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Background: This study aims to investigate the comprehensive association 
between healthy dietary patterns, biological aging, and kidney stones in a large 
population-based cohort.

Methods: We analyzed data from 6 cycles of NHANES surveys from 2007 to 2018 
and included a total of 26,755 participants. The association was examined using 
logistic regression, restricted cubic splines, and a mediation model. Machine 
learning with Shapley Additive Explanations (SHAP) was used to determine the 
relative importance of dietary factors. Sensitivity analysis was conducted to 
validate the stability of the results.

Results: A higher healthy dietary score was significantly associated with a reduced 
risk of kidney stone prevalence, as indicated by the Alternative Healthy Eating 
Index (AHEI) (OR = 0.76, 95% CI 0.69–0.84), the Dietary Approaches to Stop 
Hypertension Index (DASHI) (OR = 0.67, 95% CI 0.58–0.77), the Healthy Eating 
Index 2020 (HEI-2020) (OR = 0.80, 95% CI 0.72–0.89), and the Mediterranean 
Diet Index (MEDI) (OR = 0.81, 95% CI 0.73–0.89). Conversely, higher aging 
indicators were associated with an increased risk of kidney stones, including 
the following: Klemera-Doubal Method Age (KDMAge) (OR = 2.40, 95% CI 1.70–
3.37) and Phenotypic Age (PhenoAge) (OR = 2.36, 95% CI 1.75–3.19). Mediation 
analyses suggested that aging indicators significantly mediated the relationship 
between healthy dietary patterns and kidney stones. Machine learning with 
SHAP revealed the relative importance of dietary patterns and specific dietary 
components in this association. The sensitivity analysis was largely consistent 
with the primary analyses.

Conclusion: These findings provide valuable insights into the complex interplay 
between dietary patterns, biological aging, and the risk of kidney stone. 
Promoting healthy dietary patterns may be an effective strategy for kidney stone 
prevention, potentially through the modulation of biological aging processes.
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1 Introduction

Kidney stones are common urological disorders with a rising 
global incidence, particularly in developed countries (1–3). It is 
estimated that approximately 1 in 10 individuals will experience this 
ailment during their lifetime (4, 5). Beyond causing severe pain, 
kidney stones impose a substantial financial burden on healthcare 
systems worldwide, accounting for billions of dollars in annual 
medical costs and lost productivity (6, 7).

The pathogenesis of kidney stones is driven by a complex interplay 
of environmental and genetic factors, with dietary components 
playing a pivotal role (8). High sodium and protein diets, combined 
with inadequate water intake, are recognized as significant 
contributors to kidney stone formation (9–11). Consequently, dietary 
modifications, such as increased hydration and adjusted intakes of 
calcium and oxalate, have been recognized as fundamental strategies 
for reducing recurrence rates (12–14). Moreover, nutritional research 
favors dietary scores over discrete dietary components, as they provide 
a comprehensive understanding of dietary patterns and their health 
impacts (15). Globally, various dietary scores—including the 
Alternative Healthy Eating Index (AHEI), the DASH Index in serving 
sizes from the DASH trial (DASHI), the Healthy Eating Index 2020 
(HEI-2020), and the and MED Index in serving sizes from the 
PREDIMED trial (MEDI)—are used to assess the complex interactions 
between dietary nutrition, disease risks, and metabolic disorders, with 
an emphasis on dietary recommendations (16). These findings 
highlight the necessity of rigorous research into the diet–kidney stone 
relationships to develop robust preventive and 
therapeutic interventions.

Moreover, the pathogenesis of kidney stones is closely related to 
chronic conditions such as obesity (17), diabetes (18), and 
cardiovascular disease (19), necessitating multifaceted health 
interventions for prevention and management. Age notably influences 
the progression of these conditions, as declining metabolic rates with 
advancing age change the body’s ability to process dietary minerals, 
potentially increasing the risk of kidney stone. Research confirms that 
biological age provides a more accurate representation of an 
individual’s physiological state than chronological age. Algorithms 
such as KDMAge and PhenoAge, which assess biological age based on 
clinical markers, have proven highly accurate in predicting morbidity 
and mortality rates (20–25). KDMAge and PhenoAge were chosen for 
their comprehensive assessment of biological aging and predictive 
power for chronic diseases. Their associated biomarkers, such as 
creatinine and albumin, are linked to kidney function and metabolic 
disturbances, suggesting potential relationships with kidney stone 
formation through mechanisms such as inflammation and oxidative 
stress. Despite data indicating a higher occurrence of kidney stones 
among individuals aged 20–40 years (26), large-scale studies 
examining the influence of biological age on kidney stones remain 
limited. Therefore, exploring the specific roles of dietary patterns and 
biological age in the risk of kidney stone is important for enhancing 
preventive and therapeutic approaches.

In this context, our study used the US National Health and 
Nutrition Examination Survey (NHANES) database to systematically 
investigate the association between healthy dietary patterns, biological 
aging, and the prevalence of kidney stones. The development of kidney 
stones is influenced by a variety of environmental factors, with dietary 
components playing a crucial role. However, the association between 

dietary factors and kidney stones remains unclear. This study aims to 
investigate the relationship between healthy dietary patterns, 
biological aging, and the prevalence of kidney stones in a large 
population-based cohort.

2 Methods

2.1 Study population and design

The National Center for Health Statistics (NCHS) conducts the 
NHANES research project, a nationwide study assessing the health 
and nutritional status of both adults and children in the United States. 
The study is overseen by the Centers for Disease Control and 
Prevention (CDC). The NHANES survey data are publicly accessible 
on the official webpage: https://www.cdc.gov/nchs/nhanes/about_
nhanes.htm. Our analysis includes cross-sectional data gathered from 
six NHANES study cycles (2007–2018), which initially comprised 
58,842 participants. A total of 24,163 individuals were excluded due 
to incomplete kidney stone questionnaire data. Subsequently, 
we excluded 7,924 individuals with dietary survey data. After these 
exclusions, a final sample of 26,755 individuals remained for 
additional research (Figure  1). Finally, a subsample was analyzed 
based on indicator data that were available again, comprising 16,143 
individuals for KDMAge and homeostatic dysregulation and 16,563 
individuals for PhenoAge. Since NHANES data were used for our 
investigation, and the NHANES procedures were previously approved 
by the NCHS Research Ethics Review Board (ERB) and the NHANES 
Institutional Review Board (IRB), no further approvals were required. 
The study adhered to the ethical principles outlined in the Declaration 
of Helsinki and was reported in accordance with the Strengthening 
The Reporting Of Cohort Studies in Surgery (STROCSS) criteria.

2.2 Aging indicators assessment

We measured biological aging utilizing the “BioAge” package with 
information from NHANES (27). This package computes three 
biological aging metrics: Klemera-Doubal Method (KDM) biological 
age (KDMAge), phenotypic age (PhenoAge), and homeostatic 
dysregulation, based on established biomarker algorithms. The KDM 
biological age forecast for an individual indicates the age at which 
their physiology is expected to align with typical norms. The KDM 
was assessed using the “Levine Original” KDM algorithm, which relies 
on chronological age and 10 biomarkers, namely total cholesterol, 
systolic blood pressure, albumin, alkaline phosphatase, blood urea 
nitrogen, creatinine, C-reactive protein, cytomegalovirus optical 
density, hemoglobin A1C (HbA1c), and forced expiratory volume in 
1 s (FEV1). Nine biomarkers comprise the “Levine Original” 
PhenoAge, alongside chronological age: albumin, alkaline 
phosphatase, creatinine, C-reactive protein, fasting glucose, white 
blood cell count, lymphocyte percentage, mean cell volume, and red 
cell distribution width (28). The homeostatic dysregulation value for 
an individual indicates the extent to which their physiology deviates 
from that of a healthy reference. Higher levels of homeostatic 
dysregulation suggest an accelerated stage of biological aging and an 
increased risk of illness, disability, and mortality. Conversely, lower 
levels of homeostatic dysregulation signify a delayed biological aging 
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process and a reduced likelihood of illness, incapacity, and death. 
Homeostatic dysregulation is calculated using the Mahalanobis 
distance, which evaluates the deviation of a set of biomarkers from a 
reference sample. The Mahalanobis distance formula is structured as 
follows (29):

 ( ) ( ) ( )1
M

TD x x S xµ µ−= − −
    

This is equivalent to normalizing each biomarker by its variance 
and then summing the squared deviance for each observation, 
assuming that all variables are uncorrelated:
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2.3 Kidney stone assessment

Kidney stone status was extracted from the “Kidney Conditions—
Urology” section of the NHANES Questionnaire Data. Trained 
interviewers used the Computer-Assisted Personal Interview (CAPI) 
system to ask interview subjects at home whether they had ever 
experienced kidney stones (KIQ026). Individuals who responded 
“yes” were classified as having a history of kidney stones.

2.4 Assessment of dietary scores

A validated semiquantitative food frequency questionnaire (FFQ) 
consisting of over 130 questions was used to collect dietary data, 
distributed every 2–4 years. Detailed descriptions of the FFQs’ validity 
and repeatability are available, demonstrating a strong correlation 
between the nutrients measured by the FFQs and multiple weeks of 

FIGURE 1

Flowchart of this study.
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food records or dietary biomarkers. Using the food and nutrient 
components, we calculated the dietary scores for the AEHI, DASHI, 
HEI-2020, and MEDI to reflect adherence to healthy eating. For these 
four scores, a better diet is indicated by a higher score, and a less healthy 
diet is indicated by a lower score. In 2002, the Alternate Healthy Eating 
Index (AHEI) was introduced as an alternative to the HEI, which was 
based on dietary components and nutrients that were indicative of the 
risk of chronic diseases (30). Emphasizing increased consumption of 
fruits, vegetables, and low-fat dairy products while reducing total and 
saturated fats, the DASH diet significantly lowers blood pressure and is 
recommended for the prevention of cardiovascular diseases (31). The 
HEI-2020 is a revised and updated version of the HEI based on the 
2020–2025 Dietary Guidelines for Americans (DGA), which includes 
13 components aiming to maintain a healthy body weight and 
minimize the risk of chronic diseases (32). The Mediterranean diet is 
recognized for its ability to identify overall dietary patterns rather than 
just single foods or nutrients, which is considered effective in providing 
a considerable defense against mortality, the development of heart 
diseases, and major chronic degenerative diseases (33).

2.5 Covariates

Data from the laboratory, questionnaires, and demographics were 
used to collect covariates. Using a standardized questionnaire, 
we included variables such as age, sex, race, marital status, education 
level, poverty-income ratio, obesity, smoking, alcohol use, diabetes, 
high blood pressure, food insecurity, water consumption, serum 
calcium, and sitting time. Age, sex, and obesity were identified as 
adjustment factors due to their roles as confounders in the relationship 
between dietary habits and kidney stone formation. Prior studies and 
literature reviews confirm the significance of these variables in 
influencing the risk of kidney stone. A body mass index of 30 kg/m2 was 
considered obesity. Participants were defined as smokers if they had 
smoked at least 100 cigarettes in their lifetime. Participants were defined 
as alcohol users if they had consumed at least 12 alcoholic drinks in 
1 year. In evaluating food security, we utilized data from the “Food 
Security” questionnaire. The assessment was conducted using the 
10-item U.S. Food Security Survey Module available at https://aspe.hhs.
gov/topics/poverty-economic-mobility/poverty-guidelines/prior-hhs-
poverty-guidelines-federal-register-references. An acknowledgment of 
six or more affirmative responses signifies significant food insecurity, 
whereas fewer than six responses indicate marginal food security or 
food security. Diagnosed diabetes was defined as a fasting glucose level 
of 7 mmol/L (126 mg/dL), an HbA1c level of 6.5%, or a diabetes 
diagnosis. A systolic blood pressure of 130 mm Hg, a diastolic blood 
pressure of 80 mm Hg, or the use of antihypertensive drugs was 
considered high blood pressure. Water consumption data were obtained 
from the dietary questionnaire. Serum calcium was obtained from the 
laboratory data of the standard biochemistry profile. Sitting time was 
derived from the questionnaire data on physical activity. Each of these 
variables is described on the NHANES website.

2.6 Statistical analysis

Sample weights, clustering, and stratification were all considered 
while evaluating the data due to the complex sampling method of the 

NHANES. We evaluated the relationships between kidney stones, 
aging indicators, and dietary scores using multivariable logistic 
regression models. Non-linear relationships were analyzed with 
restricted cubic splines. The relationship between healthy dietary 
scores and aging indicators was investigated using multiple linear 
regression models. We utilized the R package “mediation” to assess the 
direct effect (DE), indirect effect (IE), and total effect (TE) for causal 
mediation research (34). The “shapviz” package was used to build the 
machine learning model to predict the relative importance of dietary 
patterns and components. R software (version 4.0.1) was used for all 
statistical analyses, with a significance threshold set at p < 0.05 
(two-sided).

3 Results

3.1 Population characteristics

Table 1 provides an overview of the baseline characteristics of 
participants classified by kidney stone status, while 
Supplementary Table S1 presents the survey-weighted descriptive 
statistics for these participants. We included 26,755 participants from 
the NHANES survey conducted between 2007 and 2018, all of whom 
met the research criteria for our study. The median age of participants 
was 50.14 ± 17.61 years. Among these participants, 2,577 were kidney 
stone patients, while 24,178 were participants without kidney stones. 
We observed varying dietary scores, including the Alternative Healthy 
Eating Index (AHEI), the DASH Index from the DASH trial (DASHI), 
the HEI-2020, and the MED Index from the PREDIMED trial 
(MEDI), all of which displayed different distribution patterns between 
kidney stone and non-kidney stone participants. Significantly lower 
dietary scores were noted among kidney stone participants. Moreover, 
kidney stone participants exhibited higher levels of aging indicators, 
including KDMAge, PhenoAge, KDMAge accelerated aging, 
PhenoAge accelerated aging, and indicators of homeostatic 
dysregulation. We  also found notable differences across several 
variables between kidney stone participants and non-participants, 
including age, sex, race, marital status, obesity, smoking, alcohol use, 
diabetes, high blood pressure, food insecurity, and water consumption 
(p < 0.05).

3.2 Association of healthy dietary scores 
and kidney stone prevalence risk

We used the multiple logistic regression analysis to explore the 
potential relationship between healthy dietary scores and kidney 
stones (Figure 2A). The log2-transformed exposures, including the 
AHEI (OR = 0.76, 95% CI 0.69–0.84, p < 0.001), DASHI 
(OR = 0.67, 95% CI 0.58–0.77, p < 0.001), HEI-2020 (OR = 0.90, 
95% CI 0.72–0.89, p < 0.001), and MEDI (OR = 0.81, 95% CI 0.73–
0.89, p < 0.001), showed a statistically significant negative 
correlation with kidney stones in the fully adjusted models. The 
fourth quartile of dietary scores indicated significantly lower odds 
of kidney stones compared to the first quartile. In all models, a 
monotonically increasing trend in kidney stone prevalence risk was 
observed as the quartiles of healthy dietary scores increased (all p 
for trend <0.01) (Figure 2A). Additionally, to explore the potential 
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TABLE 1 Basic characteristics of participants by kidney stone among U.S. adults in NHANES 2007–2018.

Characteristics All (n = 26,755) Kidney stone 
(n = 2,577)

Non-kidney stone 
(n = 24,178)

p-value

Age (mean ± SD) 50.14 ± 17.61 56.42 ± 16.00 49.47 ± 17.64 <0.001

Sex (N, %) <0.001

  Male 12,742 (47.62%) 1,426 (55.34%) 11,316 (46.80%)

  Female 14,013 (52.38%) 1,151 (44.66%) 12,862 (53.20%)

Race (N, %) <0.001

  Hispanic 6,582 (24.60%) 597 (23.17%) 5,985 (24.75%)

  Non-Hispanic White 11,456 (42.82%) 1,447 (56.15%) 10,009 (41.40%)

  Non-Hispanic Black 5,803 (21.69%) 346 (13.43%) 5,457 (22.57%)

  Other races 2,914 (10.89%) 187 (7.26%) 2,727 (11.28%)

Education (N, %) 0.45

  Less than high school education 6,098 (22.81%) 603 (23.41%) 5,495 (22.75%)

  High school graduate or higher 20,631 (77.19%) 1973 (76.59%) 18,658 (77.25%)

Marital status (N, %) <0.001

  Not married 12,871 (48.13%) 1,081 (41.98%) 11,790 (48.78%)

  Married or living with a partner 13,872 (51.87%) 1,494 (58.02%) 12,378 (51.22%)

Poverty income ratio (mean ± SD) 2.53 ± 1.63 2.52 ± 1.60 2.53 ± 1.63 0.867

Obesity (N, %) & 10,485 (39.59%) 1,188 (46.64%) 9,297 (38.84%) <0.001

Smoking (N, %) ^ 11,798 (44.10%) 1,310 (50.83%) 10,488 (43.38%) <0.001

Alcohol use (N, %) ^^ 17,047 (68.26%) 1,616 (66.01%) 15,431 (68.50%) 0.012

Diabetes (N, %) * 4,690 (20.08%) 717 (31.64%) 3,973 (18.83%) <0.001

High blood pressure (N, %) ** 14,035 (53.60%) 1,665 (65.60%) 12,370 (52.31%) <0.001

Food insecurity (N, %) 2,323 (8.79%) 264 (10.37%) 2059 (8.63%) 0.003

Water consumption (g) (mean ± SD) 1034.88 ± 962.93 993.31 ± 980.92 1039.31 ± 960.91 <0.001

Serum calcium (mg/dL) (mean ± SD) 9.39 ± 0.37 9.38 ± 0.39 9.39 ± 0.37 0.141

Sitting time (N, %) 0.625

  <240 min/day 10,842 (40.71%) 1,020 (39.80%) 9,822 (40.81%)

  240–360 min/day 5,822 (21.86%) 556 (21.69%) 5,266 (21.88%)

  360–480 min/day 4,668 (17.53%) 455 (17.75%) 4,213 (17.50%)

  ≥480 min/day 5,299 (19.90%) 532 (20.76%) 4,767 (19.81%)

Dietary score (mean ± SD)

  AEHI 38.57 ± 11.49 37.94 ± 11.07 38.64 ± 11.53 0.003

  DASHI 3.56 ± 1.18 3.43 ± 1.15 3.57 ± 1.19 <0.001

  HEI-2020 51.66 ± 12.03 50.45 ± 11.49 51.79 ± 12.08 <0.001

  MEDI 3.58 ± 1.04 3.47 ± 1.00 3.59 ± 1.05 <0.001

Indicators of aging $

  KDMAge, years (mean ± SD) 48.30 ± 17.19 54.82 ± 16.06 47.58 ± 17.16 <0.001

  PhenoAge, years (mean ± SD) 48.53 ± 19.93 56.48 ± 18.71 47.66 ± 19.86 <0.001

  KDMAge accelerated aging (mean ± SD) −2.20 ± 6.52 −1.89 ± 6.90 −2.23 ± 6.47 0.048

  PhenoAge accelerated aging (mean ± SD) −1.94 ± 6.93 −0.26 ± 7.58 −2.12 ± 6.83 <0.001

  KDMAge accelerated aging (N, %) 5,482 (33.96%) 586 (36.62%) 4,896 (33.67%) 0.018

  PhenoAge accelerated aging (N, %) 5,147 (31.08%) 676 (41.42%) 4,471 (29.94%) <0.001

(Continued)
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non-linear association between healthy dietary scores and the 
occurrence of kidney stones, we conducted a restricted cubic spline 
model. The results indicate linear relationships between healthy 
dietary scores and kidney stones (P-overall <0.05 and p for 
non-linearity >0.05) (Figures  2B–E). We  also analyzed the 
characteristics of specific dietary components 
(Supplementary Table S9) and the association of these components 
with kidney stones (Supplementary Table S10).

3.3 Association between aging indicators 
and kidney stone

In Table  2, a multiple logistic regression analysis was used to 
demonstrate the associations between biological aging and kidney 
stone incidence. We found significant positive associations between 
kidney stones and aging indicators, including KDMAge (OR = 2.40, 
95% CI 1.70–3.37, p < 0.0001) and PhenoAge (OR = 2.36, 95% CI 
1.75–3.19, p < 0.0001) in Model 2. However, no statistical difference 
was detected regarding homeostatic dysregulation in the fully adjusted 
model (OR = 1.11, 95% CI 0.97–1.27, p = 0.1421). The risk of kidney 
stones increased monotonically with higher quartiles of KDMAge and 
PhenoAge. The results indicated that accelerated aging was associated 
with a greater risk of kidney stones: KDMAge (OR = 1.20, 95% CI 
1.04–1.38, p = 0.0104) and PhenoAge (OR = 1.89, 95% CI 1.16–3.06, 
p = 0.0104). Additionally, the linear association between kidney stones 
and aging markers was examined using cubic spline curves 
(Supplementary Figure S1), which demonstrated non-linear 
correlations. However, no association was found between kidney 
stones and homeostatic dysregulation (p overall >0.05).

3.4 Association between healthy dietary 
scores and aging indicators

We conducted an analysis to examine the association between 
healthy dietary scores and aging indicators listed in 
Supplementary Table S2. After adjusting for all covariates, 
we  observed significant negative associations between healthy 
dietary scores (the AHEI, DASHI, HEI-2020, and MEDI) and 
aging indicators (KDMAge, PhenoAge, homeostatic dysregulation, 
KDMAge accelerated aging, and PhenoAge accelerated aging). 
Additionally, the results of the multiple logistic regression analysis 

indicated that higher healthy dietary scores were associated with a 
decreased risk of accelerated aging, as shown by KDMAge and 
PhenoAge. Restricted cubic splines in Figure 3 visualize both linear 
and non-linear relationships between healthy dietary scores and 
aging indicators. KDMAge, PhenoAge, KDMAge accelerated 
aging, and PhenoAge accelerated aging all exhibited linear 
associations with the four dietary scores.

3.5 Aging indicators partially mediated the 
association between a healthy diet and 
kidney stones

We assessed the mediating effect in the association between 
kidney stones and a healthy diet using mediation analysis, with aging 
indicators as mediators (Supplementary Table S3). Our results suggest 
that the aging indicators KDMAge, PhenoAge, KDMAge accelerated 
aging, and PhenoAge accelerated aging significantly mediated the 
associations between healthy dietary patterns (the AHEI, DASHI, 
HEI-2020, and MEDI) and the risk of kidney stones (Figure 4). For 
KDMAge and healthy dietary patterns (the AHEI, DASHI, HEI-2020, 
and MEDI), the mediation proportions were 7.00, 3.21, 2.98, and 
3.02%, respectively. For PhenoAge and healthy dietary patterns (the 
AHEI, DASHI, HEI-2020, and MEDI), the mediation proportions 
were 9.63, 4.60, 4.52, and 3.87%, respectively. For PhenoAge 
accelerated aging and healthy dietary patterns (the AHEI, DASHI, 
HEI-2020, and MEDI), the mediation proportions were 10.42, 4.74, 
4.78, and 3.45%, respectively. Nevertheless, no significant mediation 
effects were observed in the associations between healthy dietary 
scores and kidney stones mediated by homeostatic dysregulation (all 
p > 0.05).

3.6 Machine learning identify the relative 
importance

Furthermore, we  constructed the SHAP model for machine 
learning to identify the relative importance of dietary patterns and 
specific dietary components (HEI-2020). We found that HEI-2020 was 
the most important dietary score for kidney stones compared to other 
dietary scores. Regarding specific dietary components, saturated fatty 
acids were the most important component for kidney stones 
(Figure 5).

TABLE 1 (Continued)

Characteristics All (n = 26,755) Kidney stone 
(n = 2,577)

Non-kidney stone 
(n = 24,178)

p-value

  Homeostatic dysregulation (mean ± SD) 2.22 ± 0.98 2.44 ± 1.05 2.20 ± 0.97 <0.001

The data are shown as N (%) or the mean. The Kruskal-Wallis rank sum test was employed to establish if it is a continuous variable. Using Fisher’s exact probability test, the p-value for 
continuous variables with a theoretical value of less than 10 was found. Weighted chi-square was used to get the p-value for categorical data. The values are shown as means ± SD or percentage. 
SD, standards deviation.
& Body mass index of 30 kg/m2 was considered obesity.
^ Participants were classified as smokers if they had smoked at least 100 cigarettes in their lifetime.
^^ Participants were considered alcohol users if they had at least 12 alcoholic drinks in 1 year.
* Diagnosed diabetes was defined as a fasting glucose level of 7 mmol/L (126 mg/dL), a hemoglobin A1c level of 6.5%, or a diagnosed diabetes.
** Systolic blood pressure of 130 mm Hg, diastolic blood pressure of 80 mm Hg, or the use of antihypertensive drugs was considered high blood pressure.
$ Accelerated biological aging was defined as a KDMAge accelerated aging or PhenoAge accelerated aging greater than 0, whereas non-accelerated aging was defined as a KDMAge accelerated 
aging or PhenoAge accelerated aging less than or equal to 0.
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3.7 Sensitivity analysis

Initially, we  conducted multiple imputations to complete the 
cases. We analyzed the association between healthy dietary scores and 
the risk of prevalent kidney stones using complete cases 
(Supplementary Table S4). Additionally, we  carried out multiple 
logistic regression to identify the associations between indicators of 
aging and kidney stones in adults (Supplementary Table S5) and 
further examined the associations between indicators of aging and 
kidney stones within the complete cases (Supplementary Table S6). 
The relationships observed in the complete case analysis were largely 
consistent with those from the primary analyses. Subsequently, 
we conducted a sensitivity analysis stratified by two 6-year survey 
periods (2007–2012 and 2013–2018) to evaluate the consistency of 

associations between healthy dietary scores, indicators of aging, and 
kidney stones (Supplementary Tables S7, S8).

4 Discussion

In this study, we used the NHANES database to elucidate the 
relationship between healthy dietary practices and the prevalence of 
kidney stones. Our analysis revealed a robust linear negative 
association between healthy diet scores and the risk of kidney stone 
prevalence. Conversely, biological aging and accelerated aging showed 
a significant association with a higher prevalence of kidney stones, 
exhibiting linear correlations. Notably, the aging indicators KDMAge 
and PhenoAge showed significant statistical differences when 

FIGURE 2

(A) The association between healthy dietary scores and kidney stones is depicted using forest plots. Model 1 was adjusted for age, sex, race, marital 
status, education level, and poverty income ratio. Model 2 was adjusted for age, sex, race, marital status, education level, poverty income ratio, obesity, 
smoking, alcohol use, diabetes, high blood pressure, food insecurity, water consumption, serum calcium, and sitting time. (B–E) The linear associations 
between kidney stones and healthy dietary scores are depicted using restricted cubic splines. The solid lines represent the odds ratios (ORs) based on 
the restricted cubic splines of healthy dietary scores. The top and lower 95% confidence interval (CI) boundaries are shaded. The adjustment factors 
are the same as those used in the expanded model. The model is adjusted for age, sex, race, marital status, educational level, poverty income ratio, 
obesity, smoking, alcohol use, diabetes, high blood pressure, food insecurity, water consumption, serum calcium, and sitting time.
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mediated by the four dietary scores (the AHEI, HEI-2020, MEDI, and 
DASHI), highlighting the mediating role of KDMAge and PhenoAge 
in the relationship between healthy diets and kidney stones. A similar 
association was also observed in cases of accelerated aging. This 
finding highlights the potential for a healthy diet to reduce the risk of 
kidney stone and slow disease progression by decelerating biological 
aging. Machine learning SHAP identified saturated fatty acids as the 
most significant component associated with kidney stones.

Our findings align with prior research, which consistently 
demonstrates that healthier dietary patterns, as represented by dietary 
indices such as the AEHI, DASHI, HEI-2020, and MEDI, are 
associated with a reduced risk of kidney stones, emphasizing the 
critical role of dietary habits in prevention and management (35, 36). 
These dietary indices prioritize a balanced intake of vegetables, nuts, 
whole grains, and low-fat dairy products, which are crucial for 
preventing both chronic metabolic disorders and kidney stone 
formation (30, 31, 32, 33). Diets rich in fruits and vegetables provide 
key nutrients such as citrate, potassium, and magnesium, which lower 
urinary calcium levels and inhibit the formation of oxalate crystals, 
thereby reducing the risk of kidney stone (37, 38, 39, 40). In contrast, 
high-protein diets, particularly those with excessive red meat and 
seafood, elevate the urinary levels of calcium, uric acid, and oxalate, 
increasing the risk of kidney stone due to their high purine content, 
which promotes uric acid production during metabolism (41, 42, 43).

Additionally, healthy dietary patterns, assessed by the HEI-2020, 
show a significant negative correlation with biological aging indicators 

such as KDMAge and PhenoAge, suggesting that healthier diets may 
reduce the risk of kidney stones by slowing biological aging processes. 
This effect is achieved through mechanisms such as reduced oxidative 
stress and inflammation, improved metabolic pathways, and better 
management of metabolic syndrome-related parameters such as BMI, 
insulin sensitivity, and serum uric acid levels (35, 36). Healthy dietary 
patterns also regulate the excretion of stone-forming components in 
urine. For instance, moderate calcium intake binds dietary oxalate in 
the gut, reducing its urinary excretion, while alkaline diets decrease 
the risk of uric acid stone formation (10, 44). Furthermore, dietary 
choices, such as reducing sugar-sweetened beverages and increasing 
fiber-rich foods, improve gut microbiota composition, thereby 
promoting the growth of probiotics and reducing oxalate absorption 
and excretion (37, 38). Collectively, these mechanisms highlight the 
importance of dietary habits in kidney stone prevention, highlighting 
the interaction of multiple pathways, including the regulation of 
metabolic processes, inflammation, oxidative stress, and gut 
microbiota, in reducing the risk of kidney stone.

The direct association between aging and kidney stone formation 
is less explored; however, existing literature suggests that various 
physiological and lifestyle changes associated with aging may 
significantly contribute to stone formation (45, 46, 47). As metabolic 
rates decline with age, not only is energy expenditure affected, but the 
excretion processes of metabolites such as calcium, oxalate, and uric 
acid are also altered. Thus, these changes may promote stone formation, 
particularly among the elderly (48, 49). Our comprehensive assessment 

TABLE 2 Multiple logistic regression analysis revealed the associations of aging indicators with kidney stones in adults.

Exposure Model 1 Model 2

Odds ratio (95% CI) p-value Odds ratio (95% CI) p-value

KDMAge Continuous (Log2) 3.25 (2.47, 4.28) <0.0001 2.40 (1.70, 3.37) <0.0001

Q1

Q2 1.97 (1.57, 2.47) <0.0001 1.61 (1.22, 2.12) 0.0007

Q3 2.56 (1.89, 3.46) <0.0001 1.91 (1.32, 2.77) 0.0006

Q4 2.82 (1.91, 4.15) <0.0001 1.84 (1.15, 2.93) 0.0111

Non-accelerated aging Reference Reference

Accelerated aging 1.34 (1.19, 1.51) <0.0001 1.20 (1.04, 1.38) 0.0104

PhenoAge Continuous (Log2) 3.22 (2.53, 4.12) <0.0001 2.36 (1.75, 3.19) <0.0001

Q1 Reference Reference

Q2 2.02 (1.61, 2.53) <0.0001 1.76 (1.33, 2.32) <0.0001

Q3 2.69 (1.98, 3.65) <0.0001 1.98 (1.36, 2.88) 0.0004

Q4 3.12 (2.09, 4.65) <0.0001 1.89 (1.16, 3.06) 0.0103

Non-accelerated aging Reference Reference

Accelerated aging 1.51 (1.34, 1.69) <0.0001 1.24 (1.07, 1.44) 0.0042

Homeostatic 

dysregulation

Continuous (Log2) 1.33 (1.19, 1.49) <0.0001 1.11 (0.97, 1.27) 0.1421

Q1 Reference Reference

Q2 1.18 (0.99, 1.40) 0.0607 1.08 (0.88, 1.33) 0.4651

Q3 1.35 (1.13, 1.61) 0.0008 1.24 (1.00, 1.54) 0.0488

Q4 1.55 (1.29, 1.87) <0.0001 1.23 (0.97, 1.55) 0.0875

Model 1 was adjusted for age, sex, race, marital status, education level, and poverty income ratio. Model 2 was adjusted for age, sex, race, marital status, education level, poverty income ratio, 
obesity, smoking, alcohol use, diabetes, high blood pressure, food insecurity, water consumption, serum calcium, and sitting time.
Non-accelerated aging means that the residual of the regression of KDMAge or PhenoAge based on chronological age is ≤ 0.
Accelerated aging means that the residual of the regression of KDMAge or PhenoAge based on chronological age is > 0.
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FIGURE 3

Linear and Non-linear relationships between healthy dietary scores and aging indicators/accelerating aging using restricted cubic splines. (A) The AHEI 
and KDMAge; (B) DASHI and KDMAge; (C) the HEI-2020 and KDMAge; (D) the MEDI and KDMAge; (E) the AHEI and PhenoAge; (F) DASHI and 
PhenoAge; (G) the HEI-2020 and PhenoAge; (H) the MEDI and PhenoAge; (I) the AHEI and Homeostatic dysregulation; (J) the DASHI and Homeostatic 
dysregulation; (K) the HEI-2020 and Homeostatic dysregulation; (L) the MEDI and Homeostatic dysregulation; (M) the HEI-2020 and KDMAge 
accelerated aging; (N) the DASHI and KDMAge accelerated aging; (O) the HEI-2020 and KDMAge accelerated aging; (P) the MEDI and KDMAge 
accelerated aging; (Q) the AHEI and PhenoAge accelerated aging; (R) DASHI and PhenoAge accelerated aging; (S) the HEI-2020 and PhenoAge 
accelerated aging; (T) the MEDI and PhenoAge accelerated aging. Generalized-linear models and logistic regression models for age, sex, race, marital 
status, education level, poverty income ratio, obesity, smoking, alcohol use, diabetes, high blood pressure, food insecurity, water consumption, serum 
calcium, and sitting time.
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of whole-body aging using various markers consistently indicates a 
positive correlation between biological aging and the risk of kidney 
stone. Specifically, the biological age markers KDMAge and PhenoAge 
show promise in identifying individuals with accelerated biological 
aging, which could aid in preventing kidney stone development.

The mediation analysis further substantiated the mediating role of 
biological age in the relationship between a healthy diet and the risk of 
kidney stone. Our findings indicate that the aging indicators KDMAge, 
PhenoAge, KDMAge accelerated aging, and PhenoAge accelerated 
aging significantly mediated the associations between a healthy dietary 
pattern (the AHEI, DASHI, HEI-2020, and MEDI) and the risk of 
kidney stones. This pivotal finding indicates that healthy dietary 
patterns can reduce the risk of kidney stones and their progression by 
modulating biological age, underscoring the significance of biological 
age as a physiological marker in assessing the risk of kidney stone. 
Previous studies have shown that dietary patterns rich in vegetables 
and fruits, such as the HEI-2020, may slow the aging process due to 
their high levels of antioxidant and anti-inflammatory agents found in 
these foods (50). This finding not only supports the hypothesis that 
dietary modifications can slow the biological aging process but also 
provides a scientific foundation for dietary guidelines in clinical 
settings. Such dietary patterns could indirectly reduce the risk of 

kidney stone by ameliorating metabolic disorders and optimizing 
mineral metabolism, encouraging further research into how biological 
age influences kidney stone formation and progression and facilitating 
the development of personalized and targeted preventive strategies.

This study leveraged the extensive dataset provided by the 
NHANES to thoroughly examine the interplay between healthy 
dietary patterns, biological age, and kidney stone incidence. However, 
several limitations warrant mention. First, the use of self-reported data 
for kidney stones may introduce potential biases, such as memory 
inaccuracies, with no medical records available for validation, which 
could compromise the reliability of the results. Second, while efforts 
were made to adjust for known confounders, residual and unmeasured 
confounding factors might still have influenced the findings. 
Additionally, measurement errors, particularly in responses to the 
food frequency questionnaire, could have impacted study outcomes. 
Data on biological aging indicators were only collected at baseline, 
limiting our ability to analyze their temporal dynamics and effects on 
the risk of kidney stone, thus constraining our understanding of the 
influence of fluctuations in biological age. Finally, the cross-sectional 
nature of this study restricts our capacity to establish causality, as it 
captures data at a single point rather than over time, necessitating 
further validation through prospective or interventional studies.

FIGURE 4

Estimated proportion of the association between healthy dietary scores and kidney stones mediated by aging markers. (A) The AHEI mediated by 
KDMAge; (B) the DASHI mediated by KDMAge; (C) the HEI-2020 mediated by KDMAge; (D) the MEDI mediated by KDMAge; (E) the AHEI mediated by 
PhenoAge; (F) the DASHI mediated by PhenoAge; (G) the HEI-2020 mediated by PhenoAge; (H) the MEDI mediated by PhenoAge; (I) the AHEI 
mediated by KDMAge accelerated aging; (J) the DASHI mediated by KDMAge accelerated aging; (K) the HEI-2020 mediated by KDMAge accelerated 
aging; (L) the MEDI mediated by KDMAge accelerated aging; (M) the AHEI mediated by PhenoAge accelerated aging; (N) the DASHI mediated by 
PhenoAge accelerated aging; (O) the HEI-2020 mediated by PhenoAge accelerated aging; (P) the MEDI mediated by PhenoAge accelerated aging. 
Age, sex, race, marital status, education level, poverty income ratio, obesity, smoking, alcohol use, diabetes, high blood pressure, food insecurity, water 
consumption, serum calcium, and sitting time were all considered while adjusting the models. IE, indirect effect; DE, direct effect; Proportion of 
mediation = IE / (DE + IE); *p < 0.05.
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5 Conclusion

Our analysis revealed a strong negative association between 
healthy dietary scores and kidney stone prevalence, while biological 
aging was significantly associated with an increased risk of kidney 
stones. Notably, the biological aging markers KDMAge, PhenoAge, 
KDMAge accelerated aging, and PhenoAge accelerated aging served 
as significant mediators in this association. These findings suggest that 
maintaining healthy dietary patterns may help reduce the prevalence 
of kidney stones and may delay their onset by decelerating biological 
aging. General dietary suggestions include increased fluid intake, 
appropriate calcium consumption, reduced high-oxalate foods, 
controlled animal protein intake, increased dietary fiber, and limited 
salt and sugar. For elderly individuals, dietary adjustments should 
be  made gradually, with a focus on maintaining hydration and 
consuming easily digestible foods. High-risk groups require 
personalized dietary plans, strict limitations on high-oxalate foods, 
weight management, and regular monitoring of urine and blood tests. 
This study highlights the importance of dietary management in 
controlling biological age, thereby providing a strategic approach to 
the prevention and management of kidney stones.
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