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Abstract

Objective: To compare dietary factors between incident symptomatic stone formers and controls, and
among the incident stone formers, to determine whether dietary factors were predictive of symp-
tomatic recurrence.
Patients and Methods: We prospectively recruited 411 local incident symptomatic kidney stone
formers (medical record validated) and 384 controls who were seen at Mayo Clinic in Minnesota or
Florida between January 1, 2009, and August 31, 2018. Dietary factors were based on a Viocare, Inc,
food frequency questionnaire administered during a baseline in-person study visit. Logistic regression
compared dietary risk factors between incident symptomatic stone formers and controls. Incident
stone formers were followed up for validated symptomatic recurrence in the medical record. Cox
proportional hazards models estimated risk of symptomatic recurrence with dietary factors. Analyses
adjusted for fluid intake, energy intake, and nondietary risk factors.
Results: In fully adjusted analyses, lower dietary calcium, potassium, caffeine, phytate, and fluid
intake were all associated with a higher odds of an incident symptomatic kidney stone. Among
incident stone formers, 73 experienced symptomatic recurrence during a median 4.1 years of follow-
up. Adjusting for body mass index, fluid intake, and energy intake, lower dietary calcium and lower
potassium intake were predictive of symptomatic kidney stone recurrence. With further adjustment
for nondietary risk factors, lower dietary calcium intake remained a predictor of recurrence, but lower
potassium intake only remained a predictor of recurrence among those not taking thiazide diuretics or
calcium supplements.
Conclusion: Enriching diets in stone formers with foods high in calcium and potassium may help
prevent recurrent symptomatic kidney stones.
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T he incidence and prevalence of kid-
ney stones has been increasing in
recent decades.1-3 Kidney stones

can cause pain and hematuria and often
require surgical interventions. Beyond the
acute care episode, they have also been asso-
ciated with chronic kidney disease,4 kidney
failure,5,6 osteoporosis,7,8 and cardiovascular
diseases.9,10 The symptomatic recurrence
rate for kidney stones among incident symp-
tomatic stone formers is estimated to be 30%
in 5 years.11 Thus, dietary interventions
intended to prevent recurrent kidney stones
are often employed among stone formers.
However, these dietary modifications
Mayo Clin Proc. n XXX 2022;nn(n):1-12 n https://doi.org/10.1016/j.
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intended to prevent stone recurrence have
largely been based on dietary risk factors
identified for incident (first-time) stone for-
mation, rather than for symptomatic
recurrence.12,13

Dietary factors previously associated
with incident symptomatic kidney stones
include low fluid intake, low dietary cal-
cium, high sodium intake, and high animal
protein intake.13-16 In addition, high potas-
sium, high phytate, and low oxalate intake
have been associated with lower risk of an
incident symptomatic kidney stone.14,17,18

Prior studies have been limited to the study
of health care professionals and
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postmenopausal women.13,19,20 Further-
more, risk factors for development of a dis-
ease may differ from risk factors associated
with recurrence and there can be substantial
differences in average risk. In particular, the
incidence of symptomatic kidney stones is
about 1% over 5 years, but the recurrence
rate is 30% over 5 years.3 Stone formers
who lack dietary risk factors have nondietary
determinants (even if unknown) for their
stone disease; these nondietary determinants
may contribute to recurrence risk to a larger
extent than dietary risk factors. Thus, it
cannot be assumed that dietary risk factors
for incident stone disease will have the
same association with recurrence. Symptom-
atic recurrences that require clinical care are
particularly important given their connec-
tion to severe pain, need for expensive
medical care, and surgical interventions.

A population-based study of dietary fac-
tors associated with symptomatic kidney
stone recurrence among incident stone for-
mers has not yet been completed. Thus,
the objective of this study was to compare
dietary factors between symptomatic inci-
dent stone formers and controls and among
the incident stone formers, to determine
dietary factors predictive of symptomatic
recurrence.
PATIENTS AND METHODS

Study Population
Between January 1, 2009, and August 31,
2018, incident symptomatic kidney stone
formers were recruited from the local com-
munity surrounding Mayo Clinic in Roches-
ter, Minnesota, and in Jacksonville, Florida.
Continuous surveillance of clinical databases
for kidney stone diagnostic codes and clin-
ical notes for the term kidney stone (or syno-
nym) were used to identify stone formers.
Stone formers recruited at the Minnesota
site had to live in Olmsted County or an
adjacent county and were identified using
the resources of the Rochester Epidemiology
Project, which allows nearly complete re-
view of medical records from all Olmsted
County health care professionals.21 Stone
formers recruited at the Florida site had to
Mayo Clin Proc. n XXX
live within 100 miles of Mayo Clinic in Flor-
ida and receive the majority of their medical
care there to ensure follow-up information.
Medical record review and a survey were
used to confirm that the identified stone
episode was the patient’s first kidney stone
episode and that an obstructing stone event
was confirmed (stone obstructing ureter on
imaging or passed stone) and symptom-
atic.22 All recruited stone formers were
required to be 18 years of age or older and
capable of participating in a study visit. Con-
trols of a similar age and sex distribution to
the stone formers (frequency-matched) but
with no history of symptomatic kidney
stones by self-report were recruited using
local mailings and community flyers in the
same regions where the stone formers were
recruited. A survey was administered at a
study visit that assessed the baseline stone
episode and medical risk factors. A blood
draw and a 24-hour urine chemistry were
also obtained. Both Mayo Clinic and
Olmsted Medical Center institutional review
boards approved the study, and written
informed consent was obtained from all
participants.

Dietary Risk Factors
During the study visit, participants self-
administered an electronic VioScreen food
frequency questionnaire (FFQ; Viocare,
Inc) designed for patient care that uses
graphics, branching questions, and up-to-
date nutrition databases to generate detailed
reports on nutrient intakes and food use pat-
terns for the previous 90 days. The program
collects data on 156 food and beverage items
along with 6 graphical portion size op-
tions.23 The Nutrition Data System for
Research nutrient database is then used to
analyze dietary intake in order to calculate
individual nutrient intake. The median test-
retest reliability for nutrients/food compo-
nent in this FFQ was 0.67, ranging from
0.49 for vitamin B12 up to 0.82 for fiber,
which is comparable to data reported for
other FFQs.24 There is also good correlation
between the VioScreen FFQ and telephone-
administered 24-hour dietary recalls.24

Detailed nutrient profiles were calculated
2022;nn(n):1-12 n https://doi.org/10.1016/j.mayocp.2022.04.016
www.mayoclinicproceedings.org

https://doi.org/10.1016/j.mayocp.2022.04.016
http://www.mayoclinicproceedings.org


DIETARY RISK FACTORS AND KIDNEY STONE RECURRENCE
based on the reported consumption of each
specified unit of food or beverage. For this
study, the a priori dietary factors of interest
were daily intakes of sodium, potassium, cal-
cium, oxalate, phytate, fiber, caffeine, animal
protein, vegetable protein, and fluid.

Kidney Stone Recurrence
Medical records of stone formers were
reviewed for any symptomatic recurrence
through May 30, 2019. Symptomatic recur-
rence required evidence of an obstructing
(on imaging) or passed (on imaging or phys-
ically witnessed) stone with associated
symptoms of pain or gross hematuria.22 To
avoid misclassification of the incident symp-
tomatic stone episode and associated man-
agement events as more than one episode,
recurrent symptomatic episodes were
required to occur more than 60 days after
the incident episode.

Nondietary Risk Factors
Nondietary risk factors for stone formation
were assessed by both survey and medical re-
cord review at the participants’ baseline visit.
Specific risk factors assessed included age,
sex, race, body mass index (BMI; calculated
as weight in kilograms divided by height in
meters squared), hypertension, diabetes mel-
litus, osteoporosis, gout, urinary tract infec-
tion, chronic diarrhea, gastric bypass,
calcium supplement use, thiazide diuretic
use, allopurinol use, family history of kidney
stones, working in hot temperatures, and
highest attained education (precollege vs col-
lege). Among stone formers, we had less sta-
tistical power to predict symptomatic
recurrence and thus were limited in the num-
ber of factors that could be included in multi-
variable analyses. Therefore, we used the
Recurrence of Kidney Stone (ROKS) score
previously validated in this cohort 11,25 to
quantify the nondietary risk of symptomatic
recurrence. This score sums multiple nondi-
etary risk factors for symptomatic recurrence
at the first confirmed stone episode: age, sex,
BMI, family history of kidney stones, past inci-
dental asymptomatic stones, past suspected
symptomatic stone episode (no stone
confirmed), pregnancy, stone containing
Mayo Clin Proc. n XXX 2022;nn(n):1-12 n https://doi.org/10.1016/j.
www.mayoclinicproceedings.org
uric acid, brushite, struvite, or calcium oxa-
late monohydrate, pelvic or lower pole stone,
ureterovesicular junction stone, number of
kidney stones, and diameter of largest kidney
stone.25 Computed tomographic images ob-
tained at the time of the incident symptomatic
stone episode were reviewed to identify and
characterize any retained stones that were
not surgically removed.

Urine Chemistries
Urine chemistries including 24-hour urine
volume, calcium, citrate, magnesium, oxa-
late, phosphate, potassium, sodium, uric
acid, creatinine, and pH were obtained at
the baseline visit.

Statistical Analyses
All nutrient intake levels were “energy-
adjusted” by regressing the nutrient intake
on total energy intake and then standardized
to the mean energy intake of the cohort,
which was 2004 kcal.26,27 This method has
been reported previously to improve the ac-
curacy of nutrient intake measurements.12,13

Subsequent models were still adjusted by to-
tal energy intake, as it has been documented
that a covariate (total energy intake) can still
be a confounder even if uncorrelated with
the primary variable (energy-adjusted
nutrient intake).28 Models also adjusted for
fluid intake because fluid intake may be
confounded with dietary nutrients; high
fluid intake leading to increased urinary
output will also decrease the concentration
of any urinary metabolites that result from
intake of dietary nutrients.

Patients were excluded if they already
had a recurrent kidney stone episode prior
to their baseline study visit, were missing
their dietary energy intake information due
to an incomplete VioScreen FFQ survey
response, had implausible dietary energy
intake values (<600 or >5000 kcal/d for
women and <800 or >6000 kcal/d for
men), or were taking citrate medication at
baseline. Baseline characteristics were sum-
marized as mean � SD for normally distrib-
uted continuous variables, median
(interquartile range [IQR]) for nonnormally
distributed continuous variables, and
mayocp.2022.04.016 3
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Exclusions:
- 39 with recurrent episode before baseline visit
- 14 with missing data on energy intake
- 1 with implausible daily energy intake
- 4 on citrate medication

Exclusions:
- 2 with no follow-up available
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N=336
Stone formers without

symptomatic recurrence
detected by clinical care

N=73
Stone formers with

symptomatic recurrence
detected by clinical care

Exclusions:
- 3 with implausible daily energy intake

N=384
Controls

N=387
Controls

FIGURE 1. Flowchart of selection of the study sample.
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number (percentage) for categorical vari-
ables; comparisons between incident symp-
tomatic stone formers and controls and
between stone formers with and without
symptomatic recurrence were performed
with c2 tests for categorical variables and
2-sample equal variance t tests or Wilcoxon
rank sum tests for continuous variables.
The correlations between nutrient intake
and 24-hour urine chemistries were assessed
using Spearman r. Correlation analyses were
only performed using 24-hour urine collec-
tions with a creatinine excretion between
400 and 3000 mg.

Logistic regression models were used to
evaluate differences in baseline nutrient
intake between incident symptomatic kidney
stone formers and controls. Separate models
for each nutrient were fit in the following
manner: (1) unadjusted, (2) adjusted for
age, sex, race, total energy intake, and total
fluid intake, and (3) adjusted for age, sex,
race, total energy intake, total fluid intake,
and BMI. Additional sensitivity analyses
were also conducted after excluding patients
who were taking calcium or thiazide
Mayo Clin Proc. n XXX
supplements at baseline and after restricting
to stone formers who had calcium stone
compositions. Among the cohort of incident
stone formers, Cox proportional hazards
regression models were used to evaluate
the associations between nutrients and
symptomatic recurrence. Separate models
for each nutrient were fit in the following
manner: (1) unadjusted, (2) adjusted for
BMI, total energy intake, and total fluid
intake, and (3) adjusted for ROKS score, to-
tal energy intake, and total fluid intake.
Additional sensitivity analyses were also
conducted after excluding patients who
were taking calcium or thiazide supplements
at baseline and adding an interaction term
for whether patients had a retained kidney
stone at baseline.

Functional forms of each nutrient in rela-
tion to stone former vs control status or
among stone formers in relation to symptom-
atic recurrence were assessed for nonlinearity
by modeling nutrients as a restricted cubic
spline function.29 All restricted cubic splines
were modeled using 3 knots placed at the
5th, 50th, and 95th distribution percentiles.
2022;nn(n):1-12 n https://doi.org/10.1016/j.mayocp.2022.04.016
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TABLE 1. Baseline Characteristics of 411 Incident Stone Formers vs 384 Controlsa,b

Baseline characteristic SF (n¼411) Controls (n¼384) Total (N¼795) P value

Demographic
Age (y) 48.8�13.9 45.7�14.8 47.3�14.4 .002
Male 221 (53.8) 186 (48.4) 407 (51.2) .13
White 400 (97.3) 339 (88.3) 739 (93.0) <.001
BMI (kg/m2)c 30.6�6.9 27.8�5.6 29.3�6.5 <.001
Family history of stones 150 (36.5) 78 (20.3) 228 (28.7) <.001
College educated 342/408 (83.8) 336/377 (89.1) 678/785 (86.4) .03

Comorbidities and lifestyle

Hypertension 105 (25.5) 72 (18.8) 177 (22.3) .02
Diabetes 49 (11.9) 31 (8.1) 80 (10.1) .07
Osteoporosis 25 (6.1) 17 (4.4) 42 (5.3) .30
Gout 16 (3.9) 10 (2.6) 26 (3.3) .31
Works in hot temperatures 142/397 (35.8) 92/373 (24.7) 234/770 (30.4) .001

Symptoms and procedures

History of UTI 162 (39.4) 121 (31.5) 283 (35.6) .02
Chronic diarrhea 43 (10.5) 21 (5.5) 64 (8.1) .01
Gastric bypass surgery 21 (5.1) 11 (2.9) 32 (4.0) .11

Medications

Calcium supplements 50 (12.2) 57 (14.8) 107 (13.5) .27
Thiazide diuretic 37 (9.0) 36 (9.4) 73 (9.2) .86
Allopurinol 6 (1.5) 4 (1.0) 10 (1.3) .60

aBMI, body mass index; SF, stone former; UTI, urinary tract infection.
bData are presented as mean � SD or No. (percentage) of patients. P values in boldface print denote statistical significance at the .05 a

level.
cTwo controls and one stone former were missing BMI at baseline.

DIETARY RISK FACTORS AND KIDNEY STONE RECURRENCE
Nutrients without evidence of nonlinear asso-
ciations were fit as linear terms in final
models. Nutrients that were significant for
nonlinear associations using a Wald c2 test
were modeled using a piecewise linear regres-
sion term. For nutrients with nonlinear asso-
ciations, cut points for the dose-response
association between the nutrient level and
the log (odds) of symptomatic stone were
chosen based on the lowest Akaike Informa-
tion Criterion (AIC) metric.

All analyses were performed using SAS
statistical software, version 9.4 (SAS Insti-
tute) and R, version 3.6.1 (R Foundation
for Statistical Computing). All P values
were 2-tailed and were considered statisti-
cally significant at the .05 a level.

RESULTS
Our cohort initially included 469 incident
symptomatic stone formers and 387 con-
trols; after exclusions, 411 incident stone
Mayo Clin Proc. n XXX 2022;nn(n):1-12 n https://doi.org/10.1016/j.
www.mayoclinicproceedings.org
formers and 384 controls were retained and
used in the analysis (Figure 1). Stone for-
mers completed their baseline study visit a
median (IQR) of 104 days (60 to 292 days)
after their incident stone episode. Compared
with controls, incident stone formers were
more likely to be older and White and have
higher BMI, family history of kidney stones,
less education, more hypertension and work
in hot temperatures, history of urinary tract
infection, and chronic diarrhea (Table 1).
None of the stone formers had stones sec-
ondary to metabolic disease (eg, hyperpara-
thyroidism) or cystine stones. Stone
composition was known in 237 and was cal-
cium oxalate or hydroxyapatite in 230 and
uric acid in 7. Nutrient intake distributions
for stone formers and controls are
summarized in Supplemental Table 1
(available online at http://www.
mayoclinicproceedings.org). Among inci-
dent stone formers, 73 had a recurrent
mayocp.2022.04.016 5
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TABLE 2. Baseline Characteristics of Stone Formers With and Without Recurrence During Follow-upb

Baseline characteristic No recurrence (n¼336) Recurrence (n¼73) Total (N¼409) P value

Demographic
Age (y) 49.3�13.8 47.2�14.2 48.9�13.8 .23
Male 179 (53.3) 42 (57.5) 221 (54.0) .51
White 326 (97.0) 72 (98.6) 398 (97.3) .44
BMIa (kg/m2) 30.3�6.9 32.1�6.8 30.6�6.9 .04
Family history of stones 123 (36.6) 26 (35.6) 149 (36.4) .87
College educated 283/334 (84.7) 57/72 (79.2) 340/406 (83.7) .25

Comorbidities and lifestyle

Hypertension 89 (26.5) 16 (21.9) 105 (25.7) .42
Diabetes 37 (11.0) 12 (16.4) 49 (12.0) .20
Osteoporosis 20 (6.0) 5 (6.8) 25 (6.1) .77
Gout 13 (3.9) 3 (4.1) 16 (3.9) .92
Works in hot temperatures 115/327 (35.2) 27/68 (39.7) 142/395 (35.9) .48

Symptoms and procedures

History of UTIa 134 (39.9) 27 (37.0) 161 (39.4) .65
Chronic diarrhea 36 (10.7) 6 (8.2) 42 (10.3) .52
Gastric bypass surgery 14 (4.2) 7 (9.6) 21 (5.1) .06

Medications

Calcium supplements 40 (11.9) 10 (13.7) 50 (12.2) .67
Thiazide diuretic 34 (10.1) 3 (4.1) 37 (9.0) .11
Allopurinol 6 (1.8) 0 (0.0) 6 (1.5) .25
Retained stonec 164 (48.8) 45 (61.6) 209 (51.1) .05
ROKSa 2018 total score25 171.6�47.7 204.1�51.0 177.4�49.8 <.001

aBMI, body mass index; ROKS, Recurrence of Kidney Stones; UTI, urinary tract infection.
bData are presented as mean � SD or No. (percentage) of patients. P values in boldface print denote statistical significance at the .05 a

level.
cRetained kidney stone (asymptomatic and nonobstructing) on baseline computed tomography that was not surgically removed.
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symptomatic episode during a median (IQR)
of 4.1 years (1.3 to 5.6 years) of follow-up
(Figure 1). Symptomatic recurrence was
associated with higher BMI, retained
(asymptomatic) kidney stone on baseline
computed tomography, and higher ROKS
score (Table 2).

Association of Nutrient Intake With Incident
Symptomatic Kidney Stone
The likelihood of being an incident stone
former by each dietary nutrient is presented
in Table 3. Among nutrients, only dietary cal-
cium and fluid intake had significant evidence
for a nonlinear association with stone forma-
tion (P<.001 and P<.001, respectively). We
found that the cut point at 1200 mg/d yielded
the lowest AIC for dietary calcium (Figure 2).
Among those with a dietary calcium intake of
less than 1200 mg/d, lower dietary calcium
intake was associated with incident stone
Mayo Clin Proc. n XXX
formation in fully adjusted analysis. We found
that the cut point at 3400 mL/d yielded the
lowest AIC for fluid intake (Figure 3). Among
those with a fluid intake of less than 3400 mL/
d, lower intake was associated with incident
stone formation in fully adjusted analysis.
Among other nutrients, lower dietary potas-
sium, caffeine, and phytate intake were associ-
ated with incident stone formation in fully
adjusted analysis. After excluding patients tak-
ing thiazide diuretics or calcium supplements,
lower dietary calcium (P<.001), fluid
(P¼.007), potassium (P<.001), and phytate
(P<.001) intake remained significantly associ-
atedwith being an incident stone former in the
fully adjusted models (Supplemental Table 2,
available online at http://www.
mayoclinicproceedings.org). In additional
sensitivity analyses restricted to patients with
a confirmed first stone containing at least
some component of calcium on composition
2022;nn(n):1-12 n https://doi.org/10.1016/j.mayocp.2022.04.016
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TABLE 3. Likelihood of Being an Incident Symptomatic Stone Former by Each Nutrient Intake Among 411 Stone
Formers and 384 Controlsa

Nutrient intake per SD

Unadjusted
Adjusted for age, sex, race,
fluid and energy intake

Adjusted for age, sex,
race, fluid and energy

intake, and BMI

OR (95% CI) P value OR (95% CI) P value OR (95% CI) P value

Calcium (mg/d)b

<1200 0.46 (0.33-0.66) <.001 0.44 (0.31-0.65) <.001 0.43 (0.29-0.63) <.001
�1200 1.11 (0.88-1.40) .40 1.11 (0.87-1.41) .41 1.12 (0.88-1.44) .36

Fluid (mL/d)b,c

<3400 0.74 (0.58-0.95) .02 0.70 (0.54-0.91) .007 0.65 (0.50-0.85) .002
�3400 1.42 (1.05-1.93) .03 1.43 (1.04-1.95) .03 1.35 (0.98-1.86) .063

Potassium (mg/d) 0.74 (0.64-0.86) <.001 0.66 (0.55-0.79) <.001 0.67 (0.56-0.80) <.001

Sodium (mg/d) 0.95 (0.83-1.09) .48 1.00 (0.86-1.16) .98 0.92 (0.79-1.08) .31

Animal protein (g/d) 0.97 (0.84-1.11) .62 0.97 (0.84-1.12) .67 0.91 (0.78-1.06) .22

Vegetable protein (g/d) 0.91 (0.79-1.05) .20 0.92 (0.79-1.06) .24 0.94 (0.81-1.10) .43

Caffeine (mg/d) 0.90 (0.79-1.04) .15 0.83 (0.70-0.98) .03 0.84 (0.71-0.99) .04

Fiber (mg/d) 0.98 (0.85-1.13) .78 0.98 (0.84-1.14) .81 1.02 (0.87-1.19) .85

Phytate (mg/d) 0.76 (0.65-0.88) <.001 0.74 (0.64-0.87) <.001 0.76 (0.65-0.89) .001

Oxalate (mg/d) 0.98 (0.85-1.13) .76 0.97 (0.84-1.12) .64 1.01 (0.87-1.17) .94
aBMI, body mass index; OR, odds ratio.
bNutrient intake modeled using a piecewise linear regression term, with cutoff determined by Akaike Information Criterion metric.
cNot adjusted for fluid intake.

Odds ratios and P values in boldface print denote statistical significance at the .05 a level.

DIETARY RISK FACTORS AND KIDNEY STONE RECURRENCE
analysis (230 of 245 with known composi-
tion), lower dietary calcium, fluid, potassium,
caffeine, and phytate intake were still
associated with incident stone formation
in fully adjusted models (Supplemental
Table 3, available online at http://www.
mayoclinicproceedings.org). In addition,
higher fluid intake among those with a fluid
intake of 3400 mL/d or greater was associated
with an increased odds of being a stone former
among calcium stone formers.

Association of Nutrient Intake With a
Recurrent Symptomatic Kidney Stone
None of the dietary nutrients assessed in the
survey yielded significant evidence for a
nonlinear association with symptomatic
recurrence (all P>.05); thus all were
modeled using linear terms for recurrence
analysis. Only lower dietary calcium intake
was associated with higher risk of symptom-
atic recurrence in the fully adjusted analysis,
although lower dietary potassium was asso-
ciated with a higher risk of recurrence in
analysis that only adjusted for BMI, fluid
intake, and energy intake (Table 4). After
Mayo Clin Proc. n XXX 2022;nn(n):1-12 n https://doi.org/10.1016/j.
www.mayoclinicproceedings.org
excluding patients taking thiazide diuretics
or calcium supplements (leaving 327 stone
formers), both lower dietary calcium intake
and lower potassium intake were associated
with higher risk of symptomatic recurrence
in the fully adjusted models (Supplemental
Table 4, available online at http://www.
mayoclinicproceedings.org). The risk of
symptomatic recurrence with each nutrient
did not differ between those with and
without a baseline retained kidney stone
from their incident episode (Supplemental
Table 5, available online at http://www.
mayoclinicproceedings.org).

Correlation Between Dietary Intake and
Urine Chemistry
Supplemental Table 6 (available online at
http://www.mayoclinicproceedings.org) pre-
sents the correlation between dietary so-
dium, calcium, potassium, oxalate, and
fluid intake with the relevant concurrent
urine chemistries using the combined sam-
ple of stone formers and controls (N¼652).
Correlations were in general weak or not
evident with the strongest correlation being
mayocp.2022.04.016 7

http://www.mayoclinicproceedings.org
http://www.mayoclinicproceedings.org
http://www.mayoclinicproceedings.org
http://www.mayoclinicproceedings.org
http://www.mayoclinicproceedings.org
http://www.mayoclinicproceedings.org
http://www.mayoclinicproceedings.org
https://doi.org/10.1016/j.mayocp.2022.04.016
http://www.mayoclinicproceedings.org


1000
0.3

0.4

0.5

0.6

0.7

0.8

30002000

Calcium (mg/d)

Pr
ed

ic
te

d 
pr

ob
ab

ili
ty

 (S
F)

FIGURE 2. Predicted probabilities of being an
incident stone former across dietary calcium
intake. Black solid line represents estimated
predicted probability of stone formation. Blue
dashed lines represent 95% CIs. SF, stone
formers.
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between fluid intake and urine volume
(rs¼0.37; P<.001).

DISCUSSION
This study confirmed established dietary risk
factors for kidney stone formation including
lower calcium, fluid, potassium, caffeine,
and phytate intake.12,13,30 Our study also
documented that lower dietary calcium
intake was associated with increased stone
risk when below 1200 mg/d and lower fluid
intake was associated with increased stone
risk starting below 3400 mL/d. Of these die-
tary factors, lower dietary calcium and lower
potassium intake were also risk factors for
symptomatic recurrence among incident
stone formers. These associations did not
differ between persons with vs without
retained stones or with adjustment for
ROKS score to account for nondietary risk
factors including the size and number of
any retained stones.

These dietary findings associated with
symptomatic recurrence may be of particular
importance because recommendations for
preventing kidney stone symptomatic recur-
rence have largely been based on dietary fac-
tors associated with incident rather than
Mayo Clin Proc. n XXX
recurrent stone formation. Furthermore, pa-
tients are not likely to adjust their diet to
prevent incident kidney stones but may be
eager to do so to prevent symptomatic recur-
rence. Advising approximately 1200 mg of
dietary calcium, the US Department of Agri-
culture recommended amount,31 appears to
be justified for prevention of symptomatic
recurrence. A previous randomized
controlled trial suggested that patients with
adequate calcium intake of around 1200
mg/d had a lower risk of recurrence
compared with patients consuming a low-
calcium diet.32 Lower dietary calcium intake
results in decreased free intestinal calcium,
and is associated with greater absorption of
a dietary oxalate load and hence increased
oxalate urinary excretion.33 Moreover, a
higher calcium diet is associated with higher
urinary pH and citrate, which confers an al-
kali load as a protective factor against the
formation of calcium oxalate stone.34

Urine chemistries may not adequately
capture the impact of diet on stone risk.
While FFQs measure habitual average die-
tary intake over 3 months, urine chemistries
are time-sensitive and can have a high day-
to-day variability, both from collection er-
rors and day-to-day diet variation. This issue
is consistent with the weak or absent corre-
lations between dietary factors and urine
chemistries in this study, as well as sup-
ported by prior studies.35 Thus, for certain
risk factors related to dietary intake, a die-
tary survey of average nutrient intake may
better capture symptomatic recurrence risk
than a single urine collection, even if the
mechanism of risk is via the impact of diet
on urine chemistries. Although retained
stones are prognostic for symptomatic recur-
rence, they are typically small and only half
pass in 5 years, of which only half are symp-
tomatic.11 Because there was no evident dif-
ference in the dietary risk of symptomatic
recurrence between those with and without
a retained stone, dietary factors associated
with stone formation may also play a role
in stone growth and symptomatic passage.

Our study also provided evidence that a
lower potassium diet may be an important
risk factor for symptomatic stone recurrence.
2022;nn(n):1-12 n https://doi.org/10.1016/j.mayocp.2022.04.016
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FIGURE 3. Predicted probabilities of being an
incident stone former across fluid intake. Black
solid line represents estimated predicted prob-
ability of stone formation. Blue dashed lines
represent 95% CIs. SF, stone formers.

DIETARY RISK FACTORS AND KIDNEY STONE RECURRENCE
A lower potassium diet was statistically signif-
icant in fully adjusted analysis after excluding
patients taking thiazides and calcium supple-
ments. It is possible that some of the patients
taking thiazide diuretics were also taking po-
tassium supplements; however, we lacked
medication data to assess this factor. In previ-
ous studies, higher potassium intake was
associated with higher urine citrate, higher
urine pH, and larger urine volume, all of
which reduce urinary calcium oxalate crystal-
lization.13 Moreover, foods that are high in
potassium (eg, fruits and vegetables) also
contain more fluid, citrate, and phytate,
which have been reported to be protective
against kidney stones in other studies.36,37

Low fluid intake (<3400 mL/d), low
caffeine intake, and low phytate were associ-
ated with being an incident stone former.
Low fluid and caffeine intake can result in
low urine volume and increased urine con-
centration. Because phytate forms insoluble
complexes with calcium in the gastrointes-
tinal tract, low phytate intake can lead to
an increased calcium absorption and urinary
calcium excretion.12 In addition, urinary
phytate can inhibit crystallization of calcium
oxalate.38,39 However, these dietary factors
Mayo Clin Proc. n XXX 2022;nn(n):1-12 n https://doi.org/10.1016/j.
www.mayoclinicproceedings.org
did not predict symptomatic recurrence
among incident stone formers. There are
several potential reasons for this outcome.
Incident stone formers who lack these die-
tary risk factors have other nondietary deter-
minants that led to their incident stone, and
these nondietary determinants also likely
drive symptomatic recurrence and may
attenuate the association with dietary risk
factors. Thus, treatment of dietary risk fac-
tors associated with incident stones may still
be helpful for preventing recurrence even if
not predictive of recurrence. There was
also less statistical power to detect dietary
factors for symptomatic recurrence vs inci-
dent stone disease in our cohort because
the number of patients with recurrence was
less than those with incident kidney stones.
We could only survey stone formers after
their incident stone episode, and many pa-
tients may have elected to increase fluid
intake soon after the incident stone episode
because increased fluid intake is a common
recommendation. Indeed, higher fluid intake
above 3400 mL/d was associated with higher
risk of being a confirmed calcium stone
former. This finding may reflect an aggres-
sive increase in fluid intake (or at least
perceived fluid intake) in many stone for-
mers soon after a stone event.

Our study had several strengths. First,
we enrolled incident symptomatic stone for-
mers sampled from the general population,
thus avoiding the selection bias from
referral-based stone clinics. Second, stone
formers were validated for a confirmed
symptomatic and obstructing stone through
medical record review, both at the incident
episode and for any recurrence during
follow-up. Third, by studying dietary factors
for both incident stones and recurrent stones
within the same cohort, we were able to have
consistent measurements for both analyses,
thus allowing for meaningful comparisons.
Finally, we were able to assess the robust-
ness of the findings by adjusting for potential
confounders and accounting for medica-
tions, stone composition analysis, and
retained stones in sensitivity analysis.

There were also potential limitations in
our study. First, some stone formers may
mayocp.2022.04.016 9
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TABLE 4. Risk of Symptomatic Recurrence Among 409 Incident Stone Formers by Each Nutrient Intakea,b

Nutrient intake per SD

Unadjusted
Adjusted for BMI, fluid and

energy intake

Adjusted for fluid and
energy intake and
ROKS score25

HR (95% CI) P value HR (95% CI) P value HR (95% CI) P value

Calcium (mg/d) 0.81 (0.63-1.04) .10 0.75 (0.57-0.98) .03 0.74 (0.56-0.97) .03

Fluid (mL/d)c 1.10 (0.88-1.36) .40 1.02 (0.82-1.27) .87 1.08 (0.87-1.34) .49

Potassium (mg/d) 0.82 (0.64-1.04) .10 0.70 (0.52-0.93) .02 0.75 (0.56-1.01) .06

Sodium (mg/d) 1.05 (0.83-1.33) .66 0.98 (0.77-1.25) .88 1.05 (0.83-1.33) .68

Animal protein (g/d) 1.00 (0.79-1.27) .99 0.96 (0.75-1.24) .76 1.02 (0.80-1.29) .89

Vegetable protein (g/d) 0.99 (0.76-1.28) .93 0.96 (0.73-1.25) .75 1.02 (0.78-1.33) .88

Caffeine (mg/d) 0.99 (0.78-1.26) .93 0.92 (0.74-1.20) .54 0.98 (0.76-1.26) .86

Fiber (mg/d) 0.97 (0.76-1.25) .83 0.93 (0.71-1.22) .59 0.97 (0.74-1.27) .84

Phytate (mg/d) 0.97 (0.77-1.23) .82 0.96 (0.75-1.24) .77 1.02 (0.80-1.31) .85

Oxalate (mg/d) 1.06 (0.85-1.32) .59 1.08 (0.86-1.36) .50 1.14 (0.91-1.42) .26
aBMI, body mass index; HR, hazard ratio; ROKS, Recurrence of Kidney Stones.
bHazard ratios and P values in boldface print denote statistical significance at the .05 a level.
cNot adjusted for fluid intake.
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have changed their diet in response to their
stone episode but prior to their study visit.
Documentation of dietary advice after the
first stone episode was only reported in
about 20% of incident stone formers and
was usually limited to “drink more water.”22

Second, additional dietary changes may have
occurred after our dietary survey, which was
only available at the baseline study visit,
although long-term changes in dietary fac-
tors after the first stone episode tend to be
modest.40 Third, our sample size limited
the number of covariates we could adjust
for in the models, particularly when assess-
ing recurrence. Fourth, the assessment of di-
etary intake via a survey is prone to recall
bias because participants may not accurately
recall the amount of specific foods eaten.
Fifth, although we could study dietary fac-
tors associated with calcium stone formers,
our study lacked enough sample size to
study stone formers with other known stone
compositions. Finally, adjustment for energy
intake was needed because patients often do
not accurately report their energy (caloric)
intake when recalling their diet on an elec-
tronic survey. However, this analysis also
represented the relative level (with respect
to total energy intake) rather than absolute
level of dietary factors for kidney stone risk.
Mayo Clin Proc. n XXX
CONCLUSION
Low dietary calcium and potassium intake
are important risk factors for both incident
stones and symptomatic recurrence. Thus,
diets with the US Department of Agriculture
recommended daily intake of calcium
(approximately 1200 mg) and high in potas-
sium may be helpful for preventing both
incident and recurrent symptomatic kidney
stones.
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