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Abstract

We conducted a systematic review and meta-analysis to clarify the association between adiposity, diabetes, and physical
activity and the risk of kidney stones. PubMed and Embase were searched up to April 22nd 2018 for relevant studies.
Summary relative risks (RRs) and 95% confidence intervals (CIs) were calculated using random effects models. Thirteen
cohort studies were included. The summary relative risk was 1.21 (95% CI 1.12-1.30, I = 76%, n = 8) per 5 unit
increment in BMI, 1.16 (95% CI 1.12-1.19, I?=0%,n= 5) per 10 cm increase in waist circumference, 1.06 (95% CI
1.04-1.08, I> = 67%, n = 3) per 5 kg increase in weight and 1.12 (95% CI 1.06-1.18, I> = 86%, n = 3) per 5 kg of weight
gain. The summary RR was 1.16 (95% CI 1.03-1.31, I> = 51%, n = 10) for participants with diabetes compared to
participants without diabetes, and 0.93 (95% CI 0.78-1.10, I*> = 80%, n = 4) for high vs. low physical activity. These
results suggest a positive association between adiposity and diabetes and the risk of kidney stones, but no association with
physical activity.

Keywords Body mass index - Waist circumference - Waist-to-hip ratio - Diabetes - Physical activity - Kidney stones -
Systematic review - Meta-analysis - Cohort studies

Introduction

Kidney stones are a major cause of morbidity and affects
approximately 1-15% of the population around the world
[1], with an incidence rate twice as high among men as
compared to women [2]. The economic costs due to
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treatment of kidney stones in the U.S. have been estimated
at 2 billion US dollar [3]. A large variation in rates of
kidney stones is observed globally with a prevalence of
1-5% in Asia, 5-9% in Europe and 7-15% in North
America [4]. The large variation in the rates as well as
secular trend studies showing increased incidence rates in
recent years [1, 5, 6] might suggest that environmental
factors including diet and lifestyle may be important [7, 8].
However, improved detection of asymptomatic stones
might also partly be an explanation for these trends [S].
The observation that a history of kidney stones has been
associated with increased risk of kidney cancer [9], chronic
kidney disease [10, 11], and more recently also with car-
diovascular disease [12] might suggest that kidney stones
may share some of the same risk factors as these
conditions.

Several epidemiological studies have reported increased
risk of kidney stones with greater body mass index (BMI,
weight in kg/height in mz) [13—15], however, other studies
found no clear association [16]. In addition, several studies
also found a positive association between greater waist
circumference and weight gain and risk of kidney stones
[13, 16], although this was not consistently observed
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[16, 17]. Adiposity is related to insulin resistance and there
is a growing body of evidence suggesting that insulin
resistance also may play a role in the etiology of kidney
stones [18]. Several [17, 19, 20], but not all studies [21-24]
have reported increased risk of kidney stones among dia-
betes patients compared to persons without diabetes,
although this has been more consistently observed among
studies of women than among men [19, 24]. In contrast,
there is evidence that physical activity may reduce weight
gain [25] and risk of type 2 diabetes [26], and could
therefore also potentially have a beneficial role in relation
to risk of kidney stones, however, the available evidence is
currently limited and inconsistent with one study showing a
reduced risk [14], while three other studies found no sig-
nificant association [27]. Although some case—control
studies also support an adverse association between adi-
posity and diabetes and kidney stones [28-34], recall bias
and selection biases can affect these studies. Therefore, to
clarify the association between adiposity, diabetes and
physical activity and the risk of kidney stones we con-
ducted a systematic review and meta-analysis of published
cohort studies. We particularly wanted to clarify the
strength and shape of the dose-response relationship for
adiposity and physical activity and potential confounding
and sources of heterogeneity across studies.

Methods
Search strategy and inclusion criteria

We searched the Pubmed and Embase up to April 22nd
2018 for eligible studies. The search terms used are pro-
vided in the Supplementary Text. We followed standard
criteria for reporting meta-analyses of observational studies
[35]. In addition, we searched the reference lists of the
relevant publications for further studies.

Study selection

Cohort studies of the association between BMI, weight,
weight change, waist circumference, diabetes, and physical
activity and risk of kidney stones were included. Relative
risk (RR) estimates (hazard ratio, risk ratio) had to be
available with the 95% confidence intervals (Cls) in the
publication and for the dose-response analysis, a quanti-
tative measure of the exposure and the total number of
cases and person-years or non-cases had to be available in
the publication. A list of the excluded studies and exclusion
reasons are found in Supplementary Table 1.
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Data extraction

The following data were extracted from each study: The
first author’s last name, publication year, country where the
study was conducted, study period, sample size, number of
cases/controls, exposure variable, exposure level, relative
risks and 95% confidence intervals for the highest versus
the lowest level of the exposure variable and variables
adjusted for in the analysis. Data were extracted by DA and
the extractions were checked for accuracy by YMS.

Statistical analysis

We calculated summary RRs and 95% ClIs for a 5 unit
increment in BMI, 5 kg increment in weight and weight
gain, 10 cm increment in waist circumference, and per 20
MET-hours of physical activity per week and a diabetes
diagnosis versus no diabetes using a random effects model
[36]. The average of the natural logarithm of the RRs was
estimated and the RR from each study was weighted using
random effects weights [36]. A two-tailed p < 0.05 was
considered statistically significant.

The method described by Greenland and Longnecker
[37] was used for the dose-response analysis and study-
specific slopes (linear trends) and 95% Cls were computed
from the natural logs of the RRs and Cls across categories
of anthropometric measures and physical activity. The
method requires that the distribution of cases and person-
years or non-cases and the RRs with the variance estimates
for at least three quantitative exposure categories are
known. The mean BMI, waist circumference of waist-to-
hip ratio level in each category was assigned to the cor-
responding relative risk for each study and for studies that
reported the exposures in ranges we calculated the average
of the upper and the lower cut-off point which was used as
a midpoint. A potential nonlinear dose-response relation-
ship between BMI, weight, weight gain and physical
activity and risk of kidney stones was examined by using
fractional polynomial models [38]. We determined the best
fitting second order fractional polynomial regression
model, defined as the one with the lowest deviance. A
likelihood ratio test was used to assess the difference
between the nonlinear and linear models to test for non-
linearity [38].

Subgroup and meta-regression analyses were conducted
to investigate potential sources of heterogeneity including
study characteristics such as duration of follow-up, sex,
geographic location, study quality and adjustment for
confounding factors. Heterogeneity between studies was
quantitatively assessed by the Q test and I*> [39]. Small
study effects, such as publication bias, were assessed by
inspecting the funnel plots for asymmetry and with Egger’s
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Table 1 Subgroup analyses of BMI and kidney stones
BMI, per 5 kg/m?
n RR (95% CI) P (%) P2 P}
All studies 8 1.21 (1.12-1.30) 76.4 < 0.0001
Sex
Men 3 1.24 (1.13-1.36) 0 0.64 0.72/
Women 4 1.22 (1.05-1.42) 88.5 < 0.0001 0.96°
Men and women 1 1.09 (0.86-1.37)
Assessment of weight/height
Measured 1.11 (1.07-1.16) 0 0.62 0.003
Self-reported 1.32 (1.23-1.41) 324 0.23
Duration of follow-up
< 10 years follow-up 1.12 (1.07-1.17) 0 091 0.14
> 10 years follow-up 5 1.27 (1.14-1.41) 78.4 0.001
Geographic location
Europe 0 0.20
America 4 1.26 (1.12-1.41) 86.9 < 0.0001
Asia 4 1.12 (1.05-1.18) 0 0.45
Number of cases
Cases < 500 0 0.99
Cases 500 to < 1000 2 1.22 (0.91-1.66) 46.6 0.17
Cases > 1000 4 1.26 (1.12-1.41) 86.9 < 0.0001
Study quality
0-3 0 0.36
4-6 1 1.49 (1.01-2.21)
7-9 7 1.20 (1.11-1.29) 78.7 < 0.0001
Adjustment for confounders
Age
Yes 8 1.21 (1.12-1.30) 76.4 < 0.0001 NC
No 0
Alcohol
Yes 4 1.29 (1.20-1.40) 45.0 0.14 0.007
No 4 1.12 (1.07-1.16) 0 0.46
Smoking
Yes 4 1.12 (1.05-1.18) 0 0.45 0.20
No 4 1.26 (1.12-1.41) 86.9 < 0.0001
Diabetes
Yes 4 1.11 (1.07-1.15) 0 0.93 0.002
No 4 1.32 (1.25-1.41) 10.0 0.34
Thiazide use
Yes 1.32 (1.23-1.41) 324 0.23 0.003
No 5 1.11 (1.07-1.16) 324 0.23
Fluids
Yes 1.32 (1.23-1.41) 324 0.23 0.003
No 5 1.11 (1.07-1.16) 0 0.62
Sodium
Yes 4 1.29 (1.20-1.40) 45.0 0.14 0.007
No 4 1.12 (1.07-1.16) 0 0.46
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Table 1 (continued)
BMI, per 5 kg/m?
n RR (95% CI) F (%) P P
Potassium
Yes 6 1.22 (1.11-1.33) 76.2 0.001 0.69
No 2 1.21 (0.93-1.56) 53.0 0.15
Animal protein, protein
Yes 5 1.23 (1.12-1.35) 80.1 < 0.0001 0.43
No 3 1.12 (1.04-1.21) 8.5 0.34
Dietary calcium
Yes 7 1.20 (1.11-1.29) 78.7 < 0.0001 0.36
No 1 1.49 (1.01-2.21)
Calcium supplements
Yes 3 1.12 (1.04-1.21) 8.5 0.34 0.003
No 5 1.30 (1.21-1.40) 322 0.21
Physical activity
Yes 5 1.11 (1.07-1.16) 0 0.62 0.003
No 3 1.32 (1.23-1.41) 324 0.23

n denotes the number of studies
P for heterogeneity within each subgroup

PP for heterogeneity between subgroups

°P for heterogeneity between men and women (excluding men/women combined)

test [40] and Begg’s test [41] with the results considered to
indicate small study effects when p < 0.10. Sensitivity
analyses excluding one study at a time were conducted to
clarify whether the results were simply due to one large
study or a study with an extreme result. Study quality was
assessed using the Newecastle-Ottawa scale [42], which
scores studies on a scale from O to 9 on selection, com-
parability and outcome assessment.

Results

We identified thirteen cohort studies (12 publications)
[13-17, 19-24, 27] that could be included in the meta-
analysis, including nine cohort studies (six publications)
[13—17, 24] that were included in the analyses of adiposity
and risk of kidney stones (Supplementary Table 2, Fig. 1),
ten studies (seven publications) [17, 19-24] of diabetes and
kidney stones (Supplementary Table 3, Fig. 1) and four
studies (two publications) [14, 27] of physical activity and
kidney stones (Supplementary Table 4, Fig. 1). Charac-
teristics of the included studies are provided in Supple-
mentary Table 2—4. For adiposity five studies were from
the USA, and four were from Asia. Three studies were only
in men, four only in women and two studies in men and
women combined (Supplementary Table 2). The number
of participants ranged from 4074 to 101877 and the
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2885 records identified in total:
879 records identified in PubMed
2005 records identified in Embase
1 record identified from other search

2708 excluded based on title or
abstract

177 reporting on adiposity, diabetes or physical
activity and kidney stones

Updated search:
1 publication

(2 studies)

166 articles excluded:

44 not relevant exposure
44 reviews

29 cross-sectional studies
17 case-control studies
6 case only studies

5 not relevant data

4 <3 categories of BMI
4 duplicates

3 not relevant outcome
3 comments

3 no risk estimates

1 abstract publication

1 bariatric surgery study
1 patient population

1 pediatric population

12 publications (13 studies) included

Fig. 1 Flow-chart of study selection
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Table 2 Subgroup analyses of diabetes and kidney stones
Diabetes
n RR (95% CI) P (%) P P}
All studies 10 1.16 (1.03-1.31) 50.5 0.03
Sex
Men 0.91 (0.75-1.10) 0 0.34 0.24/0.09°
Women 1.29 (1.08-1.55) 325 0.23
Men and women 1.19 (1.02-1.38) 33.6 0.20
Duration of follow-up
< 10 years follow-up 1.12 (1.01-1.24) 0 0.53 0.41
> 10 years follow-up 1.25 (0.98-1.61) 71.2 0.008
Geographic location
Europe 1.23 (1.06-1.44) 0 0.71 0.15
America 1.25 (0.98-1.59) 71.9 0.007
Asia 1.04 (0.90-1.20) 0 0.80
Number of cases
Cases < 500 0 0.87
Cases 500 to < 1000 1.18 (0.94-1.48) 43.8 0.15
Cases > 1000 6 1.15 (0.99-1.35) 60.6 0.03
Study quality
0-3 NC
4-6 1.04 (0.87-1.24) 0 0.50
7-9 1.20 (1.03-1.38) 56.0 0.03
Adjustment for confounders
Age
Yes 10 1.16 (1.03-1.31) 50.5 0.03 NC
No 0
Alcohol
Yes 1.19 (0.84-1.69) 79.7 0.007 0.80
No 1.14 (1.02-1.27) 244 0.24
Smoking
Yes 1.06 (0.92-1.22) 0 0.74 0.38
No 1.22 (1.02-1.45) 60.8 0.02
BMI, adiposity
Yes 1.14 (1.03-1.26) 0 0.61 0.54
No 1.24 (0.96-1.59) 73.5 0.005
Thiazide use
Yes 3 1.19 (0.84-1.69) 79.7 0.007 0.80
No 1.14 (1.02-1.27) 244 0.24
Fluids
Yes 3 1.19 (0.84-1.69) 79.7 0.007 0.80
No 1.14 (1.02-1.27) 24.4 0.24
Sodium
Yes 1.19 (0.84-1.69) 79.7 0.007 0.80
No 1.14 (1.02-1.27) 244 0.24
Potassium
Yes 1.13 (0.92-1.38) 66.4 0.02 0.69
No 1.19 (1.02-1.38) 33.6 0.20
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Table 2 (continued)
Diabetes
n RR (95% CI) F (%) P Py
Animal protein
Yes 1.13 (0.92-1.38) 66.4 0.02 0.69
No 1.19 (1.02-1.38) 33.6 0.20
Dietary calcium
Yes 1.13 (0.92-1.38) 66.4 0.02 0.69
No 1.19 (1.02-1.38) 33.6 0.20
Calcium supplements
Yes 1.13 (0.92-1.38) 66.4 0.02 0.69
No 1.19 (1.02-1.38) 33.6 0.20
Physical activity
Yes 1.04 (0.87-1.24) 0 0.50 0.43
No 1.20 (1.03-1.38) 56.0 0.03

n denotes the number of studies
AP for heterogeneity within each subgroup

°P for heterogeneity between subgroups

°P for heterogeneity between men and women (excluding men/women combined)

duration of follow-up ranged from 3.2 to 20 years (Sup-
plementary Table 2). Five studies of diabetes were from
the USA, two from Europe and three from Asia (Supple-
mentary Table 3). Two studies were in men, three in
women and five in men and women combined (Supple-
mentary Table 3). The number of participants ranged from
12,161 to 168,646 and the duration of follow-up ranged
from 3.45 to 20 years (Supplementary Table 3). In the
analysis of physical activity and kidney stones all the four
studies were from the USA (Supplementary Table 4).
Three of the studies were in women and one in men and the
number of participants ranged from 44,964 to 95,618
(Supplementary Table 4). Mean (median) study quality
scores for the studies of BMI were 7.3 (7.0), for the studies
of diabetes mellitus were 7.2 (7.0), and for the studies of
physical activity were 7.0 (7.0).

Body mass index

Eight cohort studies (five publications) [13-16, 24] were
included in the dose—response analysis of BMI and risk of
kidney stones and included a total of 10,368 cases among
458,868 participants. The summary RR for a 5 unit incre-
ment in BMI was 1.21 (95% CI 1.12-1.30, I’ = 76% [95%
CI 53-88%], Pheterogencity < 0.0001) (Fig. 2A). In sensi-
tivity analyses excluding the most influential studies, the
summary RR ranged from 1.17 (95% CI 1.10-1.25) when
excluding the Nurses’ Health Study 2 [13] to 1.23 (95% CI
1.13-1.34) when excluding the Shanghai Women’s Health
Study [24] (Supplementary Figure 1). The heterogeneity
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was reduced when excluding the Nurses’ Health Study 1
and 2 (which both reported stronger associations than most
of the remaining studies) [13], but the association remained
significant, summary RR =1.13 (95% CI 1.09-1.18,
I’ = 12%, Pheterogeneity = 0.34). There was no indication of
publication bias with Egger’s test, p = 0.28, or with Begg’s
test, p = 0.17 (Supplementary Figure 2). There was evi-
dence of a nonlinear association between BMI and risk of
kidney stones, pnontincarity < 0.0001, and the curve was flat
between 20 and 22, and increased at BMI values above this
range (Fig. 2B, Supplementary Table 5).

Waist circumference

Five cohort studies (three publications) [13, 16, 17] were
included in the analysis of waist circumference and risk of
kidney stones and included 4282 cases among 255,510
participants. The summary RR for a 10 cm increase in
waist circumference was 1.16 (95% CI 1.12-1.19, ?=0%
[95% CI 0-79%], Pheterogencity = 0.59) (Fig. 3A). The
summary RR ranged from 1.14 (95% CI 1.10-1.19) when
the Nurses’ Health Study 2 [13] was excluded to 1.17 (95%
CI 1.12-1.21) when the Health Professionals Follow-up
Study [13] was excluded (Supplementary Figure 3). There
was some indication of a nonlinear association between
waist circumference and the risk of kidney stones with a
slight flattening of the curve at higher levels (around
105-110 cm), puontinearicy = 0.03 (Fig. 3B, Supplementary
Table 6).
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Fig. 2 Body mass index and A
risk of kidney stones

Body mass index and kidney stones, linear dose-response analysis, per 5 BMI units

Relative Risk
Study (95% Cl)
Shu, 2017, SMHS : ) 1.14 (1.03, 1.25)
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5 75 1 15 2 3
Relative Risk
B Body mass index and kidney stones, nonlinear dose-response analysis

5 -

3 -

RR

1.5

1 -

8

15 20 25 30 35 40
BMI (units)

Weight

Three cohort studies (one publication) [13] were included
in the analyses of weight and the risk of kidney stones and
included 4827 cases among 241,623 participants. The
summary RR per 5 kg increment in weight was 1.06 (95%
CI 1.04-1.08, I* = 67% [95% CI 0-90%], Pheterogeneity-
< 0.0001) (Fig. 4A). The summary RR ranged from 1.06
(95% CI 1.02-1.09) when the Nurses’ Health Study 2 [13]
was excluded to 1.07 (95% CI 1.06—1.09) when the Health
Professional’s Follow-up Study [13] was excluded and
there was no heterogeneity when the latter study was

Best fitting fractional polynomial
————— 95% confidence interval

excluded from the analysis, I? = 0%, Pheterogeneity = 0.99.
There was evidence of a nonlinear association between
weight and risk of kidney stones risk, prontincarity < 0.0001
(Fig. 4B, Supplementary Table 7).

Weight gain

Three cohort studies (one publication) [13] were included
in the analyses of weight gain (change in recalled body
weight between age 21 in men and age 18 in women and
baseline of the studies) and the risk of kidney stones and
included 4575 cases among 241,623 participants. The
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Fig. 3 Waist circumference and A
risk of kidney stones

Waist circumference and kidney stones, linear dose-response analysis, per 10 cm

Study

Oda, 2014
Akoudad, 2010
Taylor, 2005, HPFS
Taylor, 2005, NHS1

Taylor, 2005, NHS2

Relative Risk
(95% ClI)

= 1.09 ( 0.86, 1.37)

1.08 (0.92, 1.26)
1.12 (1.04, 1.20)
1.16 (1.11, 1.22)

1.18 (1.12, 1.25)

" s
n
]
L
&

Overall 1.16 (1.12,1.19)
T T T T
5 .75 1 1.5 2
Relative Risk
B Waist circumference and kidney stones, nonlinear dose-response analysis
5 -
3 —
RR 24 =TT
1.5+
1 -
8
70 80 90 100 110 120

summary RR per 5 kg increment in weight gain was 1.12
(95% CI 1.06-1.18, I> = 86% [95% CI 59-95%], Phetero-
geneity < 0.0001) (Fig. 5A). The summary RR ranged from
1.10 (95% CI 1.02-1.20) when the Nurses’ Health Study
[13] was excluded to 1.15 (95% CI 1.13-1.18) when the
Health Professional’s Follow-up Study [13] was excluded
and there was no heterogeneity when the latter study was
excluded from the analysis, > = 0%, Pheterogeneity = 0.68.
There was no evidence of a nonlinear association between
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Waist circumference (cm)

Best fitting fractional polynomial
————— 95% confidence interval

weight gain and risk of kidney stones, Proniinearity = 0-12
(Fig. 5B, Supplementary Table 8).

Diabetes

Ten cohort studies (seven publications) [17, 19-24] were
included in the analysis of diabetes and the risk of kidney
stones and included 13,475 cases and 666,715 participants.
The summary RR for diabetes patients compared to per-
sons without diabetes was 1.16 (95% CI 1.03-1.31,
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Fig. 4 Weight and risk of
kidney stones A

Weight and kidney stones, linear dose-response analysis, per 5 kg

Study

Taylor, 2005, HPFS

Taylor, 2005, NHS1

Taylor, 2005, NHS2

Relative Risk

(95% Cl)

1.04 ( 1.01, 1.06)

1.07 ( 1.05, 1.09)

1.07 ( 1.0, 1.09)

1.06 ( 1.04, 1.08)

.75 1 1.5 2 3
Relative Risk

Weight and kidney stones, nonlinear dose-response analysis

———

Overall
T
5
B
5 -
3 -
RR 24
1.5+
1 4
.8
T T
55 60

I? = 51% [95% CI 0-76%], Pheterogeneity = 0.03) (Fig. 6A).
The summary RR ranged from 1.12 (95% CI 1.00-1.26)
when excluding the Nurses’ Health Study 2 [19] to 1.19
(95% CI 1.07-1.33) when excluding the Health Profes-
sionals Follow-up Study [19] (Supplementary Figure 4).
There was no evidence of publication bias with Egger’s

T T T T T T T T T T

65 70 75 80 85 90 95 100 105 110
Weight (kg)

Best fitting fractional polynomial
————— 95% confidence interval

test, p = 0.86, or with Begg’s test, p = 0.84 (Supplemen-
tary Figure 5).

Physical activity
Four cohort studies (two publications) [14, 27] were

included in the analysis of physical activity and the risk of
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Fig. 5 Weight gain and risk of
kidney stones

A Weight gain and kidney stones, linear dose-response analysis, per 5 kg

Study

Taylor, 2005, HPFS

Taylor, 2005, NHS1

Taylor, 2005, NHS2

Overall

Relative Risk

(95% Cl)

1.06 (1.02, 1.10)

1.15 (1.11, 1.19)

1.16 (1.12, 1.20)

1.12(1.06, 1.18)

.75
Relative Risk

B Weight gain and kidney stones, nonlinear dose-response analysis

5_

RR 2+

1.5

kidney stones and included 7747 cases and 367,319 par-
ticipants. The summary RR for the highest vs. the lowest
level of physical activity was 0.93 (95% CI 0.78-1.10,
I=80% [95% CI 46-92%], Pheterogeneity < 0.0001)
(Fig. 7). The summary RR per 20 MET-hours per week
was 0.96 (95% CI 0.88-1.05, I*=88% [73-95%],
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o -

10 15 20 25
Weight gain (kg)

Best fitting fractional polynomial
————— 95% confidence interval

Pheterogeneity < 0.0001) (Fig. 7a). The test for nonlinearity
was significant, Phontinearity < 0.0001, and the association
was significant at 1-2 up to 15 MET-hours per week of
activity and the confidence intervals became much wider at
higher levels of activity (Fig. 7b, Supplementary Table 8).
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Fig. 6 Diabetes mellitus and
physical activity and risk of A
kidney stones
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1.00 (0.87, 1.14)
1.01(0.85, 1.19)
1.03 (0.90, 1.18)

. 0.69 ( 0.58, 0.83)

0.93(0.78, 1.10)

25

Subgroup, sensitivity analyses, and study quality

The positive association between BMI and kidney stones
persisted in most subgroup analyses defined by sex,
assessment of anthropometric measures, duration of fol-
low-up, number of cases and adjustment for confounding
factors. There was heterogeneity between several of the
subgroup analyses including measured versus self-reported

T T T T T T

5 75 1 15 2 3 5
Relative Risk

weight/height data (Pheterogeneity = 0.003) with stronger
associations among studies with self-reported data vs. those
with measured data. There was also heterogeneity by
adjustment for alcohol (Ppeierogenciy = 0-007), adjustment
for diabetes (Ppeterogencity = 0.002), thiazide use (Phetero-
sencity = 0.003),  fluids  (Pheterogeneity = 0.003),  sodium
(phetemgeneity = 0.007), calcium supplements (pheterogeneity—
= 0.003), and physical activity (Ppeterogencity = 0-003) with
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Fig. 7 Physical activity and risk

of kidney stones A | Physical activity and kidney stones, linear dose-response analysis, per 20 MET-hrs
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Ferraro, 2015, NHS2 1.02 ( 0.85,1.21)

Sorensen, 2014 0.70 ( 0.64, 0.77)

Overall 0.91(0.73,1.12)
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weaker associations among studies with adjustment for There was no heterogeneity when results were stratified
diabetes, calcium supplements and physical activity versus by study quality (Tables 1, 2).

studies without such adjustment and stronger associations

among studies with adjustment for alcohol, thiazide use,

fluids, and sodium than among studies without such Discussion

adjustment (Table 1). The positive association between

diabetes mellitus and kidney stones was not significant in ~ To our knowledge this is the first dose-response meta-
every subgroup analysis, however, there was no evidence  analysis of body fatness, diabetes and physical activity in

of between-subgroup heterogeneity (Table 2). The associ-  relation to risk of kidney stones risk and we found a 21%
ation was positive among two studies of women, but not in  increase in the relative risk per 5 units increase in BMI,
one study of men (Table 2). 16% increase in relative risk per 10 cm increase in waist
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circumference, and 6 and 12% increases in the relative risk
per 5 kg increment in weight and weight gain, and a 16%
increase in the relative risk of kidney stones among dia-
betes patients compared to persons without diabetes. There
was no significant association between physical activity
and kidney stones in the high vs. low and linear dose—
response analyses, but some suggestion of a possible
nonlinear association with moderate levels of physical
activity showing an inverse association.

Our meta-analysis has some limitations that need to be
mentioned. The main limitation is the low number of
cohort studies available reporting on waist circumference,
weight, weight changes, and physical activity which lim-
ited our possibility to conduct subgroup analyses and
sensitivity analyses. No studies reported on waist-to-hip
ratio, waist-to-height ratio or adiposity in adolescence or
early adulthood and risk of kidney stones. We cannot
entirely exclude the potential for residual confounding (for
example by smoking) having affected the findings, how-
ever, the association between BMI and kidney stones per-
sisted in several subgroup analyses with adjustment for a
number of confounding factors and there was no between
subgroup heterogeneity. Nevertheless, confounding by risk
factors that were not included in the statistical analyses or
by risk factors that are not yet known is still possible.
Measurement errors could have influenced the findings.
When the analysis was stratified by whether the anthro-
pometric factors were measured or self-reported the sum-
mary estimates were stronger among the studies with self-
reported anthropometric measures compared to those with
measured data, which might suggest overestimation of the
association when using self-reported anthropometrics.
However, it is also possible that this difference is due to
differences in other study characteristics between studies.
Ideally one should compare analyses of measured and self-
reported data within the same study. As a meta-analysis of
published literature it is possible that publication bias may
have affected our findings, but we did not find evidence of
such bias in the analysis of BMI or diabetes with the sta-
tistical tests used, however, the limited number of studies
in the remaining analyses did not permit formal testing.
There was high heterogeneity in the main analyses for
BMI, weight and weight gain, however, this appeared to be
explained to a large extent by one or two studies [13] in
each analysis and when excluded the summary estimates
remained significant. Within subgroups there was lower
heterogeneity among studies in men, among studies with
either measured or self-reported weight and height, among
the Asian studies, and among studies with adjustment for
alcohol, smoking, diabetes, thiazide use, fluids, sodium,
calcium supplements, and physical activity. In subgroup
and meta-regression analyses the positive association
between BMI and risk of kidney stones persisted in most

subgroup defined by sex, exposure assessment, duration of
follow-up, number of cases and adjustment for several
important confounding factors. There was significant
heterogeneity between several of the subgroups, with
weaker associations among studies with adjustment for
diabetes, calcium supplement use and physical activity
compared to studies with such adjustment, but stronger
associations among studies with adjustment for intake of
alcohol, thiazide use, fluids and sodium compared to
studies without such adjustment. However, because of the
limited number of studies and because some studies tended
to cluster together in several of the subgroup analyses it is
not clear if those study characteristics or some other cor-
related study characteristics truly caused some of the
heterogeneity. Although the test for heterogeneity was not
significant when studies were stratified by geographic
location, the association between BMI and risk of kidney
stones appeared to be slightly stronger in the American
than in the Asian studies and a positive association between
diabetes mellitus and kidney stones was restricted to the
European and American studies and not observed in the
Asian studies. This might at least partly be due to higher
levels of adiposity and higher rates of type 2 diabetes in the
European and American studies compared to the Asian
studies [43, 44].

Weight, weight gain and waist circumference are highly
correlated with BMI and because none of the studies made
further mutual adjustments between adiposity variables
(for example between BMI and waist circumference) we
are not able to conclude whether general or abdominal
adiposity is more or equally important in increasing the risk
of kidney stones and this is something that could be further
clarified in future studies.

Strengths of our analysis include the prospective design
of the studies which therefore avoids recall bias, which can
affect retrospective case—control studies, and limits the
possibility that selection bias explains the results. The
meta-analysis included > 10,300 cases among > 458,000
participants in the BMI analysis and > 13,400 cases and
> 666,000 participants in the diabetes analysis, providing
sufficient statistical power to detect even modest associa-
tions. To increase comparability between studies we con-
ducted linear and nonlinear dose—response analyses. The
results persisted in a number of subgroup and sensitivity
analyses, suggesting that the findings are not likely to be
completely explained by confounding. The results were
robust to the influence of single studies, and the included
studies had a relatively high study quality.

Several potential mechanisms could explain an associ-
ation between body fatness and increased risk of kidney
stones. Obesity has been associated with high serum uric
acid and gout [45, 46], gallstones [47], insulin resistance
and type 2 diabetes [48], which again is associated with
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increased risk of kidney stones [17, 19, 49-51]. In sub-
group analyses there was a weaker association among
studies that adjusted for diabetes than among studies that
did not adjust for diabetes in the analysis of BMI (RR =
1.11 vs. 1.32). This might suggest that part of the asso-
ciation between BMI and kidney stones may be mediated
by type 2 diabetes and that the current summary estimate
might be a conservative estimate of the risk of kidney
stones associated with adiposity. However, within study
comparisons with analyses with and without adjustment for
diabetes are needed to draw firm conclusions. It has been
shown that insulin suppresses calcium reabsorption by
acting on the renal tubules [18], and that insulin promotes
the urinary and fractional excretion of calcium [52]. Other
studies have reported that obesity increases urinary oxalate
excretion [46] and reduces urinary citrate excretion [53]. A
rat model found that a weight loss intervention reduced the
risk of kidney stone formation and the intervention group
had higher urinary pH and higher excretion of urinary
citrate than control rats [54].

The current findings have important public health
implications in light of the current epidemics of overweight
and obesity [43] and diabetes [44] globally and suggest that
if current trends in rates of obesity and diabetes continue an
increased incidence of kidney stones could result. Since a
history of kidney stones is a risk factor for kidney cancer
[9] and chronic kidney disease [11] and is potentially also
related to increased cardiovascular disease risk [12] further
complications might also be a consequence.

Our findings confirm that body fatness is an important
risk factor for kidney stones and there was a 1.4-fold
increase in risk among overweight and 2-3 fold increase in
risk among obese and severely obese participants, respec-
tively, while the lowest risk observed in the BMI range
between 20 and 22. In addition, both waist circumference,
weight and weight gain was associated with an increased
risk, although additional studies are needed because of the
limited data on these adiposity measures. A diagnosis of
diabetes was associated with a 16% increase in the relative
risk compared to persons without diabetes. No association
was observed between physical activity and kidney stones,
however, the possibility of a nonlinear association with
reductions at low-to-moderate levels of activity cannot be
excluded, but further studies are needed.
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