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Abstract

Objective—To investigate the effect of demographics including age and sex on excretion of four
key urinary factors (calcium (Ca), magnesium (Mg), oxalate (Ox) and uric acid (UA)) related to
kidney stone risk.

Methods—Twenty-four hour urine samples were collected from non-Hispanic white sibships in
Rochester, MN. Height, weight, blood pressure, serum creatinine and cystatin C (CC) were
measured. Diet was assessed using the Viocare food frequency questionnaire. Effects of
demographics and dietary elements on urinary excretions were evaluated in univariate,
multivariate, and interaction models that included age, sex, and body mass index (BMI).

Results—Samples were available from 709 individuals. In multivariate models, sex was a
significant predictor of all four urinary factors, age was significant for all but UA excretion, and
serum creatinine was significant only for Ca and Mg excretion (p<0.05). BMI or weight positively
correlated with Mg, Ox and UA excretion (p<0.05). Use of a thiazide diuretic (lower) and dietary
protein (higher) were associated with Ca excretion, while dietary Ca was associated with higher
Mg excretion. Urinary UA excretion increased with animal protein intake and CC estimated
glomerular filtration rate (eGFR), and was lower with concurrent loop diuretic use. Significant
interaction effects on urinary UA excretion were observed for loop diuretic use and sex, eGFR and
sex, age and animal protein intake, and BMI and eGFR (p<0.05).

Conclusions—Age and sex influence excretion of key urinary factors related to kidney stone
risk, and should be taken into account when evaluating kidney stone patients.
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INTRODUCTION

Kidney stones are common, affecting up to 10% of individuals over their lifetime (1).
Certain urinary traits are thought to influence stone formation (2). For example, high urinary
excretion of calcium, oxalate, and uric acid may increase stone risk (2, 3), while magnesium
may be protective (4). Thus these urinary factors are often measured in 24- hour urine
samples as part of metabolic evaluation to guide treatment. Although some evidence
suggests that age, sex and weight, as well as dietary intake, can influence excretion of these
substances (3, 5), such modifying factors are rarely taken into account during the metabolic
evaluation of stone formers. Thus a single adult reference range is often used during
interpretation of results.

Therefore in the current study we took advantage of urinary and food frequency
questionnaire data obtained from a well-studied cohort of largely non-stone forming
individuals to assess the effects of demographic features and diet on the excretion of key
urinary factors. Our findings highlight the substantial influence of age and sex on the
excretion of urinary factors related to kidney stone risk, and suggests these should be taken
into account when evaluating an individual patient.

METHODS

This study was approved by the Mayo Clinic Institutional Review Board.

GENOA cohort

Study visit

The Genetic Epidemiology Network of Arteriopathy (GENOA), a member of the Family
Blood Pressure Program (FBPP), recruited non-Hispanic white hypertensive sibships from
Rochester, Minnesota for linkage and association studies to investigate the genetic
underpinnings of hypertension in Phase | (1996-2001)(6). The Genetic Determinants of
Urinary Lithogenicity (GDUL) study (2006-2012) is an ancillary study of the Phase 1lI
GENOA Genetics of Chronic Kidney Disease (CKD) Study conducted in GENOA
participants. Participants in the Rochester, MN GENOA cohort were invited to collect 24
hour urine samples and complete a food frequency questionaire (FFQ, Viocare
Technologies, Princeton, NJ, USA). Participants were excluded from this study if they were
in endstage renal failure (stage 5 CKD).

After informed consent, participants completed at least one 24 hour urine collection and the
FFQ at a CKD and/or GDUL study visit. A total of 333, 295, and 183 participants had a total
of one, two, or three urine collections, respectively. For individuals with two or three urine
collections, values were averaged for analysis. The mean time between the earliest (CKD)
and latest (GDUL) urine collections was 1.73 years (range = 0.9 to 3.6 years). The average
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time between the two GDUL collections was 22 days. Intraclass correlation coefficients
(ICC:s) for urine factors across collections revealed that the majority of urine measures were
relatively stable across time. Of the urine factors, oxalate had the lowest ICC (0.46) and
calcium had the highest (0.73). Participants also completed a detailed Kidney Stone
Questionnaire, a Viocare Food Frequency Questionnaire (7), and data from a GENOA CKD
Study Questionnaire was available as needed. Subjects completed the questionnaires at the
time of a study visit, which was in general within one to two days of the urine collection.

Urine collection

Urine was collected with toluene as a preservative. Twenty-four hour urinary concentrations
of oxalate, calcium and other determinants of supersaturation were measured in the Mayo
Clinic Renal Testing Laboratory. Serum creatinine was assessed using a standardized
enzymatic assay on a Roche Cobas chemistry analyzer (c311) (Roche Diagnostics;
Indianapolis, USA) while cystatin C was measured using an immunoturbidometric assay
(Gentian; Moss, Norway) that was traceable to an international reference material.
Glomerular filtration rate (GFR) was independently estimated using creatinine (eGFR¢()(8)
or cystatin C (eGFRcys) (9).

Descriptive statistics

Association

Data management and statistical analyses were conducted in SAS version 9.3 (SAS Institute
Inc., Cary, NC). Urine measures appeared to have relatively normal distributions; thus, no
variable transformations were applied. Values that were > 4 standard deviations from the
mean of any urine or diet measure were removed. Linear mixed effects models (LMM) that
included sibship as a random intercept (to properly account for family structure) were used
to test whether there were significant differences by sex for the urinary and diet measures.

testing

A randomly selected, independent subset of the GENOA cohort (one individual per sibship;
n=414) was used for stepwise linear regression to determine the variables that were
associated with each urinary measures. Variables available for selection included: body
mass index (BMI), smoking status (current- or ever-smoker/ never smoker), diabetes status
(yes/no), fasting blood glucose level, systolic blood pressure (SBP), diastolic blood pressure
(DBP), eGFRcy, eGFRcys, diuretic loop use (yes/no), diuretic thiazide use (yes/no), and
dietary animal protein, calcium, fructose, oxalate, total protein, and sucrose intakes. The
entry criterion was p<0.05, and the exit criterion was p<0.10. Age, sex, and serum creatinine
were forced into each model.

After model selection, LMM was performed on the full GENOA sample to assess significant
predictors of the urinary measures, accounting for the sibship structure in GENOA.
Interaction models were also conducted to assess age, sex, and BMI (if BMI was included in
the model selection as a predictor) interactions with the variables included in the models.
Interactions were considered significant at an alpha level of 0.05.
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A total of 709 individuals from 414 sibships participated in this study (Table 1). The sibship
structure of the sample was as follows: 211 singletons, 148 sibpairs, 35 sibships with three
siblings and 20 sibships with four or more siblings. The mean age was 66+9 years and 59%
of the participants were female. A minority were diabetic (14%) or on loop diuretics (5%),
while thiazides were commonly used (36.5%). Out of 709 participating individuals, 537
provided information on kidney stone history, of whom 63 (11.73 %) had had a previous
stone, reflecting urinary stone disease prevelence in the general population (10). Three
individuals were on medications for stone prevention (potassium citrate). As expected, the
mean daily urinary excretions of calcium (157 mg), magnesium (109 mg), oxalate (0.29
mmol) and uric acid (451 mg) were well within the expected reference ranges.

Univariate analysis revealed that many demographic factors, comorbidities and dietary
measures influenced urinary calcium, magnesium, oxalate and uric acid levels (Table 2).
There was an age-related decline in calcium, magnesium, and uric acid excretion (Figure 1),
while men excreted, on average, more magnesium, oxalate, and uric acid. Weight was
positively associated with excretion of each of the four urinary factors, while BMI was
positively associated with all but calcium.

Urinary calcium excretion fell with declining GFR as assessed by serum creatinine
concentration alone, eGFR¢, or eGFRcys. Use of loop diuretics was associated with higher
oxalate excretion, while thiazides were associated with higher uric acid and oxalate but
lower calcium excretion. Several dietary measures also associated with urinary values. In
particular, total protein and animal protein were associated with greater urine calcium and
uric acid excretions. Correlations between urinary sulfate excretion and dietary animal
protein (r=0.42; p<0.0001) and total dietary protein intake (r = 0.39239; p-value <0.0001)
were both very significant. These data serve to validate accuracy of the food frequency tool
for protein intake.

Multivariable models were constructed for each of the four urinary factors, using variables
selected from step-wise regression, and forcing age, sex and serum creatinine into each
model (Table 2). Demographics and patient characteristics influenced many urinary traits.
Sex was a significant predictor of all four factors, while age was significant for all but uric
acid. Serum creatinine concentration, an indication of GFR, was a significant predictor of
calcium and magnesium excretion. Weight was positively associated with magnesium and
oxalate excretion, while BMI was positively associated with uric acid. Dietary factors and
medications were also important. Calcium excretion was associated with use of a thiazide
diuretic (lower) and dietary protein intake (higher). Intake of dietary calcium was associated
with higher urinary magnesium excretion. Given the large effect of age and sex on urinary
calcium excretion, and the key role this value plays in stone risk, an equation was
formulated to account for these factors and estimate the linear fall in mean urinary calcium
excretion with age (Supplementary Table 1). Dietary oxalate was an independent predictor
of higher urine oxalate excretion. Urinary uric acid excretion was positively associated with
animal protein intake and eGFRcys and negatively associated with use of loop diuretic.
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Significant interactions between age, sex, and BMI with dietary factors, loop diuretic use,
serum creatinine and eGFRcys were observed in the context of urinary uric acid excretion
(Figure 2), but none on the other urinary excretions we studied. Specifically, we found
significant interactions between sex and loop diuretic use (3=-151.18, p=0.05), eGFRcys
(B=2.22, p=0.0002), dietary oxalate intake ($=0.21, p=0.04), and serum creatinine (=
-149.09, p=0.04); age and dietary animal protein intake (3=-0.06, p=0.02), and serum
creatinine (3=-8.78, p=0.03); and BMI and eGFRcys (3=-0.09, p=0.04).

DISCUSSION

The current study assessed the effects of demographics and diet on excretion of 4 key
urinary factors related to kidney stone risk: calcium, magnesium, oxalate, and uric acid.
Results demonstrate that age, sex and weight influence each, even after controlling for diet.
Thus physicians should consider these factors when assessing urinary values obtained for
the purpose of kidney stone risk. For example, a urinary calcium level that might be average
in a younger individual might be relatively high in an older one.

Urinary calcium excretion strongly decreased with age (Figure 1A). Many studies that
examined the effect of age on urinary parameters studied cohorts solely comprised of stone
forming individuals. Goldfarb and colleagues (5) found that urine calcium excretion was
significantly lower in older stone formers of both sexes. This observation was confirmed in a
recent study (11) that documented lower urine calcium excretion in both men and women
stone formers that were older than 60 years of age. A study of 2800 stone formers in
Southampton Stone Clinic, Gallway, Ireland reported decreases in urinary calcium with age
in males but not females greater than 60 years old (12). Conversely, we did not observe any
sex difference in the age-related decline in urinary calcium excretion. A study of 246 non-
stone formers found urine calcium excretion remained relatively constant until the eighth
decade and then decreased (13). Our data, however, suggests that the decline in calcium
excretion is progressive across the adult age spectrum (Figure 1A). Supplementary table 1
provides the mean urine calcium excretion in 5 year intervals for both sexes, and could be
used as a guide when evaluating individual patients. This decrease in urine calcium with age
might contribute to the reported decline in stone incidence after the 5 decade (14).

Physiologic changes in calcium metabolism with aging could contribute to these trends.
Intestinal calcium absorption decreases significantly with normal aging(15). The levels of
serum 25-OH-D (25-hydroxy cholecalciferol) remained constant while 1.25(0H),D
significantly decreased after age 65, thus implicating reduced renal 1-alpha hydroxylation
activity(15). The normal gentle decline in kidney function with age could contribute to this
decline in calcium absorption and renal excretion. Age related differences in calcium intake
and exposure to sunlight could also be important (16).

Females excreted less calcium than males in the main effects model, as was observed by
others (12). Curhan and colleagues (3) reported a slightly higher urinary calcium excretion
in male versus female stone formers, but no sex differences in the non-stone formers. Bulusu
and colleagues (13) reported that the daily excretion of calcium was higher in men
regardless of stone forming status, but was entirely related to body weight. In the current

Urology. Author manuscript; available in PMC 2016 October 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Perinpam et al.

Page 6

study weight and BMI were not independent predictors of calcium excretion, while diet
protein was, suggesting diet rather than bone mass might be a key variable. Previous studies
(17) have found an association between protein intake and urine calcium, sometimes
attributed to the associated acid load. Taylor and colleagues (18) also found that an
association between BMI and urinary calcium excretion was eliminated by adjusting for
urinary sodium and phosphate excretion.

In the current study determinants of urinary magnesium excretion were very similar to those
for urinary calcium, perhaps because both divalent cations are largely handled in a parallel
fashion by the intestine and kidney. Unlike calcium, however, urinary magnesium levels
increased with weight in multivariate models. Parallel increases in urinary magnesium and
calcium excretion might serve to protect against stone formation, since magnesium is
thought to be a crystallization inhibitor (4).

Females excreted slightly less oxalate than males. Other studies have also found that men
excreted slightly more oxalate (12). Studies suggest that between 10 and 50% of urinary
oxalate is derived from the diet (19), and in our study dietary oxalate was an independent
predictor of urinary oxalate (and calcium) excretion (Table 2). However, we did not find a
significant sex difference in oxalate intake. Thus, our study is consistent with the hypotheses
that there are sex differences in either the intake of other foods that increase urinary oxalate
excretion (e.g. vitamin C, xylitol (sweetener), or hydroxyproline (20)), mechanisms of
oxalate transport in the kidney or intestine, and/or endogenous oxalate production. Studies in
rats suggest that testosterone increases and estrogen decreases urinary oxalate excretion(21).
A recent study in mice that lack the hepatic androgen receptor (AR) documented reduced
oxalate biosynthesis (22), and that mice lacking kidney proximal or distal epithelial AR also
had lower CaOx crystal formation. Other in vivo studies found that collagen synthesis was
inhibited by estrogen but not affected by testosterone (23). Notably hydroxyproline, a
component of collagen, accounts for 5-20% of the urinary oxalate derived from endogenous
synthesis (24). Thus higher collagen turnover in males might contribute to the sex difference
in urinary oxalate excretion.

Several interesting interactions were noted among factors associated with urinary uric acid
excretion. Loop diuretic use strongly reduced uric acid excretion, as has been previously
noted (25). However, in our study the effect was more dramatic in males than females
(Figure 2A). The underlying reasons are not readily apparent. BMI was positively associated
with urinary uric acid excretion, as previously noted by others (18). However, urinary uric
acid excretion was also lower in females than males, independent of BMI, perhaps lowering
their relative risk of both calcium oxalate and uric acid stones (2). Participants with lower
animal protein intake had a larger increase in urinary uric acid excretion with age (Figure
2C). The reasons behind this observation are not clear, but intake of other purine rich foods
(e.g., legumes) is one possibility. Ingestion of fructose or sucrose is a known cause of
hyperuricemia (26), but in our study the effect of sucrose on urinary uric acid excretion was,
if anything, modest (p=0.09)(Table 2). It is interesting that eGFRcys was an independent
positive predictor of urinary uric acid excretion. Although this serum biomarker has been
proposed as a better indicator of GFR than serum creatinine (27), cystatin C has also been
linked to mortality, inflammation, cardiovascular- and chronic kidney disease (28). Thus it
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might not be surprising if hyperuricemia, inflammation and cystatin C are interrelated. We
found eGFRcys had a stronger effect on uric acid excretion in males than females (Figure
2B). Male participants had higher animal protein intake and lower eGFRcys than females. In
addition, BMI had a larger effect on urinary uric acid excretion in individuals with a high
eGFRcys (Figure 2D). Differences in body habitus, muscle mass, protein intake, and true
GFR might underlie some of these interactions. However, further studies are needed to
elucidate underlying mechanisms.

Our study has certain limitations. Participants were white Americans of European descent,
of relatively older age, and limited socioeconomic diversity. Taylor and colleagues (29)
found that 24-hour urinary calcium excretion was less in non-stone forming African
American as opposed to white women. We also examined a largely non stone forming
population, and certain individuals with consistently high urinary calcium may not
necessarily form stones (30). However, studying non-stone formers allowed more precise
assessment of age and sex influences without being confounded by dietary changes initiated
after a stone event. Also, the observed changes in urine chemistry are consistent with most
published studies performed in stone forming cohorts (3, 5, 12, 18). Furthermore, ours in
one of the largest studies to date that systematically examined the effects of demographics
and diet on excretion of key urinary factors related to kidney stone risk. Thus results should
aid clinicians in assessing the effects of age and gender when evaluating kidney stone
patients and interpreting lab values.

In conclusion, data in this large cohort suggests an age-related decline in urinary calcium,
and that urinary calcium excretion is on average lower in women of all ages. This is
consistent with other studies and the observed incidence of calcium oxalate stone events.
Uric acid excretion was also higher in males, and influenced by BMI. Urinary oxalate
excretion was less in females than males with no difference in oxalate intake. Thus sex
differences in oxalate transport and/or endogenous oxalate production may exist.
Regardless, demographic factors should be taken into account when evaluating urinary risk
factors for kidney stone formation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Effect of age on 24-hour urinary excretions of calcium, magnesium, oxalate and uric
acid after accounting for sibships

Panel A: Calcium excretion fell linearly with age (Calcium (mg/day) = 401.65 —3.7482
*Age (yrs)). Panel B: Magnesium excretion fell linearly with age (Magnesium (mg/day) =
169.67 — 0.9370*Age(yrs)). Panel C: Oxalate excretion did not vary with age. Panel D:
Uric acid excretion fell linearly with age (Uric acid (mg/day) = 601.67 — 2.3058*Age (yrs)).

Urology. Author manuscript; available in PMC 2016 October 01.



1duosnuely Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Perinpam et al.

600

500

400

300

200

Prediected Urinary Uric Acid (mg/d)

100

600

500

400

300

200

100

Predicted urinary uric acid (mg/d)

m No diureticuse = Diuretic use

Male Female

Male Female

eGFR¢,, (mlI/min/1.73m2)
mQ1(69.5) =Med (85.1) m=Q3 (98.8)

Urology. Author manuscript; available in PMC 2016 October 01.

Page 14



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Perinpam et al.

660
650
640
630
620
610
600
590

Prediected Urinary Uric Acid (mg/d)

580
570

720
700
680
660
640
620
600
580
560

Prediected Urinary Uric Acid (mg/d)

540

Page 15

Q1 (56.4) Med (65.4) Q3 (74 .4)
Age (yrs)

Animal protein intake (g/d)
—A—Q1(34.8) =>=Med (48.7) —e—Q3 (67.5)

Q1 (26.8) Med (30.4) Q3 (34.2)
BMI

eGFRcys (M/min/1.73m2)
=#=Q1(69.5) =>=Med (85.1) —o=Q3 (98.8)

Figure 2. Interaction models for urinary uric acid excretion
Panel A: Loop diuretics decreased urinary uric acid proportionately more in men than

women (p=0.05). Panel B: Uric acid excretion fell proportionately more with declining
GFR in men than women (p<0.001). Panel C: Urinary uric acid excretion varied more with
age in individuals with a lower animal protein intake as opposed to a higher intake (p=0.02).
Panel D: Urinary uric acid excretion increased more with BMI in persons with higher

eGFRcys (p=0.04).
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