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Abstract

Background—Maintaining high water intake reduces kidney stone recurrence, but is difficult to 

do. Strategies to reduce stone recurrence among adolescents are lacking.

Methods—We conducted an ecological momentary assessment study to identify factors 

associated with water intake among 25 adolescents with nephrolithiasis. Over 7-days, participants 

used smart bottles to self-monitor water intake and received questionnaires randomly four times 

daily that were completed in real-time on mobile devices. The questionnaires ascertained 

awareness of water intake volume, awareness of water intake goals, perceived need to drink, 

access to water, alternative beverage consumption, and attitudes towards bathrooms. Linear mixed-

effects models were fit to estimate the association between momentary responses and daily water 

intake.

Corresponding Author: Gregory Tasian, Children’s Hospital of Philadelphia, Division of Urology, Wood Center, 3rd Floor, 34th 

Street & Civic Center Blvd, Philadelphia, PA 19104, Phone: 215.590.0317, tasiang@chop.edu. 

HHS Public Access
Author manuscript
J Urol. Author manuscript; available in PMC 2020 March 01.

Published in final edited form as:
J Urol. 2019 March ; 201(3): 606–614. doi:10.1016/j.juro.2018.07.064.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Results—Over 175 person-days, 595 (85%) assessments were completed. Median daily water 

intake was 1304mL (IQR 848–1832); 20% of participants met their intake goal for ≥4 days. 

Unawareness of water intake volume was associated with drinking 690mL less water a day 

(p=0.04). A strong self-perceived need to drink more was associated with drinking 1954 mL less 

water each day compared to no need to drink more (p<0.01). Unawareness of intake goals was 

weakly associated with drinking 1129 mL less water each day(p=0.1). Access to water, alternative 

beverage consumption, and bathroom aversion were not associated with water intake.

Conclusions—Unawareness of water volume consumed and low responsiveness to the perceived 

need to drink more were associated with low water intake. Interventions that help adolescents 

recognize when and identify how to increase water intake may be effective in reducing stone 

recurrence.
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Introduction

Kidney stone (nephrolithiasis), which results in annual healthcare costs exceeding $10 

billion, is associated with increased risks of chronic kidney disease and fracture.1 Since the 

1990s, the prevalence of nephrolithiasis in the United States has increased by 70%.2 The 

greatest increases have been observed among adolescents, among whom the incidence 

doubled between 1997 and 2012.3 For patients who develop nephrolithiasis in childhood, 

approximately 50% will have a symptomatic recurrence within three years.4 However, little 

is known about secondary prevention strategies to reduce stone recurrence among 

adolescents.

High fluid intake is associated with a decreased risk of incident and recurrent 

nephrolithiasis.5–7 Although guidelines do not recommend a specific fluid type to reduce 

recurrence, many beverages are unsuitable for adolescents (e.g. alcoholic beverages). 

Additionally, sugary drinks, the consumption of which is high amongst adolescents, increase 

urine calcium and have been associated with an increased risk of incident nephrolithiasis.8 

Water, therefore, is considered the ideal fluid to prevent stone recurrence in childhood. 

However, drinking enough water to decrease recurrence is difficult. Among adults with 

nephrolithiasis, the average increase in 24-hour urine volume after recommendations to 

maintain high fluid intake is only 300mL.9 Among children, 75% of 9–18 year olds have 

insufficient daily water intake.10

No studies have examined water drinking behaviors among adolescents with kidney stones. 

Identifying potential barriers and facilitators of water intake will inform strategies to 

decrease stone recurrence throughout the lifetime. We hypothesized that unawareness of 

water goals and aversion to bathrooms would be associated with lower water intake.
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Methods

Study Design and Population

We conducted an ecological momentary assessment (EMA) study to identify factors 

associated with daily water intake among adolescents with nephrolithiasis. EMA is a study 

design in which real-time data is collected in real-world environments at multiple points 

during the day. The study period was 7 consecutive days, a typical study period in EMA 

research11 that ensured coverage of weekdays and weekends.

Twenty-six patients aged 12–18 years with at least one prior kidney stone of any 

composition except stones caused by infection (e.g. struvite) were enrolled at visits to the 

Kidney Stone Center at The Children’s Hospital of Philadelphia between June 2016 and 

April 2017. To capture heterogeneity in time, temperature, and place, ≤7 participants 

completed the study during a 3-month season. We excluded patients who did not speak 

English, could not operate mobile devices, or who had conditions causing increased fluid 

loss (e.g. chronic diarrhea) or changes in dietary intake (e.g. gastric bypass).

As part of clinical care, patients had been provided a personalized daily water intake goal 

per National Academy of Medicine recommendations for adequate daily water intake (e.g. 
2,640mL for a 16-year-old boy).12 These recommendations, which consider water from food 

and other beverages, were used as the daily goal because higher than adequate fluid intake is 

needed to maintain urine volume sufficient to decrease recurrence risk and specific 24-urine 

volumes guidelines do not exist for pediatric patients.13 We did not include a wash-in period 

in order to best capture the natural variation in water intake that occurs after these 

recommendations. This study was approved by the local institutional review board.

Ecological Momentary Assessments

We developed a 2-minute EMA questionnaire (LifeData)14 that assessed: 1) awareness of 

water intake volume, 2) awareness of water intake goals, 3) perceived need to drink, 4) 

access to water, 5) alternative beverage consumption, and 6) attitudes towards bathrooms 

(Appendix). We tested the face validity, comprehensiveness, and interpretability of the 

questionnaire among 10 adolescents with nephrolithiasis, and revised it based on their 

feedback.

During the 7-day study period, prompts to complete the EMA questionnaire were sent to 

participants’ mobile devices at random times four times daily. Participants completed the 

assessments on their mobile devices and had 45 minutes to complete the assessment after 

receiving the prompt in order to allow participants to respond on a break if they received the 

prompt during class.14 Participants completed baseline and end-of-study questionnaires. We 

requested permission for study participation during school. Participants received $100 if 

they completed ≥85% of the EMAs.

Outcomes

The primary outcomes were daily water intake volume (mL) and the proportion of the 

personalized daily water intake goal met (%), which normalizes water intake across age and 
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sex. The secondary outcome was meeting the daily intake goal ≥4 days. Participants were 

provided a smart bottle (HidrateSpark) to measure water intake. HidrateSpark allows 

accurately measures fluid intake through real-time data transfer to mobile devices.15 

Participants were instructed to drink all water from the bottle during the study period. 

Participants recorded the volume and timing of water not consumed from HidrateSpark 

using the mobile device app. Participants were allowed to drink other beverages, but the 

volume of alternative beverages was not measured.

Statistical Analysis

We used linear mixed-effects models to estimate the association between EMA domains and 

daily water intake. We fit separate models for each domain, using water volume consumed 

since the previous prompt as the outcome. Each model included a random intercept for each 

patient and adjusted for age, sex, prior kidney stone surgery, prior kidney stone passage, 

weekday indicator, and time of prompt (morning, noon, afternoon, evening). For models 

assessing awareness, interaction terms for prior stone surgery and stone passage were 

included to evaluate whether these events modified the association between awareness of 

intake volume, awareness of intake goals, and actual water intake.

Because the outcome of clinical interest was daily water intake, we used the results of the 

mixed-effects models to evaluate differences in daily water intake between the levels of 

agreement for each EMA domain (Appendix). Model coefficients were used to estimate 

water intake volume since the last prompt and summed within days to obtain daily volume 

estimates for each patient. We assumed participants responded to every questionnaire and 

were followed for the entire week. Under these conditions, we estimated daily water intake 

assuming the whole cohort was exposed and then assuming the whole cohort was not 

exposed (i.e. responded the same way to each EMA question). In this way, we compared 

average daily water intake, proportion of the daily water goal met, and the proportion of 

individuals meeting their daily water intake goals ≥4 days by exposure groups. We thus 

obtained a distribution of daily water volumes for each person assuming they always 

responded affirmatively to each response option. We performed a sensitivity analysis 

excluding manually-added water volume. P-value <0.05 was the threshold for statistical 

significance. Analyses were performed in R v3.3.3.

Results

Patient Characteristics

Twenty-five of 26 participants enrolled had analyzable data and were followed for 175 

person-days. One participant’s device did not reliably sync with HidrateSpark and was thus 

excluded. The response rate to the EMA prompts was 85% (595/700).

Median daily water intake was 1304mL (IQR 848–1832) and the median proportion of the 

daily water goal met was 66% (IQR 32–98%). Five participants (20%) met their water goal 

≥4 days. The median daily water intake of participants who did and did not meet their water 

goal ≥4 days was 2698mL and 1175mL, respectively (Table 1). Most water consumption 

occurred in the early afternoon and evening, with similar daily intake across the study period 
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(Figure 1; Appendix). There was no evidence that EMA prompts increased water intake, 

with sips equally distributed before and after the prompt (Appendix).

Patient factors and water intake

Participants who had prior stone surgery drank an estimated 941mL more per day than those 

who never had surgery (95% CI: 162–1721). Kidney stone passage was not associated with 

higher daily water intake (difference 404mL; 95% CI: −437–1318).

Participants who reported unawareness of water intake volume drank an estimated 690mL 

less water each day than who were strongly aware (p=0.04; Figure 2). Prior kidney stone 

surgery or passage did not modify the association between awareness of water intake and 

water intake (p=0.1 for surgery interaction, p=0.61 for passage interaction).

Participants who reported strong self-perceived need to drink more consumed an estimated 

1954mL less water each day than those who reported no need to drink more (p<0.01; Figure 

3). Unawareness of intake goals was weakly associated with lower water intake (p=0.1; 

Figure 4). We could not examine interactions between awareness of intake goals and prior 

surgery or stone passage because all participants who had surgery or passed a stone reported 

knowing how much they were supposed to drink. Access to water, alternative beverage 

consumption, and aversion to nearby bathrooms were not associated with water intake 

(Appendix). The results did not change after excluding water not consumed from 

HidrateSpark.

In the 8 assessments during which respondents reported being thirsty but unwilling to drink 

the water nearby, the reason most commonly reported was water not being cold (n=5; 63%). 

The remainder reported the water or water source was dirty/gross (n=3; 38%). An alternative 

beverage was consumed in 27% of assessment periods.

Post-study evaluation (Appendix)

Most participants (82%) agreed or strongly agreed that the smart bottle was easy to use and 

helped them drink water and 79% had the bottle with them at the time of the EMA prompt. 

The interventions that participants reported would have increased their water intake were: 

preventing another kidney stone (86%), financial incentive (45%), and reaching their 

personal water goal (41%). Only 14% reported that scolding would improve adherence.

Discussion

In this study, the median proportion of the daily water intake goal met was 66% and the 

median daily water intake of 1304mL was less than the daily goal for even the youngest 

participants. Despite provision of water intake goals, education about the importance of 

water, and providing a smart bottle, only 20% of participants met their daily goal for most of 

the study period, suggesting that knowledge and self-monitoring of water intake alone are 

insufficient to change behavior. We found that momentary unawareness of the amount of 

water consumed was associated with lower total daily water intake and lower achievement of 

water intake goals. In addition, adolescents reporting a strong need to drink more consumed 

less water. This result suggests that there is a disconnect between understanding the benefits 
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of water intake and responding appropriately. Contrary to our hypotheses, we found no 

evidence that aversion to bathrooms and alternative beverage consumption (surprising low in 

this population) were associated with water intake. These findings have relevance to 

developing strategies to maintain high water intake to decrease kidney stone recurrence.

The shift of the onset of nephrolithiasis to childhood presents substantial challenges and 

opportunities to decrease the lifetime burden of kidney stone disease. Adolescents will likely 

experience more recurrent stone events than those who develop nephrolithiasis as adults. 

However, adolescents also may be more receptive to changing behaviors, such as increasing 

water intake, that decrease stone recurrence.16 Insufficient water intake is a common risk 

factor for nephrolithiasis, with most adult patients neither meeting urine output goals nor 

substantially increasing fluid intake despite education of its benefits.9 Barriers to 

maintaining high fluid among adults with nephrolithiasis include not understanding the 

benefits of fluid intake, not remembering to drink, and desire not to void frequently.17 Our 

results indicate that unawareness of water volume consumed and low responsiveness to the 

perceived need to drink more are barriers for maintaining high water intake among 

adolescents with nephrolithiasis.

These unique barriers may be due to differences in cognitive control, decision making 

processes,18 and daily activities. These differences may also be due to features of our study 

design that allowed us to more accurately ascertain factors in daily lives associated with 

water intake. First, we used EMA to assess patients’ awareness and attitudes, which change 

over the course of the day. The focus on momentary assessment—collecting data about what 

is going on at the moment or over the recent past—provides advantages over interviews or 

surveys, by overcoming recall bias and allowing for the understanding of how time, context, 

and place influences behaviors. Second, we used a smart bottle to measure water intake. 

This method, which was highly endorsed by participants, accurately measured the volume 

and timing of water intake, and eliminated recall and misclassification bias.

These results can be used to design interventions that increase self-awareness of water intake 

and improve responses to the perceived (correct) need to drink more water. Financial 

incentives to meet daily fluid intake goals could potentially increase awareness of water 

consumed.19 Financial incentives leverage present bias (tendency to focus on the present and 

heavily discount the future) through regular, ongoing positive reinforcement, thereby 

shifting focus from a possible future event (stone recurrence) to an immediately achievable 

goal.20 Financial incentives have improved glucose monitoring adherence among 

adolescents21 and smoking cessation and weight loss among adults.22, 23 Social incentives 

(e.g. competition to achieve intake goals) operate similarly. However, such incentives alone 

may be insufficient to maintain high fluid intake over the lifetime since behaviors may 

reverse after incentives are withdrawn.24 Problem-solving skills training may be an 

important adjuvant to education and financial incentives, and has been shown to increase 

fluid intake for younger children with constipation,25 weight loss among women,26 and 

medication adherence among adolescents with inflammatory bowel disease.27 Problem-

solving that helps patients identify when and how to increase water intake (e.g. identification 

of individual barriers to water intake and development of feasible solutions to overcome 

them) may be particularly effective in helping adolescents respond appropriately to the self-
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perceived need to drink more. The efficacy of financial incentives and problem solving in 

maintaining high fluid intake to decrease stone recurrence are being tested in the ongoing 

Prevention of Urinary Stones with Hydration (PUSH) trial conducted by NIDDK-supported 

Urinary Stone Disease Research Network.28 Pending these results, the results from this 

study support counseling patients that they should be aware how much they actually drink 

each day and should respond to the need to drink more.

Strengths of the study include high completion of momentary assessments, consistent with 

prior EMA studies.29 We also had excellent retention, which is likely due to the short, but 

intensive, evaluation period for EMA studies,30 use of short assessments, and appeal of 

technology to adolescents. Limitations include the possibility that EMA responses did not 

accurately reflect participants’ states throughout the period over which water consumption 

was measured. Second, participants knew their water consumption was being measured and 

that the purpose of the EMA prompts was to identify factors associated with water intake. 

However, we did not observe tapering of water intake over the one-week study period, which 

suggests any Hawthorne effect was minimal. Additionally, participants generally did not 

drink a lot of water and there was no evidence that prompts acted as a reminder to drink 

water. Third, we only measured water intake and did not account for fluid volume 

contributed by alternative beverages or foods. Future studies are needed to identify the 

optimal fluid intake program for adolescents with nephrolithiasis. We also did not measure 

urine output, which mediates the effect of high fluid intake on stone recurrence. Finally, 

larger samples and longer assessment periods are needed to increase generalizability and to 

explore how prior experiences such at the time since the stone event may modify water 

intake.

Conclusions

Among adolescents with nephrolithiasis, unawareness of water volume consumed and low 

responsiveness to the perceived need to drink more were associated with low water intake. 

Future trials should test whether interventions that help adolescents recognize when and 

identify how to increase water intake decrease kidney stone recurrence.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Mean daily water intake for each day of the 7-day study period, by participant.
Each light grey line represents an individual participant. The dark grey line is the mean daily 

water intake for the 25 participants. Mean daily water intake for the entire cohort was similar 

across the study period with no observable differences between weekday and weekend days.
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Figure 2. Association between awareness of amount of water consumed and daily water intake.
Linear mixed-effects models were used to determine the association between momentary 

awareness of water intake volume on a Likert scale and daily water intake. Models included 

a random intercept for each patient and adjusted for age, sex, weekday indicator, time of 

prompt (morning, noon, afternoon, evening), and prior kidney stone passage or surgery. We 

assumed every participant always responded affirmatively to each level of agreement with 

the statement: “I know how many glasses of water I have drunk today (or how many bottles 

of HidrateSpark I have drunk today.” to estimate daily water intake, proportion of daily 

water goal met, and proportion of participants who met the daily water goal ≥4 days. The 

histograms represent the frequency of estimated daily water intake volume for each level of 

agreement. The reported differences and p-values reflect comparisons of estimated daily 

water intake for each level of agreement with “disagree”.
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Figure 3. Association between perceived need to drink more and daily water intake.
Linear mixed-effects models were used to determine the association between momentary 

perceived need to drink more on a Likert scale and daily water intake. Models included a 

random intercept for each patient and adjusted for age, sex, weekday indicator, time of 

prompt (morning, noon, afternoon, evening), and prior kidney stone passage or surgery. We 

assumed every participant always responded affirmatively to each level of agreement with 

the statement: “I need to drink more water than I have today.” to estimate daily water intake, 

proportion of daily water goal met, and proportion of participants who met the daily water 

goal ≥4 days. The histograms represent the frequency of estimated daily water intake 

volume for each level of agreement. The reported differences and p-values reflect 

comparisons of estimated daily water intake for each level of agreement with “disagree”.

Tasian et al. Page 13

J Urol. Author manuscript; available in PMC 2020 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. Association between awareness of water intake goals and daily water intake volume.
Linear mixed-effects models were used to determine the association between momentary 

awareness of daily water intake goals on a Likert scale and daily water intake. Models 

included a random intercept for each patient and adjusted for age, sex, weekday indicator, 

time of prompt (morning, noon, afternoon, evening), and prior kidney stone passage or 

surgery. We assumed every participant always responded affirmatively to each level of 

agreement with the statement: “I know how much water I am supposed to drink today.” to 

estimate daily water intake, proportion of daily water goal met, and proportion of 

participants who met the daily water goal ≥4 days. The histograms represent the frequency 

of estimated daily water intake volume for each level of agreement. The reported differences 

and p-values reflect comparisons of estimated daily water intake for each level of agreement 

with “disagree”
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Table 1:

Characteristics of Participants Who Did and Did Not Achieve Daily Water Intake Goals for ≥4 days

Characteristic
Overall
N=25

Met Goal
N=5

Did Not Meet Goal
N=20

Daily water intake, median (IQR) 1304 (848, 1832) 2698 (1928, 3116) 1175 (694, 1498)

Age, median (IQR) 16 (15, 17) 16 (16, 17) 16 (15, 17)

Sex, No. (%)

 Female 15 (60) 4 (80) 11 (55)

 Male 10 (40) 1 (20) 9 (45)

Race, No. (%)

 Black 3 (12) - 3 (15)

 White 22 (88) 5 (100) 17 (85)

Ethnicity, No. (%)

 Missing 4 (16) - 4 (20)

 Non-Hispanic 21 (84) 5 (100) 16 (80)

BMI, median (IQR) 22 (19, 26) 27 (18, 27) 22 (20, 24)

Family encourage water intake, No. (%)

 Always 10 (40) 2 (40) 8 (40)

 Neutral 1 (4) - 1 (5)

 Never 1 (4) - 1 (5)

 Often 8 (32) 2 (40) 6 (30)

 Sometimes 5 (20) 1 (20) 4 (20)

Prior kidney stone passage, No. (%)

 No 6 (24) 1 (20) 5 (25)

 Yes 19 (76) 4 (80) 15 (75)

Prior kidney stone surgery, No. (%)

 No 17 (68) 1 (20) 16 (80)

 Yes 8 (32) 4 (80) 4 (20)

Sports participation, No. (%)*

 No 11 (44) 3 (60) 8 (40)

 Yes 14 (56) 2 (40) 12 (60)

Believes drinking water prevents kidney stones, No. (%)

 Disagree/strongly disagree 1 (4) - 1 (5)

 Neutral 4 (16) 2 (40) 2 (10)

 Strongly agree/agree 20 (80) 3 (60) 17 (85)

*
Sports participation was not classified into organized sports, any sports participation, or whether they were actively participating at the time of the 

EMA study.
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