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Gastroesophageal reflux disease and osteoporosis
A bidirectional Mendelian randomization study
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Abstract 
In observational studies, associations between osteoporosis (OP) and gastroesophageal reflux disease (GERD) have been found. 
We conducted a 2-way, 2-sample Mendelian randomization (MR) analysis to determine whether these associations have a causal 
relationship. Data on GERD at the summary-level were sourced from extensive genome-wide association studies encompassing 
129,080 cases and 473,524 control subjects. Bone mineral density (BMD) served as the phenotypic indicator for OP. BMD 
metrics were compiled from a cohort of 537,750 individuals, encompassing total body BMD (TB-BMD) and stratified TB-BMD 
across age groups, along with BMD measurements at 4 anatomical locations: lumbar spine, femoral neck, heel, and ultra-
distal forearm. Multiple MR approaches, such as the inverse-variance weighted (IVW) method, MR-Egger regression, and the 
MR-PRESSO test, were employed, among which findings obtained by IVW method were designated as the primary outcomes. 
For quality assurance, sensitivity analyses were conducted using the MR-Egger intercept, Cochran Q, and leave-one-out test. 
There were no significant causal links between genetic inclination towards GERD and reduced BMD levels. Nonetheless, the 
genetic evidence suggests a causal link between higher BMD levels and lower incidence of GERD [TB-BMD: OR = 0.941, 
95% confidence intervals (CI) = 0.910–0.972, P < .001; TB-BMD-1: OR = 0.919, 95% CI = 0.885–0.954, P < .001; TB-BMD-3: 
OR = 0.945, 95% CI = 0.915–0.977, P = .001; TB-BMD-4: OR = 0.926, 95% CI = 0.896–0.957, P < .001]. Sensitivity analyses 
corroborate our findings. The MR analysis indicates no significant causal link between genetic inclination towards GERD and 
OP or reduced BMD within the European demographic. In addition, the study suggests that lower BMD or OP, as predicted by 
genetics, may contribute to the development of GERD.

Abbreviations: 95% CI = 95% confidence intervals, BMD = bone mineral density, DXA = dual-energy X-ray absorptiometry, 
FN-BMD = femoral neck BMD, GEFOS = genetic factors for osteoporosis consortium, GERD = gastroesophageal reflux disease, 
GWAS = genome-wide association study, H-BMD = heel BMD, IEU = integrative epidemiology unit, IVs = instrumental variables, 
IVW = inverse-variance weighted, LS-BMD = lumbar spine BMD, MR = Mendelian randomization, MR-PRESSO = multi-tiered 
MR-pleiotropy residual sum and outlier, OP = osteoporosis, ORs = odds ratios, PPIs = proton pump inhibitors, TB-BMD = total 
body BMD, UF-BMD = ultra-distal forearm BMD.
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1. Introduction
Osteoporosis (OP) is a slowly progressing systemic meta-
bolic bone disease, where the primary pathological process is 
characterized by an imbalance between bone formation and 
bone resorption during bone remodeling.[1] This imbalance 
can lead to bone loss, bone microstructure destruction, and 
increased bone fragility, making patients prone to low-energy 

fractures.[1] Notably, OP affects not only the skeleton but also 
the internal organs.[2,3] For instance, OP-related kyphosis may 
lead to end-organ dysfunction, such as the association between 
thoracic hyperkyphosis and dysphagia.[3] Currently, the gold 
standard for diagnosing OP is through bone mineral density 
(BMD) measurements of the lumbar spine, proximal femur, 
and distal forearm, using dual-energy X-ray absorptiometry 
(DXA).[4]
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Gastroesophageal reflux disease (GERD) is a common 
digestive disorder characterized by the abnormal reflux of 
gastric contents into the esophagus, which leads to damage of 
the esophageal mucosa or symptoms associated with reflux.[5] 
GERD affects approximately 13% of the worldwide popu-
lation, with about 20% of the adult population in Western 
countries being impacted.[6,7] GERD significantly reduces the 
patients’ quality of life and increases the risk of esophageal 
complications such as esophagitis, esophageal strictures, 
Barrett esophagus, and esophageal adenocarcinoma.[6,7] Studies 
have shown that OP and GERD are related to each other. A 
gastrointestinal endoscopy study conducted by Furukawa et 
al[8] indicated that older women had a higher prevalence of 
hiatus hernia, possibly explained by the increased prevalence 
of osteoporotic kyphosis in this population. Shiraki et al[9] 
performed an upper gastrointestinal barium study and proved 
an association between kyphosis and gastric acid reflux in 
postmenopausal women. Proton pump inhibitors (PPIs) are 
the most effective agents in treating GERD.[10] A consensus 
regarding the relationship between long-term use of PPIs and 
OP risk has not yet been established. Research has indicated 
that PPIs usage could be associated with a marginal reduc-
tion in BMD, potentially elevating the likelihood of OP and 
fractures which are not caused by trauma.[11–14] Nevertheless, 
a previous study suggested that the use of PPIs might slightly 
increase BMD by reducing bone turnover.[15] In addition, other 
studies have found no association between PPIs and OP or 
bone loss.[15]

However, present studies have limitations such as imprecise 
or unmeasured confounders, various interpretations of the 
research findings, and insufficient statistical robustness due to 
small sample size. Employing Mendelian randomization (MR) 
can overcome those limitations. MR uses genetic variants as 
instrumental variables (IVs) to evaluate whether the relation-
ships between exposure factors and observed outcomes are 
causal.[16] The advantage of MR lies in the properties of ran-
domly assigned genetic variations unaffected by self-selected 
lifestyle and environmental factors, thereby minimizing residual 
confounding.[16] Moreover, it can address the issue of reverse 
causation because genetic variants cannot be modified by dis-
ease status.[16] Our team adopted a bidirectional MR approach 
to explore the possible causal links between GERD and OP.

2. Materials and methods

2.1. Study design

The validity of the MR approach is contingent upon 3 funda-
mental assumptions: genetic variation is associated with expo-
sure; genetic variation is not linked to any confounders that 
influence exposure or outcome; genetic variation is associated 
with the outcome solely through the exposure. The bidirectional 
MR analysis proceeded in 2 stages: in the first step, GERD was 
examined as the exposure, and OP-related traits as the outcome. 
Subsequently, the roles were reversed. Figure 1 provides a sche-
matic representation of the 3 assumptions and the study design. 
This study was reported in accordance with the strengthening 
the reporting of observational studies in epidemiology using 
Mendelian randomization (STROBE-MR) checklist (Table 
S1, Supplemental Digital Content, https://links.lww.com/MD/
O636).[17]

2.2. Data sources

The GERD genome-wide association study (GWAS) dataset was 
sourced from Ong et al,[18] encompassing 129,080 cases and 
473,524 controls. The GWAS summary-level data on GERD 
was retrieved from the GWAS Catalog. In the study by Ong et 
al,[18] controls were defined as individuals without any history or 
current occurrence of upper digestive system disorders. GERD 
cases were defined based on a combination of self-reported 
GERD symptoms such as heartburn, the use of GERD medica-
tion, and medical records based on ICD-10 codes. Every partic-
ipant was obligated to fill out a consent form, and the study by 
Ong et al[18] had been approved by the QIMR Berghofer Human 
Research Ethics Committee under project ID 3501.

To examine age-specific and site-specific BMD, we used 
summary-level data of BMD from different age stages and 
skeletal sites. For the overall BMD, the total body BMD 
(TB-BMD) was assessed by DXA. The TB-BMD dataset was 
obtained from the genetic factors for osteoporosis consortium 
(GEFOS) meta-analysis,[19] encompassing 66,628 participants. 
Among the participants, 86% were identified as European, 
12% as mixed Oceanian, and 2% as African American. This 
dataset covered 5 different age stages: ≤15 years (N = 11,807), 

Figure 1.   The framework of 2-sample bidirectional MR analysis. Three core assumptions were as follows: (A) relevance assumption; (B) independence 
assumption; (C) exclusion restriction. FN-BMD = Femoral neck bone mineral density, GERD = gastroesophageal reflux disease, H-BMD = heel bone mineral 
density, LS-BMD = lumbar spine bone mineral density, MR = Mendelian randomization, OP = osteoporosis, SNP = single nucleotide polymorphism, UF-BMD 
= ultra-distal forearm bone mineral density.
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15–30 years (N = 4180), 30–45 years (N = 10,062), 45–60 
years (N = 18,805), ≥60 years (N = 22,504).[19] The GWAS 
datasets for heel BMD (H-BMD)[20] and ultra-distal forearm 
BMD (UF-BMD)[21] included 426,824 and 21,907 individuals, 
respectively, all of European descent. H-BMD was estimated 
by quantitative ultrasound, and UF-BMD was measured by 
single-energy X-ray absorptiometry. The data for femoral neck 
BMD (FN-BMD) and lumbar spine BMD (LS-BMD) origi-
nated from another GEFOS study,[22] comprising 32,735 and 
28,498 participants, the majority of whom are White British. 
FN-BMD and LS-BMD were assessed by DXA. Relevant ethics 
committees had approved all studies contributing data to these 
analyses.

All the summary statistics for GERD data and BMD data 
can be downloaded from the integrative epidemiology unit open 
GWAS database (https://gwas.mrcieu.ac.uk/). Detailed informa-
tion regarding the datasets employed in our research has been 
summarized in Table 1.

2.3. Genetic IVs selection

First, genome-wide divergent SNPs with P < 5 × 10–8 and linkage 
disequilibrium of r2 < 0.001 and a genetic distance of 10,000 kb 
were selected as IVs. For TB-BMD-4, a more lenient significance 
threshold of P < 5 × 10−6 was adopted because only a single SNP 
was identified at the more stringent level of P < 5 × 10−8 in the 
GWAS summary data. Second, the robustness of the IVs was 
evaluated using the F statistic; IVs with an F value below 10 
were considered weak and thus removed from the MR study to 
mitigate bias. The F statistic was determined using the formula: 
F = [(N − K − 1)/k] × [R2/(1 − R2)],[23] in which N indicates the 
GWAS sample size, and K refers to the number of IVs included. 
R2 was calculated as R2 = [beta2]/[se2 × N + beta2],[24] where beta 
represents the SNP exposure effect, and se is the standard error 
of the SNP exposure effect.[25] Third, the exposure and outcome 
GWAS datasets were harmonized to ensure that the effect size 
for the exposure and outcome correspond to the same allele. 
Palindromic genetic variants with ambiguous allele frequencies 
or incompatible alleles were eliminated. In the reverse MR anal-
ysis, the SNP screening process was consistent with the afore-
mentioned procedure.

2.4. Statistical analyses

Our study employed 5 distinct MR analyses: the MR-Egger 
regression, the weighted median, the inverse-variance weighted 
(IVW), the simple mode, and the weighted mode methods. 
Notably, the IVW method is regarded as the most robust 

for MR analysis.[26] Besides, our team applied a multi-tiered 
MR-pleiotropy residual sum and outlier (MR-PRESSO) analysis 
to guarantee the reliability of our results by detecting and cor-
recting any statistical outliers.

In addition, we performed several sensitivity analyses to verify 
the robustness of the final results.[27] Initially, MR-Egger regres-
sion was applied to test directional pleiotropy.[28,29] An intercept 
with statistical significance (P < .05) in the MR-Egger analysis 
suggests the presence of horizontal pleiotropy. Additionally, 
Cochran Q statistic was utilized to evaluate heterogeneity. A 
statistically significant Cochran Q (P < .05) indicates heteroge-
neity within the analysis. Lastly, leave-one-out sensitivity analy-
ses were performed by removing a single SNP at a time to assess 
whether the variant would drive the association between the 
exposure and outcome variables.

The Bonferroni correction method was applied to adjust for 
multiple comparisons, setting the threshold for statistical signif-
icance at P < .005 (0.05/10), in line with the number of BMDs 
assessed. P-values ranging from .005 to .05 were interpreted 
as providing suggestive evidence of a potential causal relation-
ship.[30] The results of the causal associations were quantified as 
odds ratios (ORs) with corresponding 95% confidence intervals 
(CI). These analyses were conducted using the TwoSampleMR 
(version 0.5.7) and MR-PRESSO (version 1.0) packages on the 
R software platform (version 4.3.2).

3. Results

3.1. Stage 1: forward MR analysis of the effects of GERD 
on BMD

After removing SNPs that may be associated with confound-
ing factors and those that are palindromic, we pinpointed the 
relevant SNPs for TB-BMD along with its 5 subcategories 
(TB-BMD-1 to TB-BMD-5), as well as for FN-BMD, LS-BMD, 
H-BMD, and UF-BMD, to be used in the MR analyses of this 
research. We selected 77 SNPs for each of the first 9 indica-
tors and 76 SNPs for UF-BMD. The F statistics for all selected 
SNPs were above 10, suggesting robust instruments were free of 
weak instrument bias (Table S2, Supplemental Digital Content, 
https://links.lww.com/MD/O637).

The results of the MR analyses are shown in Figures 2 and 
3. No significant causal relationship between GERD and any 
of the BMD susceptibilities was observed in this study. Results 
from the MR-Egger and weighted median methods were in sig-
nificant agreement with the IVW method regarding the direc-
tion of effect, affirming the reliability of our findings (Figs 2 
and 3). Utilizing the remaining IVs, we performed the first 

Table 1

Details of the genome-wide association studies and datasets used in this study.

Exposure or outcome Abbreviations Sample size Data source Ancestry PMID

Total body bone mineral density TB-BMD 56,284 GEFOS European 29304378
Total body bone mineral density (age over 60) TB-BMD-1 22,504 GEFOS Mixed 29304378
Total body bone mineral density (age 45–60) TB-BMD-2 18,805 GEFOS European 29304378
Total body bone mineral density (age 30–45) TB-BMD-3 10,062 GEFOS Mixed 29304378
Total body bone mineral density (age 15–30) TB-BMD-4 4180 GEFOS Mixed 29304378
Total body bone mineral density (age 0–15) TB-BMD-5 11,807 GEFOS Mixed 29304378
Heel bone mineral density H-BMD 426,824 UK Biobank European 30598549
Ultra-distal forearm bone mineral density UF-BMD 21,907 GEFOS European 33097703
Femoral neck bone mineral density FN-BMD 32,735 GEFOS Mixed 26367794
Lumbar spine bone mineral density LS-BMD 28,498 GEFOS Mixed 26367794
Gastroesophageal reflux disease GERD 602,604 GWAS meta-analysis European 34187846

FN-BMD = Femoral neck bone mineral density, GEFOS = Genetic Factors for Osteoporosis Consortium Website, GWAS = genome-Wide Association Studies, H-BMD = heel bone mineral density, LS-BMD 
= lumbar spine bone mineral density, PMID = pubmed unique identifier, TB-BMD = total body bone mineral density, TB-BMD-1 = total body bone mineral density (age over 60), TB-BMD-2 = total body 
bone mineral density (age 45–60), TB-BMD-3 = total body bone mineral density (age 30–45), TB-BMD-4 = total body bone mineral density (age 15–30), TB-BMD-5 = total body bone mineral density (age 
0–15), UF-BMD = ultra-distal forearm bone mineral density.

https://gwas.mrcieu.ac.uk/
https://links.lww.com/MD/O637
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MR-PRESSO test; the distortion test results identified ten sig-
nificant outliers in H-BMD, and the MR-PRESSO global test 
indicated heterogeneity in H-BMD (P < .001). In other sub-
groups, no outliers were identified. After removing the outliers, 
we conducted a second MR-PRESSO test; the MR-PRESSO 
distortion test did not reveal any significant outlier in H-BMD, 
while the MR-PRESSO global test indicated the presence of 
significant heterogeneity in H-BMD (P < .001). Even when 
outliers were removed, genetically predicted GERD remained 
unrelated to the risk of H-BMD. Furthermore, the MR-Egger 
intercept test results yielded no evidence of pleiotropy at any 
level (all P > .05) (Figs. 2 and 3).

The heterogeneity between individual SNP estimates in 
all groups except for H-BMD was not significant (Figs. 2 
and 3). Given that the P-value from Cochran Q test and the 
MR-PRESSO global test for H-BMD yielded P-values below 
.05, the MR-PRESSO method was selected as the primary ana-
lytical approach for the H-BMD groups.[31] While IVW was used 
as the primary analytical method for the other groups, no signif-
icant heterogeneity was found.

3.2. Stage 2: reverse MR analysis of the effects of BMD on 
GERD

Upon rigorous quality control filtering (P < 5 × 10−8, r2<.001, 
F > 10), a selection of 57 SNPs for TB-BMD, 13 for TB-BMD-1, 

15 for TB-BMD-2, 8 for TB-BMD-3, 8 for TB-BMD-4, 6 for 
TB-BMD-5, 363 for H-BMD, 5 for UF-BMD, 13 for FN-BMD, 
and 13 for LS-BMD were identified to serve as IVs. In selecting 
these SNPs, we eliminated palindromes and invalid SNPs. The 
calculated F statistics showed a strong correlation between IV 
and exposure, with all F-values exceeding the threshold of 10 
(Table S2, Supplemental Digital Content, https://links.lww.com/
MD/O637).

Strikingly, in the IVW analysis, a higher genetic predisposi-
tion towards TB-BMD, TB-BMD-1, and TB-BMD-3 was linked 
to a reduced risk of GERD. Specifically, the ORs for TB-BMD, 
TB-BMD-1, and TB-BMD-3 were 0.946 (95% CI, 0.913–0.981; 
P = .003), 0.919 (95% CI, 0.885–0.954; P < .001), and 0.945 
(95% CI, 0.915–0.977; P = .001), respectively (Table 2). The 
MR-PRESSO distortion test identified 1 outlier in TB-BMD, and 
the MR-PRESSO global test showed heterogeneity in TB-BMD 
(P < .001). Upon the exclusion of this outlier, subsequent 
MR-PRESSO test revealed no significant outliers; however, the 
global test continued to demonstrate heterogeneity (P = .017). 
After removing this outlier, the IVW analysis further confirmed 
that a higher genetic predisposition towards TB-BMD is asso-
ciated with a reduced risk of GERD (95% CI, 0.910–0.972; 
P < .001).

Furthermore, a higher genetic predisposition to TB-BMD-2 
(OR = 0.953, 95% CI = 0.916–0.991, P = .015), TB-BMD-4 
(OR = 0.947, 95% CI = 0.903–0.993, P = .024), and LS-BMD 

Figure 2.  Causal effects of GERD on BMD at different sites. CI = confidence interval, FN-BMD = femoral neck bone mineral density, GERD = gastroesophageal 
reflux disease, H-BMD = heel bone mineral density, LS-BMD = lumbar spine bone mineral density, N SNPs = number of single nucleotide polymorphism, OR = 
odds ratio, P* = P-value for MR-Egger intercept test, P** = P-value for Cochran Q test, P*** = P-value for MR-PRESSO global test, TB-BMD = total body bone 
mineral density, UF-BMD = ultra-distal forearm bone mineral density.

https://links.lww.com/MD/O637
https://links.lww.com/MD/O637
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(OR = 0.929, 95% CI = 0.877–0.984, P = .011) was sugges-
tively associated with a reduced risk of GERD. The MR-PRESSO 
distortion test identified 1 outlier in TB-BMD-4, and the 
MR-PRESSO global test showed heterogeneity in TB-BMD-4 
(P = .035). Upon the exclusion of this outlier, the MR-PRESSO 
test revealed no significant outliers, and the MR-PRESSO global 
test did not show heterogeneity (P = .797). After removing the 
outlier, the IVW analysis indicated that a higher genetic pre-
disposition to TB-BMD-4 remains suggestively associated with 
a reduced risk of GERD (OR = 0.826, 95% CI = 0.896–0.957, 
P < .001).

For TB-BMD-5 (OR = 0.960, 95% CI = 0.907–1.016, 
P = .159), H-BMD (OR = 0.986, 95% CI = 0.958–1.015, 
P = .334), UF-BMD (OR = 0.981, 95% CI = 0.942–1.022, 
P = .365), and FN-BMD (OR = 0.943, 95% CI = 0.868–1.024, 
P = .162), no significant causal association with GERD was 
observed. The MR-PRESSO distortion test identified 9 outliers 
in H-BMD and 2 in FN-BMD. The MR-PRESSO global test also 
indicated significant heterogeneity in H-BMD and FN-BMD 
(H-BMD: P < .001; FN-BMD: P < .001). After adjusting for 
outliers, the MR-PRESSO test did not identify any significant 
anomalies for most groups; however, the global test for H-BMD 
still indicated notable heterogeneity (P < .001). Following the 
exclusion process, the IVW suggested a suggestive causal link 

between FN-BMD and GERD (OR = 0.936, 95% CI = 0.887–
0.988, P = .016). Notably, the findings from MR-Egger and 
weighted median analyses were in substantial agreement with 
the IVW approach in terms of directional consistency (Table 2). 
Furthermore, the MR-Egger intercept test results yielded no 
evidence of pleiotropy in any subgroup except for TB-BMD-2 
(P = .029).

The heterogeneity between individual SNP estimated in all 
groups except for TB-BMD, H-BMD, and LS-BMD was nonsig-
nificant. MR-PRESSO was employed as the primary analytical 
approach for TB-BMD and H-BMD, owing to the P-values of 
the MR-Egger Q test and the MR-PRESSO global test being 
below the threshold of .05. Other BMD subgroups were ana-
lyzed using IVW as the primary method.

Funnel plots demonstrated that the distribution of causal 
effect estimates was symmetrical, suggesting an absence of 
bias in the results. Furthermore, leave-one-out sensitivity anal-
yses indicated that, after sequentially excluding each SNP, the 
results of the IVW analyses for the remaining SNPs were con-
sistent with those that incorporated all SNPs. None of the SNPs 
exhibited a significant influence on the causal association esti-
mates. The results are visualized in Figure 4 and Figures S1–
S5, Supplemental Digital Content, https://links.lww.com/MD/
O638.

Figure 3.  Causal effects of GERD on TB-BMD in different age groups. CI = confidence interval, GERD = gastroesophageal reflux disease, N SNPs = number of 
single nucleotide polymorphism, OR = odds ratio, P* = P-value for MR-Egger intercept test, P** = P-value for Cochran Q test, P*** = P-value for MR-PRESSO 
global test, TB-BMD-1 = total body bone mineral density (age over 60), TB-BMD-2 = total body bone mineral density (age 45–60), TB-BMD-3 = total body bone 
mineral density (age 30–45), TB-BMD-4 = total body bone mineral density (age 15–30), TB-BMD-5 = total body bone mineral density (age 0–15).

https://links.lww.com/MD/O638
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4. Discussion
Our team utilized a bidirectional MR approach to assess the 
potential causal relationships between GERD and OP. The MR 
analysis did not reveal a causal link between an increased genetic 
predisposition to GERD and reduced BMD/OP. Remarkably, our 
findings indicated an association that a genetic increase in BMD 
correlates with a diminished risk of developing GERD. Our sensi-
tivity analyses further confirmed the robustness of the association.

Some existing observational studies have suggested that long-
term use of PPIs is associated with an increased incidence of frac-
tures in both the hip and vertebrae.[11,32] The heightened risk is 
believed to be associated with achlorhydria resulting from pro-
longed PPIs usage, which could disrupt the body’s calcium and 
vitamin B12 absorption, potentially leading to bone density reduc-
tion.[33] However, these studies were observational, so the risk 
remains controversial and uncertain. Other studies have found 
no association between PPIs and OP or bone loss and no asso-
ciation between PPIs and B12 deficiency in elderly patients.[15,34] 
Therefore, a definitive causal link between GERD and OP has yet 
to be established. Although a MR approach had been employed 
to assess causality, it revealed no causal link between a genetically 
elevated risk of GERD and lower BMD or OP.

Previous literature has reported that OP frequently accompa-
nies GERD, yet their causal relationship remains unclear. Chen et 
al[13] found that the cumulative incidence of OP was significantly 
higher in the GERD cohort than in the control cohort. Some 
researchers have speculated that OP and OP-related kyphosis are 
the main risk factors for the increased incidence of GERD and/or 
esophageal hiatal hernia in elderly women.[2,25] Yamaguchi et al[2] 
conducted a study on 18 Japanese postmenopausal women with 
refractory reflux esophagitis and 57 control subjects without the 
condition to observe the incidence of multiple osteoporotic verte-
bral fractures and esophageal hiatal hernias. They found a nota-
ble link between the occurrence of multiple vertebral fractures 
and persistent cases of reflux esophagitis. This link is even more 
evident in cases where a hiatal hernia is concurrently present. 
Kusano et al[35] reported a positive correlation between the size of 
hiatal hernias assessed by endoscopy and the severity of kypho-
sis evaluated using postural photographs of 100 elderly Japanese 
women. However, these observational studies did not assess the 
degree of vertebral fracture (thoracic or lumbar) or detail spinal 

alignment (e.g., angle of thoracic and lumbar kyphosis). Thus, 
we know little about the effects of thoracic and lumbar kyphosis 
and vertebral fracture on GERD symptoms. Miyakoshi research 
revealed a positive relationship between the total frequency scale 
for GERD score symptoms and lumbar kyphosis and lumbar ver-
tebral fractures.[36] Multivariate logistic regression analysis has 
identified the degree of lumbar kyphosis and the count of lumbar 
vertebral fractures as significant risk factors for the prevalence 
of GERD. Of these, every 1-degree increase in lumbar kyphosis 
and every additional lumbar vertebral fracture were associated 
with approximately 1.1 and 1.9 times higher odds of develop-
ing GERD, respectively. Our MR results are consistent with these 
observational analyses. However, these previous studies were 
predominantly case-control or retrospective, with potential con-
founding risk factors. By contrast, our MR analysis avoids the 
issues of reverse causation and confounding factors, which can 
provide evidence to support the potential causal effect of OP on 
the risk of GERD.

Several mechanisms can explain the causal relationship 
between OP and GERD. Gastroesophageal reflux is generally 
considered a manifestation of decreased function at the gastro-
esophageal junction,[37] with muscle abnormalities and elevated 
intra-abdominal pressure also contributing. A strong positive 
correlation exists between intra-abdominal pressure and lum-
bar compression force,[38] and an increase in intra-abdominal 
pressure can alleviate the pressure on the lumbar spine.[39] A 
kyphotic lumbar spine with multiple vertebral fractures might 
thus raise the intra-abdominal pressure to alleviate compression, 
resulting in pressure on the esophagus, thereby predisposing the 
individual to GERD.[36] Bisphosphonates are selective inhibitors 
of osteoclast-mediated bone resorption used in the treatment 
and prevention of OP.[40] They are known to effectively pre-
vent the occurrence of new vertebral fractures.[41,42] However, 
they could cause gastrointestinal symptoms such as heartburn 
more than placebos do[41–44] and thus may aggravate GERD 
symptoms in elderly patients with kyphosis or multiple verte-
bral fractures. GERD is believed to develop from an inflamma-
tory process caused by chronic gastroesophageal reflux, which 
leads to mucosal injury and DNA damage.[45] Inflammatory 
mediators such as NF-κB are associated with the induction of 
CDX genes, which play a crucial role in the initiation of Barrett 
esophagus.[46,47] Bisphosphonate users may develop esophagitis, 

Table 2

Associations between genetically predicted BMD at different sites and in different age groups and GERD.

Exposure Outcome

IVW PLEIO test Cochran Q test (IVW) MR-PRESSO global test

nSNPs Beta SE OR (95% CI) P Intercept P Q P No. of Outliers P

TB-BMD GERD* 57 −0.055 0.018 0.946 (0.913–0.981) .003 0.002 .379 98.240 <0.001 1 <.001
TB-BMD GERD† 56 −0.061 0.017 0.941 (0.910–0.972) <.001 0.001 .554 80.768 .013 NA 0.017
TB-BMD-1 GERD 13 −0.085 0.019 0.919 (0.885–0.954) <.001 −0.003 .619 12.498 .407 NA .458
TB-BMD-2 GERD 15 −0.048 0.020 0.953 (0.916–0.991) .015 0.015 .029 21.644 .086 NA .093
TB-BMD-3 GERD 8 −0.056 0.017 0.945 (0.915–0.977) .001 0.001 .896 6.240 .512 NA .508
TB-BMD-4 GERD* 8 −0.054 0.024 0.947 (0.903–0.993) .024 −0.002 .912 17.187 .016 1 .035
TB-BMD-4 GERD† 7 −0.077 0.017 0.926 (0.896–0.957) <.001 0.009 .468 3.648 .724 NA .797
TB-BMD-5 GERD 6 −0.041 0.029 0.960 (0.907–1.016) .159 0.021 .099 8.028 .155 NA .185
H-BMD GERD* 363 −0.014 0.015 0.986 (0.958–1.015) .334 0.001 .485 792.343 <.001 9 <0.001
H-BMD GERD† 354 −0.024 0.013 0.976 (0.952–1.001) .063 <0.001 .821 578.829 <.001 NA <.001
UF-BMD GERD 5 −0.019 0.021 0.981 (0.942–1.022) .365 0.010 .206 3.310 .507 NA .491
FN-BMD GERD* 13 −0.059 0.042 0.943 (0.868–1.024) .162 0.002 .917 39.412 <.001 2 <.001
FN-BMD GERD† 11 −0.066 0.028 0.936 (0.887–0.988) .016 −0.003 .748 12.737 .239 NA .241
LS-BMD GERD 13 −0.074 0.029 0.929 (0.877–0.984) .011 −0.004 .718 21.158 .048 NA .060

Beta = effect estimate, CI = confidence interval, FN-BMD = Femoral neck bone mineral density, GERD = gastroesophageal reflux disease, H-BMD = heel bone mineral density, IVW = inverse-variance-
weighted, LS-BMD = lumbar spine bone mineral density, MR = Mendelian randomization, No. = number, OR = odds ratio, PLEIO = pleiotropic locus exploration and interpretation using optimal test, 
PRESSO = pleiotropy residual sum and outlier, Q = Cochran Q statistic, SE = standard error, SNP = single nucleotide polymorphism, TB-BMD = total body bone mineral density, TB-BMD-1 = total body 
bone mineral density (age over 60), TB-BMD-2 = total body bone mineral density (age 45–60), TB-BMD-3 = total body bone mineral density (age 30–45), TB-BMD-4 = total body bone mineral density (age 
15–30), TB-BMD-5 = total body bone mineral density (age 0–15), UF-BMD = ultra-distal forearm bone mineral density.
*Results after the first deletion of outliers displayed by the MR-PRESSO analysis.
†Results after the second deletion of outliers displayed by the MR-PRESSO analysis.
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esophageal erosions, and esophageal ulcers due to direct topical 
injury.[48] Oral bisphosphonates may be associated with GERD 
through a common inflammatory process. Consequently, an 
investigation into the intricate interplay between OP and GERD 
could lead to the identification of new therapeutic targets for 
patients suffering from these conditions.

To the authors’ knowledge, this is the first MR study to explore 
the causal relationship between GERD and lower BMD/OP that 
no one has so far attempted. Leveraging multiple IVs derived 
from large GWAS on GERD and BMD, our investigation has 
enhanced statistical power over causality detection. In addition, 
our stratified analysis of BMD, which sorted data into different 
groups according to age stages and skeletal sites, has clarified the 
causal relationship between BMD and GERD by age and site. 
However, our study still has some limitations. First, given that the 
GWAS data primarily consist of individuals of European descent, 
the results of this study may not generalize to other populations. 
Second, the use of self-reported diagnoses for certain GERD cases 
could potentially impact the trustworthiness of the MR findings. 
Third, there should have been no overlap of participants between 
the exposure and outcome studies used in a 2-sample MR analy-
sis. Regrettably, we could not quantify the precise degree of par-
ticipant overlap in this context.

5. Conclusion
In summary, our MR analysis reveals no causal link between 
genetic predisposition to GERD and the risk of OP or lower 
BMD. In addition, we found that the genetically predicted 
decreased BMD/OP significantly caused an increase in the inci-
dence of GERD, suggesting that OP is a potential risk factor 
for GERD. Therefore, patients with OP should be aware of the 
potential concurrence of developing GERD.
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