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Abstract

Background: Dietary and lifestyle factors may play an important role in the increasing prevalence of nephrolithiasis.
We aimed to review and quantify the associations between lifestyle factors and incident nephrolithiasis and suggest
lifestyle changes for the primary prevention of nephrolithiasis.

Methods: PubMed, EMBASE, and Cochrane Library were searched up to May 2019, for observational studies and
randomized controlled trials (RCTs) that assessed modifiable lifestyle factors and risk of nephrolithiasis in adults.
Pooled relative risks (RRs) and 95% confidence intervals (Cls) were computed using a random effects model. The I?
statistic was employed to evaluate heterogeneity. Subgroup analysis, sensitivity analysis and meta-regression were
also conducted whenever possible.

Results: Fifty relevant articles with 1,322,133 participants and 21,030 cases in total were identified. Prominent risk
factors for incident stones were body mass index (1.39,1.27-1.52), dietary sodium (1.38, 1.21-1.56), fructose, meat,
animal protein, and soda. In contrast, protective factors included fluid intake (0.55, 0.51-0.60), a Dietary Approaches
to Stop Hypertension (DASH) style diet (0.69, 0.64-0.75), alcohol (0.69, 0.56-0.85), water, coffee, tea, vegetables,
fruits, dietary fiber, dietary calcium (0.83, 0.76-0.90), and potassium. Vitamin D (1.22, 1.01-1.49) and calcium (1.16,
1.00-1.35) supplementation alone increased the risk of stones in meta-analyses of observational studies, but not in
RCTs, where the cosupplementation conferred significant risk.

Conclusions: Several modifiable factors, notably fluid intake, dietary patterns, and obesity, were significantly
associated with nephrolithiasis. Long-term RCTs are required to investigate the cost-effectiveness of dietary patterns
for stone prevention. The independent and combined effects of vitamin D and calcium supplementation on
nephrolithiasis need further elucidation.

Keywords: Nephrolithiasis, Diet, Obesity, Epidemiology, Systematic review, Meta-analysis

* Correspondence: xjhesumc@163.com

"Bing-Biao Lin and Ming-En Lin contributed equally to this work.
'Department of Urology, The First Affiliated Hospital of Shantou University
Medical College, 57 Changping Road, Shantou, Guangdong, China

Full list of author information is available at the end of the article

© The Author(s). 2020 Open Access This article is licensed under a Creative Commons Attribution 4.0 International License,
which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if

changes were made. The images or other third party material in this article are included in the article's Creative Commons
licence, unless indicated otherwise in a credit line to the material. If material is not included in the article's Creative Commons
licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.
The Creative Commons Public Domain Dedication waiver (http://creativecommons.org/publicdomain/zero/1.0/) applies to the
data made available in this article, unless otherwise stated in a credit line to the data.


http://crossmark.crossref.org/dialog/?doi=10.1186/s12882-020-01925-3&domain=pdf
http://orcid.org/0000-0002-3045-5909
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
mailto:xjhesumc@163.com

Lin et al. BMC Nephrology (2020) 21:267

Background

Nephrolithiasis, though usually manifested as a benign
painful condition, poses a tremendous threat to the health
care system and individual well-being. It incurs an enor-
mous cost estimated at US $2.1 billion in 2000 and with a
projected annual increase of US $1.24 billion by 2030 as a
result of population growth and the pandemics of diabetes
and obesity [1, 2]. It has been recognized as a systemic dis-
ease in recent decades given its connections with multiple
diseases [3, 4]. Nephrolithiasis increases the risk of bone
fractures, chronic kidney disease, renal cell carcinoma,
cardiovascular diseases and mortality [5-10]. Worse qual-
ity of life was also observed among stone formers, espe-
cially non-White individuals with lower income [11].

Nevertheless, the prevalence and incidence of kidney
stones have continued to grow globally, and despite the
higher prevalence in males, up to 10.6% in 2007-2010, the
gender gap appears to be closing due to a disproportion-
ally increased prevalence in females [12—14]. Although in-
creased accidental detection by imaging studies is
contributed to the growing prevalence, lifestyle and dietary
factors have also been suggested to play an important role
[15]. This was evidenced by one cohort study [16] showing
that more than half of incident stones were attributable to
lifestyle factors. To reduce stone formation and socioeco-
nomic burden, preventive strategies targeting modifiable
lifestyle factors may be effective for people at high risk of
recurrent stones and even incident ones [17]. However,
epidemiologic studies and meta-analyses that assessed the
associations between kidney stones and different lifestyle
factors have demonstrated inconsistent results [18—23].
Although a recent meta-analysis reported a negative asso-
ciation with fluid consumption, its methodology was less
robust in that it included cross-sectional studies and du-
plicated cohorts and combined data from both recurrent
and incident stone formers [21].

We, therefore, conducted a comprehensive systematic re-
view and meta-analysis with an aim to build an evidence-
based list of modifiable lifestyle and dietary factors and to
establish corresponding lifestyle recommendations.

Methods

Two authors (BBL and MEL) independently searched the
databases, screened the articles retrieved, abstracted the
data and assessed the quality of included studies. Discrep-
ancies were resolved by consensus. This study followed
MOOSE (Meta-analysis of Observational Studies in Epi-
demiology) and PRISMA (Preferred Reporting Items for
Systematic Reviews and Meta-Analyses) guidelines.

Search strategy and study selection

PubMed, EMBASE and Cochrane Library were searched
from inception to May 2019 using the terms “risk” AND
“kidney stone” with limitation to publications in English.
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Full search terms and included studies are listed in
Additional file 1.

Publications were considered eligible if they fulfilled
the following inclusion criteria: i) observational studies
or RCTs of adults without prior history of nephrolithia-
sis; ii) assessment of at least one modifiable risk factor;
and iii) provided risk estimates with 95% CI, or enough
information to calculate them. Exclusion criteria were
also applied: i) population with recurrent or prevalent
kidney stones as this condition might have affected their
dietary behaviors; ii) studies featuring nonmodifiable risk
factors, genetic or urinary lithogenic factors; and iii)
cross-sectional studies or RCTs with short duration of
follow-up (e.g., <lyear) and small sample size (< 100
participants). Bibliographies of included studies and re-
lated reviews were hand-searched for additional publica-
tions. If multiple articles reported on the same cohorts,
we only selected the most recent one unless different
risk factors were assessed. When a single paper reported
both individual and pooled risk estimates of different co-
horts, or presented gender-specific results, we chose to
analyze them individually in the meta-analysis.

Data abstraction and quality assessment

We recorded the first author’s last name, publication
year, country, study design, study period, participants’
genders and baseline ages, the number of participants
and cases, assessment factors and methods, exposure
comparison, outcomes, maximally adjusted risk esti-
mates with 95% CIs, and confounding factors by using
piloted data extraction sheets. The incidence rate ratios
(IRRs) and 95% CIs were inverted for one article [16]
that used the beneficial groups as reference. Quality was
assessed using the Newcastle Ottawa Scale (NOS) for
observational studies (Additional file 2) and using the
Cochrane risk of bias tool for RCTs (Additional file 3).

Statistical analysis

Observational studies and RCTs were analyzed separately.
Heterogeneous exposure categorization existed across most
observational ~ studies,  which  rendered  exposure
standardization impossible. As a result, we generated pooled
RRs by comparing the highest and lowest exposure levels. In
addition, a random effect model was used to counter varia-
tions in study design and population. Heterogeneity was quan-
titatively assessed by the I* statistic, with values greater than
50 and 75% representing moderate and substantial heterogen-
eity, respectively. To identify sources of heterogeneity, sub-
group and meta-regression analyses were performed
according to study design, gender, region, study quality, num-
ber of cases, durations of follow-up and confounding factors
whenever applicable. We used funnel plot, Egger’s test and the
trim-and-fill method to evaluate publication bias and small
study effects only if the number of included studies was >10.
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Sensitivity analyses were performed to evaluate each study’s ef-
fect on the overall risk estimates (Additional file 4). Statistical
analyses were performed by STATA 131 (College Station,
TX, USA). All P values were two-sided with P < 0.05 regarded
as statistically significant.

Results

The selection process with exclusion reasons is presented
in Fig. 1. The literature search yielded 4849 articles, of
which 186 were potentially eligible after title and abstract
screening. Through full-text review, 50 articles containing
a total of 1,322,133 participants and 21,030 cases with
study duration ranging from 1year to 26 years were in-
cluded (Additional file 5). Of 50 publications, 34 were co-
hort studies (33 prospective and 1 retrospective),12 were
RCTs, and 4 were case-control studies. The included stud-
ies either used self-report, abdominal ultrasound, medical
record review or International Classification Disease code
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to ascertain a diagnosis of nephrolithiasis. Some articles
contained 2-3 study populations and assessed multiple
risk factors, which encompassed obesity (n = 15), beverage
(n=12), diet (n=19), physical activity (n =4), energy in-
take (n =3), vitamins and calcium supplements (n = 22).
All the included RCTs reported data available for second-
ary analysis of the associations with vitamin D and cal-
cium supplementation.

Diet

Dietary factors were assessed in 10 observational studies
(19 publications), of which 8 were cohort studies con-
ducted within the USA and Europe and 2 were case-
controlled studies in the USA and China.

In the meta-analysis of high vs low intake (Fig. 2), a
high intake of meat significantly increased the risk of
kidney stones (RR: 1.24; 95% CI, 1.12-1.39). No signifi-
cant heterogeneity was present and sensitivity analysis

Records identified through database searching
(n = 4849)
PubMed (n = 1815)
EMBASE (n = 2683)
Cochrane (n = 351)

Additional records identified

Duplicate or triplicate

A\ 4

through other sources
(n=17)

'

articles excluded
(n =1397)

v

Records screened (n = 3469)

Records excluded after title
and abstract review
(n =3283)

7 N

Full-text articles excluded with

reasons (n = 136)

Fig. 1 Flow chart of the study selection process
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Studies included in quantitative
synthesis
(n = 48 publications)

- irrelevant (n = 14)
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- specific population in
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%
Author, Year RR (95% Cl) Weight
Fruits
Dai et al, females, 2013 —— 1.89(0.87,4.14) 217
Dai et al, males, 2013 + 0.73(0.39,1.37) 3.28
Turney et al, 2014 s 0.70(0.53,0.93)  13.42
Sorensen et al, 2014 —a— 0.85(0.74,0.98) 32.12
Leone et al, 2017 —_— 0.78(0.61,0.99) 16.79
Littlejohns et al, 2019 —— 0.75 (0.65, 0.86) 32.22
Total (I-squared =30.1%, p = 0.210) L 0.79(0.71, 0.89) 100.00
Vegetables
Turney et al, 2014 —_— 0.96 (0.73, 1.28) 13.16
Sorensen et al, 2014 —.— 0.78 (0.68,0.91) 30.70
Leone et al, 2017 _— 0.71(0.55, 0.90) 16.06
Littlejohns et al, 2019 —— 0.90 (0.81, 1.00) 40.08
Total (I-squared =42.7%, p = 0.155) L 0.84 (0.75,0.94) 100.00
Fiber
Turney et al, 2014 —_—— 0.72(0.52, 1.00) 9.20
Sorensen et al, 2014 —a— 0.78(0.67,0.92) 33.62
Littlejohns et al, 2019 —a— 0.67 %0.60, 0.75; 57.18
Total (I-squared = 15.9%, p = 0.305) < 0.71(0.64,0.79 100.00
Meat
Zhao et al, females, 2015 ———> 1.40(1.00, 2.00) 9.84
Zhao et al, males, 2015 ————> 1.30(0.80, 2.00) 5.63
Turney et al, 2014 ——> 1.64(1.08, 2.48) 6.84
Leone et al, 2017 —T— 1.13(0.87, 1.46) 17.63
Littlejohns et al, 2019 —a— 1.21(1.05,1.39)  60.06
Total (I-squared = 0.0%, p = 0.582) L 1.24(1.12,1.39) 100.00
Spinach
Taylor et al, NHS I, 2007 — 1.34(1.10, 1.64) 3349
Taylor et al, NHS 1I, 2007 —_— 1.00 (0.81, 1.24) 31.63
Taylor et al, HPFS, 2007 —— 1.30(1.08, 1.58) 34.88
Total (I-squared =56.7%, p = 0.099) e 1.21(1.01, 1.44) 100.00
NOTE: Weights are from random effects analysis
T T T
25 5 75 1 2
Decreased Risk Increased Risk
Fig. 2 Forest plot of meta-analysis comparing highest vs lowest level of dietary intakes and risk of incident nephrolithiasis

produced consistent results. Two studies further investi-
gated red meat, processed meat and poultry with incon-
sistent results [24, 25]. Both reported a 20-53% higher
risk of stones for high intake of red meat and null associ-
ation for poultry consumption. Only one showed signifi-
cantly increased risk with processed (RR: 1.34; 95% CI,
1.12-1.59) and poultry meat consumption (RR: 1.22; 95%
CI, 1.00-1.49) [24]. There was no association between fish
intake and incident stones in 2 studies [24, 26]. Five co-
hort studies reported on animal protein, with only one
study [27] showing the opposite direction of risk estimate
without adjustment for body mass index (BMI) and dia-
betes [27-29]. A meta-analysis of the other 4 yielded bor-
derline significant risk (RR: 1.1; 95% CI, 1.02-1.19) with
no heterogeneity.

As shown in Fig. 2, risk of kidney stones was markedly
reduced by high intake of fruit (RR: 0.79; 95% CI, 0.71-
0.89), dietary fiber (RR: 0.71; 95% CI, 0.64—0.79) and
vegetables (RR: 0.84; 95% CI, 0.75-0.94). Of note, the sig-
nificance of both vegetables and dietary fiber would be lost
and heterogeneity became significant if we included 2
studies [27, 30] that demonstrated opposite results with
higher intake of vegetables and fiber respectively. These 2
studies were excluded as one [30] claimed the most com-
mon vegetables taken was spinach, which increased the
risk in the meta-analysis of the three cohorts [31] (RR:

1.21; 95% CI, 1.01-1.44), and another [27] did not adjust
for BMI and diabetes. The risk of nephrolithiasis observed
in high spinach intake could be partly explained by the
high oxalate content (RR: 1.16; 95% CI, 1.05-1.29). No sig-
nificant heterogeneity was present.

Dietary calcium (RR: 0.83; 95% CI, 0.76-0.90), potas-
sium (RR: 0.59; 95% CI, 0.46-0.75) and magnesium (RR:
0.66; 95% CI, 0.55-0.79) intake were inversely associated
with the risk of incident nephrolithiasis, whereas high in-
take of dietary sodium increased the risk by 38% (Fig. 3).
Only the meta-analysis of dietary potassium produced
substantial heterogeneity (I* = 77.4%). The pooled result of
3 cohorts [16] for the DASH style diet revealed significant
risk reduction (RR: 0.69; 95% CI, 0.64—0.75). A similar as-
sociation with the Mediterranean dietary pattern was re-
ported by Leon et al. (HR: 0.64; 95% CI, 0.48-0.87) [26].
Sensitivity analyses were all consistent across studies.

Beverage
Thirteen studies (12 publications) including 11 prospective
cohort studies and 2 case-controlled studies investigated
the effect of beverages on kidney stones, of which 5 were
conducted within the USA, 4 in Europe, and 4 in Asia.
Total fluid intake up to 21/d reduced the risk of inci-
dent stones by almost half (RR: 0.56; 95% CI, 0.48-0.65)
when compared with less than 11/d (Fig. 4). Substantial
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Decreased Risk

Author, %
Year RR(95% Cl) Weight
DASH-style diet
Ferraro et al, NHS |, 2017 —_—— 0.68 (0.58,0.80) 26.04
Ferraro et al, NHS I, 2017 —— 0.73 (0.65,0.83) 45.07
Ferraro et al, HPFS, 2017 — 0.65 (0.56,0.76) 28.88
Total (I-squared = 0.0%, p = 0.490) < 0.69 (0.64,0.75)  100.00
Dietary magnesium
Hirvonen et al, 1999 _— 0.52(0.32,0.85) 13.79
Taylor et al, 2004 —_—— 0.71(0.56,0.89) 61.33
Turney et al, 2014 —_—— 0.62(0.43,0.89) 24.88
Total (I-squared = 0.0%, p = 0.494) > 0.66 (0.55,0.79) 100.00
Dietary potassium
Hirvonen et al, 1999 —_— 0.79(0.52,1.19) 16.82
Ferraro et al, NHS |, 2016 —_—— 0.57 (0.45,0.72) 25.62
Ferraro et al, NHS 11, 2016 —_— 0.67 (0.57,0.78) 29.71
Ferraro et al, HPFS, 2016 —_— 0.44(0.36,0.53) 27.85
Total (I-squared = 77.4%, p = 0.004) - 0.59 (0.46,0.75)  100.00
Dietary calcium
Hirvonen et al, 1999 —_— 0.94(0.67,1.31) 6.33
Sorensen et al, 2012 —_— 0.72(0.58,0.88) 14.59
Turney et al, 2014 —_— 1.14(0.81,1.60) 6.16
Ferraro et al, NHS 1, 2017 —_— 0.83(0.69,0.98) 19.19
Ferraro et al, NHS Il, 2017 —— 0.79(0.69,0.89) 30.10
Ferraro et al, HPFS, 2017 —— 0.85(0.73,0.99) 23.64
Total (I-squared = 20.4%, p = 0.280) < 0.83(0.76,0.90) 100.00
Dietary sodium
Curhan et al, 1997 —_— 1.30(1.05,1.62) 2594
Sorensen et al, 2012 —e— 1.61(1.32,1.96) 29.74
Turney et al, 2014 *> 1.10(0.72,1.68) 8.28
Littlejohns et al, 2019 —_— 1.33(1.12,1.58) 36.04
Total (I-squared =23.2%, p = 0.272) L 1.38(1.21,1.56) 100.00
Total fructose
Taylor et al, NHS |, 2008 —_—— 1.37(1.13,1.65) 36.02
Taylor et al, NHS II, 2008 —_—— 1.35(1.10,1.66) 30.48
Taylor et al, HPFS, 2008 —_—— 1.27 (1.04,1.54) 33.50
Total (I-squared = 0.0%, p = 0.849) L 1.33(1.19,1.49)  100.00
Caffeine
Ferraro et al, NHS |, 2014 —_— 0.71(0.59,0.85) 31.26
Ferraro et al, NHS II, 2014 —_—— 0.69 (0.58,0.82) 34.76
Ferraro et al, HPFS, 2014 —_— 0.74(0.62,0.88) 33.98
Total (I-squared = 0.0%, p = 0.855) <> 0.71(0.64,0.79) 100.00
NOTE: Weights are from random effects analysis
| [ I |
25 5 75 1 2

Fig. 3 Forest plot of meta-analysis comparing the highest vs lowest level of dietary intakes and risk of incident nephrolithiasis

Increased Risk

heterogeneity (12 =79.3%) was reduced to I* =0.0%,
while the association remained significant (RR: 0.55; 95%
CI, 0.51-0.60) after excluding 2 studies without adjust-
ment for dietary factors [24, 27]. Increased alcohol and
beer consumption were associated with 31 and 40% lower
risk of incident stones, respectively. Several studies further
investigated different types of alcoholic beverages. Ferraro
et al. [32] reported significant pooled RRs of 0.69, 0.67 and
0.88 for red wine, white wine and liquor, respectively, in
three cohort studies, whereas 2 studies showed nonsignifi-
cant results [27, 33]. Lower risks were found for individuals
consuming high vs low amounts of coffee (RR: 0.82; 95% CI,

0.7-0.97), tea (RR: 0.88; 95% CI, 0.79-0.97), and water (RR:
0.90; 95% CI, 0.84—0.97), as demonstrated in Fig. 4. Increased
intake of caffeine, found in tea and coffee, also reduced the
risk by 29% [34]. The meta-analysis of high vs low consump-
tion of soda revealed an increased risk of incident stones
(RR: 1.38; 95% CI, 1.26-1.51) with low heterogeneity (I* =
35.8%) after excluding one study [33] that was not controlled
for dietary factors. This observation might be partly attribut-
able to fructose content (RR: 1.33; 95% CI, 1.19—-1.49). Re-
garding various juices, whole and skim milk, no significant
associations were found in 2 articles [27, 32]. Sensitivity ana-
lyses yielded similar results for various beverages.
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Author, %
Year RR (95% CI) Weight
Fluid intake
Ferraro et al, NHS |, 2017 —— 0.54 (0.46,0.63) 24.57
Ferraro etal, NHS Il, 2017 —- 0.57(0.51,0.64) 47.13
Ferraro et al, HPFS, 2017 —— 0.54 (0.47,0.63) 28.30
Total (I-squared = 0.0%, p = 0.794) < 0.55(0.51,0.60)  100.00
Alcohol
Hirvonen et al, 1999 —_— 0.51(0.36,0.72) 13.63
Dai et al, females, 2013 —_—— 0.80(0.57,1.13) 13.77
Dai et al, males, 2013 —_— 0.97(0.70,1.36) 14.07
Turney et al, 2014 —_—— 0.65 (0.47,0.91 14.12
Yoshimura et al, 2016 * 0.64 (0.34, 1.21 7.3
Leone et al, 2017 —_— 0.86 (0.68, 1.08 17.3
Littlejohns et al, 2019 — 0.54 £0.47, 0.62) 19.95
Total (I-squared = 71.9%, p = 0.002) - 0.69 (0.56,0.85)  100.00
Tea
Krieger et al, 1996 —_— 0.74 (0.52,1.06) 6.33
Hirvonen et al, 1999 - 1.05(0.95,1.17) 18.77
Ferraro et al, 2013 - 0.89 §0.82, 0.97 20.05
Dai et al, females, 2013 —_—— 0.91(0.53,1.56) 3.6
Dai et al, males, 2013 R . — 1.13(0.78, 1.64 5.95
Littlejohns et af, 2019 - 0.85 §0.78, 0.92) 20.14
Shu et al, SWHS, 2019 e 0.87(0.70,1.08) 11.64
Shu et al, SMHS, 2019 —_— 0.67 50.56, 0.80; 13.85
Total (I-squared =69.9%, p = 0.002) < 0.88 (0.79, 0.97 100.00
Coffee
Krieger et al, 1996 —_— 0.71(0.49,1.02) 11.10
Hirvonen et al, 1999 - 0.97(0.93,1.02) 232
Ferraro et al, 2013 - 0.74(0.69,0.80) 22.59
Dai et al, females, 2013 —_— 0.77(0.51,1.16)  9.78
Dai et al, males, 2013 —_—t— 1.09(0.79,1.50) 12.69
Littlejohns et al, 2019 —a— 0.72(0.63,0.82) 20.62
Total (I-squared = 90.1%, p = 0.000) L 0.82(0.70,0.97)  100.00
Water
Sorensen et al, 2012 —_—— 0.80 (0.66,0.96) 13.69
Ferraro et al, 2013 — 0.90(0.81,1.00) 43.B
Dai et al, females, 2013 —_—— 0.77 (0.51,1.16) 2.85
Dai et al, males, 2013 B — 1.09(0.79,1.50) 4.67
Littlejohns et al, 2019 — 0.94(0.84,1.06) 35.51
Total (I-squared = 0.0%, p = 0.410) < 0.90 (0.84,0.97) 100.00
Beer
Krieger et al, 1996 —_—— 0.47 (0.33,0.67 21.84
Hirvonen et al, 1999 —— 0.60 (0.47,0.76 33.24
Ferraro et al, 2013 —_— 0.59 (0.46,0.76 31.93
Dai et al, females, 2013 € * > 0.44(0.08, 2.40 1.45
Dai et al, males, 2013 * 1.07 (0.62, 1.86 11.53
Total (I-squared = 35.7%, p = 0.183) - 0.60 (0.49, 0.74 100.00
Soda
Hirvonen et al, 1999 —a— 1.18(0.98,1.42) 17.41
Ferraro et al, NHS |, 2017 —_— 1.31(1.10,1.56) 18.90
Ferraro et al, NHS II, 2017 -- 1.51 gl 37, 1.663 35.84
Ferraro et al, HPFS, 2017 —.— 1.41(1.23,1.62 2541
Krieger et al, 1996 —_—te— 1.32(0.74,2.35) 244
Total (I-squared = 35.8%, p =0.183) < 1.38(1.26,1.51)  100.00
NOTE: Weights are from random effects analysis
| | T |
25 5 75 1 2

Decreased Risk

Fig. 4 Forest plot of meta-analysis comparing the highest vs lowest level of beverages and risk of incident nephrolithiasis

Increased Risk

Vitamins and calcium supplementation
Ten observational studies and 11 RCTs (22 publications)
assessed the association with vitamin consumption and cal-
cium supplement. The meta-analyses of observational studies
and RCT's are summarized in Fig. 5 and Fig. 6, respectively.
No significant associations with incident stones were
observed for high intake of dietary vitamin B6 and total
vitamin D. Meta-analyses of total and supplemental vita-
min C showed nonsignificantly increased risks of inci-
dent stones with moderate and  substantial
heterogeneity, respectively. The pooled results of 2 fe-
male cohorts [35, 36] for supplemental calcium > 501

mg/d vyielded a significant RR of 1.16 (95% CI, 1.00—
1.35). In contrast, 4 RCTs of supplemental calcium
(600-1600 mg/d) produced a null association without
heterogeneity. Supplemental vitamin D increased the
risk of kidney stones in 5 observational studies (RR: 1.22;
95% CI, 1.01-1.49) but not in 7 RCTs (RR: 0.84; 95% CI,
0.65-1.10). The VITAL study was the largest RCT in
terms of sample size and cases but it did not exclude
participants with a history of kidney stones. When we
included the VITAL study, the pooled RR of RCTs changed
from 0.84 to 1.06 (95% CI, 0.95-1.19). Sensitivity analyses
demonstrated similar results. The meta-analysis of vitamin D
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observational studies

\

Author, %
Year RR (95% Cl) Weight
Total vitamin B6
Hirvonen et al, 1999 —_— 0.83 (0.60,1.16) 9.81
Ferraro et al, NHS |, 2018 —— 0.95(0.76,1.18)  22.03
Ferraro et al, NHS I, 2018 —— 1.06(0.91,1.24) 44.54
Ferraro et al, HPFS, 2018 —T— 1.05(0.85,1.30) 23.62
Total (I-squared = 0.0%, p = 0.540) <> 1.01(0.91,1.12)  100.00
Total vitamin C
Hirvonen et al, 1999 —_—T— 1.12(0.80,1.55) 25.20
Ferraro et al, NHS 1&Il, 2016 - 0.99 (0.90,1.09) 41.70
Ferraro et al, HPFS, 2016 . 1.43(1.15,1.79) 33.10
Total (I-squared = 78.0%, p =0.011) <:> 1.15(0.90,1.48) 100.00
Supplemental vitamin C
Thomas et al, 2013 — 1.92(1.33,2.77) 9.03
Ferraro et al, NHS 1&Il, 2016 —— 0.90(0.79,1.04) 18.75
Ferraro et al, HPFS, 2016 —— 1.19(1.01,1.40) 17.48
Dai et al, females, 2013 0.99 (0.56,1.77) 4.80
Dai et al, males, 2013 * > 1.13(0.62,2.97) 287
Shu et al, SWHS, 2017 —_—— 1.03(0.85,1.26) 15.83
Shu et al, SMHS, 2017 _-—— 1.18(0.94,1.49) 14.23
Hsietal, 2018 —_— 0.95(0.80,1.13) 17.02
Total (I-squared = 64.8%, p = 0.006) <:> 1.10(0.95,1.26) 100.00
Total vitamin D
Hirvonen et al, 1999 —_—— 0.95(0.70,1.28) 21.21
Ferraro et al, NHS 1, 2017 —_— 0.99(0.73,1.35) 2044
Ferraro et al, NHS II, 2017 -—a— 1.18(0.94,1.48) 37.49
Ferraro et al, HPFS, 2017 —_— 1.08 (0.80,1.47) 20.87
Total (I-squared = 0.0%, p = 0.669) <> 1.07 (0.93,1.23)  100.00
Supplemental vitamin D
Dai et al, females, 2013 + > 1.30(0.41,3.07) 3.80
Dai et al, males, 2013 € + > 0.70(0.17,2.88) 1.92
Ferraro et al, NHS |, 2017 —_— 1.03(0.71,1.51) 27.06
Ferraro etal, NHS II, 2017 —8— 1.38(1.03,1.85) 44.92
Ferraro et al, HPFS, 2017 —t—e—  1.23(0.81,1.86) 22.29
Total (I-squared = 0.0%, p = 0.724) < 1.22(1.01,1.49) 100.00
Supplemental calcium
Curhan et al, 1997 —— 1.21(0.96,1.52) 41.98
Curhan et al, 2004 - 1.13(0.92,1.36) 58.02
Total (I-squared = 0.0%, p = 0.657) <> 1.16 (1.00, 1.35)  100.00
NOTE: Weights are from random effects analysis
| | | |
25 5 75 1 2

Decreased Risk

Increased Risk

Fig. 5 Forest plot of highest vs lowest category of vitamin and calcium supplementation and risk of incident nephrolithiasis in

plus calcium supplementation in 3 RCTs was no different
from the previous meta-analysis by Kahwati et al. [37], show-
ing that the cosupplementation was a significant stone pre-
dictor (RR: 1.18; 95% CI, 1.04—1.35) (Data not shown in the
figure). The result was driven by the Women’s Health Initia-
tive RCT (RR: 1.17; 95% CI,1.03—1.34) [38].

Obesity

Seventeen studies in 15 articles examined the effect of
obesity on incident kidney stones, with 16, 5 and 2 stud-
ies investigating BMI, waist circumference (WC) and
waist-to-hip ratio (WHR), respectively. Of 17 studies, 7

were conducted in the Americas, 8 in Asia, and 2 in
Europe.

By comparing the highest with the lowest level of BMI
(Fig. 7), we observed a significant 39% increase in the
risk of first stones, although moderate heterogeneity
(I* = 71.2%) and publication bias (P = 0.002) were present
(Additional file 6). According to subgroup analyses
(Additional file 7), the effect of BMI was comparable for
both genders but appeared to be stronger in the Ameri-
cas (RR: 1.53; 95% CI, 1.36—1.71) and Europe (RR: 1.61;
95% CI, 1.48-1.75). Meta-regression revealed that region
explained 61.84% of the between-study variance in
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Author, %
Year Supplement Placebo RR (95% Cl) Weight
Supplemental vitamin D (RCTs)

Record/Grant et al, 2005 2/2649 2/2643 1.00(0.14, 7.08 1.83
Lappe et al, 2007 1/446 3/445 0.33(0.03, 3.19 1.30
Sneve et al,2008; Jorde et al, 2008 1/296 1/149 0.50 (0.03, 7.99 0.90
McAlindon et al, 2013 1/73 1/73 1.00 (0.06, 15.69) 0.91
Baron et al, 2015 19/1130 28/1129 —_— 0.68 (0.38,1.21 21.03
Jorde, et al, 2016 2/256 1/255 1.99(0.18,21.83) 1.23
ViDA/Malihi et al, 2019 76/2558 82/2550 —a— 0.90 (0.66, 1.23 72.80
Total (I-squared =0.0%, p =0.921) <> 0.84(0.65,1.10)  100.00
Supplemental calcium (RCTs)
Riggs et al, 1998 0/119 1/117 0.33(0.01,7.97) 3.37
Lappe et al, 2007 3/445 1/288 1.94(0.20,18.58) 7.33
Reid et al, 2008 0/191 1/99 0.17 (0.01, 4.22 412
Baron et al, 2015 20/840 15/835 T — 1.33(0.68, 2.57) 85.17
Total (I-squared =0.0%, p = 0.485) sl 1.20 (0.65, 2.21) 100.00
NOTE: Weights are from random effects analysis

K 5 3 6 10

Decreased Risk Increased Risk

\

Fig. 6 Forest plot of highest vs lowest category of vitamin and calcium supplementation and risk of incident nephrolithiasis in RCTs. RECORD,

Randomized Evaluation of Calcium or Vitamin D; ViDA, Vitamin D Assessment; RCTs, randomized controlled trials; RR, relative risk; Cl,

confidence interval

Author, Year

BMI

Lieske et al, 2006

Chang et al, 2011
Zhao'etal, females, 2012
Zhao et al, males, 2012
Sorensen et al, 2014
Turney et al, 2014
Yoshimura et al, 2016
Ferraro et al, NHS [, 2017
Ferraro et al, NHS I, 2017
Ferraro et al, HPFS, 2017
Shu et al, SWHS, 2017
Shu et al, SMHS, 2017
Kim et al, 2018

Hsi et al, 2018
Littlejohns et al, 2019
Ping et al, 2019

Total (I-squared = 71.2%, p = 0.000)

Physical activity
Sorensen et al, 2014
Ferraro et al, NHS |, 2015
Ferraro et al, NHS Il, 2015
Ferraro et al, HPFS, 2015
Hirvonen et al, 1999

Shu et al, SWHS, 2017
Shu et al, SMHS, 2017

Total (I-squared =66.9%, p = 0.006)

Total energy intake

Sorensen et al, 2014
Turney et al, 2014
Ferraro et al, NHS |, 2015
Ferraro et al, NHS Il, 2015
Ferraro et al, HPFS, 2015

Total (I-squared =42.0%, p =0.142)
NOTE: Weights are from random effects analysis
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addition to thiazide use, fluid intake, duration of follow-
up, study quality and assessment methods. Sensitivity
analysis showed stable results and no new study was
added with Duval’s trim and fill method.

One study [39] reported the risk of kidney stones per
1 unit increase in BMI and was therefore not included in
the analysis. Two studies showed significantly increased
risk in males with high WHR and inconsistent results
for females [30, 40].

Physical activity

Physical activity was assessed in 4 articles with 7 cohort
studies. Four studies were conducted in the USA, 2 in
China, and 1 in Finland. The meta-analysis of the 7 stud-
ies revealed slightly but not significantly decreased risk
of incident stones (RR: 0.91; 95% CI, 0.81-1.02) with in-
creased physical activity level (Fig. 7). Sensitivity analysis
yielded similar results, and moderate heterogeneity (I* =
71.2%) existed.

Energy intake

Five cohort studies (3 publications) investigated the as-
sociation between energy intake and nephrolithiasis. A
nonsignificant 12% increase in the risk of incident stones
was found with energy intake >2500 kcal/d (RR: 1.12;
95% CI, 0.99-1.27) (Fig. 7). The result of sensitivity ana-
lysis remained nonsignificant except when the Nurses’
Health Study (NHS) II [41] was excluded.

Discussion

To our knowledge, this is the first systematic review and
meta-analysis to collectively investigate a wide range of
modifiable lifestyle factors and to clarify their strength of
association with incident kidney stones by comparing
the highest vs lowest categories of exposures. The find-
ings suggested that total fluid intake, water, coffee, tea,
alcohol, beer, fruit, vegetables, dietary fiber, dietary po-
tassium, magnesium, and calcium decreased the risk of
kidney stones, whereas high BMI, total meat intake, ani-
mal protein, dietary sodium, spinach, oxalate, fructose
and soda increased the risk. Total and supplemental
vitamin C intakes were linked with nonsignificant risk of
renal stones. Supplemental vitamin D and calcium alone
increased the risk in observational studies but not in
RCTs. In contrast, cosupplementation conferred the risk
in RCTs. No significant associations were detected with
physical activity, energy intake, dietary vitamin B6 and
total vitamin D.

Diet

Increased consumption of total meat and animal protein
conferred a significant risk of nephrolithiasis. Ferraro
et al. collected and assessed the 24-h urine samples,
showing that higher intake of animal protein was

Page 9 of 13

associated with 54 (95% CI, 30-78) mg/d lower urine
citrate, 24 (95% CI, 13-35) mg/d higher urine uric acid,
0.13 (95% CI, 0.09-0.17) lower urine pH, and higher
relative supersaturation for uric acid [28]. This, in turn,
favors the development of calcium and uric acid stone
formation [42, 43]. Despite convincing proof of animal
protein as a significant stone predictor, epidemiologic
and experimental studies were rather sparse for specific
sources of animal protein. A study in 2014 examined the
effects of fish, chicken, beef intake on 24-h urine metab-
olites among healthy subjects [44]. Although they all
linked to an increased tendency to stone formation, beef
consumption posed a slightly higher risk for calcium ox-
alate stone development. In contrast to the null associ-
ation with fish intake observed in 2 cohort studies, this
comparative metabolic study suggested a positive associ-
ation between fish and higher urinary uric acid level.
The adverse effect of animal protein could be counterba-
lanced by increased dietary potassium, which had 39 (95%
CI, 13-65) mg/d higher urine citrate, 0.15 (95% CI, 0.10—
0.19) higher urine pH, and significantly lower relative su-
persaturations for calcium oxalate and uric acid when
compared with lower intake of potassium [28, 45]. Fruits,
vegetables and dietary fiber are important sources of phy-
tate, which reduces the risk of stones by inhibiting urinary
crystallization of calcium salts [46]. Despite their effect to
promote urinary oxalate excretion, fruits and vegetables
have been shown to inhibit stone development by increas-
ing urinary volume, urine pH, and urinary excretion of po-
tassium, magnesium and citrate [47]. A diet rich in fiber,
vegetables, and fruits and reduced in animal protein and
total meat is therefore recommended.

An inverse association of dietary calcium with kidney
stones was found because high dietary calcium pre-
vented oxalate absorption by forming calcium oxalate
complex in the guts, thus reducing urinary oxalate ex-
cretion [48]. However, calcium consumption that
exceeded the amount for complexing exogenous oxalate
potentially elevated urinary calcium concentration and
the risk of stones [49]. Increased dietary sodium con-
ferred a 38% higher risk of stones because of its positive
association with hypercalciuria [50]. Taken together, a
low-salt diet with a dietary calcium uptake of 1000—
1200 mg/day is favored to reduce the risk of calcium-
containing stones.

A DASH-style diet, which contains a large number of
fruits, vegetables and dairy products and low saturated
fat [51], significantly lowered the risk of kidney stones
by 31% in the meta-analysis. It also reduced the risk of
cardiovascular diseases [51]. In a 24-h urine analysis, ad-
herence to the DASH diet corresponded to higher urin-
ary magnesium, potassium, citrate, pH, and lower urine
supersaturations for calcium oxalate (women only) and
uric acid [52]. Advice on dietary patterns instead of
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isolated nutrients is more feasible because the meals we
consume consist of various nutrients in different propor-
tions, and the overall effect rely on the interactions be-
tween each dietary factor. This could be evidenced by
the opposite effect of calcium taken with a meal or soli-
tarily on the risk of nephrolithiasis. To date, few RCTs
have been conducted to testify to the efficacy of dietary
patterns for stone prevention. Borghi, et al. demon-
strated that a diet of normal calcium with low animal
protein and salt was superior to a low-calcium diet for
the prevention of recurrent stones among hypercalciuric
patients [53]. Another RCT showed that a DASH-style diet
nonsignificantly decreased urine calcium oxalate supersat-
uration among stone formers with hyperoxaluria when
compared with an oxalate-restricted diet [54]. Large-scale
RCTs are required to investigate the cost-effectiveness of
various dietary patterns for stone prevention.

Beverages

In our meta-analyses, increased fluid, alcohol and beer uptake
decreased the risk of nephrolithiasis, followed by high intake
of coffee, tea and water. In contrast, a high intake of soda pro-
moted stone formation. One RCT demonstrated that urinary
volume could be manipulated to reduce the recurrence rate
by high water intake [55]. It is more sensible to titrate fluid up-
take to obtain urine output >21/d, as the goal of increasing
fluid intake is to increase urine output and concurrently lower
urine supersaturation. Another meta-analysis of beverage was
in line with most of our findings except for soda, which it
identified as insignificant [20]. The inconsistency could be ex-
plained by our inclusion of the latest studies that demon-
strated opposite results for soda use after a longer follow-up.
Alcohol could promote urine formation by inducing diuresis
and inhibiting the secretion of anti-diuretic hormones [56].
Nevertheless, alcohol should be discouraged given its detri-
mental effects on human health. Both coffee and tea elicited
diuretic and natriuretic responses via caffeine despite their ef-
fect in increasing urine calcium excretion [34, 57, 58]. In the
24-h urinary analysis, a higher intake of caffeine was associated
with significantly lower urinary supersaturation for both uric
acid and calcium oxalate [34]. High intake of soda elevated
urinary excretion of calcium, uric acid and oxalate [59, 60].

Vitamin and calcium supplementation

Calcium and vitamin D supplementation was controver-
sial due to inconsistent meta-analyses of RCTs and obser-
vational studies. The NHS I [35] reported significantly
increased risk among elderly women while others did not
[36, 61]. The author attributed the risk to not taking sup-
plemental calcium with meals in that the beneficial effect
of dietary calcium on oxalate could not be replicated
under such circumstances. This hypothesis was supported
by another study [62] showing significantly lower urinary
oxalate when calcium was taken with a meal instead of at
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bedtime. Regarding supplemental vitamin D, this updated
meta-analysis of RCTs concurred with 2 previous meta-
analyses [22, 37] but contradicted that by Bjelakovic et al.
[19], who included RCTs comparing supplemental vitamin
D and calcium with placebo. The discrepancy could be
partly explained by the possible synergistic effect of cosup-
plementation, which was supported by the Women Health
Initiative trials [38]. In addition, an animal study showed
the highest urinary calcium excretion and significant kid-
ney calcification among rats with cosupplementation [63].
Nevertheless, additional studies are needed to elucidate
their associations with kidney stones.

Obesity

Pooled analysis of high vs low BMI yielded a significant
39% increased risk of incident stones. Insulin resistance, a
feature of obesity [64] and type 2 diabetes, promoted uric
acid stone formation by impairing renal ammoniagenesis
and decreasing urine pH [65]. Furthermore, obesity was
connected with increased levels of urinary sodium, uric
acid, phosphate and oxalate [66, 67]. Considering that dif-
ferent exposure categorization may account for the stron-
ger risk observed in western countries, we then limited
data analysis to cohort studies that compared BMI = 30
kg/m2 with < 25kg/m2. The result also showed a greater
magnitude of risk in the Americas (RR: 1.54; 95% CI,
1.37-1.74) than in Asia (RR: 1.26; 95% CI, 1.16-1.37), in-
dicating that obesity contributed to the higher prevalence
in western countries.

Primary preventive measures, if well developed and
implemented among the stone prone population, may
limit the substantial negative impact of nephrolithiasis
on the health care system and individuals. It was shown
that primary preventive measures such as increased
water intake could significantly decrease cost and stone
burden in virtual cohorts [17]. As the pathophysiological
features of kidney stone formation are believed to re-
main the same regardless of a history of nephrolithiasis,
it is likely that the results in the meta-analyses also apply
to subjects with former nephrolithiasis. In line with this
assumption, current guidelines used mostly observa-
tional studies for incident kidney stones to make dietary
suggestions for secondary prevention [68, 69]. To en-
dorse preventive measures, a higher level of evidence,
such as RCTs, are needed to confirm the cost-
effectiveness of dietary patterns for stone prevention.
Currently, it is less likely and less motivating for people
to change diets for the sole purpose of preventing inci-
dent stones. Therefore, greater priority should be given
to evaluate the cost-effectiveness of dietary patterns for
the prevention of stone recurrence in RCTs. Our study
mainly underscores the important role of lifestyle factors
in stone development and serves to promote education,
awareness, and lifestyle changes.
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There are various limitations to our study. First, al-
though a few articles reported that calcium-oxalate
stones were the predominant type in small subsamples
of NHS I (77%), NHS II (79%) and HPES (86%) [41],
most studies included lacked information on stone com-
position, rendering it impossible to appreciate the
strength of associations with specific types of stones.
Second, most studies did not have biochemical data such
as urinary compositions, which would be useful to ex-
plain the biological effect of specific dietary factors on
stone formation. Third, although we used maximally ad-
justed risk estimates whenever provided, residual con-
founding by unknown or unmeasured factors could not
be excluded. Fourth, whether the impact of lifestyle fac-
tors on stone risk varies from gender remained unknown
due to a paucity of included studies. Another pitfall of
the meta-analysis includes the failure to perform dose-
response analysis owing to various reference and expos-
ure groups and insufficient data. In addition, most RCTs
were not powered for nephrolithiasis due to small sam-
ple sizes, short follow-up and low event rates. The par-
ticipants in the included RCTs were mostly above 50
years old. Therefore, the findings of RCT meta-analyses
are most directly generalizable to those above 50 years of
age. Care should be taken when attempting to extend
the results across age groups.

Conclusion

The summarized evidence in this study indicated that
several lifestyle factors, such as BMI, beverages and diet-
ary patterns, were significantly associated with the risk
of nephrolithiasis. Adherence to specific dietary patterns
is likely to have a far-reaching effect in reducing the
stone burden. However, long-term RCTs are needed to
confirm the cost-effectiveness of dietary patterns for the
reduction of the incidence and recurrence rates of kid-
ney stones. Future studies on vitamin D and calcium
supplementation could help clarify their respective and
combined effects on kidney stone formation.
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