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Figure 1. Participant selection flow diagram for (A) the National health and nutrition examination survey (NHANES) 2017-2020 and (B) the

United Kingdom (UK) Biobank.

Participants meeting either criterion were classified
as prevalent cases.” Because hospital linkage includes
records both before and after the dietary assessment, the
primary UK Biobank definition includes prevalent cases
and some incident cases. A sensitivity analysis restricted
to incident K80 diagnoses recorded after dietary assess-
ment is presented in Supplementary Table 1.

Definition of the Dietary Index for Gut Microbiota
DI-GM scoring followed the validated framework that
quantifies the extent to which habitual dietary intake
promotes gut microbial health."'® The index comprises
food items categorized as a microbiota-favorable arm
(including fiber-rich plants, whole grains, broccoli, fer-
mented dairy, and avocado, among others) and a microbi-
ota-unfavorable arm (including red and processed meats,
refined cereals, and a high-fat diet). For all components
except the high-fat component, sex-specific cohort
medians were used as cutoffs for dichotomization, with
intakes consistent with microbial benefit assigned 1 point.
Consistent with the original index, the high-fat compo-
nent used a fixed threshold of 240% of energy from fat.

In NHANES, individual foods, including green tea, avo-
cado, and cranberries, were identified at the food-code
level using the Food and Nutrient Database for Dietary
Studies (FNDDS) underlying the 2 24-hour dietary recalls,
which permits green tea to be distinguished from other
teas. Accordingly, the primary NHANES score retained

all 14 components (range 0-14). The authors note that
the original index omitted green tea in NHANES (range
0-13). To ensure the findings were not dependent on
this approach, sensitivity analyses using a 13-compo-
nent NHANES score (omitting green tea) and a fully
harmonized 12-component score (omitting green tea
and chickpeas), computed identically in both cohorts,
are presented in Supplementary Table 1. Because chick-
pea intake is not assessed by the Oxford Web-based
24-hour dietary questionnaire (Oxford WebQ), the UK
Biobank index comprised 13 components (range 0-13).
For several low-prevalence components, the sex-specific
median lies at or near zero; therefore, the corresponding
indicator effectively contrasted any consumption with no
consumption rather than a graded intake. Component-
by-component prevalence for both cohorts is presented
in Supplementary Table 2. Component definitions and
cutoffs are provided in Supplementary Table 3.

Covariates

Confounders were prespecified on the basis of prior lit-
erature documenting their associations with cholelithia-
sis.’®20 Demographic variables included age, sex, racial/
ethnic identification, and educational level. As a measure
of socioeconomic status, NHANES analyses used the
poverty-to-income ratio, whereas UK Biobank analyses
used the Townsend deprivation index. Behavioral vari-
ables included smoking status and alcohol consumption.
Clinical variables included measured body mass index
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(kg/m?), self-reported hypertension, diabetes, prior can-
cer, and circulating high-density lipoprotein cholesterol
(HDL-C), and total cholesterol (TC). Nutritional vari-
ables included total daily intake of energy, protein, and
fat. Because BMI, HDL-C, TC, diabetes, and hyperten-
sion plausibly lie on the diet—=»microbiota—bile-acid/
lipid—gallstone pathway, these variables were treated as
potential mediators rather than confounders in the pri-
mary (total-effect) model (see the section “Statistical
Analysis”). Additional sensitivity analyses considered
physical activity in both cohorts and, among women, par-
ity and exogenous hormone use in the UK Biobank.

Statistical Analysis

Continuous variables are reported as means with SDs (or
as medians with interquartile ranges for skewed variables),
and categorical variables are reported as counts with
column percentages. Distributional assumptions were
assessed graphically using histograms and Q-Q plots.
Group comparisons were performed using the Welch's
t-test for approximately normally distributed variables
the Mann-Whitney U-test for skewed variables, and the
Pearson’s y? test for proportions. The NHANES sampling
design (stratification, clustering, and unequal selection
probabilities) was incorporated using the 2-day dietary
sample weight (WTDR2DPP), Taylor-series linearization,
and the masked design variables SDMVSTRA (strata) and
SDMVPSU (primary sampling units) in accordance with
the following NCHS analytic guidelines for the combined
January 2017 to March 2020 pre-pandemic data file. The
UK Biobank, which is not a probability sample, was ana-
lyzed without weighting. The 2 cohorts were not pooled
but were analyzed as independent replication cohorts.

The authors’ target estimand was the total effect of habit-
ual DI-GM on gallstone prevalence. Cohort-specific logis-
tic regression models were used to estimate odds ratios
and 95% Cls, with DI-GM modeled as both a continuous
variable and cohort-specific ordered categories (defined
to preserve adequate cell sizes given the differing DI-GM
distributions). Model 1 adjusted for age and sex. Model 2
(the primary, total-effect model) adjusted for race/eth-
nicity, educational level, socioeconomic status (PIR or
Townsend), smoking, and alcohol consumption. Model
3, included as a conservative sensitivity analysis, further
adjusted for the putative cardiometabolic mediators
(BMI, HDL-C, TC, diabetes, and hypertension), prior can-
cer, and energy, protein, and fat intake. Because condi-
tioning on intermediates can induce overadjustment bias
toward the null, Model 2 was interpreted as the estimate

of the total effect, whereas Model 3 was interpreted as
the lower-bound estimate. The assumed causal structure
and the corresponding minimal adjustment set are shown
in Supplementary Figure 1 (directed acyclic graph).2?? To
assess nonlinearity, 4-knot restricted cubic spline curves
were fitted with knots at the 5th, 35th, 65th, and 95th
percentiles of the DI-GM score and applied identically
in both cohorts. Effect modification was examined by
stratifying analyses according to age, sex, race/ethnicity,
educational level, socioeconomic status, BMI, and hyper-
tension. Tests for subgroup interactions were explor-
atory and were not adjusted for multiple comparisons.
Robustness was evaluated through prespecified sensitiv-
ity analyses (Supplementary Table 1). Consistent with the
cross-sectional design, results are described as associa-
tions rather than effects.?® All P values were 2-sided, and
P < .05 was considered statistically significant. All analy-
ses were performed using R version 4.3.0.

RESULTS

Baseline Characteristics

Participant profiles for the 2 cohorts are summarized in
Table 1. In NHANES, 7198 adults (mean age 50.8 years)
were included, of whom 782 (10.9%) reported a previous
diagnosis of gallstones. The UK Biobank sample included
126 478 adults (mean age 56.8 years), of whom 11640
(9.2%) had gallstone disease. In both cohorts, participants
with gallstones were older, were more likely to be women,
and had greater adiposity and a higher prevalence of dia-
betes and hypertension than those without gallstones
(P < .001 for each). For DI-GM, the crude unweighted
NHANES means were nearly identical between partici-
pants without gallstones and with gallstones (4.50 vs.
4.48). After survey weighting, the gallstone group had a
modestly lower mean DI-GM score (4.3 vs. 4.5). In the UK
Biobank, participants with gallstones had a lower mean
DI-GM score than those without gallstones (4.82 vs. 5.15;
P <.001). The near-identical crude NHANES mean DI-GM
scores reflect strong negative confounding. Participants
with gallstones were substantially older and more likely
to be women characteristics positively associated with
both gallstone prevalence and, in this cohort, slightly
higher DI-GM scores. Accordingly, the inverse association
became apparent only after adjustment for age, sex, and
socioeconomic status.

DI-GM Score and 0dds of Galistone Disease

In both cohorts, higher DI-GM scores were associated
with lower odds of gallstones (Table 2 and Figure 2). In
the primary total-effect model (Model 2), each 1-point
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Table 1. Baseline Characteristics of Participants by Gallstone Status in National Health and Nutrition Examination Survey and the United

Kingdom Biobank

Characteristic NHANES: No Gallstone  NHANES: Gallstone NHANES, P UKB: No gallstone UKB: Gallstone UKB, P
N 6416 782 - 114 838 11640 —
Age, years, mean (SD) 50.4 57.9 <.001 56.3 61.9 <.001
Female, % 49.3 66.5 <.001 52.8 66.0 <.001
BMI, kg/m?, mean (SD) 29.4 32.9 <.001 27.0 31.1 <.001
Diabetes, % 13.3 24.0 <.001 4.4 11.0 <.001
Hypertension, % 36.2 54.3 <.001 23.3 41.9 <.001
Current smoking, % 18.1 21.7 <.001 10.2 13.3 <.001
HDL-C/TC 54.2/191.4 47.7/201.0 <.001 15/5.7 1.3/6.0 <.001
DI-GM, mean (SD) 4.5 4.3 exploratory 5.15 4.82 <.001

Values are mean or %. NHANES estimates are survey-weighted (WTDR2DPP); weighted NHANES totals were mean age 51.2 years, 51.2% female, and 11.1%
gallstone prevalence. UK Biobank estimates are unweighted; HDL-C and total cholesterol are reported in mg/dL (NHANES) and mmol/L (UK Biobank).
BMI, body mass index; DI-GM, Dietary Index for Gut Microbiota; HDL-C, high-density lipoprotein cholesterol; TC, total cholesterol; UKB, UK Biobank.

increase in the DI-GM score was associated with 13%
lower odds of gallstones in NHANES (OR = 0.87, 95% Cl:
0.83-0.92; P <.001) and 7% lower odds in the UK Biobank
(OR =0.93, 95% CI: 0.91-0.95; P < .001). Estimates were
attenuated but persisted in the conservative mediator-
adjusted model (Model 3): NHANES: OR = 0.92; 95% CI:
0.87-0.98; P =.007; UK Biobank: OR = 0.95; 95% CI: 0.93-
0.97; P < .001. This pattern was consistent with partial
mediation through cardiometabolic factors.

Categorical analyses reinforced this pattern. Compared
with the lowest DI-GM category, the highest category
was associated with lower odds of gallstones in the pri-
mary total-effect model (Model 2) in both NHANES (OR
= 0.73, 95% CI: 0.60-0.89) and the UK Biobank (OR =
0.80, 95% CI: 0.74-0.87). The conservative model dem-
onstrated a similar pattern in both NHANES (OR = 0.80,
0.66-0.98) and the UK Biobank (OR = 0.85, 0.78-0.92).
Spline-based dose-response evaluation demonstrated

Table 2. Association Between Dietary Index for Gut Microbiota and Odds of Prevalent Gallstone Disease in National Health and Nutrition

Examination Survey and the United Kingdom Biobank

Exposure Model 1, OR (95% Cl), P

Model 2 (Total Effect), OR (95% ClI), P

Model 3 (Conservative), OR (95% Cl), P

NHANES 2017-2020

Per 1-point DI-GM
Category 4 vs 0-3
Category 5 vs 0-3
Category 26 vs 0-3
UK Biobank

Per 1-point DI-GM
Category 5vs 0-4
Category 6-7 vs 0-4
Category 28 vs 0-4

0.91(0.86-0.96), .001
0.94 (0.78-1.13), 505
0.89 (0.74-1.07), .208
0.77 (0.64-0.93), .007

0.94 (0.92-0.96), <.001

0.96 (0.90-1.03), .248
0.90 (0.85-0.96), .001

0.83 (0.77-0.90), <.001

0.87 (0.83-0.92), <.001
0.91(0.76-1.10), .325
0.85 (0.70-1.03),.098
0.73 (0.60-0.89), .002

0.93 (0.91-0.95), <.001

0.95 (0.89-1.02), .168
0.88 (0.83-0.94), <.001
0.80 (0.74-0.87), <.001

0.92 (0.87-0.98), .007
0.93 (0.77-1.13), .457
0.88 (0.72-1.07), .187
0.80 (0.66-0.98), .030

0.95 (0.93-0.97), <.001
0.97 (0.90-1.04), .362
0.91(0.86-0.97),.004
0.85 (0.78-0.92), <.001

Model 1: age, sex. Model 2 (primary, total-effect): + race/ethnicity, education, socioeconomic index (PIR or Townsend), smoking, alcohol. Model 3 (conservative
sensitivity): + BMI, HDL-C, TC, diabetes, hypertension, prior cancer, and energy, protein, and fat intake (potential mediators). Reference category is the lowest

DI-GM stratum.

BMI, body mass index; Cl, confidence interval; DI-GM, Dietary Index for Gut Microbiota; HDL-C, high-density lipoprotein cholesterol; OR, odds ratio; PIR, pov-

erty-to-income ratio; TC, total cholesterol.
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Figure 2. Odds ratios (95% confidence interval) for prevalent gallstone disease per 1-point increase in the dietary index for gut microbiota
(DI-GM) and across DI-GM categories, by cohort and adjustment model (models 1-3). (A) National health and nutrition examination survey

(NHANES); (B) United Kingdom (UK) Biobank.

a linear, downward trajectory in both cohorts (P for the
overall association = .002 in NHANES and < .001 in the
UK Biobank; P for nonlinearity = .13 and .22, respectively)
(Figure 3). On the absolute scale, the model-standard-
ized predicted prevalence of gallstones was 2.1 per-
centage points lower in the highest than in the lowest
DI-GM category in NHANES (95% CI: -3.4 to —-0.8) and

A. NHANES 2017-2020

\

0.8

P for overall = 0.002
P for nonlinear = 0.130

0.6

0Odds Ratio for Gallstone

0.4 1

0.2 1

0.0 T T T T
0 2 4 6 8
DI-GM

1.4 percentage points lower in the UK Biobank (95% CI:
-1.9 to -0.9), indicating that the per-point association,
although consistent, was modest.

Subgroup and Sensitivity Analyses
Stratified analyses indicated that the inverse DI-GM
association extended broadly across demographic and

B. UK Biobank
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—
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Figure 3. Restricted cubic spline dose-response curves (4 knots at the 5th, 35th, 65th, and 95th percentiles) for the association between
dietary index for gut microbiota (DI-GM) score and the odds of prevalent gallstone disease. (A) National health and nutrition examination
survey (NHANES); (B) United Kingdom (UK) Biobank. Shaded areas denote 95% Cls.
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A. NHANES 2017-2020
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Figure 4. Subgroup analyses of the association between dietary index for gut microbiota (DI-GM) (per 1-point) and prevalent gallstone
disease, with P for interaction. (A) National health and nutrition examination survey (NHANES); (B) United Kingdom (UK) Biobank.

clinical subgroups within each dataset (Figure 4). Two
nominalinteractions were observed: age in the UK Biobank
(P-interaction = .04), with somewhat stronger inverse
associations among older participants, and educational
level in NHANES (P-interaction = .008). Given the num-
ber of exploratory tests and the absence of adjustment
for multiple comparisons, these findings should be inter-
preted cautiously and considered hypothesis generating.
No significant interactions were observed for sex, BMI, or
comorbid metabolic disease. The association appeared
somewhat weaker among participants with higher meta-
bolic risk (e.g., obesity, hypertension).

Sensitivity testing (Supplementary Table 1) was consis-
tent with these estimates. Effect sizes were the same
even after exclusion of adults with diabetes, those with
cancer, or those with extreme energy intake and after
multiple imputation of missing covariates. In the UK
Biobank, restricting the outcome to hospital-confirmed

K80 episodes also reproduced the inverse association (OR
=0.94,95% CI: 0.91-0.97). Additional sensitivity analyses
using the 13-component and harmonized 12-component
scores, per-SD standardized DI-GM scores, exclusion of
participants who had undergone cholecystectomy, addi-
tional adjustment for physical activity and reproductive
factors, restriction to incident UK Biobank cases, and
restriction to participants with at least 2 Oxford WebQ
recalls are presented in Supplementary Table 1 and were
directionally consistent with the main analysis (e.g., the
harmonized 12-component score yielded an OR of 0.93
(95% ClI: 0.87-0.99) in NHANES and 0.96 (95% Cl: 0.94-
0.98) in the UK Biobank.

DISCUSSION

Using data from 2 large, independent populations, the
authors observed that a higher DI-GM score, reflecting
greater adherence to a microbiota-favorable diet, was
associated with lower odds of prevalent gallstone disease
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in a consistent, inverse, and dose-dependent manner.
The association remained after progressive adjustment
for demographic background and behavioral exposures,
was attenuated but persisted after additional adjust-
ment for cardiometabolic factors, and demonstrated a
near-linear gradient across the score range. Because both
analyses were cross-sectional, these results should be
interpreted as associations rather than evidence of a pre-
ventive effect.

Diet—gallstone relationships have been examined previ-
ously, but most studies have relied on broad dietary qual-
ity scores or individual nutrient classes.'®2425 Collectively,
this prior literature attributes a favorable signal to plant-
rich, high-fiber, unsaturated-fat patterns, alongside
an adverse signal from saturated-fat, cholesterol, and
refined carbohydrate-heavy diets.?6?” What these tra-
ditional metrics typically leave unaddressed is the link
between dietary intake and microbial ecology. By using
a microbiota-informed dietary index, the authors explic-
itly captured food components with documented effects
on microbial composition and metabolic output.?® The
authors do not claim that DI-GM score outperforms
established dietary quality indices, with which it is mod-
erately correlated (in NHANES, Spearman r = 0.42 with
the HEI-2020). After mutual adjustment for HEI-2020,
the DI-GM scores remained inversely associated with
gallstones (OR 0.94, 95% CI 0.88-1.00). Rather, the
DI-GM score provides a mechanism-oriented, microbi-
ota-focused perspective that demonstrated a consistent
inverse association across 2 cohorts.

Several biological pathways may underlie this association.
First, gut commensals catalyze the deconjugation and
structural modification of bile acids, with downstream
effects on bile composition and cholesterol solubility.2%3°
Disrupted microbial communities may shift the bile acid
pool toward more hydrophobic species that favor cho-
lesterol nucleation and stone formation.®" Experimental
studies have shown that transplantation of gut micro-
biota from patients with gallstones can induce stone
formation in mice, with enrichment of Desulfovibrionales
increasing bile-acid hydrophobicity and biliary cholesterol
secretion,” providing direct support for a diet-microbiota—
bile-acid-stone pathway. Second, reduced gut bacterial
richness has been repeatedly reported among people
with gallstone disease, and low-diversity ecosystems may
struggle to maintain bile acid balance and barrier integ-
rity.982333435 FEiber-rich, plant-based dietary patterns—
precisely the patterns rewarded by DI-GM—promote
microbial richness and taxa relevant to bile metabolism.3¢

Third, microbial metabolites influence hepatic cholesterol
metabolism.®”38 Importantly, the authors did not measure
the gut microbiome (e.g., by 16S rRNA or metagenomic
sequencing). The DI-GM score should be regarded as a
dietary proxy, and these mechanisms are therefore plau-
sible, externally supported hypotheses rather than find-
ings of the present study.

A further consideration is the direction of inference.
Because diet and prevalent gallstone status were ascer-
tained contemporaneously, reverse causation is plau-
sible. A diagnosis of gallstone related symptoms, dietary
counseling, or cholecystectomy may itself prompt a shift
toward a healthier, higher-DI-GM diet, which would gen-
erate an inverse association in the absence of any pro-
tective effect. Two features temper but do not eliminate
this concern. In the UK Biobank, the inverse association
persisted when the outcome was restricted to hospital-
coded disease, and a sensitivity analysis restricted to inci-
dent K80 diagnoses recorded after dietary assessment
yielded similar results (OR = 0.96, 95% CI: 0.94-0.98; P <
.001; 2,297 incident cases among 114 838 participants),
arguing against substantial reverse causation in the UK
Biobank. For NHANES, which is intrinsically cross-sec-
tional, temporality cannot be established, and prospec-
tive data are required.

The higher prevalence of diabetes and hypertension
among participants with gallstones also warrants con-
sideration. Metabolic syndrome promotes gallstone
formation partly through impaired gallbladder motility,
autonomic dysfunction, bile stasis, and increased biliary
cholesterol saturation. These conditions may act as both
confounders and mediators of the association between
diet and gallstones, which is why the authors treated
them as intermediates in the primary model. The some-
what weaker association observed among participants
with higher metabolic risk is consistent with the possi-
bility that, once these pathways are established, dietary
quality matters less.

Although both study populations were drawn from
Western countries, the findings may be relevant to other
populations. Several DI-GM-favorable elements—veg-
etables, legumes, and pulses (including chickpeas and
lentils), whole grains, olive-oil-based unsaturated fat,
fermented dairy, and tea and coffee—are characteristic
of Mediterranean and many Middle Eastern dietary pat-
terns. Accordingly, the DI-GM score may capture benefi-
cial dietary patterns in these settings. However, because
food consumption patterns and component cutoffs vary
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across populations, direct validation of the DI-GM score
in Mediterranean and Middle Eastern cohorts, which
are of particular interest to this journal's readership, is
warranted.

From a public-health perspective, cholelithiasis remains
widespread and costly.®® Dietary modification is compara-
tively inexpensive and scalable, and if the present asso-
ciations are confirmed prospectively, microbiota-oriented
dietary quality may be one of several modifiable factors
associated with gallstone burden. The authors cau-
tion against stronger translational claims: the per-point
association is modest, the very large UK Biobank sample
renders small differences statistically significant, and
the association appears attenuated in participants with
higher metabolic risk. Accordingly, the authors refrain
from recommending DI-GM for individual risk stratifica-
tion or counseling pending prospective and, ideally, inter-
ventional evidence.*°

Methodological strengths include parallel analyses in 2
large well-characterized datasets, which provided sub-
stantial statistical resolution, natural cross-population
replication, and use of a mechanism-anchored, validated
dietary index alongside thorough confounder control.
Several limitations apply. First, the cross-sectional design
precludes causal inference, and reverse causation and
residual confounding (e.g., by rapid weight loss, which
is poorly captured in both cohorts) cannot be excluded.
Second, dietary exposure relied on short-window self-
reported instruments—24-hour recalls in NHANES and
the Oxford WebQ in the UK Biobank—which may not
accurately reflect long-term habitual intake relevant to
a chronic disease process. Although averaging repeated
dietary assessments may reduce exposure misclassifica-
tion, it does not eliminate it.*! Third, because gallstones
are frequently asymptomatic, neither cohort underwent
systematic ultrasonographic screening, and some par-
ticipants with undiagnosed gallstones were misclassified
as controls. Together with the reliance on self-reported
gallstone status and the absence of imaging confirmation
in NHANES, this likely resulted in nondifferential out-
come misclassification, which would most plausibly bias
the association toward the null, rendering the estimates
conservative. Fourth, the per-point ORs are not strictly
comparable across cohorts because of the differing score
range (0-14 vs 0-13); harmonized-score and per-SD anal-
yses are therefore provided. Fifth, the UK Biobank exhib-
its a well-described healthy-volunteer selection effect,
and Oxford WebQ represents a further self-selected sub-
set. Although internal exposure—outcome associations

are often broadly generalizable,'® absolute prevalence is
not, and a comparison of included versus excluded partic-
ipants is provided (Supplementary Table 4). Sixth, the pri-
mary analysis was based on complete-case data. Although
missingness was unlikely to be completely at random,
the close agreement between multiple-imputation and
complete-case analyses argues against substantial bias.
Finally, DI-GM comprises a fixed, literature-derived set of
components and does not capture the full complexity of
habitual dietary intake or microbiota-relevant exposures.
In addition, no microbiome data were available to confirm
microbial changes.

In summary, across 2 large population-based resources
from the United States and the United Kingdom, greater
adherence to a microbiota-supportive diet—as measured
by the DI-GM—was independently associated with lower
odds of prevalent gallstone disease. The association was
consistent in direction and magnitude across adjustment
models, dose-response analyses, subgroup analyses,
and sensitivity analyses. These cross-sectional findings
support the role of diet—-microbiome interactions in bili-
ary health and provide a rationale for prospective and
mechanistic studies before any preventive inference can
be made.
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Supplementary Materials

Higher Adherence to a Gut-Microbiota-Favorable Diet
Is Associated with Lower Gallstone Prevalence: A Cross-
Sectional Analysis of Two Large Population-Based
Cohorts (NHANES and the UK Biobank)

Supplementary Methods

In NHANES, dietary intake was assessed using two
24-hour dietary recalls administered through the USDA
Automated Multiple-Pass Method. The first recall was
conducted in person at the Mobile Examination Center,
and the second by telephone 3 to 10 days later. Daily
intakes of foods, beverages, and nutrients were averaged
across the two recalls when both were available; partici-
pants with a single valid (Day-1) recall were also included,
and a sensitivity analysis restricted to participants
with both recalls is reported in Supplementary Table 2.
Individual foods were identified at the food-code level
using the Food and Nutrient Database for Dietary Studies
(FNDDS); green tea, avocado, cranberries, and soy were
thereby distinguished from related items, allowing all 14
DI-GM components to be scored in NHANES. In the UK
Biobank, dietary intake was assessed using the Oxford
Web-based 24-hour dietary questionnaire (Oxford
WebQ), which captures approximately 200 food and bev-
erage items consumed during the previous 24 hours.*!
Participants who completed at least one Oxford WebQ
recall were eligible, and intakes were averaged across all
available recalls.

Survey-weighted NHANES analyses used the two-day
dietary sample weight (WTDR2DPP) provided by the
National Center for Health Statistics for the combined
2017-March 2020 pre-pandemic file, with variance esti-
mated by Taylor-series linearization using the masked

design variables SDMVSTRA (strata) and SDMVPSU (pri-
mary sampling units), in accordance with NCHS analytic
guidelines. The UK Biobank, which is not a probability
sample, was analyzed unweighted; the two cohorts were
treated as independent replications rather than pooled.

The target estimand was the total effect of habitual
DI-GM on prevalent gallstone disease. The assumed
causal structure is shown in Supplementary Figure 1:
age, sex, race/ethnicity, education, socioeconomic posi-
tion, smoking, and alcohol were treated as confounders
(adjusted in the primary, total-effect Model 2), whereas
BMI, HDL-C, TC, diabetes, and hypertension were treated
as potential mediators on the diet—microbiota—bile-
acid/lipid—»gallstone pathway (adjusted only in the con-
servative Model 3).

Cohort-specific DI-GM categories were defined to
preserve adequate cell sizes given the differing DI-GM
distributions and the sparseness of the lowest scores,
yielding an ordered low-reference group and ascending
strata (NHANES: 0-3, 4, 5, =6; UK Biobank: 0-4, 5, 6-7,
>8). The continuous and restricted-cubic-spline analy-
ses are the primary dose-response evidence. Subgroup
analyses included a multiplicative interaction term
between DI-GM (continuous) and the stratification vari-
able in the fully adjusted model, with the P for interac-
tion from a Wald test; these tests were exploratory and
not corrected for multiple comparisons. Restricted cubic
spline models used four knots at the 5th, 35th, 65th,
and 95th percentiles of DI-GM, applied identically in
both cohorts. Distributional assumptions were assessed
graphically; approximately normal variables were com-
pared by Welch's t test and skewed variables by the
Mann-Whitney U test, with medians [IQR] reported
where appropriate.



Supplementary Table 1. Sensitivity analyses for the association between DI-GM and prevalent gallstone disease

Sensitivity analysis (per 1-point DI-GM) NHANES OR (95% Cl) P UK Biobank OR (95% Cl) P
Main analysis (conservative model) 0.92 (0.87-0.98) .007 0.95 (0.93-0.97) <.001
Primary total-effect model (no metabolic mediators) 0.87 (0.83-0.92) <.001 0.93 (0.91-0.95) <.001
Excluding participants with diabetes 0.90 (0.84-0.97) .004 0.94 (0.92-0.97) <.001
Excluding participants with cancer 0.91 (0.85-0.97) .005 0.95 (0.93-0.97) <.001
Excluding participants aged <40 years 0.91(0.85-0.97) .006 0.95 (0.93-0.97) <.001
5xc)|uding extreme energy intake (<500 or >5000 kcal/ 0.92 (0.86-0.98) .009 0.95 (0.93-0.97) <.001
ay

Multiple imputation for missing data 0.91 (0.86-0.97) .003 0.94 (0.92-0.96) <.001
UKB: outcome restricted to ICD-10 K80 N/A N/A 0.94 (0.91-0.97) <.001
UKB: participants with 22 WebQ completions N/A N/A 0.94 (0.91-0.97) <.001
NHANES 13-component score (omitting green tea) 0.92 (0.86-0.98) .009 N/A N/A
Harmonized 12-component score (no green 0.93 (0.87-0.99) .023 0.96 (0.94-0.98) <.001
tea +chickpeas)

Per 1-SD increase in DI-GM (standardized) 0.84 (0.79-0.89) <.001 0.89 (0.87-0.91) <.001
Excluding participants with prior cholecystectomy 0.93 (0.87-0.99) .023 0.95 (0.93-0.97) <.001
Further adjusted for physical activity 0.92 (0.86-0.98) .009 0.95 (0.93-0.97) <.001
Women: + parity and OC/HRT use (UKB) N/A N/A 0.94 (0.88-1.00) .0563
NHANES: restricted to two-recall participants 0.91 (0.85-0.97) .003 N/A N/A
UKB: incident cases only (K80 after diet assessment) N/A N/A 0.96 (0.94-0.98) <.001

Estimates are odds ratios per 1-point increase in DI-GM from the conservative model unless otherwise noted. Cl, confidence interval; HRT, hormone-replace-
ment therapy; N/A, not applicable; OC, oral contraceptive; SD, standard deviation; UKB, UK Biobank; WebQ, Oxford Web-based 24-hour dietary
questionnaire




Supplementary Table 2. Component-by-component prevalence
of DI-GM points in NHANES and the UK Biobank

% scoring 1 point, % scoring 1 point, UK

DI-GM component NHANES Biobank
Avocado 35.0% 49.9%
Broccoli 37.7% 53.0%
Chickpeas 16.7% N/A

Coffee 52.0% 50.5%
Cranberries 36.8% 42.5%
Fermented dairy 53.9% 49.0%
Fiber 49.0% 52.2%
Green tea 5.3% 55.0%
Soy 39.1% 48.5%
Whole grains 45.2% 52.9%
High-fat diet 35.5% 50.8%
Processed meat 49.8% 38.9%
Red meat 40.1% 48.3%
Refined grains 51.2% 46.2%

Proportion of participants awarded 1 point on each DI-GM component in
each cohort. DI-GM, Dietary Index for Gut Microbiota; N/A, not available

Supplementary Table 3. DI-GM scoring criteria in NHANES and the UK Biobank

Component Direction NHANES (M) NHANES (F) UKB (M) UKB (F) Scoring
Favorable components
Avocado (g/day) Favorable 20.10 >20.08 20.15 20.12 =median: 1
Broccoli (g/day) Favorable 22.50 22.20 23.10 >22.80 =median: 1
Chickpeas (g/day) Favorable >0.05 >0.04 N/A N/A =median: 1
Coffee (g/day) Favorable >2120.0 295.0 >180.0 >150.0 =median: 1
Cranberries (g/day) Favorable 20.30 20.25 =20.20 >0.18 =median: 1
Fermented dairy (g/day) Favorable 215.0 218.0 =220.0 225.0 =median: 1
Fiber (g/day) Favorable 216.5 214.2 =218.0 2155 =median: 1
Green tea (g/day) a Favorable =0.01 20.01 =20.05 >0.05 =median: 1
Soy (g/day) Favorable =20.10 >0.08 20.12 >0.10 =median: 1
Whole grains (g/day) Favorable >225.0 222.0 >230.0 >28.0 =median: 1
Unfavorable components
High-fat diet (% energy) b Unfavorable 240% 240% 240% 240% <threshold: 1
Processed meat (g/day) Unfavorable >18.0 212.0 222.0 >15.0 <median: 1
Red meat (g/day) Unfavorable >55.0 >40.0 >50.0 >38.0 <median: 1
Refined grains (g/day) Unfavorable >180.0 >2150.0 >160.0 >135.0 <median: 1
Total score range 0-14 0-14 0-13c 0-13c

Cutoff values are sex-specific cohort medians (M, male; F, female), except the high-fat component. a Green tea was identified at the FNDDS food-code level
in NHANES, allowing it to be scored (range 0-14); the original index omitted it in NHANES. b Per the original index, the high-fat component uses a fixed thresh-
old of 240% of energy from fat, not a sex-specific median. c The UK Biobank score ranges 0-13 because chickpea intake is not available in the Oxford WebQ.
DI-GM, Dietary Index for Gut Microbiota; N/A, not available.




Supplementary Table 4. Comparison of included versus excluded
participants

Standardized Standardized
difference difference

Characteristic (NHANES) (UK Biobank)
Age 0.077 0.033
Sex 0.063 0.019
BMI 0.060 0.038
Current smoking 0.025 0.014
Deprivation index 0.051 0.025
Gallstone prevalence 0.079 0.036

Absolute standardized differences between included and excluded partici-
pants were <0.10 in both cohorts, indicating well-balanced analytic samples
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Supplementary Figure 1. Directed acyclic graph for the association between the Dietary Index for Gut Microbiota (DI-GM) and prevalent
gallstone disease. Blue: confounders adjusted in the primary total-effect model (Model 2). Yellow: cardiometabolic variables treated as
mediators and additionally adjusted only in the conservative model (Model 3); conditioning on them blocks part of the causal path and biases
the total effect toward the null. The dashed green arrow denotes the total effect (target estimand). The gut microbiota is unmeasured.




