 165, 294–301, https://doi.org/10.1093/aje/kwk014 (2007).
14. O’Seaghdha, C. M. et al. Blood pressure is a major risk factor for renal death. An analysis of 560 352 participants from the AsiaPacific region. Hypertension 54, 509–U121, https://doi.org/10.1161/hypertensionaha.108.128413 (2009).
15. Grossman, E., Messerli, F. H., Boyko, V. & Goldbourt, U. Is there an association between hypertension and cancer mortality? Am. J.
Med. 112, 479–486, https://doi.org/10.1016/s0002-9343(02)01049-5 (2002).
16. Lee, J. S., Cho, S. I. & Park, H. S. Metabolic syndrome and cancer-related mortality among Korean men and women. Ann. Oncol. 21,
640–645, https://doi.org/10.1093/annonc/mdp344 (2010).
17. Stocks, T. et al. Blood Pressure and Risk of Cancer Incidence and Mortality in the Metabolic Syndrome and Cancer Project.
Hypertension 59, 802–U135, https://doi.org/10.1161/hypertensionaha.111.189258 (2012).
18. Aune, D., Sen, A. & Vatten, L. J. Hypertension and the risk of endometrial cancer: a systematic review and meta-analysis of casecontrol and cohort studies. Scientific Reports 7, https://doi.org/10.1038/srep44808 (2017).
19. Liang, Z. et al. Hypertension and risk of prostate cancer: a systematic review and meta-analysis. Scientific Reports 6, https://doi.
org/10.1038/srep31358 (2016).
20. Han, H. D. et al. Hypertension and breast cancer risk: a systematic review and meta-analysis. Scientific Reports 7, https://doi.
org/10.1038/srep44877 (2017).
21. Johansen, D. et al. Metabolic Factors and the Risk of Pancreatic Cancer: A Prospective Analysis of almost 580,000 Men and Women
in the Metabolic Syndrome and Cancer Project. Cancer Epidemiol. Biomark. Prev. 19, 2307–2317, https://doi.org/10.1158/10559965.epi-10-0234 (2010).
22. Radisauskas, R., Kuzmickiene, I., Milinaviciene, E. & Everatt, R. Hypertension, serum lipids and cancer risk: A review of
epidemiological evidence. Medicina-Lithuania 52, 89–98, https://doi.org/10.1016/j.medici.2016.03.002 (2016).
23. Harding, J. L. et al. Hypertension, antihypertensive treatment and cancer incidence and mortality: a pooled collaborative analysis of
12 Australian and New Zealand cohorts. J. Hypertens. 34, 149–155, https://doi.org/10.1097/hjh.0000000000000770 (2016).
24. Hidayat, K., Du, X., Zou, S. Y. & Shi, B. M. Blood pressure and kidney cancer risk: meta-analysis of prospective studies. J. Hypertens.
35, 1333–1344, https://doi.org/10.1097/hjh.0000000000001286 (2017).
25. Sun, L. M. et al. Hypertension and subsequent genitourinary and gynecologic cancers risk a population-based cohort study.
Medicine (Baltimore) 94, https://doi.org/10.1097/md.0000000000000753 (2015).
26. Sanfilippo, K. M. et al. Hypertension and obesity and the risk of kidney cancer in 2 large cohorts of US men and women.
Hypertension 63, 934–941, https://doi.org/10.1161/hypertensionaha.113.02953 (2014).
27. Aikens, R. C. et al. Systolic blood pressure and risk of type 2 diabetes: A Mendelian randomization study. Diabetes 66, 543–550,
https://doi.org/10.2337/db16-0868 (2017).
28. Krause, T. et al. Management of hypertension: summary of NICE guidance. Br. Med. J. 343, https://doi.org/10.1136/bmj.d4891
(2011).
29. National Institute for Health and Care Excellence. Hypertension in adults: diagnosis and management. NICE Guideline (CG127)
(2011).
30. Flack, J. M. et al. Blood pressure and mortality among men with prior myocardial infarction. Circulation 92, 2437–2445 (1995).
31. Glynn, R. J. et al. Evidence for a positive linear relations between blood pressure and mortality in elderly people. Lancet 345,
825–829, https://doi.org/10.1016/s0140-6736(95)92964-9 (1995).
32. Czernichow, S. et al. The effects of blood pressure reduction and of different blood pressure-lowering regimens on major
cardiovascular events according to baseline blood pressure: meta-analysis of randomized trials. J. Hypertens. 29, 4–16, https://doi.
org/10.1097/HJH.0b013e32834000be (2011).
33. Sipahi, I. et al. Effect of Antihypertensive Therapy on Incident Stroke in Cohorts With Prehypertensive Blood Pressure Levels A
Meta-Analysis of Randomized Controlled Trials. Stroke 43, 432–440, https://doi.org/10.1161/strokeaha.111.636829 (2012).
34. Bangalore, S. et al. Optimal systolic blood pressure target after sprint: Insights from a network meta-analysis of randomized trials.
Am. J. Med. 130, 707–U382, https://doi.org/10.1016/j.amjmed.2017.01.004 (2017).
35. Ettehad, D. et al. Blood pressure lowering for prevention of cardiovascular disease and death: a systematic review and meta-analysis.
Lancet 387, 957–967, https://doi.org/10.1016/s0140-6736(15)01225-8 (2016).
36. Brown, M. J., Cruickshank, J. K. & MacDonald, T. M. Navigating the shoals in hypertension: discovery and guidance. Br. Med. J. 344,
https://doi.org/10.1136/bmj.d8218 (2012).
37. Zanchetti, A. et al. Facts and fallacies of blood pressure control in recent trials: implications in the management of patients with
hypertension. J. Hypertens. 27, 673–679, https://doi.org/10.1097/HJH.0b013e3283298ea2 (2009).
38. Grossman, E. Blood pressure: the lower, the better. The con side. Diabetes Care 34, S308–S312, https://doi.org/10.2337/dc11-s245
(2011).
39. Didelez, V., Meng, S. & Sheehan, N. A. Assumptions of IV methods for observational epidemiology. Statistical Science 25, 22–40,
https://doi.org/10.1214/09-sts316 (2010).

Scientific Reports |

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

10

www.nature.com/scientificreports/

www.nature.com/scientificreports

40. Li, G. J. et al. The association between smoking and blood pressure in men: a cross-sectional study. BMC Public Health 17, https://
doi.org/10.1186/s12889-017-4802-x (2017).
41. Primatesta, P., Falaschetti, E., Gupta, S., Marmot, M. G. & Poulter, N. R. Association between smoking and blood pressure - Evidence
from the Health Survey for England. Hypertension 37, 187–193, https://doi.org/10.1161/01.Hyp.37.2.187 (2001).
42. Okubo, Y., Miyamoto, T., Suwazono, Y., Kobayashi, E. & Nogawa, K. An association between smoking habits and blood pressure in
normotensive Japanese men. J. Hum. Hypertens. 16, 91–96, https://doi.org/10.1038/sj/jhh/1001303 (2002).
43. Linneberg, A. et al. Effect of smoking on blood pressure and resting heart rate: A Mendelian randomization meta-analysis in the
CARTA consortium. Circulation-Cardiovascular. Genetics 8, 832–841, https://doi.org/10.1161/circgenetics.115.001225 (2015).
44. Hernan, M. A. & Robins, J. M. Instruments for causal inference - An epidemiologist’s dream? Epidemiology 17, 360–372, https://doi.
org/10.1097/01.ede.0000222409.00878.37 (2006).
45. Jackson, J. W. & Swanson, S. A. Toward a clearer portrayal of confounding bias in instrumental variable applications. Epidemiology
26, 498–504, https://doi.org/10.1097/ede.0000000000000287 (2015).
46. Davey Smith, G. & Hemani, G. Mendelian randomization: genetic anchors for causal inference in epidemiological studies. Hum.
Mol. Genet. 23, R89–R98, https://doi.org/10.1093/hmg/ddu328 (2014).
47. Davey Smith, G. et al. The association between BMI and mortality using offspring BMI as an indicator of own BMI: large
intergenerational mortality study. BMJ 339, b5043 (2009).
48. Carslake, D. et al. Associations of mortality with own height using son’s height as an instrumental variable. Econ. Hum. Biol. 11,
351–359, https://doi.org/10.1016/j.ehb.2012.04.003 (2013).
49. Lawlor, D. A., Tilling, K. & Davey Smith, G. Triangulation in aetiological epidemiology. Int. J. Epidemiol. 45, 1866–1886, https://doi.
org/10.1093/ije/dyw314 (2016).
50. Rahimi, K., Emdin, C. A. & MacMahon, S. The Epidemiology of Blood Pressure and Its Worldwide Management. Circ. Res. 116,
925–936, https://doi.org/10.1161/circresaha.116.304723 (2015).
51. Ravindrarajah, R. et al. Systolic blood pressure trajectory, frailty, and all-cause mortality >80 years of age cohort study using
electronic health records. Circulation 135, 2357–+, https://doi.org/10.1161/circulationaha.116.026687 (2017).
52. Supiano, M. A., Pajewski, N. M. & Williamson, J. D. Systolic blood pressure and mortality: Role of reverse causation. J. Am. Geriatr.
Soc. 66, 205–206, https://doi.org/10.1111/jgs.15146 (2018).
53. Wade, K. H. et al. Blood pressure and mortality: using offspring blood pressure as an instrument for own blood pressure in the
HUNT study. Scientific Reports 5, 12399, https://doi.org/10.1038/srep12399 (2015).
54. Lewington, S. et al. Blood cholesterol and vascular mortality by age, sex, and blood pressure: a meta-analysis of individual data from
61 prospective studies with 55000 vascular deaths. Lancet 370, 1829–1839 (2007).
55. Duschek, S. & Schandry, R. Reduced brain perfusion and cognitive performance due to constitutional hypotension. Clin. Auton. Res.
17, 69–76, https://doi.org/10.1007/s10286-006-0379-7 (2007).
56. Hildrum, B. et al. Association of low blood pressure with anxiety and depression: the Nord-Trondelag Health Study. J. Epidemiol.
Community Health 61, 53–58, https://doi.org/10.1136/jech.2005.044966 (2007).
57. Mathias, C. J., Deguchi, K. & Schatz, I. Observations on recurrent syncope and presyncope in 641 patients. Lancet 357, 348–353,
https://doi.org/10.1016/s0140-6736(00)03642-4 (2001).
58. Klag, M. J. et al. Blood pressure and end-stage renal disease in men. N. Engl. J. Med. 334, 13–18, https://doi.org/10.1056/
nejm199601043340103 (1996).
59. Chertow, G. M. & Chang, T. I. Kidney disease, hospitalized hypertension, and cardiovascular events: Cause or consequence?
Circulation 121, 2160–2161, https://doi.org/10.1161/circulationaha.110.956904 (2010).
60. Peixoto, A. J., Orias, M. & Desir, G. V. Does kidney disease cause hypertension? Curr. Hypertens. Rep. 15, 89–94, https://doi.
org/10.1007/s11906-013-0327-6 (2013).
61. Peeters, P. H. M., van Noord, P. A. H., Hoes, A. W. & Grobbee, D. E. Hypertension, antihypertensive drugs, and mortality from
cancer among women. J. Hypertens. 16, 941–947, https://doi.org/10.1097/00004872-199816070-00007 (1998).
62. Wannamethee, G. & Shaper, A. G. Blood pressure and cancer in middle-aged British men. Int. J. Epidemiol. 25, 22–31, https://doi.
org/10.1093/ije/25.1.22 (1996).
63. Must, A. et al. The disease burden associated with overweight and obesity. JAMA 282, 1523–1529, https://doi.org/10.1001/
jama.282.16.1523 (1999).
64. Jee, S. H., Suh, I., Won, S. Y. & Kim, M. Familial correlation and heritability for cardiovascular risk factors. Yonsei Med. J. 43,
160–164 (2002).
65. Havlik, R. J. et al. Blood pressure aggregation in families. Am. J. Epidemiol. 110, 304–312 (1979).
66. Harrell, F. E. Regression Modeling Strategies. With applications to linear models, logistic regression, and survival analysis. (Springer
2001).
67. Thomas, D. C., Lawlor, D. A. & Thompson, J. R. Re: Estimation of bias in nongenetic observational studies using “Mendelian
triangulation” by Bautista et al. Ann. Epidemiol. 17, 511–513, https://doi.org/10.1016/j.annepidem.2006.12.005 (2007).
68. Greene, W. H. Econometric Analysis. 7 edn, (Pearson 2012).

Acknowledgements

D.C., A.F., G.D.S. and D.A.L. work in a unit that receives funds from the UK Medical Research Council (MC_
UU_12013/1, MC_UU_12013/5, MC_UU_12013/9, MC_UU_00011/1, MC_UU_00011/6) and the University of
Bristol. Finn Rasmussen contributed substantially to the study concept and early development of the manuscript.

Author Contributions

G.D.S. thought of the study concept. P.T. obtained the data. P.T. and M.T.M. advised on data use and analysis. T.P.
and A.F. contributed Stata analysis code. D.C. conducted the analysis and drafted the manuscript. All authors
contributed to the development of the study, reviewed the manuscript and approved the final version.

Additional Information

Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-019-45391-w.
Competing Interests: The authors declare no competing interests.
Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Scientific Reports |

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

11

www.nature.com/scientificreports/

www.nature.com/scientificreports

Open Access This article is licensed under a Creative Commons Attribution 4.0 International
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
© The Author(s) 2019

Scientific Reports |

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

12

