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Abstract

Background: Demographics influence kidney stone risk and the type of stone that is more likely to form. Common
kidney stone risk factors include having a low urine volume and a high urine concentration. The goal of the current
study was to evaluate the effect of demographics on urinary concentration and osmole excretion.

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 were measured. Diet was assessed using the
Viocare food frequency questionnaire. Effects of demographics and dietary elements on urine osmolality and
volume were evaluated in bivariate and multivariable models, as well as models that included dietary interactions
with age, sex, and weight.

Results: Samples were available from 709 individuals (mean age 66 ± 9 years, 59 % female). Across the age
spectrum, males had higher urine osmolality (~140 mOsm/kg, p < 0.0001) and total osmole excretion (~270 mOsm,
p < 0.0001) compared to females. For any given urine volume, males had a consistently higher urine osmolality
(~140 mOsm/kg, p < 0.0001). In multivariable models, urine osmolality declined with age and water intake and
remained higher in males than females. Urine osmolality positively associated with weight and animal protein
intake. Higher urine volume associated with larger water intake. An interaction revealed that greater body weight
was associated with larger changes in urine osmolality as oxalate intake increased (p = 0.04).

Conclusion: Data from this study support the hypothesis that there are sex differences in thirst and vasopressin
action. This trend in urine concentration is also consistent with known epidemiologic patterns of urinary stone
disease risk.
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Background
Kidney stones are common with up to 10 % of people
experiencing one during their lifetime [1]. Furthermore,
up to 50 % of stone formers will recur within 5 years of
their first stone [1]. Human urine is almost always su-
persaturated for one or more crystal types that can form
stones (i.e., calcium oxalate, calcium phosphate, and uric
acid). High fluid intake has been universally advocated
for stone prevention in order to favor more dilute urine.
Thus, recent guidelines from the American Urological

Association (AUA) and American College of Physicians
(ACP) both recommend sufficient fluid intake to main-
tain urine volume of 2.0 to 2.5 L [2, 3]. Therefore, urine
osmolality and volume are relevant factors to assess in
the context of kidney stone risk.
Demographics are known to influence kidney stone

risk and even the type of stone that is more likely to
form [4]. For example, kidney stones are more common
in males, obese subjects, and those less than 70 years old
[4, 5]. However, the effects of these factors on key urine
characteristics that associate with stone risk have not
been carefully examined. The key regulators of urinary
concentration and volume are blood vasopressin levels
and thirst. Minimal data suggest sex can influence one
or both factors [6, 7]. Thus, the goal of the current study
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was to evaluate the effect of demographics (including
sex) and diet on urinary concentration and osmole ex-
cretion. To do so, we took advantage of data from a
large cohort of well-characterized subjects for whom
complete urinary stone risk profiles were available.

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

GENOA cohort
The multi-phase Genetic Epidemiology Network of
Arteriopathy (GENOA), a member of the Family Blood
Pressure Program (FBPP), recruited non-Hispanic white
hypertensive sibships from Rochester, Minnesota (MN),
for linkage and association studies to investigate the
genetic underpinnings of hypertension in phase I (1996–
2001) [8]. The Genetic Determinants of Urinary Litho-
genicity (GDUL) study (2006–2012) is an ancillary study
conducted in Rochester, MN, GENOA cohort members
[9]. Participants were invited to collect 24-h urine sam-
ples and complete a food frequency questionaire (FFQ,
Viocare Technologies, Princeton, NJ, USA) [10]. Partici-
pants were excluded from this study if they were in end-
stage renal failure (stage 5 CKD). All other GENOA
subjects were eligible. Of note, recruitment for the ori-
ginal GENOA study and the current GDUL ancillary
study was not based on CKD status or on the presence
(or absence) of urinary stones.

Study visit
After informed consent, participants completed at least
one 24-h urine collection [11, 12] and the FFQ at a CKD
and/or GDUL study visit. A total of 299 (42.7 %), 227
(32.0 %), and 183 (25.8 %) participants had a total of
one, two, or three urine collections, respectively. For in-
dividuals with two or three urine collections, values were
averaged for analysis. The mean time between the earli-
est and latest urine collections was 1.73 years (range =
0.9 to 3.6 years). The average time between the two
GDUL collections was 22 days. Intraclass correlation
coefficients (ICCs) for urine factors across collections re-
vealed that the majority of urine measures were rela-
tively stable across time. Urine osmolality ICC was 0.59
and urine volume ICC was 0.67. Participants also com-
pleted a detailed Kidney Stone Questionnaire (to assess
stone forming status). Subjects completed the question-
naires at the time of a study visit, which was in general
within 1 to 2 days of the urine collection.

Urine collection
Toluene (30 ml) was added as a preservative [13] to the
collection bottle at the start of all 24-h collections.

Twenty-four-hour urine osmolality, volume, sodium,
and potassium 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, IN,
USA) while cystatin C was measured using an immuno-
turbidimetric assay (Gentian; Moss, Norway) that was
traceable to an international reference material. Glomeru-
lar filtration rate (GFR) was independently estimated using
cystatin C (eGFRCys) [14].

Descriptive statistics
Data management and statistical analyses were con-
ducted in SAS version 9.3 (SAS Institute Inc., Cary, NC,
USA) [15]. 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 re-
moved. The contribution of electrolytes to urine osmole
load was estimated as 2 × (urine sodium + urine potas-
sium), while urea contribution was calculated as the differ-
ence between the total osmole excretion and electrolyte
contribution. Linear mixed effects models (LMM) that in-
cluded 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.

Association testing
To account for the sibships, a randomly selected, inde-
pendent subset of the GENOA cohort (one individual
per sibship; n = 414) was used for stepwise linear regres-
sion to determine the variables that were associated with
each urinary measure. Variables available for selection
included the following: weight, body mass index (BMI),
smoking status (current or never smoker), diabetes sta-
tus (yes/no), fasting blood glucose level, systolic blood
pressure (SBP), diastolic blood pressure (DBP), eGFRCys,
diuretic loop use (yes/no), diuretic thiazide use (yes/no),
and dietary variables from the FFQ including animal
protein, sodium, water (including food-derived water),
calcium, fructose, oxalate, total protein, and sucrose in-
takes. The entry criterion was p < 0.05, and the exit cri-
terion 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 as-
sess interactions of age, sex, and weight (if weight was
included in the model selection as a predictor) with the
variables included in the models. Interactions were con-
sidered significant at an alpha level of 0.05.
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Figures 1, 2, and 3 were created using a scatter plot of
the variable of interest (age or urine volume) and an out-
come variable (urine osmolality or total mOsm/day) to
visualize the relationship between the two variables.
Scatter plots were colored by gender, and linear mixed
model regression lines were superimposed on the scatter
plots controlling for sex and accounting for sibship
structure. Lines were plotted by taking the intercept for
males and the intercept for females, with the slope from
the variable of interest. The beta estimate for sex is re-
ported as the difference in outcome variable for males
versus females with corresponding significance.

Results
A total of 709 individuals from 414 sibships participated
in this study (Table 1). The sibship structure of the sam-
ple was as follows: 211 singletons, 148 sibpairs, 35 sib-
ships with 3 siblings, and 20 sibships with 4 or more
siblings. The mean age was 66 ± 9 years and 59 % of the
participants were female. Out of 709 participating indi-
viduals, 577 provided information on kidney stone his-
tory, of whom 67 (overall 11.6 %; 35 men (14.8 %) and
32 women (9.4 %)) had had a previous stone, reflecting
urinary stone disease prevalence in the general popula-
tion [3]. Three individuals were on medications for stone
prevention (potassium citrate). A minority were in CKD
stage 3 (10.1 %) or stage 4 (0.5 %). Use of medications
that alter the renin-angiotensin system was similar in
men (48.5 %) and women (41.8 %).
In the bivariate analysis (Table 2), increased urine

osmolality significantly associated with decreased age
and water intake; male sex; and increased serum creatin-
ine, weight, dietary animal protein, and sodium intake
(p values all <0.05). Increased urine volume significantly

associated with lower age and serum creatinine, and
higher dietary animal protein, oxalate, sodium, and water
intake (p values all <0.05). Across the age spectrum, males
had a roughly 140 mOsm/kg higher urine osmolality (p <
0.0001) and approximately 270 mOsm higher total osmole
excretion (p < 0.0001) compared to females (Figs. 1
and 2). Thus, males also had a higher average osmolality
(~140 mOsm/kg, p < 0.0001) after accounting for urine
volume (Fig. 3). Men also had a greater osmole excretion
than women (1078 vs 829 mOsm/day) (Table 1). This was
due to roughly equal contributions of greater excretions of
electrolytes (478 vs 349 mmol/day) and urea (591 vs
476 mmol/day) in men compared to women. Variance in
urine volume and osmolality did not significantly differ
between the sexes (see Additional file 1: Figure S1).
In the multivariable model not including interactions

(Table 3), urine osmolality declined with age and water
intake and remained higher in males than females, ac-
counting for serum creatinine, weight, and dietary mea-
sures. Weight and animal protein intake were positive
predictors of urine osmolality. The only significant inter-
action for urine osmolality was between weight and ox-
alate intake (β = −0.006, p = 0.04) (Fig. 4). Water intake
was the only variable significantly associated with urine
volume in a multivariable model that included age, sex,
serum creatinine, and dietary sodium. There were no
significant interactions with age or sex for these mea-
sures. The predictors of urine osmolality did not differ
in a sensitivity analysis that included only participants
known to be non-stone formers (data not shown).

Discussion
Urine concentration (and hence fluid intake and urine
volume) is thought to be a common risk factor for urinary

Fig. 1 Effect of age on urine osmolality in males and females (age β = −5.00, p < 0.0001; sex β = 142.6, p < 0.0001)
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stones. The current study revealed several interesting
demographic features that associate with urine concentra-
tion. On average, men excrete a greater number of millios-
moles per day than women at any given urine volume.
Thus, men consistently have more concentrated urine
(Fig. 3). Maximal urine osmolality also declines with age
(Fig. 1). Overall, these associations may contribute to
known epidemiologic trends in stone disease.
One striking observation was that urine osmolality

was higher in males than females. This could contribute
to the known higher incidence of kidney stones in men
[4]. The sex difference in urine osmolality did not sig-
nificantly interact with demographic features, despite
males having significantly greater weight and animal

protein and sodium intake as compared to females. Al-
though females had a slightly higher water intake than
males, no significant sex difference was found in urine
volume (Table 1). This might reflect higher insensible
losses in women as compared to men, since women had
higher water intake and lower urine osmolality, but simi-
lar urine volume. In a study by Parks and colleagues
[16], male stone formers had reduced urine volume and
sodium excretion during summer months, while women
maintained urine volume despite reductions in urine so-
dium, implying insensible sodium losses.
In this study, males excreted more osmoles per day

than females (Table 1). This was composed of roughly
equal proportions of electrolytes and urea. Thus, men

Fig. 3 Relationship between urine osmolality and volume in females and males (volume β = −0.1597, p < 0.0001; sex β = 135.63, p < 0.0001)

Fig. 2 Relationship between total urine osmole excretion and age in females and males (age β = −12.296, p < 0.0001; sex β = 272.633, p < 0.0001)
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appear to have higher protein as well as electrolyte in-
take. Despite the higher salt intake, water intake was
lower in men and urine volumes nearly the same.
Looked at another way, males excreted their daily os-
mole load in a smaller urine volume across the spectrum
of osmole intake (Fig. 3). These observations implicate
altered thirst and vasopressin action between the sexes.

Perucca and colleagues [6] made a similar observation
and suspected that men’s thirst/vasopressin system had
higher threshold than those of women and that they
drink proportionally less.
Previously, studies have suggested sex differences in va-

sopressin’s renal efficacy and a lower thirst in males [6, 7].
A study of almost 500 German children [17] found that

Table 1 Descriptive statistics

Combined Female Male

n = 416 n = 293

n Mean (SD) or n (%) Mean (SD) or n (%) Mean (SD) or n (%) p value

Age, years 709 65.4 (9) 64.6 (8.9) 66.5 (9) 0.05

Weight, kg 709 87.7 (19.1) 81.3 (17.5) 96.8 (17.5) <.0001

BMI, kg/m2 709 31 (5.9) 30.9 (6.5) 31 (5) 1.00

SBP, mmHg 705 149 (25) 150 (25) 147 (25) 0.09

DBP, mmHg 705 84 (11) 82 (11) 86 (11) 0.95

Serum creatinine, mg/dL 612 0.9 (0.2) 0.8 (0.2) 1.0 (0.2) <.0001

eGFRCys, ml/min/1.73 m2 601 85.6 (24.7) 87.9 (25.8) 82.5 (22.8) 0.02

Diabetes status 625 0.21

Yes 87 (13.9) 45 (12.4) 42 (16.1)

No 538 (86.1) 319 (87.6) 219 (83.9)

Blood glucose, mg/dL 612 96.1 (22.9) 94.8 (23.0) 98.0 (22.7) 0.24

Dietary measures

Oxalate, mg/day 511 215.8 (126.3) 217.9 (121.3) 212.9 (133.3) 0.64

Animal protein, g/day 521 52.9 (25.4) 48.9 (21.4) 58.7 (29.4) <.0001

Sodium, mg/day 521 3140 (1407) 2947 (1313) 3419 (1491) <0.0001

Water intake, g 521 2950 (1119) 3004 (1050) 2873 (1211) <0.0001

Total protein, g/day 521 80.4 (33.9) 75.5 (29.9) 87.3 (37.9) <0.0001

Sucrose, g/day 519 37.2 (20.7) 38 (20.4) 36 (21.1) 0.34

Calcium, mg/day 521 1059 (542) 1060 (517) 1057 (578) <0.0001

Diuretic use

Loop 709 0.61

Yes 35 (4.9) 22 (5.3) 13 (4.4)

No 674 (95.1) 394 (94.7) 280 (95.6)

Thiazide 709 0.99

Yes 259 (36.5) 152 (36.5) 107 (36.5)

No 450 (63.5) 264 (63.5) 186 (63.5)

Urinary traits

Urine osmolality, mOsm/kg 709 511.3 (188.6) 456.1 (165.7) 589.8 (191.7) <0.0001

Urine volume, mL/day 709 1971.1 (690.77) 1967.65 (675.26) 1975.99 (713.36) 0.8743

Total mOsm/day 709 932 (314) 829 (257) 1078 (329) <0.0001

Urine sodium, mmol/day 705 143 (58) 123 (48) 170 (61) <0.0001

Urine potassium, mmol/day 709 59 (23) 52 (19) 70 (23) <0.0001

Electrolyte contribution to urine osmole load, mmol/day 705 403 (145) 349 (116) 478 (148) <0.0001

Urea contribution to urine osmole load, mmol/day 705 523 (242) 476 (212) 591 (264) <0.0001

p values were testing for sex differences, using linear mixed models to account for sibships. Water intake includes water from food consumption
SD standard deviation, BMI body mass index, SBP systolic blood pressure, DBP diastolic blood pressure, eGFR estimated glomerular filtration rate (cystatin calculation)
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girls had a lower urinary osmolality than boys and a rela-
tively higher urine volume. Higher values for plasma and
urinary vasopressin have also been reported in men com-
pared to women, and this same sex differential has been
observed in rats [18]. One in vivo animal study demon-
strated intravenous infusion of 2.5 M NaCl for 60 min re-
sulted in higher vasopressin plasma concentrations in
male rats compared to female rats [19]. Similarly, in a hu-
man study [7], hypertonic saline infusion resulted in a
greater plasma vasopressin concentration in response to
changes in plasma osmolality among eight men compared
to eight women. There was no difference in free water
clearance, suggesting concurrent lower renal vasopressin
sensitivity in men compared to women. Liu and colleagues
[20] also demonstrated that female rats express signifi-
cantly more renal vasopressin 2 receptor (V(2)R) mRNA

and protein in their kidneys than males, physiologically
resulting in greater sensitivity to V(2)R agonist administra-
tion. Overall, the ability to concentrate urine is dependent
on vasopressin’s antidiuretic effect, which in turn is influ-
enced by the effect of renal prostaglandins [21] on medul-
lary blood flow [22]. Both physiologic effects appear to
vary between men and women [23–25]. Thus, data from
humans and animals both support sex difference in renal
concentrating ability.
The kidney’s ability to maximally concentrate urine de-

clines with age [26]. However, in our study, urine osmo-
lality was independent of serum creatinine or eGFR in
the main effect model. Previously, Rowe and colleagues
[27] studied the effect of a 12-h period of dehydration
and demonstrated a significant decrease in urine osmo-
lality with advancing age independent of the age-related
decline in creatinine clearance. Phillips and colleagues
[28] found that healthy older men (mean age 71) had a
deficit in thirst and water intake after 24 h of water
deprivation compared to younger men (mean age 23).
The older group had a greater increase in vasopressin
levels, but a lower urine osmolality, suggesting renal re-
sponse to vasopressin was reduced. This decreased sen-
sitivity to vasopressin’s antidiuretic effect among older
individuals could be related to structural differences in
the aging kidney such as increased fibrosis and decreased
parenchymal mass [28, 29]. Studies in the medulla of aged
rats have also suggested a decrease in many key transport
proteins that participate in urine concentrating ability
(aquaporins, urea transporters, V2 receptor) with reduced
response to water restriction and administration of supra-
physiologic dose of desmopressin [26].
Several interesting trends with diet were observed.

Weight was a positive predictor of urine osmolality and
had a significant interaction with oxalate intake (Fig. 4),
suggesting diet was an underlying factor. This observa-
tion implies that the balance of higher and lower type of
oxalate foods varies depending on weight. Animal pro-
tein intake was associated with higher urine osmolality,
likely due to the low water density and high protein con-
tent of meat, the metabolism of which produces urea.
Interestingly, in a main effect model in which dietary so-
dium and water intake were omitted, oxalate intake was
associated with higher urine volume and lower urine
osmolality. Notably, oxalate is found in fruits and vegeta-
bles, but not meat, chicken, or fish. Thus, oxalate may
serve as a proxy for fruit and vegetable ingestions, which
in turn provide greater free water than animal protein
sources. A low-oxalate diet is often recommended for
preventing the recurrence of calcium-oxalate stones [3].
However, Taylor and colleagues [30] suggested that diet-
ary oxalate was not a major risk factor for kidney stone
formation. This group also examined retrospectively the
impact of the diets similar to the Dietary Approaches to

Table 2 Bivariate associations for urine osmolality and volume

Urine osmolality,
mOsm/kg

Urine volume,
mL/day

β β

Age, years −4.19*** −9.68**

Sex (male) 134.10*** 8.84

Serum Creatinine, mg/dL 107.95** −334.26**

Weight, kg 3.58*** 0.66

Dietary measures

Animal protein, g/day 1.51*** 2.40*

Oxalate, mg/day −0.11 0.77**

Sodium, mg/day 0.018** 0.062**

Water Intake, g −0.031*** 0.21***

Water intake includes water from food consumption
β beta estimate
*p value <0.05; **p value <0.01; ***p value <0.001

Table 3 Multivariable associations for urine osmolality and volume

Urine osmolality,
mOsm/kg

Urine volume,
mL/day

β β

Intercept 721.6*** 1809.7***

Age, years −4.79*** −2.13

Sex (male) 95.9*** 117.8

Serum creatinine, mg/dL −7.32 −298.3

Weight, kg 1.93***

Dietary measures

Animal protein g/day 1.45**

Oxalate, mg/day −0.072

Sodium, mg/day 0.0076 −0.034

Water Intake, g −0.058*** 0.21***

Water intake includes water from food consumption
β beta estimate
*p value <0.05; **p value <0.01; ***p value <0.001
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Stop Hypertension (DASH) program on stone formation
[31]. Among men and women participants, those with a
higher DASH score ingested more calcium and oxalate,
but had reduced kidney stone risk. Higher DASH scores
associated with higher urine volume and higher citrate
which appeared to offset the higher urinary oxalate. To-
gether, these data suggest some oxalate containing foods
could reduce stone risk depending on the ratio between
the water and oxalate content, but further studies are
needed to evaluate this.
Our study has weaknesses, such as a lack of data on

physical activity and non-renal water loss. Also, our par-
ticipants were limited to white Americans of European
descent and of relatively older age. We also examined a
largely non-stone-forming population. However, study-
ing non-stone formers allowed us to more precisely as-
sess age and gender influences on urine chemistry
without being confounded by changes in dietary habits
initiated as the result of forming stones.

Conclusion
This study revealed several interesting trends related to
urinary osmolality and volume. In general, men excrete
more osmoles per day than women, but for any given
osmole load do so in less volume, and hence in a more

concentrated manner. Urine osmolality also declines
with age in both sexes. Data from this study and others
support the hypothesis that there are sex differences in
thirst and vasopressin action. Since low urine volume
and high urine concentration is a common kidney stone
risk factor, these observations could explain, in part,
well-established patterns of stone risk by age and sex.
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Additional file 1: Table S1. Bivariate associations for variables that did
not pass stepwise linear model selection criteria. Figure S1. Analysis of
biological sex on variability in urine osmolality (A) and urine volume (B).
(DOCX 50 kb)
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