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Abstract

Background: Taller people have a lower risk of coronary heart disease but a higher risk of many
cancers. Mendelian randomization (MR) studies in unrelated individuals (population MR) have
suggested that these relationships are potentially causal. However, population MR studies are
sensitive to demography (population stratification, assortative mating) and familial (indirect genetic)
effects.

Methods: In this study, we performed within-sibship MR analyses using 78,988 siblings, a design
robust against demography and indirect genetic effects of parents. For comparison, we also applied
population MR and estimated associations with measured height.

Results: Within-sibship MR estimated that 1 SD taller height lowers the odds of coronary heart
disease by 14% (95% Cl: 3-23%) but increases the odds of cancer by 18% (95% ClI: 3-34%), highly
consistent with population MR and height-disease association estimates. There was some evidence
that taller height reduces systolic blood pressure and low-density lipoprotein cholesterol, which may
mediate some of the protective effects of taller height on coronary heart disease risk.

Conclusions: For the first time, we have demonstrated that the purported effects of height on
adulthood disease risk are unlikely to be explained by demographic or familial factors, and so likely
reflect an individual-level causal effect. Disentangling the mechanisms via which height affects
disease risk may improve the understanding of the etiologies of atherosclerosis and carcinogenesis.
Funding: This project was conducted by researchers at the MRC Integrative Epidemiology Unit
(MC_UU_00011/1) and also supported by a Norwegian Research Council Grant number 295989.

Editor's evaluation

The authors examined the role of height in cancer, coronary heart disease and cardiovascular
disease risk factors, using four different designs. They found that height increases risk of cancer and
decreases risk of coronary heart disease, while the associations for the cardiovascular disease risk
factors were largely null. This will be mainly of interest to epidemiologists.
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Introduction

Height is a classical complex trait influenced by genetic and early-life environmental factors. Despite
the nonmodifiable nature of adult height, evaluating the effects of height on noncommunicable disease
risk can give insights into the etiology of adulthood diseases (Emerging Risk Factors Collaboration,
2012; Davey Smith et al., 2000). Two major groupings of diseases, cardiovascular disease and cancer,
have divergent associations with height (Emerging Risk Factors Collaboration, 2012; Davey Smith
et al., 2000; Stefan et al., 2016). Taller people are less likely to develop cardiovascular disease,
including coronary heart disease (CHD) (Emerging Risk Factors Collaboration, 2012; Nelson et al.,
2015; Niiesch et al., 2016; Hebert et al., 1993, Batty et al., 2009; Marouli et al., 2019) and stroke
(Njolstad et al., 1996), but more likely to be diagnosed with cancer (Emerging Risk Factors Collab-
oration, 2012; Green et al., 2011, Zhang et al., 2015; Thrift et al., 2015; Dixon-Suen et al., 2018;
Batty et al., 2006, Gunnell et al., 2001, Perkins et al., 2016). The mechanisms via which height
influences disease risks are unclear. The association between height and cardiovascular disease may
be mediated via favorable lipid profiles (Emerging Risk Factors Collaboration, 2012; Nelson et al.,
2015), lower systolic blood pressure (SBP) (Emerging Risk Factors Collaboration, 2012; Langenberg
et al., 2003), lung function (Marouli et al., 2019; Gunnell et al., 2003), lower heart rate (Smulyan
et al.,, 1998), and coronary artery vessel dimension (O’Connor et al., 1996). The increased cancer
incidence among taller individuals could relate to early-life exposure to hormones such as insulin-like
growth factor 1 (IGF-1) (Renehan et al., 2004; Clayton et al., 2011) or the increased number of cells
in taller individuals (Stefan et al., 2016; Green et al., 2011; Albanes and Winick, 1988). However,
although overall cancer risk is higher among taller individuals (Green et al., 2011, Batty et al., 2006;
Gunnell et al., 2001), there is some evidence for heterogeneity across cancer subtypes with null or
inverse associations observed between height and risk of stomach, oropharyngeal, and esophageal
cancers (Green et al., 2011; Batty et al., 2006; Gunnell et al., 2001; Perkins et al., 2016).

Height is highly heritable, but the average height across the European populations has increased
over the last hundred years (Hatton, 2013), illustrating the effects of early-life environmental factors
such as nutrition and childhood infections. The associations of height with adulthood diseases and
relevant biomarkers could reflect the biomechanical effects relating to increased stature (e.g., number
of cells or larger arteries; O’Connor et al., 1996) or could reflect confounding by early-life environ-
mental factors that influence both height and later-life health such as parental socioeconomic position.
For example, wealthier parents may provide their offspring with better nutrition, leading to increased
adult height, and a better education, potentially leading to improved health in adulthood (Perkins
et al., 2016). Thus, it is unclear whether height has a causal effect on the risk of cardiovascular disease
and cancer or if a confounding factor influences both height and disease risk.

Mendelian randomization (Smith and Ebrahim, 2003) analyses, using genetic variants associated
with height as a proxy for observed height, have been used to strengthen the evidence for causal
effects of height on adulthood diseases (Nelson et al., 2015; Niiesch et al., 2016; Zhang et al., 2015,
Thrift et al., 2015; Dixon-Suen et al., 2018). The underlying premise being that genetic variants asso-
ciated with height, unlike height itself, are unlikely to be associated with potential confounders such as
childhood nutrition. However, there is growing evidence that estimates from genetic epidemiological
studies using unrelated individuals may capture effects relating to demography (population stratifica-
tion, assortative mating) and familial effects (e.g., indirect genetic effects of relatives where parental
genotype influences offspring phenotypes) (Barton and Hermisson, 2019; Berg et al., 2019, Sohail
et al., 2019, Ruby et al., 2018; Haworth et al., 2019; Brumpton et al., 2019, Lee et al., 2018;
Kong et al., 2018; Young et al., 2018). Indeed, recent articles have illustrated the potential for
genetic analyses of height to be affected by these biases (Berg et al., 2019, Sohail et al., 2019),
including a Mendelian randomization study of height on education (Brumpton et al., 2019). One
approach to overcome these potential biases is to use data from siblings (Brumpton et al., 2019,
Davies et al., 2019) and exploit the shared early-life environment of siblings and the random segre-
gation of alleles during meiosis (Smith and Ebrahim, 2003). Indeed, true Mendelian randomization
was initially proposed as existing within a parent-offspring design (Smith and Ebrahim, 2003; Davey
Smith et al., 2020; Figure 1).

Here, we used data from 40,275 siblings from UK Biobank (Bycroft et al., 2018) and 38,723 siblings
from the Norwegian HUNT study (Krokstad et al., 2013) to estimate the effects of adulthood height
on CHD, cancer risk, and relevant biomarkers. Study-level information is contained in Table 1. We
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Figure 1. Mendelian randomization within families. The random allocation of alleles within a parent-offspring quad (two parents and two offspring),
initially observed by Mendel, is illustrated. Consider a height influencing genetic variant H where on average individuals with the H+ allele are taller than
individuals with the H- allele. From Mendel's law of segregation, parent 1, who is heterozygous at this allele, has an equal chance of transmitting either
an H+ or H- allele to offspring. Parent 2, homozygous at this allele, will always transmit a copy of the H- allele. It follows that 50% of this pair's offspring
will be heterozygous (as parent 1) and 50% will be homozygous for the H- allele (as parent 2). On average, the heterozygous offspring will be taller than
the homozygous H- offspring, with this difference a consequence of random segregation of gametes.

report the estimates of the effects of height on CHD and cancer from both phenotypic models and
Mendelian randomization, with and without accounting for family structure.

Methods
UK Biobank

Overview

UK Biobank is a large-scale prospective cohort study, described in detail previously (Bycroft et al.,
2018; Sudlow et al., 2015). In brief, 503,325 individuals aged between 38 and 73 years were recruited
between 2006 and 2010 from across the United Kingdom. For the purpose of this study, we used a
subsample of 40,275 siblings from 19,588 families (Brumpton et al., 2019). Full-siblings were derived
using UK Biobank-provided estimates of pairwise identical by state (IBS) kinships (>0.5-21 * IBSO,
<0.7) and IBSO (>0.001, <0.008), the proportion of unshared loci (Hill and Weir, 2011). This research
has been conducted using the UK Biobank Resource under Application Number 15825. UK Biobank
has ethical approval from the North West Multi-centre Research Ethics Committee (MREC). All UK
Biobank participants provided written informed consent.
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Table 1. UK Biobank and HUNT study characteristics.
Information on the UK Biobank and Norwegian HUNT studies, including descriptive of the sibling
samples, is given.

UK Biobank HUNT
Sibling sample: 40,275 (19,588) 38,723 (15,179)
N individuals (N sibships)
Recruitment period: 2006-2010 HUNT2 (1995-97)
years HUNTS3 (2006-08)
Year of birth: 1950 (1945, 1956) 1951 (1937,
median (Q1, Q3) 1963)
Sex: 42.2 48.7
male (%)
Male height (cm): 175.7 (6.7) 177.6 (6.7)
mean (SD)
Female height (cm): 162.4 (6.2) 164.4 (6.3)
mean (SD)
Coronary heart disease: 3006 (7.5%) 6447 (16.6%)
N cases (% of sample)
Cancer: 6724 (16.5%) 2323 (6.0%)

N cases (% of sample)

Phenotype data
At baseline, study participants attended an assessment center where they completed a touch-screen
questionnaire, were interviewed, and had various measurements and samples taken. Height (field
ID: 12144-0.0) and sitting height (field ID: 20015-0.0) were measured using a Seca 202 device at the
assessment center. Seated height is equivalent to trunk length, leg length was defined as height minus
seated height, and the leg to trunk ratio was calculated by taking the ratio of leg and trunk length. SBP
was measured using an automated reading from an Omron Digital blood pressure monitor (field ID:
4080-0.0). Biomarkers of interest, including direct low-density lipoprotein cholesterol (LDL-C), high-
density lipoprotein cholesterol (HDL-C), triglycerides (TG), glucose, and IGF-1, were measured using
blood samples and the Beckman Coulter AU5800 or the DiaSorin LIASON XL (IGF-1) analyzers.
International Classification of Disease (10th edition) (ICD10) codes and Office of Population Censuses
and Surveys Classifications of Interventions and Procedures (OPCS) codes were used to identify CHD
and cancer (all subtypes and a stratified analysis) cases using several data sources: (1) secondary care
data from Hospital Episode Statistics (HES), (2) death register data, and (3) cancer registry data. The
stratified analysis included a subset of cancer subtypes (lung, oropharyngeal, stomach, esophageal,
pancreatic, bladder, and multiple myeloma). Relevant codes are given in Supplementary file 1A. Both
prevalent and incident cases were included in the analyses.

Genotyping

The UK Biobank study participants (N = 488,377) were genotyped using the UK BiLEVE (N = 49,950)
and the closely related UK Biobank Axiom Arrays (N = 438,427). Directly genotyped variants were
pre-phased using SHAPEIT3 (O’Connell et al., 2016) and imputed using Impute4 and the UK10K
(Walter et al., 2015), Haplotype Reference Consortium (McCarthy et al., 2016) and 1000 Genomes
Phase 3 (Genomes Project Consortium, 2015) reference panels. More details are given in a previous
publication (Bycroft et al., 2018).

HUNT

Overview

The Trendelag Health Study (HUNT) is a series of general health surveys of the adult population of
the demographically stable Nord-Trendelag region, Norway, as detailed in a previous study (Holmen
et al., 2003). The entire adult population of this region (~90,000 adults in 1995) is invited to attend a
health survey (includes comprehensive questionnaires, an interview, clinical examination, and detailed
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phenotypic measurements) every 10 years. To date, four health surveys have been conducted, HUNT1
(1984-1986), HUNT2 (1995-1997), HUNT3 (2006-2008), and HUNT4 (2017-2019), and all surveys
have a high participation rate (Krokstad et al., 2013). This study includes 38,723 siblings from 15,179
families who participated in the HUNT2 and HUNT3 surveys. Siblings were identified using KING soft-
ware (Manichaikul et al., 2010), with pairs defined as follows: kinship coefficient between 0.177 and
0.355, the proportion of the genomes that share two alleles identical by descent (IBD) > 0.08, and the
proportion of the genome that share zero alleles IBD > 0.04. The use of HUNT data in this study was
approved by the Regional Committee for Ethics in Medical Research, Central Norway (2017/2479). All
HUNT study participants provided written informed consent.

Phenotype data

Height was measured to the nearest 1.0 cm using standardized instruments with participants wearing
light clothes without shoes. SBP was measured using automated oscillometry (Critikon Dinamap 845XT
and XL9301, acquired by GE Medical Systems Information Technologies in 2000) on the right arm in a
relaxed sitting position (Holmen et al., 2003; Krokstad et al., 2013). SBP was measured twice with a
1 min interval between measurement with the mean of both measurements used in this study.

All HUNT participants provided nonfasting blood samples when attending the screening site.
Total cholesterol, HDL-C, and TG levels in HUNT2 were measured in serum samples using enzymatic
colorimetric methods (Boehringer Mannheim, Mannheim, Germany). In HUNT3, participants’ total
cholesterol was measured by enzymatic cholesterol esterase methodology; HDL-C was measured by
accelerator selective detergent methodology; and TGs were measured by glycerol phosphate oxidase
methodology (Abbott, Clinical Chemistry, USA). LDL-C levels were calculated using the Friedewald
formula (Friedewald et al., 1972) in both surveys. Participants in HUNT with TG levels > 4.5 mmol/L (n
= 1349) were excluded for LDL-C calculation as the Friedewald formula is not valid at higher TG levels.
For all these phenotypes, if the participant attended both HUNT2 and HUNT3 surveys, then the values
from HUNT2 were used for the analysis presented here.

The unique 11-digit identification number of every Norwegian citizen was used to link the HUNT
participant records with the hospital registry, which included the three hospitals in the area (up to
March 2019). We used ICD-10 and ICD-9 codes 410-414 and 120-125 to define CHD, including both
prevalent and incident cases. Cancer status (yes/no) was self-reported in HUNT2, HUNT3, and HUNT4
questionnaires. Individuals with discordant responses across different questionnaires were excluded
from analyses. Due to the nature of cancer data collection, only prevalent cancer cases were included
in analyses.

Genotyping

DNA samples were available from 71,860 HUNT samples from HUNT2 and HUNT3 and were geno-
typed (Krokstad et al., 2013) using one of the three different lllumina HumanCoreExome arrays:
HumanCoreExome12 v1.0 (n = 7570), HumanCoreExome12 v1.1 (n = 4960), and University of Mich-
igan HUNT Biobank v1.0 (n = 58,041, HumanCoreExome-24 v1.0, with custom content). Quality
control was performed separately for genotype data from different arrays. The call rate of geno-
typed samples was >99%. Imputation was performed on samples of recent European ancestry using
Minimac3 (v2.0.1, http://genome.sph.umich.edu/wiki/Minimac3) (Das et al., 2016) from a merged
reference panel constructed from (1) the Haplotype Reference Consortium panel (release version 1.1)
(McCarthy et al., 2016) and (2) a local reference panel based on 2202 whole-genome sequenced
HUNT participants (Zhou et al., 2017). The subjects included in the study were of European ancestry
and had passed the quality control.

Statistical analysis

Population and within-sibship models
The population model is a conventional regression model where the outcome is regressed (linear
or logistic) against the exposure (height or height polygenic score [PGS]) with the option to include
covariates.

The within-sibship model is an extension to the population model that includes a family mean term,
the average exposure value across each family (height or height PGS), with each individual expo-
sure value centered about the family mean exposure. To account for relatedness between siblings,
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standard errors are clustered by family in both models. More information on these models is contained
in previous publications (Brumpton et al., 2019; Howe et al., 2021) with statistical code available on
GitHub (Howe, 2022).

Phenotypic and Mendelian randomization analyses

In phenotypic analyses, we used regression models (within-sibship and population) to estimate the
association between measured height and all outcomes (CHD, cancer, SBP, LDL-C, HDL-C, TG,
glucose, and IGF-1) using linear models for continuous outcomes and logistic models for binary
disease outcomes. In both cohorts, we used a standardized measure of height after adjusting for age
and sex and also standardized continuous outcomes after adjusting for age and sex.

In Mendelian randomization analyses, we fit regression models as above but used an age/sex-
standardized height PGS instead of measured height. The height PGS was constructed in PLINK
(Purcell et al., 2007) using 372 independent (LD clumping: 250 kb, r2 < 0.01, p<5 x 107®) genetic vari-
ants from a previous height genome-wide association study (Wood et al., 2014) that did not include
UK Biobank or HUNT. Again, we standardized and adjusted for age/sex for continuous outcomes. To
estimate the effect of the PGS on height, we fit a model regressing measured standardized height
against the height PGS. We then generated scaled Mendelian randomization estimates by taking the
Wald ratio of the PGS-outcome associations and the PGS-height associations. All statistical analyses
were conducted using R (v. 3.5.1).

There are three core instrumental variable assumptions for Mendelian randomization analyses.
First, the genetic variants should be robustly associated with the exposure (relevance). Second, there
should be no unmeasured confounders of the genetic variant-outcome association (independence).
Third, the genetic variants should only influence the outcome via their effect on the exposure (the
exclusion restriction) (Haycock et al., 2016; Didelez and Sheehan, 2007; Lawlor et al., 2008).

UK Biobank and HUNT meta-analyses

We performed phenotypic and Mendelian randomization analyses (using population and within-
sibship models) in both UK Biobank and HUNT. For phenotypes measured in both studies (CHD,
cancer, LDL-C, HDL-C, TG), we combined estimates across both studies using a fixed-effects model
in the metafor R package for meta-analysis. We tested for heterogeneity between UK Biobank/HUNT
estimates using the difference of two means test statistic (Altman and Bland, 2003).

Outcomes

Using the previously described models and meta-analysis procedure, we estimated the effects of
height on CHD, cancer, LDL-C, HDL-C, TG, glucose, and IGF-1. As a sensitivity analysis, we used
phenotypic models to evaluate the associations between dimensions of height (leg length, trunk
length, and leg to trunk ratio) with CHD and cancer in UK Biobank. A further sensitivity analysis
involved repeating cancer analyses in UK Biobank with a subset of cancers not phenotypically associ-
ated with height (described above).

Results
Adulthood height and risk of CHD and cancer

We found consistent evidence across population and within-sibship models, using both measured
height and a height PGS, that taller adulthood height reduced CHD risk and increased the risk of
cancer (Supplementary file 1B and C).

Within-sibship Mendelian randomization estimated that 1 SD taller height (approximately 6.8 cm
for men and 6.2 cm for women) reduced the odds of CHD by 14% (95% CI 3-23%) but increased
the odds of cancer by 18% (95% Cl 3-34%). These estimates were consistent across analyses using
measured height as well as with population Mendelian randomization estimates. For example, popu-
lation Mendelian randomization analyses estimated that 1 SD taller height reduced the odds of CHD
by 10% (95% Cl 4—-16%) and increased the odds of cancer by 9% (95% Cl 2-16%) (Table 2, Figure 2).

We then evaluated the associations between dimensions of height (trunk length, leg length, and
leg to trunk ratio) and risk of CHD/cancer in UK Biobank. We found little evidence of heterogeneity
between estimates, although stronger conclusions are limited by statistical power (Supplementary
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Figure 2. Taller height and risk of coronary heart disease and cancer. The meta-analysis results from four different models used to evaluate the effect
of height on coronary heart disease (CHD) and cancer risk are displayed. First, a phenotypic population model with measured height as the exposure
and age and sex included as covariates. Second, a within-sibship phenotypic model with the family mean height included as an additional covariate
to account for family structure. Third, a population Mendelian randomization model with height polygenic score (PGS) as the exposure exploiting
advantageous properties of genetic instruments. Fourth, a within-sibship Mendelian randomization model with the family mean PGS included as a
covariate to control for parental genotypes. Across all four models, we found consistent evidence that taller height reduces the odds of CHD and
increases the odds of cancer.

file 1D). We also ran a sensitivity analysis in UK Biobank, rerunning height-cancer analyses including
only cases with one of seven cancer subtypes (lung, oropharyngeal, stomach, esophageal, pancreatic,
bladder, and multiple myeloma) for which a previous study found little evidence they associated with
height (Green et al., 2011). These subtypes generally show very strong social patterning, which could
explain the attenuated associations with height that is also often socially patterned. As expected, the
association of measured height with this subset of cancers (population OR 0.99; 95% Cl 0.92-1.06;
within-sibship OR 1.01; 95% Cl 0.88-1.15) was less strong than the association between height and
the all-cancer outcome (population OR 1.05; 95% CI 1.02-1.07; within-sibship OR 1.05; 95% Cl 1.01-
1.09). Mendelian randomization estimates were imprecise because of the modest number of cases for
these cancers (Supplementary file 1E).

Adulthood height and biomarkers

Using measured biomarkers, both population and within-sibship models found evidence for the asso-
ciation between taller height and lower SBP, lower circulating LDL-C, and higher circulating IGF-1
levels. There was some evidence for heterogeneity in phenotypic associations between height and
biomarkers in UK Biobank and HUNT, such as for SBP, which was more strongly associated with height
in UK Biobank (Supplementary file 1B).

Population Mendelian randomization results suggested that taller height reduced SBP (per 1
SD taller height, 0.036 SD decrease; 95% Cl 0.014-0.058), LDL-C (per 1 SD taller height, 0.065 SD
decrease; 95% Cl 0.044-0.087), HDL-C (per 1 SD taller height, 0.025 SD decrease; 95% Cl 0.003-
0.048) but increased glucose (per 1 SD taller height, 0.032 SD increase; 95% Cl 0.005-0.060). In
contrast, we found little evidence that taller height affected TG or IGF-1 levels. Within-sibship Mende-
lian randomization estimates were consistent with population estimates; SBP (per 1 SD taller height,
0.025 SD decrease; 95% Cl-0.013 to 0.063), LDL-C (per 1 SD taller height, 0.041 SD decrease; 95% Cl
0.005-0.078), HDL-C (per 1 SD taller height, 0.014 SD decrease; 95% Cl -0.022 to 0.050) and glucose
(per 1 SD taller height, 0.023 SD increase; 95% CI -0.030 to 0.077) (Figure 3, Table 2).
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Figure 3. Mendelian randomization estimates of the effects of taller height on biomarkers. The meta-analysis results from population and within-sibship
Mendelian randomization analyses estimating the effect of taller height on biomarkers across UK Biobank and HUNT are shown. The estimates were

broadly similar between the two models, suggesting the modest effects of demography and indirect genetic effects.

There was some putative evidence for heterogeneity in the Mendelian randomization effect esti-
mates between UK Biobank and HUNT. For example, within-sibship Mendelian randomization esti-
mate suggested the effects of height on SBP in UK Biobank (0.077 SD decrease; 95% Cl 0.017-0.137)
but the effect estimate was in the opposite direction in HUNT (0.010 SD increase; 95% Cl -0.040 to

0.059; heterogeneity p=0.03) (Table 2).

Discussion

In this study, we used sibling data from two large biobanks to estimate the effects of height on CHD,
cancer, and relevant biomarkers. We found consistent evidence across all models, including within-
sibship Mendelian randomization, that taller height is protective against CHD but increases the risk of
cancers. We found less consistent evidence for the effects of height on biomarkers; population and
within-sibship phenotypic models as well as population Mendelian randomization models suggested
modest effects of taller height on SBP, LDL-C, and HDL-C. However, the confidence intervals for within-
family Mendelian randomization of height and biomarkers were too wide to draw strong conclusions.

Our findings are largely consistent with previous studies (Emerging Risk Factors Collaboration,
2012; Nelson et al., 2015; Niiesch et al., 2016; Hebert et al., 1993, Marouli et al., 2019; Green
et al., 2011, Zhang et al., 2015; Thrift et al., 2015; Dixon-Suen et al., 2018, Carslake et al.,
2013) that used nonsibling designs, and with the hypothesis that height affects CHD and cancer risk.
However, previous studies were potentially susceptible to bias relating to geographic and socioeco-
nomic variation in height and height genetic variants (Barton and Hermisson, 2019, Sohail et al.,
2019, Lee et al., 2018). Indeed, a recent within-sibship Mendelian randomization study found that
the previously reported effects of height and body mass index on educational attainment were greatly
attenuated when using siblings (Brumpton et al., 2019). Here, we provided robust evidence for
individual-level effects of height by demonstrating that the previous evidence for effects of height on
adulthood disease risk is unlikely to have been confounded by demography or indirect genetic effects.
The major strengths of our work are the use of within-sibship Mendelian randomization (Davies et al.,
2019) and the triangulation (Lawlor et al., 2016) of evidence from across phenotypic, genetic, and

within-sibship models.
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A limitation of our analyses is that because of limited sibling data and the statistical inefficiency of
within-family models, we have limited statistical power to investigate the effects of height on disease
subtypes,further explore the mechanisms using multivariable Mendelian randomization (Burgess and
Thompson, 2015), and perform sensitivity analyses to evaluate horizontal pleiotropy. An additional
limitation is that our study may have been susceptible to selection and survival biases relating to
nonrandom participation in UK Biobank and/or HUNT and the requirement of at least two siblings
to survive to be recruited. Indeed, cancer and CHD are both leading worldwide causes of mortality
and so cases for one disease may have a reduced likelihood of developing the other disease due
to increased mortality. Therefore, our study may have been susceptible to survival bias relating to
competing risks. We mitigated this by defining cases for both diseases using both nonfatal and fatal
events. Our study analyzed families with two or more siblings jointly participating in a cohort; never-
theless, further research is required to investigate the impact of selection bias on family studies.

Adulthood height is nonmodifiable, and the interpretation of causality is nuanced because it is
unclear whether biological effects relate to stature itself, increased childhood growth, or to factors
highly correlated with height such as lung function (Marouli et al., 2019, Gunnell et al., 2003)
and artery length (Palmer et al., 1990). Previous studies Gunnell et al., 2001; Langenberg et al.,
2003; Gunnell et al., 2003; Regnault et al., 2014 have explored the possibility that associations
may relate to dimensions of height, with evidence that blood pressure is associated with trunk but
not leg length (Regnault et al., 2014). Here, we found that the effects of height on disease risk
due to leg or trunk length were similar. We found consistent effects of increased height across
etiologically heterogeneous cancer subtypes, which implies that the mechanism could relate to
the larger number of cells in taller individuals or a generalized growth phenotype. Notably there is
minimal evidence of a correlation between the size of an organism and cancer risk (Peto’s paradox),
suggesting that the number of cells hypothesis could influence cancer risk in humans but would not
explain variation in cancer risk across different organisms (Caulin and Maley, 2011). Our Mendelian
randomization estimates for the effects of height on a subset of cancers not strongly phenotypically
associated with height (Green et al., 2011) were consistent with the combined cancer estimates,
although we had limited power in this dataset because of the modest prevalence of the cancer
subtypes.

The estimated effects of height on disease risk were relatively consistent between the Norwegian
HUNT and UK Biobank studies. Contrastingly, the heterogeneity between UK Biobank and HUNT for
analyses involving SBP and LDL-C suggests that some effects of height could be population specific.
Alternatively, heterogeneity could relate to the variance in associations between adulthood height and
early-life environmental confounders across countries (Perkins et al., 2016). Additional explanations
could relate to the differences in biomarker measurement between studies (e.g., measuring LDL-C
directly or using the Friedewald formula, differences in fasting level before samples were taken),
selection bias (Munafé et al., 2016), or differences between the cohorts in terms of recruitment and
participation. Further work is required to investigate if our findings generalize to non-European popu-
lations; biological mechanisms could be expected to be largely consistent across populations but
context-specific (e.g., social) mechanisms could lead to geographic heterogeneity.

To conclude, using within-sibship Mendelian randomization, we showed that height has individual-
level effects on risk of CHD and cancers as well as several biomarkers. Larger family datasets and
additional analyses including two-step (Relton and Davey Smith, 2012) and multivariable Mendelian
randomization (Burgess and Thompson, 2015) could be used to investigate the potential mediators
of these relationships.
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d4adf763).

References

Albanes D, Winick M. 1988. Are Cell Number and Cell Proliferation Risk Factors for Cancer?1 Journal of the
National Cancer Institute 80:772-774. DOI: https://doi.org/10.1093/jnci/80.10.772, PMID: 3385783

Altman DG, Bland JM. 2003. Interaction revisited: the difference between two estimates. BMJ (Clinical Research
Ed.) 326:219. DOI: https://doi.org/10.1136/bm|.326.7382.219, PMID: 12543843

Barton N, Hermisson J. 2019. Why structure matters. eLife 8:e45380. DOI: https://doi.org/10.7554/elife.45380

Batty GD, Shipley MJ, Langenberg C, Marmot MG, Davey Smith G. 2006. Adult height in relation to mortality
from 14 cancer sites in men in London (UK): evidence from the original Whitehall study. Annals of Oncology
17:157-166. DOI: https://doi.org/10.1093/annonc/mdj018, PMID: 16249213

Batty GD, Shipley MJ, Gunnell D, Huxley R, Kivimaki M, Woodward M, Lee CMY, Smith GD. 2009. Height,
wealth, and health: an overview with new data from three longitudinal studies. Economics and Human Biology
7:137-152. DOI: https://doi.org/10.1016/j.ehb.2009.06.004, PMID: 19628438

Berg JJ, Harpak A, Sinnott-Armstrong N. 2019. Reduced signal for polygenic adaptation of height in UK
Biobank. eLife 8:39725. DOI: https://doi.org/10.7554/eLife.39725

Brumpton B, Sanderson E, Hartwig FP, Harrison S, Vie GA, Cho Y, Howe LD, Hughes A, Boomsma DI, Havdahl A,
Hopper J, Neale M, Nivard MG, Pedersen NL, Reynolds CA, Tucker-Drob EM, Grotzinger A, Howe L, Morris T,
Li S, et al. 2019. MR within-family Consortium Within-family studies for Mendelian randomization: avoiding
dynastic, assortative mating, and population stratification biases. Genetics 2020:602516. DOI: https://doi.org/
10.1101/602516

Burgess S, Thompson SG. 2015. Multivariable Mendelian randomization: the use of pleiotropic genetic variants
to estimate causal effects. American Journal of Epidemiology 181:251-260. DOI: https://doi.org/10.1093/aje/
kwu283, PMID: 25632051

Bycroft C, Freeman C, Petkova D, Band G, Elliott LT, Sharp K, Motyer A, Vukcevic D, Delaneau O, O'Connell J,
Cortes A, Welsh S, Young A, Effingham M, McVean G, Leslie S, Allen N, Donnelly P, Marchini J. 2018. The UK
Biobank resource with deep phenotyping and genomic data. Nature 562:203-209. DOI: https://doi.org/10.
1038/s41586-018-0579-z, PMID: 30305743

Carslake D, Fraser A, Davey Smith G, May M, Palmer T, Sterne J, Silventoinen K, Tynelius P, Lawlor DA,
Rasmussen F. 2013. Associations of mortality with own height using son'’s height as an instrumental variable.
Economics and Human Biology 11:351-359. DOI: https://doi.org/10.1016/j.ehb.2012.04.003, PMID: 22560304

Caulin AF, Maley CC. 2011. Peto’s Paradox: evolution’s prescription for cancer prevention. Trends in Ecology &
Evolution 26:175-182. DOI: https://doi.org/10.1016/j.tree.2011.01.002, PMID: 21296451

Clayton PE, Banerjee |, Murray PG, Renehan AG. 2011. Growth hormone, the insulin-like growth factor axis,
insulin and cancer risk. Nature Reviews. Endocrinology 7:11-24. DOI: https://doi.org/10.1038/nrendo.2010.
171, PMID: 20956999

Das S, Forer L, Schénherr S, Sidore C, Locke AE, Kwong A, Vrieze SI, Chew EY, Levy S, McGue M, Schlessinger D,
Stambolian D, Loh P-R, lacono WG, Swaroop A, Scott LJ, Cucca F, Kronenberg F, Boehnke M, Abecasis GR,
et al. 2016. Next-generation genotype imputation service and methods. Nature Genetics 48:1284-1287. DOI:
https://doi.org/10.1038/ng.3656, PMID: 27571263

Davey Smith G, Hart C, Upton M, Hole D, Gillis C, Watt G, Hawthorne V. 2000. Height and risk of death among
men and women: aetiological implications of associations with cardiorespiratory disease and cancer mortality.
Journal of Epidemiology and Community Health 54:97-103. DOI: https://doi.org/10.1136/jech.54.2.97, PMID:
10715741

Howe et al. eLife 2022;11:€72984. DOI: https://doi.org/10.7554/eLife.72984 12 of 15


https://doi.org/10.7554/eLife.72984
http://www.ukbiobank.ac.uk
https://www.ntnu.edu/hunt/data
https://github.com/LaurenceHowe/WithinSibshipModels
https://github.com/LaurenceHowe/WithinSibshipModels
https://archive.softwareheritage.org/swh:1:dir:645d74495a47d01526fc8703111fc7564de2d9ec;origin=https://github.com/LaurenceHowe/WithinSibshipModels;visit=swh:1:snp:cc14a86af5ead459ac381a63f13a886c131b7f99;anchor=swh:1:rev:44d2435d841bc424b56eee2d8534d52dd4adf763
https://archive.softwareheritage.org/swh:1:dir:645d74495a47d01526fc8703111fc7564de2d9ec;origin=https://github.com/LaurenceHowe/WithinSibshipModels;visit=swh:1:snp:cc14a86af5ead459ac381a63f13a886c131b7f99;anchor=swh:1:rev:44d2435d841bc424b56eee2d8534d52dd4adf763
https://doi.org/10.1093/jnci/80.10.772
http://www.ncbi.nlm.nih.gov/pubmed/3385783
https://doi.org/10.1136/bmj.326.7382.219
http://www.ncbi.nlm.nih.gov/pubmed/12543843
https://doi.org/10.7554/eLife.45380
https://doi.org/10.1093/annonc/mdj018
http://www.ncbi.nlm.nih.gov/pubmed/16249213
https://doi.org/10.1016/j.ehb.2009.06.004
http://www.ncbi.nlm.nih.gov/pubmed/19628438
https://doi.org/10.7554/eLife.39725
https://doi.org/10.1101/602516
https://doi.org/10.1101/602516
https://doi.org/10.1093/aje/kwu283
https://doi.org/10.1093/aje/kwu283
http://www.ncbi.nlm.nih.gov/pubmed/25632051
https://doi.org/10.1038/s41586-018-0579-z
https://doi.org/10.1038/s41586-018-0579-z
http://www.ncbi.nlm.nih.gov/pubmed/30305743
https://doi.org/10.1016/j.ehb.2012.04.003
http://www.ncbi.nlm.nih.gov/pubmed/22560304
https://doi.org/10.1016/j.tree.2011.01.002
http://www.ncbi.nlm.nih.gov/pubmed/21296451
https://doi.org/10.1038/nrendo.2010.171
https://doi.org/10.1038/nrendo.2010.171
http://www.ncbi.nlm.nih.gov/pubmed/20956999
https://doi.org/10.1038/ng.3656
http://www.ncbi.nlm.nih.gov/pubmed/27571263
https://doi.org/10.1136/jech.54.2.97
http://www.ncbi.nlm.nih.gov/pubmed/10715741

e Llfe Research article

Epidemiology and Global Health | Genetics and Genomics

Davey Smith G, Holmes MV, Davies NM, Ebrahim S. 2020. Mendel’s laws, Mendelian randomization and causal
inference in observational data: substantive and nomenclatural issues. European Journal of Epidemiology
35:99-111. DOI: https://doi.org/10.1007/s10654-020-00622-7, PMID: 32207040

Davies NM, Howe LJ, Brumpton B, Havdahl A, Evans DM, Davey Smith G. 2019. Within family Mendelian
randomization studies. Human Molecular Genetics 28:R170-R179. DOI: https://doi.org/10.1093/hmg/ddz204,
PMID: 31647093

Didelez V, Sheehan N. 2007. Mendelian randomization as an instrumental variable approach to causal inference.
Statistical Methods in Medical Research 16:309-330. DOI: https://doi.org/10.1177/0962280206077743, PMID:
17715159

Dixon-Suen SC, Nagle CM, Thrift AP, Pharoah PDP, Ewing A, Pearce CL, Zheng W, Australian Ovarian Cancer
Study Group, Chenevix-Trench G, Fasching PA, Beckmann MW, Lambrechts D, Vergote |, Lambrechts S,

Van Nieuwenhuysen E, Rossing MA, Doherty JA, Wicklund KG, Chang-Claude J, Jung AY, et al. 2018. Adult
height is associated with increased risk of ovarian cancer: a Mendelian randomisation study. British Journal of
Cancer 118:1123-1129. DOI: https://doi.org/10.1038/s41416-018-0011-3, PMID: 29555990

Emerging Risk Factors Collaboration. 2012. Adult height and the risk of cause-specific death and vascular
morbidity in 1 million people: individual participant meta-analysis. International Journal of Epidemiology
41:1419-1433. DOI: https://doi.org/10.1093/ije/dys086, PMID: 22825588

Friedewald WT, Levy RI, Fredrickson DS. 1972. Estimation of the concentration of low-density lipoprotein
cholesterol in plasma, without use of the preparative ultracentrifuge. Clinical Chemistry 18:499-502. DOI:
https://doi.org/10.1093/clinchem/18.6.499, PMID: 4337382

Genomes Project Consortium. 2015. A global reference for human genetic variation. Nature 526:68-74. DOI:
https://doi.org/10.1038/nature 15393

Green J, Cairns BJ, Casabonne D, Wright FL, Reeves G, Beral V, Million Women Study collaborators. 2011.
Height and cancer incidence in the Million Women Study: prospective cohort, and meta-analysis of prospective
studies of height and total cancer risk. The Lancet. Oncology 12:785-794. DOI: https://doi.org/10.1016/
S1470-2045(11)70154-1, PMID: 21782509

Gunnell D, Okasha M, Smith GD, Oliver SE, Sandhu J, Holly JM. 2001. Height, leg length, and cancer risk: a
systematic review. Epidemiologic Reviews 23:313-342. DOI: https://doi.org/10.1093/oxfordjournals.epirev.
2000809, PMID: 12192740

Gunnell D, Whitley E, Upton MN, McConnachie A, Smith GD, Watt GCM. 2003. Associations of height, leg
length, and lung function with cardiovascular risk factors in the Midspan Family Study. Journal of Epidemiology
and Community Health 57:141-146. DOI: https://doi.org/10.1136/jech.57.2.141, PMID: 12540691

Hatton TJ. 2013. How have Europeans grown so tall Oxford Economic Papers 66:349-372. DOI: https://doi.org/
10.1093/0ep/gpt030

Haworth S, Mitchell R, Corbin L, Wade KH, Dudding T, Budu-Aggrey A, Carslake D, Hemani G, Paternoster L,
Smith GD, Davies N, Lawson DJ, J. Timpson N. 2019. Apparent latent structure within the UK Biobank sample
has implications for epidemiological analysis. Nature Communications 10:8219. DOI: https://doi.org/10.1038/
s41467-018-08219-1, PMID: 30659178

Haycock PC, Burgess S, Wade KH, Bowden J, Relton C, Davey Smith G. 2016. Best (but oft-forgotten) practices:
the design, analysis, and interpretation of Mendelian randomization studies. The American Journal of Clinical
Nutrition 103:965-978. DOI: https://doi.org/10.3945/ajcn.115.118216, PMID: 26961927

Hebert PR, Rich-Edwards JW, Manson JE, Ridker PM, Cook NR, O’Connor GT, Buring JE, Hennekens CH. 1993.
Height and incidence of cardiovascular disease in male physicians. Circulation 88:1437-1443. DOI: https://doi.
org/10.1161/01.cir.88.4.1437, PMID: 8403290

Hill WG, Weir BS. 2011. Variation in actual relationship as a consequence of Mendelian sampling and linkage.
Genetics Research 93:47-64. DOI: https://doi.org/10.1017/50016672310000480, PMID: 21226974

Holmen J, Midthjell K, Kriiger @. 2003. The Nord-Trendelag Health Study 1995-97 (HUNT 2): objectives,
contents, methods and participation. Norsk Epidemiologi 13:19-32.

Howe LJ, Nivard MG, Morris TT, Hansen AF, Rasheed H, Cho Y, Chittoor G, Lind PA, Palviainen T,
van der Zee MD, Cheesman R, Mangino M, Wang Y, Li S, Klaric L, Ratliff SM, Bielak LF, Nygaard M,

Reynolds CA, Balbona JV, et al. 2021. Within-sibship GWAS improve estimates of direct genetic effects.
bioRxiv. DOI: https://doi.org/10.1101/2021.03.05.433935

Howe LJ. 2022. WithinSibshipModels. v1.0. GitHub. https://github.com/LaurenceHowe/WithinSibshipModels

Kong A, Thorleifsson G, Frigge ML, Vilhjalmsson BJ, Young Al, Thorgeirsson TE, Benonisdottir S, Oddsson A,
Halldorsson BV, Masson G, Gudbjartsson DF, Helgason A, Bjornsdottir G, Thorsteinsdottir U, Stefansson K.
2018. The nature of nurture: Effects of parental genotypes. Science (New York, N.Y.) 359:424-428. DOI:
https://doi.org/10.1126/science.aan6877, PMID: 29371463

Krokstad S, Langhammer A, Hveem K, Holmen TL, Midthjell K, Stene TR, Bratberg G, Heggland J, Holmen J.
2013. Cohort Profile: the HUNT Study, Norway. International Journal of Epidemiology 42:968-977. DOI:
https://doi.org/10.1093/ije/dys095, PMID: 22879362

Langenberg C, Hardy R, Kuh D, Wadsworth ME. 2003. Influence of height, leg and trunk length on pulse
pressure, systolic and diastolic blood pressure. Journal of Hypertension 21:537-543. DOI: https://doi.org/10.
1097/00004872-200303000-00019, PMID: 12640247

Lawlor D, Harbord RM, Sterne JAC, Timpson N, Davey Smith G. 2008. Mendelian randomization: using genes as
instruments for making causal inferences in epidemiology. Statistics in Medicine 27:1133-1163. DOI: https://
doi.org/10.1002/sim.3034, PMID: 17886233

Howe et al. eLife 2022;11:€72984. DOI: https://doi.org/10.7554/eLife.72984 13 of 15


https://doi.org/10.7554/eLife.72984
https://doi.org/10.1007/s10654-020-00622-7
http://www.ncbi.nlm.nih.gov/pubmed/32207040
https://doi.org/10.1093/hmg/ddz204
http://www.ncbi.nlm.nih.gov/pubmed/31647093
https://doi.org/10.1177/0962280206077743
http://www.ncbi.nlm.nih.gov/pubmed/17715159
https://doi.org/10.1038/s41416-018-0011-3
http://www.ncbi.nlm.nih.gov/pubmed/29555990
https://doi.org/10.1093/ije/dys086
http://www.ncbi.nlm.nih.gov/pubmed/22825588
https://doi.org/10.1093/clinchem/18.6.499
http://www.ncbi.nlm.nih.gov/pubmed/4337382
https://doi.org/10.1038/nature15393
https://doi.org/10.1016/S1470-2045(11)70154-1
https://doi.org/10.1016/S1470-2045(11)70154-1
http://www.ncbi.nlm.nih.gov/pubmed/21782509
https://doi.org/10.1093/oxfordjournals.epirev.a000809
https://doi.org/10.1093/oxfordjournals.epirev.a000809
http://www.ncbi.nlm.nih.gov/pubmed/12192740
https://doi.org/10.1136/jech.57.2.141
http://www.ncbi.nlm.nih.gov/pubmed/12540691
https://doi.org/10.1093/oep/gpt030
https://doi.org/10.1093/oep/gpt030
https://doi.org/10.1038/s41467-018-08219-1
https://doi.org/10.1038/s41467-018-08219-1
http://www.ncbi.nlm.nih.gov/pubmed/30659178
https://doi.org/10.3945/ajcn.115.118216
http://www.ncbi.nlm.nih.gov/pubmed/26961927
https://doi.org/10.1161/01.cir.88.4.1437
https://doi.org/10.1161/01.cir.88.4.1437
http://www.ncbi.nlm.nih.gov/pubmed/8403290
https://doi.org/10.1017/S0016672310000480
http://www.ncbi.nlm.nih.gov/pubmed/21226974
https://doi.org/10.1101/2021.03.05.433935
https://github.com/LaurenceHowe/WithinSibshipModels
https://doi.org/10.1126/science.aan6877
http://www.ncbi.nlm.nih.gov/pubmed/29371463
https://doi.org/10.1093/ije/dys095
http://www.ncbi.nlm.nih.gov/pubmed/22879362
https://doi.org/10.1097/00004872-200303000-00019
https://doi.org/10.1097/00004872-200303000-00019
http://www.ncbi.nlm.nih.gov/pubmed/12640247
https://doi.org/10.1002/sim.3034
https://doi.org/10.1002/sim.3034
http://www.ncbi.nlm.nih.gov/pubmed/17886233

e Llfe Research article

Epidemiology and Global Health | Genetics and Genomics

Lawlor D.A, Tilling K, Davey Smith G. 2016. Triangulation in aetiological epidemiology. International Journal of
Epidemiology 45:1866-1886. DOI: https://doi.org/10.1093/ije/dyw314, PMID: 28108528

Lee JJ, Wedow R, Okbay A, Kong E, Maghzian O, Zacher M, Nguyen-Viet TA, Bowers P, Sidorenko J,
Karlsson Linnér R, Fontana MA, Kundu T, Lee C, Li H, Li R, Royer R, Timshel PN, Walters RK, Willoughby EA,
Yengo L, et al. 2018. Gene discovery and polygenic prediction from a genome-wide association study of
educational attainment in 1.1 million individuals. Nature Genetics 50:1112-1121. DOI: https://doi.org/10.1038/
s41588-018-0147-3, PMID: 30038396

Manichaikul A, Mychaleckyj JC, Rich SS, Daly K, Sale M, Chen W-M. 2010. Robust relationship inference in
genome-wide association studies. Bioinformatics (Oxford, England) 26:2867-2873. DOI: https://doi.org/10.
1093/bioinformatics/btq559, PMID: 20926424

Marouli E, Del Greco MF, Astley CM, Yang J, Ahmad S, Berndt Sl, Caulfield MJ, Evangelou E, McKnight B,
Medina-Gomez C, van Vliet-Ostaptchouk JV, Warren HR, Zhu Z, Hirschhorn JN, Loos RJF, Kutalik Z, Deloukas P.
2019. Mendelian randomisation analyses find pulmonary factors mediate the effect of height on coronary artery
disease. Communications Biology 2:119. DOI: https://doi.org/10.1038/s42003-019-0361-2, PMID: 30937401

McCarthy S, Das S, Kretzschmar W. 2016. A reference panel of 64,976 haplotypes for genotype imputation.
Nature Genetics 48:1279-1283. DOI: https://doi.org/10.1038/ng.3643, PMID: 27548312

Munafd MR, Tilling K, Taylor AE, Evans DM, Davey Smith G. 2016. Collider scope: when selection bias can
substantially influence observed associations. International Journal of Epidemiology 47:226-235. DOI: https://
doi.org/10.1093/ije/dyx206

Nelson CP, Hamby SE, Saleheen D, Hopewell JC, Zeng L, Assimes TL, Kanoni S, Willenborg C, Burgess S,
Amouyel P, Anand S, Blankenberg S, Boehm BO, Clarke RJ, Collins R, Dedoussis G, Farrall M, Franks PW,
Groop L, Hall AS, et al. 2015. Genetically determined height and coronary artery disease. The New England
Journal of Medicine 372:1608-1618. DOI: https://doi.org/10.1056/NEJMoa1404881, PMID: 25853659

Njglstad I, Arnesen E, Lund-Larsen PG. 1996. Body height, cardiovascular risk factors, and risk of stroke in
middle-aged men and women. A 14-year follow-up of the Finnmark Study. Circulation 94:2877-2882. DOI:
https://doi.org/10.1161/01.cir.94.11.2877, PMID: 8941116

Niiesch E, Dale C, Palmer TM, White J, Keating BJ, van Iperen EP, Goel A, Padmanabhan S, Asselbergs FW,
EPIC-Netherland Investigators, Verschuren WM, Wijmenga C, Van der Schouw YT, Onland-Moret NC,
Lange LA, Hovingh GK, Sivapalaratnam S, Morris RW, Whincup PH, Wannamethe GS, et al. 2016. Adult height,
coronary heart disease and stroke: a multi-locus Mendelian randomization meta-analysis. International Journal
of Epidemiology 45:1927-1937. DOI: https://doi.org/10.1093/ije/dyv074, PMID: 25979724

O’Connell J, Sharp K, Shrine N. 2016. Haplotype estimation for biobank-scale data sets. Nature Genetics
48:817-820. DOI: https://doi.org/10.1038/ng.3583

O’Connor NJ, Morton JR, Birkmeyer JD, Olmstead EM, O’Connor GT. 1996. Effect of coronary artery diameter
in patients undergoing coronary bypass surgery. Circulation 93:652-655. DOI: https://doi.org/10.1161/01.CIR.
93.4.652, PMID: 8640991

Palmer JR, Rosenberg L, Shapiro S. 1990. Stature and the risk of myocardial infarction in women. American
Journal of Epidemiology 132:27-32. DOI: https://doi.org/10.1093/oxfordjournals.aje.a115639, PMID: 2356811

Perkins JM, Subramanian SV, Davey Smith G, Ozaltin E. 2016. Adult height, nutrition, and population health.
Nutrition Reviews 74:149-165. DOI: https://doi.org/10.1093/nutrit/nuv105, PMID: 26928678

Purcell S, Neale B, Todd-Brown K, Thomas L, Ferreira MAR, Bender D, Maller J, Sklar P, de Bakker PIW, Daly MJ,
Sham PC. 2007. PLINK: a tool set for whole-genome association and population-based linkage analyses.
American Journal of Human Genetics 81:559-575. DOI: https://doi.org/10.1086/519795, PMID: 17701901

Regnault N, Kleinman KP, Rifas-Shiman SL, Langenberg C, Lipshultz SE, Gillman MW. 2014. Components of
height and blood pressure in childhood. International Journal of Epidemiology 43:149-159. DOI: https://doi.
org/10.1093/ije/dyt248, PMID: 24413933

Relton CL, Davey Smith G. 2012. Two-step epigenetic Mendelian randomization: a strategy for establishing the
causal role of epigenetic processes in pathways to disease. International Journal of Epidemiology 41:161-176.
DOI: https://doi.org/10.1093/ije/dyr233, PMID: 22422451

Renehan AG, Zwahlen M, Minder C, O'Dwyer ST, Shalet SM, Egger M. 2004. Insulin-like growth factor (IGF)-,
IGF binding protein-3, and cancer risk: systematic review and meta-regression analysis. Lancet (London,
England) 363:1346-1353. DOI: https://doi.org/10.1016/S0140-6736(04)16044-3, PMID: 15110491

Ruby JG, Wright KM, Rand KA. 2018. Estimates of the Heritability of Human Longevity Are Substantially Inflated
due to Assortative Mating. Genetics 210:1109-1124. DOI: https://doi.org/10.1534/genetics.118.301613

Smith GD, Ebrahim S. 2003. Mendelian randomization’: can genetic epidemiology contribute to understanding
environmental determinants of disease International Journal of Epidemiology 32:1-22. DOI: https://doi.org/10.
1093/ije/dyg070, PMID: 12689998

Smulyan H, Marchais SJ, Pannier B, Guerin AP, Safar ME, London GM. 1998. Influence of body height on
pulsatile arterial hemodynamic data. Journal of the American College of Cardiology 31:1103-1109. DOI:
https://doi.org/10.1016/s0735-1097(98)00056-4, PMID: 9562014

Sohail M, Maier RM, Ganna A. 2019. Polygenic adaptation on height is overestimated due to uncorrected
stratification in genome-wide association studies. eLife 8:39702. DOI: https://doi.org/10.7554/eLife.39702

Stefan N, Haring H-U, Hu FB, Schulze MB. 2016. Divergent associations of height with cardiometabolic disease
and cancer: epidemiology, pathophysiology, and global implications. The Lancet. Diabetes & Endocrinology
4:457-467. DOI: https://doi.org/10.1016/52213-8587(15)00474-X, PMID: 26827112

Sudlow C, Gallacher J, Allen N, Beral V, Burton P, Danesh J, Downey P, Elliott P, Green J, Landray M, Liu B,
Matthews P, Ong G, Pell J, Silman A, Young A, Sprosen T, Peakman T, Collins R. 2015. UK Biobank: an open

Howe et al. eLife 2022;11:€72984. DOI: https://doi.org/10.7554/eLife.72984 14 of 15


https://doi.org/10.7554/eLife.72984
https://doi.org/10.1093/ije/dyw314
http://www.ncbi.nlm.nih.gov/pubmed/28108528
https://doi.org/10.1038/s41588-018-0147-3
https://doi.org/10.1038/s41588-018-0147-3
http://www.ncbi.nlm.nih.gov/pubmed/30038396
https://doi.org/10.1093/bioinformatics/btq559
https://doi.org/10.1093/bioinformatics/btq559
http://www.ncbi.nlm.nih.gov/pubmed/20926424
https://doi.org/10.1038/s42003-019-0361-2
http://www.ncbi.nlm.nih.gov/pubmed/30937401
https://doi.org/10.1038/ng.3643
http://www.ncbi.nlm.nih.gov/pubmed/27548312
https://doi.org/10.1093/ije/dyx206
https://doi.org/10.1093/ije/dyx206
https://doi.org/10.1056/NEJMoa1404881
http://www.ncbi.nlm.nih.gov/pubmed/25853659
https://doi.org/10.1161/01.cir.94.11.2877
http://www.ncbi.nlm.nih.gov/pubmed/8941116
https://doi.org/10.1093/ije/dyv074
http://www.ncbi.nlm.nih.gov/pubmed/25979724
https://doi.org/10.1038/ng.3583
https://doi.org/10.1161/01.CIR.93.4.652
https://doi.org/10.1161/01.CIR.93.4.652
http://www.ncbi.nlm.nih.gov/pubmed/8640991
https://doi.org/10.1093/oxfordjournals.aje.a115639
http://www.ncbi.nlm.nih.gov/pubmed/2356811
https://doi.org/10.1093/nutrit/nuv105
http://www.ncbi.nlm.nih.gov/pubmed/26928678
https://doi.org/10.1086/519795
http://www.ncbi.nlm.nih.gov/pubmed/17701901
https://doi.org/10.1093/ije/dyt248
https://doi.org/10.1093/ije/dyt248
http://www.ncbi.nlm.nih.gov/pubmed/24413933
https://doi.org/10.1093/ije/dyr233
http://www.ncbi.nlm.nih.gov/pubmed/22422451
https://doi.org/10.1016/S0140-6736(04)16044-3
http://www.ncbi.nlm.nih.gov/pubmed/15110491
https://doi.org/10.1534/genetics.118.301613
https://doi.org/10.1093/ije/dyg070
https://doi.org/10.1093/ije/dyg070
http://www.ncbi.nlm.nih.gov/pubmed/12689998
https://doi.org/10.1016/s0735-1097(98)00056-4
http://www.ncbi.nlm.nih.gov/pubmed/9562014
https://doi.org/10.7554/eLife.39702
https://doi.org/10.1016/S2213-8587(15)00474-X
http://www.ncbi.nlm.nih.gov/pubmed/26827112

e Llfe Research article

Epidemiology and Global Health | Genetics and Genomics

access resource for identifying the causes of a wide range of complex diseases of middle and old age. PLOS
Medicine 12:e1001779. DOI: https://doi.org/10.1371/journal.pmed.1001779, PMID: 25826379

Thrift AP, Gong J, Peters U, Chang-Claude J, Rudolph A, Slattery ML, Chan AT, Esko T, Wood AR, Yang J,
Vedantam S, Gustafsson S, Pers TH, GIANT Consortium, Baron JA, Bezieau S, Kiry S, Ogino S, Berndt SI,
Casey G, et al. 2015. Mendelian randomization study of height and risk of colorectal cancer. International
Journal of Epidemiology 44:662-672. DOI: https://doi.org/10.1093/ije/dyv082, PMID: 25997436

Walter K, Min JL, Huang J, Crooks L, Memari Y, McCarthy S, Perry JRB, Xu C, Futema M, Lawson D, lotchkova V,
Schiffels S, Hendricks AE, Danecek P, Li R, Floyd J, Wain LV, Barroso |, Humphries SE, Hurles ME, et al. 2015.
The UK10K project identifies rare variants in health and disease. Nature 526:82-90. DOI: https://doi.org/10.
1038/nature 14962, PMID: 26367797

Wood AR, Esko T, Yang J, Vedantam S, Pers TH, Gustafsson S, Chu AY, Estrada K, Luan J, Kutalik Z, Amin N,
Buchkovich ML, Croteau-Chonka DC, Day FR, Duan Y, Fall T, Fehrmann R, Ferreira T, Jackson AU, Karjalainen J,
et al. 2014. Defining the role of common variation in the genomic and biological architecture of adult human
height. Nature Genetics 46:1173-1186. DOI: https://doi.org/10.1038/ng.3097, PMID: 25282103

Young Al, Frigge ML, Gudbjartsson DF, Thorleifsson G, Bjornsdottir G, Sulem P, Masson G, Thorsteinsdottir U,
Stefansson K, Kong A. 2018. Relatedness disequilibrium regression estimates heritability without environmental
bias. Nature Genetics 50:1304-1310. DOI: https://doi.org/10.1038/s41588-018-0178-9, PMID: 30104764

Zhang B, Shu X-O, Delahanty RJ, Zeng C, Michailidou K, Bolla MK, Wang Q, Dennis J, Wen W, Long J, Li C,
Dunning AM, Chang-Claude J, Shah M, Perkins BJ, Czene K, Darabi H, Eriksson M, Bojesen SE,
Nordestgaard BG, et al. 2015. Height and Breast Cancer Risk: Evidence From Prospective Studies and
Mendelian Randomization. Journal of the National Cancer Institute 107:djv219. DOI: https://doi.org/10.1093/
jnci/djv219, PMID: 26296642

Zhou W, Fritsche LG, Das S, Zhang H, Nielsen JB, Holmen OL, Chen J, Lin M, Elvestad MB, Hveem K,
Abecasis GR, Kang HM, Willer CJ. 2017. Improving power of association tests using multiple sets of imputed
genotypes from distributed reference panels. Genetic Epidemiology 41:744-755. DOI: https://doi.org/10.
1002/gepi.22067, PMID: 28861891

Howe et al. eLife 2022;11:€72984. DOI: https://doi.org/10.7554/eLife.72984 15 of 15


https://doi.org/10.7554/eLife.72984
https://doi.org/10.1371/journal.pmed.1001779
http://www.ncbi.nlm.nih.gov/pubmed/25826379
https://doi.org/10.1093/ije/dyv082
http://www.ncbi.nlm.nih.gov/pubmed/25997436
https://doi.org/10.1038/nature14962
https://doi.org/10.1038/nature14962
http://www.ncbi.nlm.nih.gov/pubmed/26367797
https://doi.org/10.1038/ng.3097
http://www.ncbi.nlm.nih.gov/pubmed/25282103
https://doi.org/10.1038/s41588-018-0178-9
http://www.ncbi.nlm.nih.gov/pubmed/30104764
https://doi.org/10.1093/jnci/djv219
https://doi.org/10.1093/jnci/djv219
http://www.ncbi.nlm.nih.gov/pubmed/26296642
https://doi.org/10.1002/gepi.22067
https://doi.org/10.1002/gepi.22067
http://www.ncbi.nlm.nih.gov/pubmed/28861891

	Taller height and risk of coronary heart disease and cancer: A within-­sibship Mendelian randomization study
	Abstract
	Editor's evaluation
	Introduction
	Methods
	UK Biobank
	Overview
	Phenotype data
	Genotyping

	HUNT
	Overview
	Phenotype data
	Genotyping

	Statistical analysis
	Population and within-sibship models
	Phenotypic and Mendelian randomization analyses
	UK Biobank and HUNT meta-analyses
	Outcomes


	Results
	Adulthood height and risk of CHD and cancer
	Adulthood height and biomarkers

	Discussion
	Acknowledgements
	Additional information
	﻿Funding
	Author contributions
	Author ORCIDs
	Ethics
	Decision letter and Author response

	Additional files
	Supplementary files

	References


