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Abstract
Our aim was to investigate the validity of osmolality from 24-h urine collection in examining the risk for calcium-oxalate 
(CaOx) kidney stone formation in patients with recurrent urolithiasis. Three hundred and twelve subjects (males/females: 
184/128) from France with a history of recurrent kidney stones from confirmed or putative CaOx origin were retrospectively 
included in the study (46 ± 14 years, BMI: 25.3 ± 5.0 kg·m−2). Tiselius’ crystallization risk index (CRI) was calculated 
based on urinary calcium, oxalate, citrate, magnesium, and volume from 24-h samples. The diagnostic ability of 24-h urine 
osmolality to classify patients as high risk for kidney stone crystallization was examined through the receivers operating 
characteristics analysis. High risk for CaOx crystallization was defined as CRI > 1.61 and > 1.18, for males and females, 
respectively. The accuracy of urine osmolality to diagnose risk of CaOx stone formation (AUC, area under the curve) for 
females was 84.6%, with cut-off point of 501 mmol·kg−1 (sensitivity: 83.3%, specificity: 76.0%). Males had AUC of 85.8% 
with threshold of 577 mmo·kg−1 (sensitivity: 85.5%, specificity: 77.6%). A negative association was found between 24-h 
urine volume and osmolality (r = − 0.63, P < 0.001). Also, a positive association was found between 24-h urine osmolality 
and CRI (r = 0.65, P < 0.001), as well as urea excretion with CRI (r = 0.37, P < 0.001). In conclusion, urine osmolality > 501 
and > 577 mmol·kg−1, in female and in male, respectively, was associated with a risk for CaOx kidney stone formation in 
patients with a history of recurrent urolithiasis. Thus, when CaOx origin is confirmed or suspected, 24-h urine osmolality 
provides a simple way to define individualized target of urine dilution to prevent urine crystallization and stone formation.
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Introduction

Urolithiasis is a frequent kidney disease in western coun-
tries, with a prevalence of 10.3% in men and 6.7% in women 
in the USA [1]. Kidney stone recurrence is common repre-
senting about 50% within 5 years [2, 3] potentially repre-
senting a risk factor for chronic kidney disease [4]. Main 
risk factors for stones, in addition to genetic predisposition 
[5–7], are mostly nutritional, corresponding to either exces-
sive urinary excretion of calcium-oxalate (CaOx) and urate, 
or insufficient excretion of citrate, magnesium and potassium 
[8]. Among these nutritional factors, insufficient urine dilu-
tion appears critical and is the most frequent [9, 10].

Indeed, for a given amount of urine excreta, the lower 
the urine volume the higher the urine concentration and 
the probability of crystallization [11]. This provided the 
rationale for introducing the systematic recommendation 
of “large” water intake for recurrent kidney stone-formers 
[10, 12]. In the American Urological Association pub-
lished guidelines for the medical management of kidney 
stones, a daily urinary output of at least 2.5 L is recom-
mended to prevent stone recurrences [10]. The importance 
of high water intake is also emphasized by previous studies 
as being practical and cost-effective prevention to reduce 
the risk of kidney stone [13–15].

Despite the importance of water intake, few studies 
have evaluated the association between hydration status 
and the risk of kidney stone formation, especially at the 
individual level since individualized nutritional adjust-
ments are considered an optimal approach for the preven-
tion of recurrent kidney stones [16]. Although increasing 
water intake is always a goal for secondary prevention 
whatever the type of stone, most often generic nutritional 
counseling based on the guidelines is provided and no 
individual dietary assessment is performed.

In stone-formers, urine crystallization is the first stage of 
stone formation [17]. Since this step is mediated by urine 
biochemistry, it can be partly predicted by a model that 
includes urine concentration. To predict the risk of recur-
rence of CaOx kidney stones, Tiselius has developed a for-
mula based on the most important determinants for CaOx 
supersaturation: calcium, oxalate, citrate, magnesium and 
volume. Risks of crystallization and urolithiasis are often 
predicted using this formula since threshold values have 
been established [18]. However, the availability of citrate 
and oxalate dosages is limited. It was recently shown that a 
high 24-h urine osmolality is associated with an increased 
risk of recurrence (Kang IUN 2019). The aim of the pre-
sent study was to investigate the validity of urine osmolality 
in examining the risk for CaOx kidney stone formation in 
patients with recurrent urolithiasis based on the Tiselius’ 
CaOx crystallization risk index (CRI) classification.

Materials and methods

Subjects

Three hundred and twelve subjects (male/female: 184/128) 
from Southern France, with a history of recurrent kidney 
stones, were referred to the department of clinical physiol-
ogy and included in the study (Table 1). Inclusion criteria 
were (a) age ≥ 18 years, and (b) ≥ 2 episodes of renal colic, 
or 1 episode of multiple urolithiasis. Exclusion criteria were 
(a) incomplete 24-h urine collection, (b) primary oxaluria, 
(c) cystinuria, and (d) distal renal tubular acidosis. The 
chemical type of stones was known in only 15% of patients, 
while in others, stone chemistry was only putative. How-
ever, (1) more than 75% of stones are made of CaOx, based 
on infrared analyses performed in our department and this 
result is congruent with data published by others in France 
[19]; (2) patients with unknown kidney stone chemistry were 
included in the study when CaOx origin was the main mech-
anism suspected because of hyperoxaluria, CaOx crystallu-
ria, and multiple dietary errors related to oxalate metabolism 
and the absence of other metabolic orientation. Since all 
were recurrent stone-formers, they had been already advised, 
at least during the last three months prior to hospital visit, to 
modify their diet and increase water intake.

Urinary collection and analysis

Fluid intake was recorded by a 24-h recall in a structured 
interview the day of patient’s hospitalization. Twenty-four-
hour urine sample was also collected and validated for 
completeness when measured 24-h creatinine clearance 
was in agreement with estimated glomerular filtration rate 
(eGFR) ± 20%. The volume of the 24-h urine output was 
recorded, and urine osmolality was measured in duplicate by 
freezing point depression osmometry (3320 micro-osmome-
ter, Advanced Instruments Inc., MA, USA) a validated and 
reliable method for measuring osmolality in biological fluids 
[20, 21]. Osmolality determination requires 50 µL of fresh 
or thawed urine in the absence of any restrictive preana-
lytical condition. Cost, based on French National Insurance 

Table 1  Subject characteristics

*Statistical significant differences between genders P < 0.05

Total (n = 312) Female (n = 128) Male (n = 184)

Age (y) 45 ± 1 43 ± 1 47 ± 1*
Weight (kg) 72.1 ± 0.9 62.5 ± 1.3 78.9 ± 1.0*
Body mass 

index 
(kg∙m−2)

25.3 ± 0.3 24.0 ± 0.5 26.2 ± 0.3*
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(CNAM) nomenclature for biological dosages (http://www.
codag e.ext.cnamt s.fr/) is 4.1 € (4.80 US$). Calcium, citrate, 
magnesium and oxalate urine concentration were deter-
mined using colorimetric methods. A specific extraction was 
required for oxalate determination. Cost for the 4 dosages is 
19.4 € (23.0 US$). CRI was calculated based on the follow-
ing equation [18].

Increased risk of CaOx crystallization in recurrent stone-
formers was defined as CRI score > 1.61 and > 1.18 for 
males and females, respectively [18]. eGFR was calculated 
based on the modification of diet in renal disease formula 
using non-calibrated creatininemia determined by kinetic 
alkaline picrate assay [22].

Statistical analysis

Two-tailed independent t test was performed to compare the 
difference of basic characteristics between genders. Quan-
tile regression analysis was performed for urine hydration 
biomarkers and 24-h CRI. The ability of urine osmolality 
to classify patients as high risk for CaOx crystallization 
was examined through the receiver operating character-
istic (ROC) curve analysis. Threshold values were based 
on the ROC curve to identify the optimal urine osmolal-
ity that would predict high risk for crystallization using 
the max–max approach of the sensitivity and specificity. 
Correlation was also examined between 24-h urine vol-
ume and osmolality, urine osmolality and CRI, as well as 
urine creatinine excretion and CRI. Data were presented as 
means ± standard errors, unless stated differently. All analy-
ses were performed with JMP 13.0 software (SAS Institute, 
Cary, North Carolina, USA).

CRI =
1.9 ⋅ Calcium0.84

⋅ Oxalate

Citrate0.22⋅Magnesium0.12
⋅Volume1.03

.

Results

The characteristics of the 312 patients included in this study 
appear in Table 1. Males were slightly older, heavier, with 
greater BMI (P < 0.05), and consumed more fluids than 
females (1721 ± 597 vs. 1531 ± 604 mL∙24  h−1; P < 0.05). 
Fluid intake was significantly associated with urine vol-
ume (r = 0.46, P < 0.001) and urine osmolality (r = − 0.26, 
P < 0.001). Males also had higher 24-h urine volume, 
osmolality, osmotic excretion, CRI, calciuria, oxaluria, 
citraturia, and magnesuria, as well as eGFR, than females 
(P < 0.05, Table 2). The quantiles of hydration and kid-
ney stone biomarkers for both genders appear in Table 3. 

Table 2  Hydration markers 
and renal function variables 
for males and females based on 
24-h urine samples

*Statistical significant differences between genders; higher in males, P < 0.05
eGFR estimated glomerular filtration rate

Total (n = 312) Females (n = 128) Males (n = 184)

Urine volume (mL) 1956 ± 47 1892 ± 83 2000 ± 56
Urine Osmolality (mmol·kg−1) 534 ± 11 482 ± 18 572 ± 14*
Urinary osmotic excretion (mmol) 940 ± 19 781 ± 22 1050 ± 24*
Tiselius’ crystallization risk index 1.23 ± 0.04 1.02 ± 0.06 1.37 ± 0.06*
Calciuria (mmol) 6.36 ± 0.20 5.28 ± 0.26 7.10 ± 0.28*
Oxaluria (mmol) 0.36 ± 0.01 0.32 ± 0.01 0.39 ± 0.01*
Citraturia (mmol) 30.2 ± 0.9 28.3 ± 1.4 31.6 ± 1.3*
Magnesuria (mmol) 4.29 ± 0.10 3.61 ± 0.13 4.77 ± 0.13*
Urinary urea excretion (mmol) 410 ± 8.7 337 ± 10.8 460 ± 11.4*
eGFR (mL∙min−1∙1.73  m−2) 101.8 ± 21.6 95.9 ± 19.0 108.0 ± 17.4*

Table 3  Urinary renal biomarkers for males and females in quantiles

Data are presented as median ± standard error
*Statistical significant differences between genders P < 0.05

Total (n = 312) Females (n = 128) Males (n = 184)

24-h urine volume (mL)
25% 1,379 1220 ± 64 1490 ± 45*
50% 1,814 1690 ± 262 1900 ± 10*
75% 2,399 2340 ± 106 2440 ± 73
24-h urine osmolality (mmol·kg−1)
25% 381 318 ± 17 424 ± 12*
50% 526 462 ± 104 571 ± 17*
75% 662 608 ± 25 700 ± 18*
24-h urinary osmotic excretion (mmol)
25% 736 610 ± 28 824 ± 50*
50% 913 754 ± 206 1023 ± 78*
75% 1103 933 ± 33 1222 ± 23*
24-h Tiselius’ crystallization risk index
25% 0.68 0.55 ± 0.05 0.77 ± 0.03*
50% 1.12 0.90 ± 0.36 1.27 ± 0.05*
75% 1.69 1.36 ± 0.08 1.91 ± 0.06*

http://www.codage.ext.cnamts.fr/
http://www.codage.ext.cnamts.fr/
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Twenty-four-hour urine volume was negatively associated 
with urine osmolality (r = − 0.63, P < 0.001, Fig. 1), while 
urine osmolality was positively related to the risk of CaOx 
crystallization, assessed by the CRI (r = 0.65, P < 0.001; 
Fig. 2). Furthermore, daily urea excretion, the main osmoti-
cally active ingredient in urine, related to protein catabolism, 
was positively associated with CRI (r = 0.37, P < 0.001; 
Fig. 3).

The diagnostic ability of the 24-h urine osmolality to 
identify high-risk patients for crystallization was exam-
ined with ROC curve analysis. The model revealed sig-
nificant gender effect; thus, the data are presented also 
by gender. ROC analysis was not adjusted by urine vol-
ume since no statistical effect was revealed. Patients 

were classified as high risk for crystallization when the 
Tiselius’ CRI was > 1.61 in males and > 1.18 in females 
[18]. The 24-h urine osmolality exhibited good over-
all diagnostic ability with area under the curve ranging 
between 84.6 and 85.8% based on the CRI (Table 4). The 
optimal threshold for identifying high risk for crystalliza-
tion was 577 mmol·kg−1 for the entire sample; however, 
when subjects were split by gender, the cut-off points were 
501 mmol·kg−1 for females and 577 mmol·kg−1 for males. 
Urine osmolality exhibited good ability to correctly iden-
tify the high risk for CaOx crystallization (sensitivity) 
both in females (83.3%) and males (85.5%). Lastly, the 
ability of urine osmolality to correctly identify low risk for 
kidney stones (specificity) was 76.0 and 81.6% for females 
and males, respectively. ROC curve analysis was also used 
to examine the diagnostic ability of 24-h urine volume 
to predict high-risk for kidney stone crystallization. The 
overall diagnostic ability was fair (AUC = 73.5%) with a 
threshold of 2,000 mL∙24  h−1, good sensitivity (84.7%), 
but poor specificity (52.6%).

Fig. 1  Association of 24-h urine osmolality with urine volume

Fig. 2  Association of 24-h urine osmolality with Tiselius’ crystalliza-
tion risk index

Fig. 3  Association of 24-h Tiselius’ crystallization risk index with 
urinary urea excretion

Table 4  Receiver operating characteristics analysis of the 24-h urine 
osmolality for identifying high risk of kidney stone formation based 
on the Tiselius’ crystallization risk index

UOsm urine osmolality, AUC  area under the curve

Threshold
UOsm, 
mmol·kg−1

AUC 
%

Sensitivity
%

Specificity
%

All 577 84.9 78.4 81.6
Females 501 84.6 83.3 76.0
Males 577 85.8 85.5 77.5
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Discussion

Formation of kidney stones is multifactorial but mostly 
results from an unbalance in urine composition. Low 
urine volume is the commonest determinant leading to 
high osmotic concentration, urine supersaturation, and 
thus crystallization [5].

In this study, we examined the use of 24-h urine osmo-
lality as a biomarker to predict the individual CaOx stone 
recurrence risk. Based on the relationship between urine 
osmolality and crystallization risk, we have determined an 
optimal urine osmolality threshold above which the risk of 
crystallization becomes high, 501 mmol·kg−1 for females 
and 577 mmol·kg−1 for males. Limited information was 
available regarding stone composition in our patients. 
Even when stone chemistry was unknown, patients 
included in this study exhibited an increased risk for CaOx 
kidney stones. Indeed, CaOx stones are largely predomi-
nant (> 75%) in France [19]. Thus, we decided not to split 
our population based on the kind of stones but rather to 
determine the CRI as a potential predictor of global risk of 
urine crystallization, and thus renal stones recurrences. A 
recent publication has reported a very similar 24-h urine 
threshold of 564 mOsm/kg (Kang et al.). Determination 
of the threshold in this study was completely different, 
relying on the clinical and radiological follow-up of a 
large population of kidney stone formers. Despite differ-
ent methodological approaches and populations (European 
in our case and Asian in the case of Kang’s study) the 
similarity of both thresholds strengthened the significance 
of this easily accessible parameter during the follow-up of 
kidney stone formers.

Both the American and the European Urology Asso-
ciation [23] recommend adequate fluid intake allowing 
to achieve a urine output of at least 2,000 mL∙24  h−1 in 
stone-formers to prevent new episodes of urolithiasis. This 
target largely relies on the previous work by Borghi et al. 
in a population of stone-formers suggesting that 24-h urine 
volume greater than 2,000 mL∙24  h−1 resulted in a 50% 
lower stone recurrence rate over 5 years [5]. The underly-
ing mechanism is based on dilution of urinary solute con-
centration, to prevent supersaturation and crystallization. 
This recommendation is further supported by two system-
atic reviews of randomized controlled trials showing that 
high water intake can be efficacious in reducing the long-
term risk of nephrolithiasis recurrence [13, 15]. However, 
this general recommendation based on urine volume alone 
in an “one-size fits-all” approach that is questionable for 
two reasons. First, not all patients have the same amount 
of urinary waste, advocating for individual adjustment of 
urine dilution effort. Second, most patients are unable to 
achieve and maintain high fluid intakes [24]; thus, careful 

adjustment of the effort of fluid intake/urine dilution could 
be more sustainable. This claims for more individualized 
advice should be given to patients taking into account their 
personal risk factors. Recently, an individualized urine 
output target based on patient’s body weight using sta-
tistical modeling was developed for hypercalciuric stone-
formers [16]. It appears helpful to enlarge this concept of 
individualized fluid intake recommendation to global risk 
of CaOx crystallization. Since the volume needed to safely 
dilute urine osmolytes is mostly determined by the amount 
of soluble waste excreted in urine that individually varies 
with feeding behavior and metabolism, no universal fluid 
intake amount could be proposed. For example, a fluid 
intake of 2 L∙day−1 could be sufficient for patient with low 
osmotic load, whereas it would be insufficient for someone 
with high urine osmotic load.

In previous work, Tiselius had validated the CaOx CRI 
with equal to supersaturation calculation, demonstrating that 
it provides a reliable physicochemical estimation of the risk 
of crystallization [18]. However, he pointed out the fact that 
such predictors represent a “best guess” with substantial 
amounts of false negatives and false positive. There are dif-
ferent formulas to estimate the CRI that roughly exhibit quite 
similar performance to predict the physicochemical risk of 
urine crystallization [18, 25]. Until now, none of these for-
mulas has been directly validated to be predictive for stone 
recurrences. However, because they are based on physical 
assumptions, they provide quite reliable estimation of urine 
crystallization and thus, they represent a potential way to 
guess the stone forming propensity. As stated by Tiselius, 
CRI is “helpful in therapeutic decision making only when 
considered in light of other clinical observations” [18]. 
Thus, using Tiselius’ CRI to extrapolate an upper limit of 
24-h urine osmolality for male and female recurrent stone 
formers represents a starting point to elicit corrective meas-
ures when focusing on hydration.

Determination of an upper limit for 24-h urine osmo-
lality is only a surrogate of CRI calculation, and it does 
not improve its predictive value. However, granted that an 
osmometer is available, it represents a simpler cheaper (cost 
ratio 1:4) biomarker to estimate the risk of CaOx crystal-
lization. Furthermore, 24-h urine osmolality has two main 
advantages: (1) in combination with the 24-h urine volume, 
it provides important information on the total amount of 
waste and their relative dilution; (2) it allows the calculation 
of an individualized fluid intake recommendation. Recent 
data support our findings by suggesting that the optimal 24-h 
urine osmolality cutoff for distinguishing patients meeting 
the fluid intake threshold for the reduction in stone risk to 
be 525 mmol·kg−1 [26]. These data support a 24-h urine 
osmolality threshold around 500 mmol·kg−1 as an indicator 
of adequate total fluid intake [27]. Therefore, for individual 
patients, targeting a urine osmolality threshold provides a 
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meaningful tool to prevent recurrence. Automated osmom-
eter automats are sparsely available among medical labora-
tories. Indirect assessment of urine osmolality is possible 
by measuring urine specific gravity through a simple hand-
held refractometer. Whether urine-specific gravity provides 
a reliable estimator of CaOx crystallization risk deserves 
further work.

Lastly, we showed that 24-h fluid intake was associated 
positively with urine volume (r = 0.46) and negatively with 
urine osmolality (r = − 0.26), even though, the 24-h recall 
was rather rough estimate, it could be used as an indicator 
to follow up with these patients. Since fluid accounts for 
approximately 80% of total water intake, the observed water 
intakes fell short of the recommended adequate water intake 
by European Food Safety Authority (females: 1.6 and males: 
2.0 L∙day−1) [28]. This current recommendation may be suf-
ficient for stone formers with low urine osmotic loads but 
it would be insufficient for those with high osmotic loads.

In conclusion, urine osmolality is a simple starting point 
to provide individualized recommendations to improve urine 
dilution. We demonstrated a relationship between 24-h urine 
osmolality and the risk of CaOx crystallization in patients 
with recurrent kidney stones. Urine osmolality less than 501 
and 577 mmol·kg−1 for female and male kidney stone-form-
ers could be used as a goal for providing individualized fluid 
intake recommendation to prevent recurrences.

Author contributions SAK: project development, data analysis, and 
manuscript writing. HS: project development, data analysis, and manu-
script writing. MV: project development, data collection, and manu-
script editing. MD: project development, and manuscript editing. AM: 
data analysis and manuscript editing. MV: project development and 
manuscript writing. IT: project development, data collection, study 
management, and manuscript writing. All authors read, critically 
revised, and approved the final manuscript.

Funding This research did not receive any specific grant from funding 
agencies in the public, commercial, or not-for-profit sectors.

Compliance with ethical standards 

Conflict of interest The results presented in this article have not been 
published previously in whole or part, except in abstract format. SAK 
was a scientific consultant for Quest Diagnostics and has active grants 
with Danone Research. SAK, MD, and IT are part of the Danone Re-
search advisory board. MVe is a Danone Research employee. HS, 
MVa, and AM have no conflict of interest to declare.

Ethical approval All procedures performed in studies involving human 
participants were in accordance with the French ethic and regulatory 
requirements and were approved by the Toulouse Hospital Scientific 
board. Furthermore, this study complies with the 1964 Helsinki Dec-
laration and its later amendments.

Informed consent Informed consent was obtained from all individual 
participants included in the study for the retrospective and anonymous 
use of their medical data for scientific purpose.

References

 1. Shoag J, Tasian GE, Goldfarb DS, Eisner BH (2015) The new 
epidemiology of nephrolithiasis. Adv Chronic Kidney Dis 
22:273–278. https ://doi.org/10.1053/j.ackd.2015.04.004

 2. Lotan Y, Cadeddu JA, Pearle MS (2005) International compari-
son of cost effectiveness of medical management strategies for 
nephrolithiasis. Urol Res 33:223–230. https ://doi.org/10.1007/
s0024 0-005-0463-9

 3. Goldfarb DS (2003) Increasing prevalence of kidney stones in 
the United States. Kidney Int 63:1951–1952. https ://doi.org/10
.1046/j.1523-1755.2003.00942 .x

 4. Rule AD, Bergstralh EJ, Melton LJ et al (2009) Kidney stones 
and the risk for chronic kidney disease. Clin J Am Soc Nephrol 
CJASN 4:804–811. https ://doi.org/10.2215/CJN.05811 108

 5. Borghi L, Meschi T, Amato F et al (1996) Urinary volume, 
water and recurrences in idiopathic calcium nephrolithiasis: a 
5-year randomized prospective study. J Urol 155:839–843

 6. Curhan GC, Willett WC, Speizer FE, Stampfer MJ (2001) 
Twenty-four-hour urine chemistries and the risk of kidney 
stones among women and men. Kidney Int 59:2290–2298. https 
://doi.org/10.1046/j.1523-1755.2001.00746 .x

 7. Peres LAB, Molina AS, Galles MHL (2003) Metabolic investi-
gation of patients with urolithiasis in a specific region. Int Braz 
J Urol Off J Braz Soc Urol 29:217–220

 8. Curhan GC, Willett WC, Knight EL, Stampfer MJ (2004) Die-
tary factors and the risk of incident kidney stones in younger 
women: Nurses’ Health Study II. Arch Intern Med 164:885–
891. https ://doi.org/10.1001/archi nte.164.8.885

 9. Wang CJ, Grantham JJ, Wetmore JB (2013) The medicinal 
use of water in renal disease. Kidney Int 84:45–53. https ://doi.
org/10.1038/ki.2013.23

 10. Pearle MS, Goldfarb DS, Assimos DG et al (2014) Medical 
management of kidney stones: AUA guideline. J Urol 192:316–
324. https ://doi.org/10.1016/j.juro.2014.05.006

 11. Lotan Y, Daudon M, Bruyère F et al (2013) Impact of fluid 
intake in the prevention of urinary system diseases: a brief 
review. Curr Opin Nephrol Hypertens 22(Suppl 1):S1-10. https 
://doi.org/10.1097/MNH.0b013 e3283 60a26 8

 12. Türk C, Knoll T, Seitz C et al (2017) Medical expulsive therapy 
for ureterolithiasis: the EAU Recommendations in 2016. Eur 
Urol 71:504–507. https ://doi.org/10.1016/j.eurur o.2016.07.024

 13. Fink HA, Akornor JW, Garimella PS et al (2009) Diet, fluid, 
or supplements for secondary prevention of nephrolithiasis: a 
systematic review and meta-analysis of randomized trials. Eur 
Urol 56:72–80. https ://doi.org/10.1016/j.eurur o.2009.03.031

 14. Sontrop JM, Dixon SN, Garg AX et  al (2013) Association 
between water intake, chronic kidney disease, and cardiovas-
cular disease: a cross-sectional analysis of NHANES data. Am 
J Nephrol 37:434–442. https ://doi.org/10.1159/00035 0377

 15. Xu C, Zhang C, Wang X-L et al (2015) Self-fluid management 
in prevention of kidney stones: a PRISMA-compliant systematic 
review and dose-response meta-analysis of observational stud-
ies. Medicine (Baltimore) 94:e1042. https ://doi.org/10.1097/
MD.00000 00000 00104 2

 16. Sawyer MD, Anderson CB, Viprakasit DP et al (2013) An indi-
vidualized weight-based goal urine volume model significantly 
improves expected calcium concentrations relative to a 2-L goal 
urine volume. Urolithiasis 41:403–409. https ://doi.org/10.1007/
s0024 0-013-0573-8

 17. Daudon M, Hennequin C, Boujelben G et al (2005) Serial crys-
talluria determination and the risk of recurrence in calcium 
stone formers. Kidney Int 67:1934–1943. https ://doi.org/10.1
111/j.1523-1755.2005.00292 .x

https://doi.org/10.1053/j.ackd.2015.04.004
https://doi.org/10.1007/s00240-005-0463-9
https://doi.org/10.1007/s00240-005-0463-9
https://doi.org/10.1046/j.1523-1755.2003.00942.x
https://doi.org/10.1046/j.1523-1755.2003.00942.x
https://doi.org/10.2215/CJN.05811108
https://doi.org/10.1046/j.1523-1755.2001.00746.x
https://doi.org/10.1046/j.1523-1755.2001.00746.x
https://doi.org/10.1001/archinte.164.8.885
https://doi.org/10.1038/ki.2013.23
https://doi.org/10.1038/ki.2013.23
https://doi.org/10.1016/j.juro.2014.05.006
https://doi.org/10.1097/MNH.0b013e328360a268
https://doi.org/10.1097/MNH.0b013e328360a268
https://doi.org/10.1016/j.eururo.2016.07.024
https://doi.org/10.1016/j.eururo.2009.03.031
https://doi.org/10.1159/000350377
https://doi.org/10.1097/MD.0000000000001042
https://doi.org/10.1097/MD.0000000000001042
https://doi.org/10.1007/s00240-013-0573-8
https://doi.org/10.1007/s00240-013-0573-8
https://doi.org/10.1111/j.1523-1755.2005.00292.x
https://doi.org/10.1111/j.1523-1755.2005.00292.x


Urolithiasis 

1 3

 18. Tiselius HG (1997) Risk formulas in calcium oxalate urolithiasis. 
World J Urol 15:176–185

 19. Daudon M, Donsimoni R, Hennequin C et al (1995) Sex- and 
age-related composition of 10 617 calculi analyzed by infrared 
spectroscopy. Urol Res 23:319–326

 20. Sweeney TE, Beuchat CA (1993) Limitations of methods of 
osmometry: measuring the osmolality of biological fluids. 
Am J Physiol 264:R469-480. https ://doi.org/10.1152/ajpre 
gu.1993.264.3.R469

 21. Chadha V, Garg U, Alon US (2001) Measurement of urinary con-
centration: a critical appraisal of methodologies. Pediatr Nephrol 
Berl Ger 16:374–382. https ://doi.org/10.1007/s0046 70000 551

 22. Levey AS, Bosch JP, Lewis JB et al (1999) A more accurate 
method to estimate glomerular filtration rate from serum creati-
nine: a new prediction equation. Modification of Diet in Renal 
Disease Study Group. Ann Intern Med 130:461–470

 23. Türk C, Petřík A, Sarica K et al (2016) EAU guidelines on inter-
ventional treatment for urolithiasis. Eur Urol 69:475–482. https 
://doi.org/10.1016/j.eurur o.2015.07.041

 24. Tarplin S, Monga M, Stern KL et al (2016) Predictors of reporting 
success with increased fluid intake among kidney stone patients. 
Urology 88:49–56. https ://doi.org/10.1016/j.urolo gy.2015.10.024

 25. Parks JH, Coe FL (1986) A urinary calcium-citrate index for the 
evaluation of nephrolithiasis. Kidney Int 30:85–90

 26. Perrier ET, Buendia-Jimenez I, Vecchio M et  al (2015) 
Twenty-four-hour urine osmolality as a physiological index of 
adequate water intake. Dis Markers 2015:231063. https ://doi.
org/10.1155/2015/23106 3

 27. Armstrong LE, Johnson EC, McKenzie AL, Muñoz CX (2016) An 
empirical method to determine inadequacy of dietary water. Nutr 
Burbank Los Angel Cty Calif 32:79–82. https ://doi.org/10.1016/j.
nut.2015.07.013

 28. Agostoni (2010) Scientific opinion on dietary reference values for 
water. EFSA J 8:1459. https ://doi.org/10.2903/j.efsa.2010.1459

Publisher’s Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1152/ajpregu.1993.264.3.R469
https://doi.org/10.1152/ajpregu.1993.264.3.R469
https://doi.org/10.1007/s004670000551
https://doi.org/10.1016/j.eururo.2015.07.041
https://doi.org/10.1016/j.eururo.2015.07.041
https://doi.org/10.1016/j.urology.2015.10.024
https://doi.org/10.1155/2015/231063
https://doi.org/10.1155/2015/231063
https://doi.org/10.1016/j.nut.2015.07.013
https://doi.org/10.1016/j.nut.2015.07.013
https://doi.org/10.2903/j.efsa.2010.1459

	Urine osmolality predicts calcium-oxalate crystallization risk in patients with recurrent urolithiasis
	Abstract
	Introduction
	Materials and methods
	Subjects
	Urinary collection and analysis
	Statistical analysis

	Results
	Discussion
	References




