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Abstract
Background/Objectives Although obesity is considered an independent risk factor of nephrolithiasis, little is known about
the effect of obesity on nephrolithiasis according to metabolic health status. We investigated the association between body
mass index (BMI) category and the incidence of nephrolithiasis in metabolically healthy and unhealthy individuals.
Subjects/Methods The cohort consisted of 270,190 Korean adults free of nephrolithiasis at baseline, who were followed-up
annually or biennially for a median of 4.1 years. Nephrolithiasis were determined based on ultrasonographic findings. Being
metabolically healthy was defined as not having any metabolic syndrome component. A parametric Cox model was used to
estimate the adjusted hazard ratios (HRs) with 95% confidence intervals (CIs).
Results During 1,415,523.0 person-years of follow-up, 13,450 participants developed nephrolithiasis (incidence rate, 9.5 per
1000 person-years). Obesity was positively associated with an increased risk of incident nephrolithiasis in dose-response
manner, but the association was stronger in metabolically healthy individuals. Among metabolically healthy individuals, the
multivariable-adjusted HRs (95% CIs) for incident nephrolithiasis comparing BMIs 23–24.9, 25–29.9, and ≥30 with a BMI
of 18.5–22.9 kg/m2 as the reference were 1.02 (0.95–1.10), 1.12 (1.03–1.22), and 1.72 (1.21–2.44), respectively, whereas
corresponding HRs (95% CIs) in metabolically unhealthy individuals were 1.10 (1.04–1.17), 1.27 (1.20–1.34), and 1.36
(1.22–1.51), respectively. The association between obesity and incident nephrolithiasis was stronger in men and current
smokers.
Conclusions Obesity was associated with a higher incidence of nephrolithiasis in both metabolically healthy and unhealthy
individuals, indicating obesity per se as an independent risk factor for nephrolithiasis.

Introduction

Nephrolithiasis, also called renal stones, refers to mineral
deposits in the renal calyces and pelvis that are found free or
attached to the renal papillae [1, 2]. The prevalence and
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incidence of nephrolithiasis are increasing worldwide,
posing significant health and economic burdens [3, 4]. More
than half of all patients with nephrolithiasis have symptoms
and complications such as renal colic, infection, and renal
tract obstruction that require surgical intervention.
Nephrolithiasis recurs at a rate of 75% in the first 20 years
after the first stone [5, 6]. While nephrolithiasis onset is
influenced by age, sex, ethnicity, and geography [4], its
pathogenesis is not fully elucidated.

The importance of nephrolithiasis as a systemic meta-
bolic disorder is being increasingly recognized. Nephro-
lithiasis is closely associated with obesity, diabetes,
hypertension, and metabolic syndrome and is considered a
feature of renal manifestation of insulin resistance [7].
Epidemiologic studies have suggested that obesity and
higher body mass index (BMI) are associated with increased
risk of symptomatic renal stones [8–10]. However, in
patients with obesity, an increased risk of nephrolithiasis
can be mediated by insulin resistance and other obesity-
associated metabolic abnormalities [10]. The obesity-related
metabolic disturbance varies among obese phenotype. A
subset of obese phenotype, referred to as metabolically
healthy obese (MHO), are relatively insulin-sensitive and
do not have any accompanying metabolic abnormalities
such as dyslipidemia, insulin resistance, hypertension, or an
unfavorable inflammatory profile [11]. No previous cohort
studies have evaluated the effect of obesity on nephro-
lithiasis according to the metabolic health status; it is not yet
clear whether obesity per se or its associated conditions
affect renal stone formation. While there is no general
agreement on the criteria to define MHO [12, 13], many
studies have allowed two or fewer metabolic components,
but the risk of cardiovascular disease increases progres-
sively with the number of metabolic syndrome components,
beginning with one component [14, 15]. Indeed, each

metabolic syndrome criterion is an established cardiovas-
cular risk factor [16] and has been associated with increased
risk of diabetes [17].

Therefore, we examined the association of BMI with the
development of nephrolithiasis in a large cohort of meta-
bolically healthy and unhealthy adults free of nephro-
lithiasis at baseline who underwent a health screening
examination program while using a stricter criterion with
zero metabolic abnormalities and with no insulin resistance
to define metabolically healthy phenotype, as previously
applied [18, 19].

Materials and methods

Study population

All participants in this study were enrolled in the Kangbuk
Samsung Health Study, which is a cohort study of Korean
individuals aged ≥18 years who underwent a comprehensive
annual or biennial examination at Kangbuk Samsung Hos-
pital Total Healthcare Center in Seoul or Suwon, South
Korea [19, 20]. The present analysis included all study
participants who underwent a comprehensive health exam-
ination between January 2002 and December 2015 and had
at least one follow-up visit through December 31, 2015
(n= 294,418).

Among these participants, 24,228 were excluded at
baseline for the following reasons (Fig. 1): missing infor-
mation on uric acid (UA), BMI, high-sensitivity C-reactive
protein (hsCRP), glucose, insulin, high-density lipoprotein
cholesterol (HDL-C), triglyceride, blood pressure (BP), or
abdominal ultrasonography (US) data (n= 9,879); poly-
cystic kidney disease, deformity, hypoplasia, dysgenesis,
renal tumor, kidney transplantation, or post-surgical status

Fig. 1 Flow diagram of the
included participants
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on abdominal US at baseline (n= 869); estimated glo-
merular filtration rate (eGFR) < 60 ml/min/1.73 m2 at base-
line (n= 4,370); a history of kidney disease including renal
stones or a pharmacologic history for urinary stone (n=
656); and nephrolithiasis on abdominal US at baseline (n=
9,942). Finally, a total of 270,190 participants were eligible
for this study.

The study was approved by the Institutional Review
Board of Kangbuk Samsung Hospital, which waived the
requirement for informed consent due to the use of de-
identified data obtained as part of routine health screening
exams.

Measurements

Data on demographic characteristics, such as smoking status,
alcohol consumption, physical activity, educational level,
medical history of hypertension, diabetes, dyslipidemia, and
kidney disease including kidney stones, and medication use
were collected by standardized, self-administered ques-
tionnaires as previously described [19, 20]. Alcohol con-
sumption was categorized into ≤20 g/day or >20 g/day.
Smoking status was categorized into never, former, or current
smokers. The weekly frequency of moderate- or vigorous-
intensity physical activity was assessed and categorized into at
least 3 times per week or <3 times per week.

Weight, height, and sitting BP were assessed by trained
nurses. Weight was measured to the nearest 0.1 kg using a
multi-frequency bioelectrical impedance analyzer (InBody 3.0
and InBody 720, Biospace Co., Seoul Korea) that was cali-
brated every morning before testing. Height was measured to
the nearest 0.1 cm using a stadiometer with the participant
standing barefoot. BMI was calculated as weight in kilograms
divided by height in meters squared and was categorized
according to Asian-specific criteria [21]: underweight,
BMI < 18.5 kg/m2; normal weight, BMI of 18.5–22.9 kg/m2;
overweight, BMI of 23–24.9 kg/m2; obese I, BMI of 25–29.9
kg/m2, and obese II, BMI ≥ 30 kg/m2.

Blood samples were collected from the antecubital vein
after an at least 10-h fast. The serum levels of fasting glu-
cose, UA, total cholesterol, low-density lipoprotein cho-
lesterol (LDL-C), HDL-C, triglycerides (TG), alanine
aminotransferase (ALT), hsCRP, and creatinine (Cr) were
measured as previously described [19, 20]. Serum Cr was
measured using the kinetic alkaline picrate (Jaffe) method in
an automated chemistry analyzer (from 2002 to 2009, Advia
1650 Autoanalyzer; Bayer Diagnostics, Leverkusen, Ger-
many; and from 2010 to 2015, Modular D2400, Tokyo,
Roche) and eGFR was calculated using the CKD-EPI
equation. Since we did not use an isotope dilution mass
spectrometry (IDMS) method to determine serum Cr from
2002 to 2009, we reduced the Cr levels by 5%, the cali-
bration factor used to adjust non-standardized MDRD study

samples to IDMS [22, 23]. Homeostasis model assessment
of insulin resistance (HOMA-IR) was calculated as follows:
fasting insulin (mg/dL) × fasting glucose (mg/dL)/405 [24].

Metabolically unhealthy persons were defined as those
having at least one of the following metabolic abnormalities
[19]; (1) fasting glucose level ≥100 mg/dL or current use of
glucose-lowering agents; (2) BP ≥ 130/85 mmHg or current
use of BP-lowering agents; (3) elevated TG level (≥150 mg/
dL) or current use of lipid-lowering agents; (4) low HDL-C
(<40 mg/dL in men or <50 mg/dL in women); or (5) insulin
resistance, defined as HOMA-IR score ≥2.5 [24] Otherwise,
being metabolically healthy was defined as none of the
metabolic syndrome components described above.

All participants underwent abdominal US at baseline and
at each visit. Experienced radiologists who were unaware of
the aim of the study performed abdominal US using a Logic
Q700 MR 3.5MHz transducer (GE, Milwaukee, WI, USA).
Images were captured in a standard position with the
subjects in the supine position with the right arm raised
above the head. Diagnosis of renal stones was made when
hyperechoic structures causing acoustic shadowing were
seen in the collecting system on US [25]. US diagnosis of
fatty liver was determined based on known standard criteria,
including presence of a diffuse increase of fine echoes in
the liver parenchyma compared with kidney or spleen
parenchyma, deep beam attenuation, and bright vessel
walls [26].

Statistical analyses

The characteristics of the study participants were explored
according to the previously mentioned BMI categories
(<18.5, 18.5–22.9, 23.0–24.9, 25.0–29.9, or ≥30 kg/m2). To
compare results among different BMI categories, one-way
analysis of variance was used for continuous variables, and
a Chi-square test was used for categorical variables.

The primary end point was development of nephro-
lithiasis. Each participant was followed from the baseline
exam until either development of nephrolithiasis or the last
health exam conducted prior to December 31, 2015,
whichever came first. The incidence rate was calculated as
the number of incident cases divided by the number of
person-years of follow-up. Since nephrolithiasis was known
to have developed between the two visits but the precise
time at which it developed was unknown, a parametric
proportional hazard model was used to account for this type
of interval censoring (stpm command in Stata) [27]. In these
models, the baseline hazard function was parameterized
with restricted cubic splines in log time with four degrees of
freedom.

Hazard ratio (HR) and 95% confidence interval (CI) were
calculated for incident nephrolithiasis according to BMI in
total, metabolically healthy, and unhealthy individuals. Data
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that were initially adjusted for age and sex were then further
adjusted for center (Seoul or Suwon), year of screening
exam, smoking status (never, past, current, or unknown),
alcohol intake (0, <20, ≥20 g/day, or unknown), regular
exercise, and education level (high school graduate or less,
community college or university graduate, graduate school
or higher, or unknown) (Model 1). Model 2 was further
adjusted for total cholesterol, HDL, TG, glucose, systolic
BP, HOMA-IR, and hsCRP. The proportional hazards
assumption was assessed by examining graphs of estimated
log (−log) survival. To determine linear trends of incidence,
the number of categories was used as a continuous variable
and tested on each model. To further explore the shape of
dose–response relationship of BMI level with the develop-
ment of nephrolithiasis, restricted cubic splines with knots
were used at the 5th, 27.5th, 50th, 72.5th, and 95th per-
centiles of BMI distribution.

Additional analyses were performed in pre-specified
subgroups as previously applied in studies on metabolically
healthy obesity [18, 19]: age (<50 vs. ≥50 years), sex
(female vs. male), smoking status (never vs. current smo-
kers), alcohol intake (<20 vs. ≥20 g/day), vigorous exercise
(<3 vs. ≥3 time per week), HOMA-IR (<2.5 vs. ≥2.5),
hsCRP (<1.0 vs. ≥1.0 mg/L), and the presence of fatty liver
(No vs. Yes) were performed. Interactions between BMI
categories and subgroup characteristics were tested using
likelihood ratio tests comparing models with vs. without
multiplicative interaction terms.

It is possible for a participant to have developed a stone
and pass it, leaving no changes on US between baseline and
follow-up. Unfortunately, the information on medical uti-
lization or hospitalization was not available in this study.
However, via self-administered questionnaire, the informa-
tion on history of kidney/bladder disease including uro-
lithiasis was collected using a single question; thus the
history of nephrolithiasis could not have been differentiated
from other kidney/bladder disease. We performed the ana-
lysis on the association between BMI category and self-
report of physician-diagnosed kidney/bladder disease
including urolithiasis.

Statistical analyses were carried out using STATA ver-
sion 14.0 (StataCorp LP, College Station, TX, USA). All
P values <0.05 were considered statistically significant.

Results

Table 1 show the baseline characteristics of participants
according to BMI category. Comparisons between meta-
bolically healthy and unhealthy phenotypes are also shown
(Supplementary Table 1). The overall prevalence of meta-
bolically unhealthy phenotype was 52.4%, and its pre-
valence increased with increasing BMI category as follows:

19.9% in BMI < 18.5 kg/m2; 36.7% in 18.5–22.9 kg/m2;
59.8% in BMI of 23–24.9 kg/m2; 76.5% in BMI of
25–29.9 kg/m2; and 91.7% in BMI ≥ 30 kg/m2. Participants
in higher BMI categories were more likely to be older and
male; to exercise and drink alcohol; and to have higher
levels of BP, glucose, UA, total cholesterol, LDL-C, TG,
ALT, hsCRP, and HOMA-IR than normal-weight or
underweight participants. Participants in higher BMI cate-
gories were also more likely to have lower levels of edu-
cation and HDL-C.

During 1,415,523.0 person-years of follow-up, 13,450
participants developed nephrolithiasis (incidence rate, 9.5
cases per 1000 person-years). The median follow-up period
for participants was 4.1 years (interquartile range, 2.1–7.8).
The association between BMI category and development of
nephrolithiasis was examined separately in metabolically
healthy and unhealthy persons (Table 2). In both groups,
obesity was positively associated with an increased risk of
incident nephrolithiasis in a dose–response manner (P for
trend < 0.001), but the association was stronger in the
metabolically healthy group (P for interaction < 0.001).
Among metabolically healthy persons, the multivariable
adjusted HRs (95% CIs) for incident nephrolithiasis com-
paring BMIs 23–24.9, 25–29.9, and ≥30 with a BMI of
18.5–22.9 kg/m2 (as in the normal-weight category) were
1.02 (0.95–1.10), 1.12 (1.03–1.22), and 1.72 (1.21–2.44),
respectively, whereas the corresponding HRs (95% CIs) in
metabolically unhealthy persons were 1.10 (1.04–1.17),
1.27 (1.20–1.34), and 1.36 (1.22–1.51), respectively (Model
1). This association persisted after adjustment for total
cholesterol, HDL, TG, glucose, hsCRP, and HOMA-IR
(Model 2). When we analyzed using metabolically healthy
normal-weight category as a single reference, multivariable-
adjusted HRs (95% CIs) comparing BMIs 23–24.9,
25–29.9, and ≥30 with metabolically healthy normal-weight
category were 1.00 (0.93–1.08), 1.08 (1.00–1.17), and 1.61
(1.14–2.29), respectively, in the metabolically healthy
group and 1.12 (1.05–1.19), 1.27 (1.20–1.35), and 1.33
(1.19–1.49) in the metabolically unhealthy group (Supple-
mentary Table 2). In spline regression analyses, there was a
dose–response relationship between BMI level and devel-
opment of nephrolithiasis in both metabolically healthy and
unhealthy individuals (Figs. 2 and 3). In the analysis on the
association between BMI category and self-report of
physician-diagnosed kidney/bladder disease including uro-
lithiasis, the results were consistent with the main findings
using nephrolithiasis based on US (Supplementary Table 3).

In the pre-specified subgroup analyses, the associations
between BMI categories and nephrolithiasis were similar
across study participant subgroups, except for sex
and smoking status. The association was stronger in men
(P for interaction < 0.001) and current smokers (P for
interaction= 0.024). Otherwise, there were no significant
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interactions by age (<50 vs. ≥50 years), alcohol intake (<20
vs. ≥20 g/day), vigorous exercise (<3 vs. ≥3 time per week),
hsCRP (<1.0 vs. ≥1.0 mg/L), the presence of fatty liver (No
vs. Yes) or HOMA-IR (<2.5 vs. ≥2.5) (Table 3).

Discussion

In this large cohort study of metabolically healthy and
unhealthy individuals, the risk of new-onset nephrolithiasis
increased in a dose–response manner as BMI increased.
This association persisted after adjusting for measured
confounders and residual levels of metabolic factors. These
findings suggest that excess adiposity per se can contribute
to the development of nephrolithiasis, even in the absence
of metabolic abnormalities.

The association between obesity and nephrolithiasis is
well established. In a cohort study by Taylor et al., BMI
(based on self-reported weight and height) was positively
associated with the risk of self-reported stones in both men
and women; as BMI increased, risk of kidney stones
increased [10]. Semins et al. reported a positive association
between obesity (BMI of ≥30 kg/m2) and higher risk of
kidney stone disease based on medical claim data in men
and women, but the risk of stone disease remained stable as
the degree of obesity increased [9]. Recently, Yoshimura
et al. reported a positive association between BMI tertile
and risk of nephrolithiasis in Japanese men, where risk
increased as BMI tertile increased [8]. To our knowledge,
the effect of excess adiposity on the risk of nephrolithiasis
in metabolically healthy and unhealthy individuals has not
previously been examined. The mechanism of stone

Table 1 Baseline characteristics of study participants by body mass index category

Characteristic Overall BMI category (kg/m2) P for
trend

<18.5 18.5–22.9 23.0–24.9 25.0–29.9 ≥30

Number 270,190 14,249 119,998 61,849 66,863 7231

Age (years)a 37.2 (7.8) 33.9 (5.9) 36.3 (7.3) 38.3 (8.3) 38.6 (8.2) 37.2 (7.6) <0.001

Male (%) 56.6 15.4 39.4 71.3 80.7 76.0 <0.001

Metabolically unhealthy
phenotype (%)

52.4 19.9 36.7 59.8 76.5 91.7 <0.001

Fatty liver (%) 25.4 0.6 6.8 27.9 55.6 83.4 <0.001

Current smoker (%) 25.5 10.5 18.2 30.2 36.0 38.7 <0.001

Alcohol intake (%)b 16.4 5.0 10.3 19.1 25.6 28.0 <0.001

Vigorous exercise (%)c 14.5 7.0 13.3 16.3 16.5 14.7 <0.001

Higher education (%)d 79.2 84.1 79.2 78.6 79.0 77.2 <0.001

Systolic BP (mmHg)a 111.9 (13.6) 102.5 (11.2) 107.8 (12.4) 113.9 (12.6) 118.0 (13.1) 123.9 (14.2) <0.001

Diastolic BP (mmHg)a 72.1 (10.0) 65.9 (8.0) 69.2 (9.1) 73.5 (9.4) 76.5 (9.8) 80.1 (10.8) <0.001

Glucose (mg/dL)a 93.7 (14.0) 88.5 (9.3) 91.2 (11.5) 94.6 (14.3) 97.5 (16.4) 101.7 (20.3) <0.001

Uric acid (mg/dL)a 5.3 (1.4) 4.2 (1.0) 4.8 (1.3) 5.6 (1.3) 6.1 (1.4) 6.4 (1.5) <0.001

Total cholesterol (mg/dL)a 192.8 (34.2) 176.0 (28.3) 185.2 (31.6) 197.0 (33.9) 204.5 (34.9) 210.0 (36.1) <0.001

LDL-C (mg/dL)a 113.6 (30.2) 94.2 (23.5) 105.9 (27.5) 118.7 (29.4) 125.1 (30.3) 131.0 (31.4) <0.001

HDL-C (mg/dL)a 56.6 (13.4) 66.7 (13.8) 60.6 (13.5) 54.1 (11.9) 50.6 (10.8) 47.9 (10.2) <0.001

Triglycerides (mg/dL)e 96 (68–143) 65 (52–83) 78 (59–108) 108 (77–154) 137 (97–194) 159 (116–221) <0.001

ALT (U/l)e 20 (14–29) 14 (11–18) 16 (12–21) 22 (16–31) 29 (20–42) 40 (26–63) <0.001

hsCRP (mg/L)e 0.4 (0.2–0.9) 0.2 (0.1–0.4) 0.3 (0.1–0.6) 0.5 (0.3–1.0) 0.7 (0.4–1.4) 1.3 (0.8–2.7) <0.001

HOMA-IRe 1.57
(1.07–2.17)

1.12
(0.70–1.60)

1.35
(0.90–1.84)

1.63
(1.16–2.18)

2.01
(1.45–2.66)

2.89
(2.11–3.94)

<0.001

Data are presented as mean (standard deviation), median (interquartile range), or percentage

ALT alanine aminotransferase, BMI body mass index, BP blood pressure, HDL-C high-density lipoprotein cholesterol, hsCRP high-sensitivity C-
reactive protein, HOMA-IR homeostasis model assessment of insulin resistance, LDL-C low-density lipoprotein cholesterol
aMean (standard deviation)
b≥20 g of ethanol per day
c≥3 times per week
d≥College graduate
eMedian (interquartile range)
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formation in obese phenotype is believed to involve insulin
resistance [8, 10]. Insulin resistance leads to urine acid-
ification, which increases the risk of nephrolithiasis [8, 10].
However, in our study, the association between increased
BMI and nephrolithiasis was observed in metabolically
healthy phenotype.

The association between BMI and new-onset nephro-
lithiasis was more evident in metabolically healthy indivi-
duals than in unhealthy ones even though the absolute
incidence of nephrolithiasis was higher in the metabolically
unhealthy group than in the metabolically healthy group.
The reason for this is unclear, but the relative contribution
of obesity per se on nephrolithiasis is lower in the meta-
bolically unhealthy population compared to metabolically
healthy counterparts given that metabolic abnormalities are
also risk factors of nephrolithiasis [28].

While the mechanisms by which obesity per se con-
tribute to nephrolithiasis are not yet fully understood,
oxidative stress and inflammation might explain the
association between obesity and nephrolithiasis. Obesity

alters adipokine expression and has been shown to
increase levels of inflammatory molecules, including
tumor necrosis factor-α and interleukin-6 [29]. Several
markers of oxidative stress and inflammation have been
detected in both the kidneys and urine of patients with
kidney stones [30, 31]. The association between nephro-
lithiasis and obesity has been attributed to an increase in
total caloric intake or a lithogenic diet [32, 33]. Further-
more, obesity alters urine chemistry, thereby increasing
the risk of nephrolithiasis [32]. Unfortunately, in our
study, information on urine chemistry, markers of
inflammation or oxidative stress, and diet was not avail-
able; future studies that assess these factors will be
required to confirm our hypothesis that oxidative stress
and inflammation may be responsible for the association
between obesity and nephrolithiasis.

In subgroup analysis, the association between obesity
and incident nephrolithiasis was stronger in men or current
smokers. Interaction by smoking status may be affected by
high prevalence of current smoking in men. Several

Table 2 Development of nephrolithiasis by body mass index category in metabolically healthy and unhealthy phenotypes

BMI category
(kg/m2)

Person-years Incident
cases

Incidence rate (cases per
1000 person-years)

Age- and sex-adjusted
HR (95% CI)

Multivariable-adjusted HRa (95%
CI)

Model 1 Model 2

Total (n= 270,190)

<18.5 69,025.9 398 5.8 0.90 (0.81–1.00) 0.88 (0.79–0.98) 0.90 (0.81–1.00)

18.5–22.9 625,120.2 4891 7.8 1.00 (reference) 1.00 (reference) 1.00 (reference)

23.0–24.9 331,587.0 3377 10.2 1.08 (1.03–1.13) 1.08 (1.04–1.13) 1.06 (1.01–1.11)

25.0–29.9 354,703.4 4339 12.2 1.25 (1.20–1.31) 1.26 (1.21–1.32) 1.20 (1.14–1.25)

≥30.0 35,086.4 445 12.7 1.40 (1.27–1.55) 1.42 (1.29–1.57) 1.30 (1.17–1.44)

P for trend <0.001 <0.001 <0.001

Metabolically healthy phenotype (n= 128,548)

<18.5 53,496.6 307 5.7 0.92 (0.81–1.03) 0.90 (0.80–1.01) 0.91 (0.81–1.03)

18.5–22.9 381,151.5 2782 7.3 1.00 (reference) 1.00 (reference) 1.00 (reference)

23.0–24.9 129,255.7 1129 8.7 1.03 (0.96–1.10) 1.02 (0.95–1.10) 1.01 (0.94–1.09)

25.0–29.9 79,164.0 771 9.7 1.12 (1.03–1.21) 1.12 (1.03–1.22) 1.09 (1.001–1.19)

≥30.0 2,517.2 32 12.7 1.70 (1.20–2.41) 1.72 (1.21–2.44) 1.64 (1.15–2.32)

P for trend <0.001 <0.001 0.006

Metabolically unhealthy phenotype (n= 141,642)

<18.5 15,529.3 91 5.9 0.85 (0.69–1.05) 0.84 (0.68–1.03) 0.86 (0.70–1.06)

18.5–22.9 243,968.8 2109 8.6 1.00 (reference) 1.00 (reference) 1.00 (reference)

23.0–24.9 202,331.3 2248 11.1 1.10 (1.04–1.17) 1.10 (1.04–1.17) 1.08 (1.02–1.15)

25.0–29.9 275,539.5 3568 12.9 1.26 (1.19–1.34) 1.27 (1.20–1.34) 1.22 (1.15–1.30)

≥30.0 32,569.3 413 12.7 1.35 (1.21–1.50) 1.36 (1.22–1.51) 1.27 (1.14–1.42)

P for trend <0.001 <0.001 <0.001

P < 0.001 for the overall interaction between metabolic health status and BMI category for incident nephrolithiasis (adjusted modela)

CI confidence interval, HR hazard ratio
aEstimated from parametric proportional hazard models. Multivariable model 1 was adjusted for age, sex, center, year of screening exam, smoking
status, alcohol intake, regular exercise, and educational level; model 2: model 1 plus adjustment for total cholesterol, HDL, triglycerides, glucose,
hsCRP (high-sensitivity C-reactive protein), systolic blood pressure, and HOMA-IR (homeostasis model assessment of insulin resistance)
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plausible mechanisms can explain the interaction by sex.
First, even though 43.4% of the study population was
female, the prevalence of overweight and obesity was much
lower in females than in males, resulting in lack of power to
detect an association between BMI and nephrolithiasis in
women. Second, estrogen might have a protective effect
against the formation of kidney stones [34]. In human
adipose tissue, aromatase converts adrenal androgen to
estrogen; therefore, estrogen production is expected to rise
as body weight increases [29]. Third, women are often more

aware of their body weight than men [35]. This increased
awareness of overweight or obesity might be related to
strong personal motivation and implementation of lifestyle
changes, which can affect the incidence of nephrolithiasis.
Fourth, sex differences in fat distribution can affect the
development of nephrolithiasis. Men predominantly store
fat in the visceral area, while women tend to store fat pre-
dominantly in the gluteal–femoral region [36]. In a recent
study by Akarken et al., visceral fat was an independent risk
factor of nephrolithiasis, but subcutaneous fat was not [37].
Several studies focusing on the different roles of upper-
body and lower-body fat in metabolism have suggested
disease-protective effects of lower-body fat [38, 39].
Unfortunately, data on fat distribution were unavailable in
our study. Further studies using detailed fat distribution
phenotyping of obese phenotype will be helpful in under-
standing the differential effect of BMI on nephrolithiasis
risk between men and women.

There are several limitations to this study. First, while
unenhanced computed tomography (CT) is considered the
reference standard, our study used US to diagnose
nephrolithiasis. In a recent study, US showed 70% sensi-
tivity and 94.4% specificity for detecting nephrolithiasis
compared to CT [40]. However, US has a lower sensitivity
and specificity than CT but does not require use of radia-
tion, becoming the primary alternative to CT. Furthermore,
US is limited by its lower sensitivity for smaller stones
<3 mm and its inability to accurately size stones [41, 42]. If
participants with small stones undetected on US would be
classified as those without incident nephrolithiasis, this type
of misclassification might have underestimated the asso-
ciation between BMI and risk of nephrolithiasis. Second,
while we used BMI to classify obesity, BMI does not dif-
ferentiate fat tissue from lean tissue. However, BMI has
been shown to correlate well with fat mass and is con-
sidered a good indicator of general fatness [43]. Third, we
were unable to consider dietary information that may have
affected both adiposity level and nephrolithiasis. Fourth,
information on hospitalization or specific medication that
could have affected nephrolithiasis was not available. When
restricted analysis was performed among participants who
were not under treatment for hypertension or gout, the
association between BMI and nephrolithiasis was consistent
with the main findings of overall study population (data
not shown). Finally, the majority of subjects in our study
were young to middle aged, healthy Korean adults, which
may limit the generalizability of our findings to other
populations.

In conclusion, in both metabolically healthy and
unhealthy individuals, increasing BMI was positively
associated with an increased risk of nephrolithiasis in a
dose–response manner independent of metabolic health
status, indicating the role of obesity per se in the

Fig. 3 Multivariable-adjusted hazard ratios for nephrolithiasis by BMI
level among metabolically unhealthy individuals. Curves represent
adjusted hazard ratios for nephrolithiasis based on restricted cubic
splines with knots at the 5th, 27.5th, 50th, 72.5th, and 95th percentiles
of BMI distribution. Models were adjusted for age, center, year of
screening exam, smoking status, alcohol intake, physical activity, and
education level

Fig. 2 Multivariable-adjusted hazard ratios for nephrolithiasis by BMI
level among metabolically healthy individuals. Curves represent
adjusted hazard ratios for nephrolithiasis based on restricted cubic
splines with knots at the 5th, 27.5th, 50th, 72.5th, and 95th percentiles
of BMI distribution. Models were adjusted for age, center, year of
screening exam, smoking status, alcohol intake, physical activity, and
education level
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pathogenesis of nephrolithiasis. Further studies are required
to unravel the mechanism by which excess adiposity con-
tributes to the pathogenesis of nephrolithiasis.
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