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Abstract

Background: Gastro-oesophageal reflux disease (GORD), is associated with multiple risk factors but
determining causality is difficult. We used a genetic approach (Mendelian Randomisation (MR)) to
identify potential causal modifiable risk factors for GORD.

Methods: We used data from 451,097 European participants in the UK Biobank and defined GORD
using hospital defined ICD10 and OPCS4 codes and self-report data (N=41,024 GORD cases). We
tested observational and Mendelian randomisation based associations between GORD and four
adiposity measures (body mass index (BMI), waist-hip ratio (WHR), a metabolically favourable higher
body fat percentage, and waist circumference), smoking status, smoking frequency and caffeine
consumption.

Results: Observationally, all adiposity measures were associated with higher odds of GORD. Ever and
current smoking were associated with higher odds of GORD. Coffee consumption was associated
with lower odds of GORD, but among coffee drinkers, more caffeinated coffee consumption was
associated with higher odds of GORD.

Using MR, we provide strong evidence that higher WHR and higher WHR adjusted for BMI leads to
GORD. There was weak evidence that higher BMI, body fat percentage, coffee drinking or smoking
caused GORD, but only the observational effects for BMI and body fat percentage could be excluded.
This MR estimated effect for WHR equates to a 1.23-fold higher odds of GORD per 5cm increase in
waist circumference.

Conclusions: These results provide strong evidence that a higher waist-hip ratio leads to GORD. Our
study suggests that central fat distribution is crucial in causing GORD rather than overall weight.

Keywords: GORD, UK Biobank, Mendelian Randomisation, Adiposity, Epidemiology,
Gastroenterology
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Key Messages

* Body mass index (BMI) is widely reported to associate with gastroesophageal reflux disease
(GORD).

* Previous studies on lifestyle factors such as alcohol and smoking have reported inconsistent
findings.

* Existing evidence for associations between obesity and lifestyle factors with GORD come from
observational studies which are prone to confounding factors.

* Our results show that the widely reported associations between GORD and BMI are confounded
by measures of central adiposity.

* We demonstrate that central adiposity is the more important causal risk factor for GORD.

* These results suggest that clinicians should advise patients at risk of GORD to reduce their waist
size.




1 — Introduction

Gastroesophageal reflux disease (GORD) has been defined as 'symptoms or complications resulting
from the reflux of gastric contents into the oesophagus or beyond, into the oral cavity (including
larynx) or lung'.! GORD is common, with typical symptoms of heartburn and acid regurgitation
reported weekly by 13.3% of the general population.?

Numerous modifiable risk factors have been demonstrated to associate with GORD, but the majority
of these have only been reported in observational studies, which are prone to confounding and
reverse causality. For example, there is extensive observational evidence that adiposity (as
measured by body mass index (BMI)) is associated with GORD. A large meta-analysis of 22 studies
reports a 1.73-fold (1.46 to 2.06) increased risk of GORD in obese individuals (defined by
BMI>30kg/m?),% and a recent large genome-wide association study (GWAS) of GORD reports a
genetic correlation between GORD and BMI.2 The literature also provides evidence that other
measures of adiposity correlate with GORD phenotypes including waist circumference with reflux
symptoms* and waist-hip-ratio (WHR) with both oesophageal inflammation (erosive reflux disease)
and Barrett’s Oesophagus.® Several observational studies report an attenuation in the BMI
association when BMI and WHR are included in multivariable models, suggesting body fat
distribution may be an important factor in GORD.®

Patients commonly report that both alcohol and coffee consumption exacerbate GORD symptoms.
However, a 2014 meta-analysis containing fifteen case-control studies reported no significant
association between GORD and coffee consumption,” while the largest study included (n=3,153)
reported a negative association.® A recent (2019) meta-analysis of alcohol consumption and GORD
reported conflicting evidence but suggested a positive association.® Smoking is also frequently
implicated in GORD, with studies demonstrating associations between GORD and a) smoking
duration and lifetime number of cigarettes smoked,® and b) with both smoking history and current
smoking status.'® Psychological factors such as stress'® and depression'! have both been reported to
be associated with GORD, as well as miscellaneous factors such as wearing a belt too tightly,*3
sugar intake,' salt intake® and heavy physical workload.*
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Figure 1: Principle of Mendelian Randomisation - If a specific risk factor (e.g. body mass index (BMl)) causes
gastroesophageal reflux disease (GORD), genetic variants associated with that risk factor will also be associated with
GORD. The genetic variants must not be associated with any other variables that could potentially confound the BMI-GORD
association, such as lifestyle or environmental factors. Using the estimate of the genetic-BMI association (W) and the
apparent genetic-GORD association (X) we can infer the causal effect of BMI on GORD (y = X /W), which is expected to be
free from confounding. If ¥ is different to the observational associations, and assuming the core assumptions hold, this
would suggest that the observational associations are confounded.

Mendelian Randomisation (MR; Figure 1) is a technique used to infer causal relationships between
an exposure and an outcome by using genetic variants associated with the exposure. The variants
associated with the exposure (e.g. BMI) can be used as an unconfounded proxy for the exposure as
their inheritance is random at conception. This method is now extensively used to infer causal



pathways and has been used to study the impact of BMI on oesophageal adenocarcinoma and
Barrett’s Oesophagus.® In this study, genetically predicted BMI was demonstrated to independently
increase the risk of both oesophageal adenocarcinoma and Barrett’s Oesophagus, but the power of
the study was limited by low numbers of cases. Furthermore, this study did not include other
measures of adiposity such as WHR.

Here, we sought to assess the causal role of obesity measures (BMI, WHR, body fat percentage (BFP)
and a measure of higher but metabolically favourable adiposity) and lifestyle factors (smoking and
caffeine) on the risk of GORD in up to 41,024 cases and 410,073 control individuals of European
ancestry enrolled in the UK Biobank. Firstly, we report observational associations to check for
consistency with previous literature. Then, we used MR approaches to determine which of these
associations have a likely causal role in GORD and which are potentially confounded at the
observational level.



2 — Methods

2.1 —Participants

The UK Biobank is a large scale study which aims to investigate the genetic and environmental basis
of disease. Over 500,000 participants aged between 40 and 69 were recruited between 2006 and
2010. Data collected includes demographics, International Classification of Diseases 10th Revision
(ICD10) hospital coding, medication records, anthropometric measures and a questionnaire
containing lifestyle and mental health factors. All participants have been genotyped, ~450,000 using
the Affymetrix Axiom UK Biobank array and ~50,000 using the UK BiLEVE array. More detail on
recruitment, demographics and data availability,!’ and on the collection and imputation of genomic
data®® can be found elsewhere.

We defined 451,097 individuals of European descent using principal component analysis.'® We used
well-imputed single nucleotide polymorphisms (SNPs) in the 1000 Genomes Cohort to project
principal components from 1000G and UK Biobank into the same space, and clustered by the first
four principal components to define Europeans. We also defined a subset of 379,713 unrelated
individuals of European ancestry. Related individuals were defined using a KING Kinship?® to exclude
those third degree relatives or closer. An optimal list of unrelated individuals was generated by
preferentially removing individuals with the maximum number of relatives to allow maximum
numbers of individuals to be included, e.g. if A was related to B and C, but B and C were not, A was
removed. For a simple pair, one individual was removed at random. Ancestral principal components
were then generated within these identified individuals for use in subsequent analyses.

Patient and Public Involvement: This study uses data from the UK Biobank resource. Details of
patient and public involvement in the UK Biobank are available online
(https://www.ukbiobank.ac.uk/wp-content/uploads/2011/07/Summary-EGF-
consultation.pdf?phpMyAdmin=trmKQlYdjjnQlg)%2CfAzikMhEnx6). Patients were not specifically
involved with setting research question, outcome measures or asked to contribute to interpretation
or publication of results. The results will not be directly disseminated to study participants, but the
UK Biobank’s website contains summaries of key findings.

2.2 — Gastroesophageal reflux disease (GORD)

We derived four GORD variables, one for use in primary analyses and three sensitivity analyses, each
with increasing levels of certainty around the diagnosis of GORD. ICD10 and OPCS Classification of
Interventions and Procedures version 4 (OPCS4) operation codes were obtained from the Hospital
Episode Statistics (HES; https://digital.nhs.uk/data-and-information/data-tools-and-services/data-
services/hospital-episode-statistics). Self-reported conditions, risk factors and medication data were
obtained from a verbal interview at the UK Biobank Assessment Centre.

For the primary analysis, cases were defined as having any of the following:

e Aself-report code of 1138 (Gastro-oesophageal reflux (GORD) / gastric reflux) in the non-
cancer variable (n_20002_%*);

e AnICD10 code of K21.9 (Gastro-oesophageal reflux disease without esophagitis) or K21.0
(Gastro-oesophageal reflux disease with esophagitis) in HES;

e An OPCS4 operation code of G24 (Anti-reflux operations) or G25 (Revision of anti-reflux
operations) in the HES data.

All other individuals of European descent were included as controls for the primary analysis. This
resulted in 33,969 cases vs 345,744 controls in unrelated individuals and 41,024 cases vs 410,073
controls in the related individuals. We also repeated this analysis using only the incident cases in the
UK Biobank (10,664 cases vs 340,373 controls).
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In sensitivity analysis 1, cases defined from only a self-reported definition of GORD were excluded.
Controls taking medication common for reflux treatment (i.e. proton pump inhibitors and H2
receptor blockers) and controls who had had a diagnostic endoscopic examination of the upper
gastrointestinal tract (OPCS4 code G45) were excluded due to the chance of these individuals having
undiagnosed reflux. Sensitivity analysis 1 contained 21,054 cases and 288,233 controls (25,372 cases
and 340,996 in related individuals).

In sensitivity analysis 2, cases of GORD without esophagitis were excluded, leaving 10,135 cases and
the same 288,233 controls.

In sensitivity analysis 3, we kept only the cases that had undergone anti-reflux surgery, excluding
those with no other confirmation of GORD, leaving only 758 cases and 288,233 controls. The
exclusions for unrelated and related Europeans are summarised in Figure 2 and Supplementary
Figure S1 respectively.
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Figure 2: Definitions of Gastroesophageal Reflux Disease (GORD) — Flowchart showing definitions of phenotypes with
numbers of people in each category for the 379,713 unrelated individuals in the UK Biobank, using ICD10 (International
Classification of Diseases 10th Revision) codes, endoscopy status, proton pump inhibitor (PPl) and H2 receptor blocker use
to further refine the phenotype. The same flowchart for all 450k Europeans is given in Supplementary Figure S1. The further
down the sensitivity analysis, the greater the confidence we have that the cases are true GORD cases.

2.3 — Exposure Variables

In this study we investigated the role of 7 exposure variables. The exposure variables are described
briefly below:

BMI - BMI was calculated using the standard method of weight divided by height squared (kg/m?).

WHR — We used both WHR and WHR adjusted for BMI as measures of central adiposity. Both
measures were derived as detailed by the GIANT consortium.?



Coffee consumption — Coffee consumption was reported as number of caffeinated coffee cups drunk
per day, from a questionnaire. Coffee drinker in the observational analysis is defined as caffeinated
coffee cups per day > 0.

Cigarettes per day — For former and current smokers a pack years variable was derived from the
number of cigarettes smoked per day and the number of years an individual had smoked.

BFP — BFP was estimated by an impedance measurement by the UK Biobank.

Favourable adiposity — Favourable adiposity was derived genetically and is detailed in the Genetic
Variants section.

All continuous exposure variables were inverse normalised prior to further analyses.
2.4 — Observational Analysis

We utilised logistic regression models to investigate the relationship between a range of
demographic or predictor variables and GORD. We calculated the odds of GORD per unit change in
the predictors and demographics. Age and sex were included as covariates in all models. These tests
were repeated using sensitivity analyses 1 and 2 to check for directional consistency in a smaller but
more well-defined cohort.

2.5 — Genetic Variants

Imputation of genetic variants and associated quality control was performed centrally by the UK
Biobank.®22 For MR genetic variants were selected from the UK Biobank imputation dataset.
Variants were excluded if imputation quality (INFO) was <0.9 or the minor allele frequency (MAF)
was <0.1%.

For each exposure trait (BMI, WHR, BFP, favourable adiposity, smoking and caffeine consumption),
variants were selected based on reaching genome wide significance (P<5x10%) from the largest
available GWAS study of that trait. Where possible, exposure trait GWAS studies did not include UK
Biobank, as using variants discovered in UK Biobank for our predictor traits would increase the
possibility of statistical bias. The only exception, was the genetic variants for favourable adiposity
(variants that lead to increased weight but improved metabolic health) where effect sizes were
unavailable for a non-UK Biobank analysis. Although we report waist circumference (WC) in the
observational analyses, we do not report MR results for WC, because 21 of 57 SNPs associated with
WC adjusted for BMI were not independent of BMI.

BMI —The genetic variants extracted for BMI and our genetic risk score (GRS) for BMI utilized a 2015
GWAS of 339,224 individuals which reported 97 genome-wide significant loci.2® We excluded sex-
specific variants and those with potential pleiotropy or secondary signals within a locus and utilised
72 variants.*

WHR - We used two different sets of variants and GRS for WHR, both derived from a meta-analysis
of 694,649 individuals of European ancestry.?

- 382 SNPs associated with WHR;
- 463 SNPs associated with WHR adjusted for BMI.

Favourable adiposity — We used 14 variants for favourable adiposity, defined by SNPs that raise body
fat percentage but lower risk of metabolic disease. Further details on how these SNPs were
identified is available elsewhere.?®

Caffeine coffee cups per day — For caffeinated coffee consumption, we used 6 SNPs from a 2015
genome-wide meta-analysis of habitual coffee consumption.?”

Cigarettes per day — For smoking, we used 4 SNPs from a 2010 genome-wide meta-analysis of
smoking behaviour.%



We did not include alcohol in the MR analysis due to the lack of availability of an appropriate genetic
instrument.

The extracted genetic variants were used to create GRS for each potential GORD risk factor. Each
variant in the GRS was weighted by its effect size (8;) on the risk factor, taken from the original
GWAS to create a weighted score (W;; Equation 1). W, was then rescaled by the number of variants
(n) and the sum of B; values to calculate the weighted genetic risk score (Wg;gs; Equation 2), which
reflects the number of trait raising alleles.

n
W, = Z Bi X SNP; (Equation 1)
i=1
Ws Xn
All genetic instruments were associated with the relevant predictor with high levels of statistical
confidence, and large F-statistics suggesting no weak instrument bias (Supplementary Table S2).

Statistics showing potential pleiotropy between exposure traits are shown in Supplementary Table
S3.

Wers = (Equation 2)

2.6 — Mendelian Randomisation

We used different MR methods to test the causal role of 7 exposures on GORD. First, we performed
standard one-sample instrumental variable analyses using the GRS in the unrelated data set of
379,713 individuals. Second we investigated the causal relationship using a two-sample approach in
the 451,097 related individuals. In this step, we explored whether our findings were robust to any
potential influence of population stratification by using linear mixed models as implemented in the
BOLT-LMM software.? For both types of MR, the following assumptions must be met:*

1. The genetic instruments used associate with the exposure trait with a high level of
confidence. Here, we tested this assumption, using linear regression to explore the
association of the GRS with the relevant predictors in the UK Biobank (Supplementary Table
S2).

2. The genetic instruments are independent of other factors which affect the outcome. This
assumption is violated if a) subgroups of the population have both different genotype
frequencies and different distributions of the outcome or b) the genetic variants used as
instruments associate with confounders.

3. The genetic instruments are linked with the outcome trait only through the respective
exposure trait. This assumption is violated if the genetic instrument or another variant in
high linkage disequilibrium has multiple (pleiotropic) effects.

One sample MR: instrumental variable analysis

This analysis was done in two stages. Firstly, the association between the exposure and its GRS was
assessed and the predicted values from this regression were saved. Secondly, the predicted values
were used as the independent variable (reflecting an unconfounded estimate of variation in the
exposure) and GORD was the dependent variable in a logistic regression model. In these models
age, sex, ancestral principal components, assessment centre and genotyping platform were included
as covariates. For WHR, we further estimated the causal influence of waist circumference by using
correlation between the WHR adjusted for BMI GRS.

We performed a power calculation for our one sample MR analysis using an online power
calculator.?! Power to detect an association at alpha<0.05 with an odds ratio greater than or equal to
the observational result (Table 1) was 100% for BMI, WHR adjusted for BMI, and WHR, moderate for



BFP and favourable adiposity (81% and 63%), and limited for caffeine and smoking (5% and 13%)
(Supplementary Table S2).

Two-sample MR

A two-sample MR approach was utilised in the larger related subset of individuals, corrected for
relatedness using BOLT-LMM v2.3, which accounts for population structure as part of the model.?
We extracted the variants for our 7 exposures from the BOLT-LMM GWAS of the four definitions of
GORD. We then performed inverse variance weighted (IVW) instrumental variable analysis and two
further methods that are more robust to potential violations of the standard MR assumptions (MR-
Egger3? and Weighted Median MR®). The two-sample approach regresses the effect sizes of variant-
outcome associations against the effect sizes of the variant-risk factor associations. IVW assumes no
horizontal pleiotropy (under a fixed effects model) or, if implemented under a random effects model
after detecting heterogeneity among the causal estimates, that a) the strength of the association of
the genetic instruments with the risk factor is not correlated with the magnitude of the pleiotropic
effects; and b) the pleiotropic effects have average value of zero.

In contrast, the MR-Egger uses a weighted regression with an unconstrained intercept, thus
removing the assumption that all genetic variants are valid instruments. Hence this method is less
susceptible to potentially pleiotropic variants. Weighted Median-MR is also more resistant to
pleiotropy. This method provides a consistent estimate of the causal effect if at least 50% of the
information comes from valid instrumental variables. Given these different assumptions, if all
methods are broadly consistent it strengthens our causal inference. The R code for the various 2-
sample methods is available in Bowden et al., 20153% and 2016.33



3 — Results

3.1 — Observational Associations

Trait

N
Male (N (%))

Age (years) +/- SD

Townsend Deprivation
Index +/- SD

Ever Smoked

(N (%))

Current Smokers (N (%))

Cigarettes Per Day
+/-SD

Caffeinated Coffee
Drinkers (N (%))

Caffeinated Coffee Cups
Per Day +/- SD

Body Mass Index
(kg/m?) +/- SD
Waist-Hip Ratio +/- SD

Waist-Hip Ratio (Males)
+/-SD

Waist-Hip Ratio
(Females) +/- SD

Waist Circumference
+/-SD

Body Fat Percentage
+/-SD

Controls

345,744
159,150 (46.03%)

57.04 +/- 8.04

-1.5+/-2.98

Ever: 153,287 (44.35%)
Never: 187,836 (54.33%)
Missing: 4,621 (1.34%)
Smoker: 32,664 (9.45%)
Non-smoker: 308,459 (89.22%)
Missing: 4,621 (1.34%)

18.4 +/- 10.09

Drinker: 221,046 (63.93%)
Non-drinker: 71,128 (20.57%)
Missing: 53570 (15.49%)

2.63 +/-2.05

27.26 +/-4.74

0.87 +/-0.09

0.87 +/-0.09

0.81 +/-0.07

89.95 +/-13.51

31.12 +/- 8.48

GORD Cases

33,969
15,825 (46.59%)

59.25+/-7.4

-1.22 +/-3.12

Ever: 17,076 (50.27%)
Never: 16,383 (48.23%)
Missing: 511 (1.5%)
Smoker: 3,276 (9.64%)
Non-smoker: 30,182 (88.85%)
Missing: 511 (1.5%)

19.8 +/-10.91

Drinker: 19,971 (58.79%)
Non-drinker: 8,093 (23.82%)
Missing: 5,905 (17.38%)
2.64 +/-2.12

28.59 +/-4.93

0.89 +/- 0.09

0.95 +/- 0.07

0.84 +/-0.07

93.68 +/- 13.07

33.26 +/- 8.69

p-value

0.67
<1x10%
<1x10%

<1x10%

3x107

<1x10%

<1x10%

0.003

<1x10?%
<1x10?%
<1x101°
<1x101°
<1x101°

<1x10?°

Odds Ratio
(95% Cl)

1.00
(0.98 to 1.03)
1.04

(1.04 to 1.04)
1.11

(1.10 to 1.13)
1.22

(1.19 to 1.25)

1.10
(1.06 to 1.15)

1.12
(1.10 to 1.14)
0.79

(0.77 to 0.81)

1.02
(1.01 to 1.04)
1.28

(1.27 to 1.29)
1.43*

(1.41 to 1.46)
1.36

(1.33 t0 1.39)
1.49

(1.46 t0 1.52)
1.33

(1.31to 1.36)
1.53

(1.50 to 1.55)

Table 1: Observational associations with Gastroesophageal Reflux Disease (GORD)— Table showing statistical differences
in demographics between our primary GORD definition and controls in the UK Biobank. All p values and odds ratios were
calculated adjusted for age and sex. Cigarettes per day and caffeinated coffee units were only defined in smokers and
coffee drinkers. N for continuous variables: Coffee -241,016, Smoking — 122,363. Townsend Deprivation Index — 379,245,
body mass index — 378,214, waist-hip-ratio — 378,974, waist-hip-ratio (male) — 174,633, waist-hip-ratio (female) — 204,341,
waist circumference — 379,049, body fat percentage — 372,848. *when additionally adjusted for body mass index, OR = 1.29

(1.27-1.31).

The demographics of GORD cases and controls are summarised in Table 1. Briefly, participants with
GORD were older, more deprived, more likely to be current or former smokers and smoke more
cigarettes per day than controls. Individuals with GORD were less likely to drink caffeinated coffee,
although among coffee drinkers, we see a positive association with caffeinated coffee cups per day.

We observed strong observational associations with all adiposity-related variables: BMI, WHR, WC,
and BFP. Higher odds of GORD were noted for a one standard deviation (SD) higher BMI (OR: 1.28
[95%Cl: 1.27 to 1.29]), WHR (OR: 1.43 [95%Cl: 1.41 to 1.46]), WC (OR: 1.33 [95%Cl: 1.31 to 1.36]),
and BFP (OR: 1.53 [95%Cl: 1.50 to 1.55]). These observational results were consistent when more
stringent definitions of GORD were utilised (Supplementary Table S1).



3.2 — Mendelian Randomisation

Mendelian Randomisation of adiposity related traits with GORD

Exposure N Odds Ratio p-value
Caffeinated Coffee Per Day 241,016 1.18 (0.88 to 1.58) 0.28
Cigarettes Per Day 112,363 1.20(0.84 to 1.72) 0.32
BMI 378,214 1.04 (0.95to 1.14) 0.36
WHR adjusted for BMI 378,974 1.19 (1.13to 1.26) 4.5e-11
WHR 378,090 1.22 (1.09 to 1.38) 7.2e-4
BFP 372,848 1.14 (0.94 to 1.38) 0.17
Favourable Adiposity 372,848 1.10(0.87 to 1.39) 0.43

Table 2: Estimates of associations between risk factors and Gastroesophageal Reflux Disease (GORD) using Mendelian
Randomisation — Results of Mendelian Randomisation within UK Biobank to show the causal effect of coffee, smoking,
body mass index (BMI), waist hip raio (WHR), body fat percentage (BFP) and favourable adiposity on GORD. Odds ratios are
reported per standard deviation increase in the exposure trait. Coffee and cigarette analyses were performed only for
drinkers / smokers. Sensitivity analyses are given in Supplementary Table S4.

Genetic data provided evidence that higher waist hip ratio causes GORD with strong statistical
confidence; a one SD higher WHR associated with 1.22 higher odds of GORD (95%Cl: 1.09 to 1.38;
Table 2). Similar associations were noted when we used WHR adjusted for BMI, with a one SD higher
WHR adjusted for BMI causing higher odds of GORD (OR: 1.19, 95%Cl: 1.13 to 1.26; Table 2). These
results were consistent when using the more stringent definitions of GORD (Figure 3 a;
Supplementary Table S4) and when using only the incident GORD cases (Supplementary Table S5).
The 2-sample MR approaches were directionally consistent (Figure 3 b, Supplementary Table S6)
with limited evidence of pleiotropy from the MR-Egger method (pintercept>0.05, Supplementary
Table S5). The WHR adjusted for BMI association equates to an approximate 1.19-fold higher risk of
GORD per 4.2 cm larger waist circumference (1.23-fold per 5cm) using correlations between the
WHR adjusted for BMI GRS, and waist circumference (Supplementary table S7).

Genetic data provided limited evidence that higher BMI (OR: 1.04, 95%Cl: 0.95 to 1.14) body fat
percentage (OR: 1.14, 95%Cl: 0.94 to 1.38) or favourable adiposity (OR: 1.10, 95%Cl: 0.87 to 1.39)
cause GORD (Table 2). The 95% confidence intervals for BMI does not cross the observational result,
suggesting the observational result is confounded. These results were consistent when the more
refined phenotypes were used (Supplementary Table S4, Figure 3 and Supplementary Figure S2), and
when only the incident cases were included (Supplementary Table S5). The results from the more
pleiotropy resistant methods were directionally consistent for body fat percentage, but not for BMI
(Supplementary Table S5), where the point estimate for Egger was in the opposite direction.

Mendelian Randomisation for the role of smoking and coffee drinking in GORD

We also found limited evidence that smoking (OR: 1.20, 95% Cl: 0.84 to 1.72; Table 2) or caffeine
consumption (OR: 1.18, 95% Cl: 0.88 to 1.58; Table 2) cause GORD. These results were consistent
with the more refined definitions of GORD (Supplementary Table S4). The point estimates from the
MR analyses for the odds of GORD for both smoking and caffeine consumption were stronger than
the respective observational results and directionally consistent.
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Figure 3 — Forest Plots of adiposity variables: a) comparison of analysis methods: showing the observational associations
with gastroesophageal reflux disease (GORD), 1 sample Mendelian randomisation (MR), and 2 sample MR associations
(instrumental variable, weighted median and Egger methods) for body mass index, waist hip ratio, and waist hip ratio
adjusted for body mass index in our primary analysis (all GORD). b) Sensitivity analyses for the 1 sample MR results showing
similar results across all four analyses. On the right hand axes are odds ratio point estimates and 95% confidence intervals.
All GORD, GORD (no self-report), GORD with erosive oesophagitis (EO), and Antireflux Surgery refer to Primary Analysis,
Sensitivity 1, 2 and 3 respectively, described in Figure 2.



4 — Discussion
Principal Findings

This study tested the causal role of adiposity and lifestyle-related exposures on GORD. Firstly, we
confirmed observational links between various adiposity measures (BMI, WC, WHR, and BFP) and
lifestyle factors (smoking and caffeine) with GORD in a large European population. Secondly, we
used MR to provide evidence that higher waist hip causes GORD, whilst there was little evidence for
higher BMI causing GORD. We demonstrated that a 5 cm larger waist circumference causes 1.23
higher odds of GORD. In contrast, for BMI, we could exclude an OR effect of greater than 1.15 per 5
kg/m? higher BMI. This contrasts with observational studies where BMI is strongly associated with
GORD.23%36 This study suggests that the observed relationship between higher BMI and GORD is
principally driven by fat distribution, and central adiposity is a crucial factor.

Our MR results for BMI challenge the commonly held belief, inferred from observational studies and
meta-analyses, that higher BMI causes GORD.%3*436 The MR results were consistent with previous
multivariate analyses which highlighted the importance of WHR in both erosive esophagitis and
Barret’s Oesophagus. For example, in a small Korean population (500 cases), BMI was shown to not
be associated with erosive esophagitis in multivariable models including WHR® and in a study of
Barrett’s Oesophagus (N=193), the BMI association was greatly attenuated, while WHR remains
strong.® Our findings in a large European population provide strong evidence for the role of WHR in
GORD. Odds ratios were similar (within the 95% Cl) when using only the incident cases, and we still
observe a Bonferonni significant p value for WHR adjusted for BMI, but not BMI (Supplementary
Table S6).

The pathophysiology of GORD is complex and a number of factors have been implicated including
diminished gastric volume, increased intragastric pressure and decreased lower oesophageal
sphincter pressure (secondary to chronic antral compression/displacement).?” Arguably all of the
factors are more feasibly driven by central adiposity rather than overall body weight. Our results are
consistent with the proposed mechanisms behind waist belt compression causing GORD by
impairing oesophageal clearance,'? the increased incidence of reflux during later trimesters of
pregnancy, and variable GORD symptom improvement following surgical weight loss procedures
despite BMI reduction.3®

While BMI is a commonly used and simple to calculate clinical measure, its use is limited by an
inability to differentiate between fat and muscle mass.3® Additionally, as BMI may change without
alteration in abdominal fat distribution, our findings strongly support WHR, or more simply monitor
WC, as a more clinically useful measure for stratifying obesity-related GORD over BMI.

This study provided little evidence for a causal role for either smoking or caffeine consumption in
GORD. However, these results were limited by the availability of only a small number of variants
strongly and specifically associated with smoking heaviness and caffeine consumption. However, for
both smoking (cigarettes per day) and caffeinated coffee cups per day, the 95% confidence intervals
crossed both the respective observational point estimate and the null hypothesis. This does not
provide robust evidence of either an association or confounding at the observational level, or in
previous research.®

Strengths and Weaknesses

One of the major strengths of this study was our large sample size, including up to 451,097
individuals, with 41,024 cases of GORD. This was similar in size to a recent meta-analysis exploring
GORD risk factors, which included a pooled population of 460,984 and a prevalence of 13.3%
(approximately 61,310 cases).? The linked health data in UK Biobank enabled us to perform
sensitivity analyses with stricter case definitions than in the meta-analysis (GORD versus weekly
reflux symptoms) and explore the associations with risk factors in much larger numbers (only 22/108



studies in the meta-analysis reported BMI, whilst 33/108 reported smoking status). This is the first
study to perform MR to assess causality of reported GORD risk factors and with the sample size
available provided sufficient power to provide strong evidence for a likely causal role of higher waist
circumference rather than overall BMI on GORD.

We acknowledge some limitations with the study design. This study uses the UK Biobank data, which
was collected from individuals aged between 37 and 73 years living in the UK with a bias towards
healthy individuals. As such, the results of this study may not be generalisable to other age ranges.
Further, we stratified the data to only include people of European ancestry, so results may not be
generalisable to other ethnic groups. Supplementary Table S3 demonstrates that pleiotropy may be
a confounding factor for the 1 sample MR analysis, e.g. the BMI GRS associates with smoking and
WHR adjusted for BMI associates with BFP. However, our main results are consistent when using
pleiotropy-resistant 2 sample MR methods (MR Egger and IVW) and we observe no significant p
values for the MR Egger intercept for either BMI or WHR adjusted for BMIs. Our primary analysis
used self-reported GORD status, and so is potentially unreliable, however, our results were
consistent across all sensitivity analyses, including those using disease coding status from hospital
records (ICD10). Finally, as our MR analysis relies on robust genetic associations with the risk factor,
we were limited in what we could study. Whilst the WHR and BMI genetic variants were strong
instruments for MR, achieving 100% power to detect an association with the observational odds
ratio at p<0.05, the genetic variants for smoking and caffeine were weaker and therefore these
analyses were underpowered.

Implications

Given the increasing prevalence of obesity in younger people, understanding the role of lifelong
exposure to higher adiposity in GORD is crucial. Here, we have demonstrated that the most
important adiposity related risk factor for GORD is not body weight but fat distribution.

Our results highlight the importance of a healthy body shape to reduce the risk of GORD, and the
importance of recording WHR when studying GORD. We provide evidence that for individuals with
GORD attempting to alleviate symptoms by losing weight, a reduction in waist circumference is a
better measure of progress than loss of overall body weight. In light of these results, more research
is needed on the causal role of WHR in other related conditions.



Footnotes

Contributors

HDG, TA, MNW, TMF and JT designed the study and wrote the manuscript. JRG and NAK edited the
manuscript and helped to interpret the data. HDG, RNB, ARW, BH, SEJ, HY, MNW, TMF and JT were
involved in data processing, statistical analyses, and interpretation. JT is the guarantor. All authors

assisted in the writing, reviewing and approval of the manuscript.

Ethics Approval

UK Biobank has received ethics approval from the National Health Service National Research Ethics
Service (ref 11/NW/0382). We did not involve patients or the public in our work.

Acknowledgements

This research has been conducted using the UK Biobank Resource (application 9072). The authors
would like to acknowledge the use of the University of Exeter High-Performance Computing (HPC)
facility in carrying out this work.

Transparency Statement

The lead author (the manuscript’s guarantor) affirms that this manuscript is an honest, accurate, and
transparent account of the study being reported; that no important aspects of the study have been
omitted; and that any discrepancies from the study as planned (and, if relevant, registered) have
been explained.

Funding

S.E.J. is funded by the Medical Research Council (grant: MR/M005070/1). A.R.W., T.M.F and H.Y. are
supported by the European Research Council grants: SZ-245 50371-GLUCOSEGENES-FP7-IDEAS-ERC
and 323195. H.Y. is also funded by Diabetes UK RD Lawrence fellowship (grant: 17/0005594). R.N.B.
is funded by the Wellcome Trust and Royal Society, grant 104150/Z/14/Z. JT is supported by an
Academy of Medical Sciences (AMS) Springboard award, which is supported by the AMS, the
Wellcome Trust, GCRF, the Government Department of Business, Energy and Industrial strategy, the
British Heart Foundation and Diabetes UK [SBF004\1079].

NAK declares personal fees from Falk, Takeda, and Pharmacosmos; other fees from Janssen; and
non-financial support from Janssen, AbbVie, and Celltrion outside the submitted work. JRG received
honoraria from Falk, AbbVie, and Shield therapeutics, outside the submitted work for unrelated
topics. TA reports grants from AbbVie, MSD, Napp Pharmaceuticals, Celltrion, Pfizer, Janssen, and
Celgene during this study; personal fees and non-financial support from Immunodiagnostik; personal
fees and non-financial support from Napp Pharmaceuticals, AbbVie, and MSD; personal fees from
Celltrion and Pfizer; grants and personal fees from Takeda; and grants and non-financial support
from Tillotts, outside the submitted work.

Competing Interests

All authors have completed the ICMJE uniform disclosure form at www.icmje.org/coi_disclosure.pdf
and declare: no support from any organisation for the submitted work other than detailed above; no
other relationships or activities that could appear to have influenced the submitted work.

Licence

This is an Open Access article distributed in accordance with the terms of the Creative Commons
Attribution (CC BY 3.0) license, which permits others to distribute, remix, adapt and build upon this
work, for commercial use, provided the original work is properly cited. See:
http://creativecommons.org/licenses/by/3.0/.



References

1. Katz PO, Gerson LB, Vela MF. Guidelines for the diagnosis and management of
gastroesophageal reflux disease. Am J Gastroenterol. 2013;108(3):308.

2. Eusebi LH, Ratnakumaran R, Yuan Y, Solaymani-Dodaran M, Bazzoli F, Ford AC. Global
prevalence of, and risk factors for, gastro-oesophageal reflux symptoms: a meta-analysis.
Gut. 2018;67(3):430 LP-440. doi:10.1136/gutjnl-2016-313589

3. An J, Gharahkhani P, Law MH, et al. Gastroesophageal reflux GWAS identifies risk loci that
also associate with subsequent severe esophageal diseases. Nat Commun. 2019;10(1):4219.
doi:10.1038/s41467-019-11968-2

4, Chung SJ, Kim D, Park MJ, et al. Metabolic syndrome and visceral obesity as risk factors for
reflux oesophagitis: a cross-sectional case—control study of 7078 Koreans undergoing health
check-ups. Gut. 2008;57(10):1360 LP-1365. doi:10.1136/gut.2007.147090

5. Ha NR, Lee HL, Lee OY, et al. Differences in Clinical Characteristics between Patients with
Non-Erosive Reflux Disease and Erosive Esophagitis in Korea. J Korean Med Sci.
2010;25(9):1318-1322.
http://synapse.koreamed.org/DOIx.php?id=10.3346%2Fjkms.2010.25.9.1318.

6. Edelstein ZR, Farrow DC, Bronner MP, Rosen SN, Vaughan TL. Central adiposity and risk of
Barrett’s esophagus. Gastroenterology. 2007;133(2):403-411.
doi:10.1053/j.gastro.2007.05.026

7. Kim J, Oh S-W, Myung S-K, et al. Association between coffee intake and gastroesophageal
reflux disease: a meta-analysis. Dis Esophagus. 2014;27(4):311-317. doi:10.1111/dote.12099

8. Nilsson M, Johnsen R, Ye W, Hveem K, Lagergren J. Lifestyle related risk factors in the
aetiology of gastro-oesophageal reflux. Gut. 2004;53(12):1730 LP-1735.
doi:10.1136/gut.2004.043265

9. PanJ, Cen L, Chen W, Yu C, Li Y, Shen Z. Alcohol Consumption and the Risk of
Gastroesophageal Reflux Disease: A Systematic Review and Meta-analysis. Alcohol Alcohol.
September 2018. doi:10.1093/alcalc/agy063

10. Kim O, Jang HJ, Kim S, et al. Gastroesophageal reflux disease and its related factors among
women of reproductive age: Korea Nurses’ Health Study. BMC Public Health.
2018;18(1):1133. d0i:10.1186/s12889-018-6031-3

11. Chou P-H, Lin C-C, Lin C-H, et al. Prevalence of gastroesophageal reflux disease in major
depressive disorder: a population-based study. Psychosomatics. 2014;55(2):155-162.
do0i:10.1016/j.psym.2013.06.003

12. Mitchell DR, Derakhshan MH, Wirz AA, Ballantyne SA, McColl KEL. Abdominal Compression by
Waist Belt Aggravates Gastroesophageal Reflux, Primarily by Impairing Esophageal Clearance.
Gastroenterology. 2017;152(8):1881-1888. doi:10.1053/j.gastro.2017.02.036

13. Yuan L, Tang D, Peng J, Qu N, Yue C, Wang F. [Study on lifestyle in patients with
gastroesophageal reflux disease]. Zhong Nan Da Xue Xue Bao Yi Xue Ban. 2017;42(5):558-564.
doi:10.11817/j.issn.1672-7347.2017.05.013

14. Riegler M, Kristo |, Asari R, Rieder E, Schoppmann SF. Dietary sugar and Barrett’s esophagus.
Eur Surg. 2017;49(6):279-281. doi:10.1007/s10353-017-0494-9

15. Xiong L, Chen H, Xu A, He L, Hu P. Prevalence, risk factors and impact of gastroesophageal
reflux disease symptoms: A population-based study in South China AU - Chen, Minhu. Scand J
Gastroenterol. 2005;40(7):759-767. doi:10.1080/00365520510015610



16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

Thrift AP, Shaheen NJ, Gammon MD, et al. Obesity and risk of esophageal adenocarcinoma
and Barrett’s esophagus: a Mendelian randomization study. J Nat/ Cancer Inst. 2014;106(11).
do0i:10.1093/jnci/dju252

Sudlow C, Gallacher J, Allen N, et al. UK biobank: an open access resource for identifying the
causes of a wide range of complex diseases of middle and old age. PLoS Med.
2015;12(3):€1001779. doi:10.1371/journal.pmed.1001779

Bycroft C, Freeman C, Petkova D, et al. The UK Biobank resource with deep phenotyping and
genomic data. Nature. 2018;562(7726):203-209. doi:10.1038/s41586-018-0579-z

Tyrrell J, Jones SE, Beaumont R, et al. Height, body mass index, and socioeconomic status:
mendelian randomisation study in UK Biobank. BMJ. 2016;352:i582. doi:10.1136/bm;|.i582

Manichaikul A, Mychaleckyj JC, Rich SS, Daly K, Sale M, Chen W-M. Robust relationship
inference in genome-wide association studies. Bioinformatics. 2010;26(22):2867-2873.
doi:10.1093/bioinformatics/btq559

Shungin D, Winkler TW, Croteau-Chonka DC, et al. New genetic loci link adipose and insulin
biology to body fat distribution. Nature. 2015;518:187. https://doi.org/10.1038/nature14132.

Bycroft C, Freeman C, Petkova D, et al. Genome-wide genetic data on ~500,000 UK Biobank
participants. bioRxiv. January 2017.
http://biorxiv.org/content/early/2017/07/20/166298.abstract.

Locke AE, Kahali B, Berndt SI, et al. Genetic studies of body mass index yield new insights for
obesity biology. Nature. 2015;518:197. https://doi.org/10.1038/nature14177.

Yaghootkar H, Lotta LA, Tyrrell J, et al. Genetic Evidence for a Link Between Favorable
Adiposity and Lower Risk of Type 2 Diabetes, Hypertension, and Heart Disease. Diabetes.
2016;65(8):2448 LP-2460. doi:10.2337/db15-1671

Consortium G, Glastonbury CA, Ferreira T, et al. Meta-analysis of genome-wide association
studies for body fat distribution in 694 649 individuals of European ancestry. Hum Mol Genet.
2018;28(1):166-174. doi:10.1093/hmg/ddy327

Tyrrell J, Mulugeta A, Wood AR, et al. Using genetics to understand the causal influence of
higher BMI on depression. Int J Epidemiol. November 2018. doi:10.1093/ije/dyy223

Consortium C and CG, Cornelis MC, Byrne EM, et al. Genome-wide meta-analysis identifies six
novel loci associated with habitual coffee consumption. Mol Psychiatry. 2015;20(5):647-656.
doi:10.1038/mp.2014.107

Consortium T and G. Genome-wide meta-analyses identify multiple loci associated with
smoking behavior. Nat Genet. 2010;42(5):441-447. doi:10.1038/ng.571

Loh P-R, Tucker G, Bulik-Sullivan BK, et al. Efficient Bayesian mixed-model analysis increases
association power in large cohorts. Nat Genet. 2015;47(3):284-290. doi:10.1038/ng.3190

Davies NM, Holmes M V, Davey Smith G. Reading Mendelian randomisation studies: a guide,
glossary, and checklist for clinicians. BMJ. 2018;362:k601. doi:10.1136/bmj.k601

Brion M-JA, Shakhbazov K, Visscher PM. Calculating statistical power in Mendelian
randomization studies. Int J Epidemiol. 2012;42(5):1497-1501. doi:10.1093/ije/dyt179

Bowden J, Davey Smith G, Burgess S. Mendelian randomization with invalid instruments:
effect estimation and bias detection through Egger regression. Int J Epidemiol.
2015;44(2):512-525. doi:10.1093/ije/dyv080

Bowden J, Davey Smith G, Haycock PC, Burgess S. Consistent Estimation in Mendelian
Randomization with Some Invalid Instruments Using a Weighted Median Estimator. Genet



34.

35.

36.

37.

38.

39.

Epidemiol. 2016;40(4):304-314. doi:10.1002/gepi.21965

Murray L, Johnston B, Lane A, et al. Relationship between body mass and gastro-oesophageal
reflux symptoms: The Bristol Helicobacter Project. Int J Epidemiol. 2003;32(4):645-650.
doi:10.1093/ije/dyg108

Nilsson M, Johnsen R, Ye W, Hveem K, Lagergren J. Obesity and Estrogen as Risk Factors for
Gastroesophageal Reflux Symptoms. JAMA. 2003;290(1):66-72. doi:10.1001/jama.290.1.66

Jacobson BC, Somers SC, Fuchs CS, Kelly CP, Camargo Jr CA. Body-mass index and symptoms
of gastroesophageal reflux in women. N Engl J Med. 2006;354(22):2340-2348.
doi:10.1056/NEJMo0a054391

Roman S, Pandolfino JE. Environmental - lifestyle related factors. Best Pract Res Clin
Gastroenterol. 2010;24(6):847-859. doi:10.1016/j.bpg.2010.09.010

Khan A, Kim A, Sanossian C, Francois F. Impact of obesity treatment on gastroesophageal
reflux disease. World J Gastroenterol. 2016;22(4):1627-1638. doi:10.3748/wjg.v22.i4.1627

Nevill AM, Stewart AD, Olds T, Holder R. Relationship between adiposity and body size
reveals limitations of BMI. Am J Phys Anthropol. 2006;129(1):151-156.
doi:10.1002/ajpa.20262



