
SODIUM AND RELATED MINERAL INTAKE IN CHRONIC DISEASE 

by 

Andrea J. Lobene 

 

A Dissertation 

Submitted to the Faculty of Purdue University 

In Partial Fulfillment of the Requirements for the degree of 

 

Doctor of Philosophy 

 

 

Department of Nutrition Science 

West Lafayette, Indiana 

May 2020 

  



 

 

2 

THE PURDUE UNIVERSITY GRADUATE SCHOOL 

STATEMENT OF COMMITTEE APPROVAL 

Dr. Kathleen Hill Gallant, Chair 

Department of Nutrition Science 

Dr. Regan Bailey 

Department of Nutrition Science 

Dr. George McCabe 

Department of Statistics 

Dr. Nana Gletsu-Miller 

Department of Applied Health Science, Indiana University 

 

Approved by: 

Dr.  Amanda H. Seidl 

 

 



 

 

3 

To my major professor, Dr. Kathleen Hill Gallant.  

Thank you for your guidance, mentorship, and support throughout this process.  

Thank you for fighting for me, for instilling your passion for nutrition research, for serving as a 

role model for women in academia, and for reminding me why I wanted to do this. 

This would not have been possible without you. 



 

4 

ACKNOWLEDGMENTS 

To my major professor, Dr. Hill Gallant, and all my committee members, Dr. Regan Bailey, Dr. 

George McCabe, and Dr. Nana Gletsu-Miller—thank you for your continued support, your 

advice, and your encouragement. You all have been incredibly helpful to me, both individually 

and as a group. I have learned so much from all of you. I could not have asked for a better 

committee to guide me through the PhD process.  

 

To others who have provided help and support: Linda McCabe, statistical wizard; Dr. Sharon 

Moe, my CTSI fellowship co-mentor; and Amy Wright, menu planning wizard and friend—

thank you all for your help. Your support and kind words are sincerely appreciated. 

 

To all my officemates, labmates, and all the other friends I have made over the past four years—

thank you. This has been a long journey, but we had a lot of laughs and made a lot of memories 

together along the way. Thank you for reminding me to take breaks and goof off once in a while. 

I know I will leave here with friendships and memories that will last a lifetime. 

 

Lastly, thank you to all of my family and friends who have supported me especially my parents 

and my boyfriend, Jake. Mom and Dad, thank you for supporting me on my path to becoming a 

“professional student.” Thank you for your love, your support, and for reminding me that there is 

more to life than work. To Jake, thank you for being there for me through the ups and downs. 

Thank you for supporting me, encouraging me, and being my adventure buddy. I look forward to 

many more adventures together.  

 



 

5 

TABLE OF CONTENTS 

LIST OF TABLES .......................................................................................................................... 8 

LIST OF FIGURES ........................................................................................................................ 9 

ABSTRACT .................................................................................................................................. 10 

CHAPTER 1: INTRODUCTION AND LITERATURE REVIEW ............................................. 11 

Sodium Functions, Intake, and Role in Chronic Disease........................................................... 11 

Sodium Physiology and Functions in the Body ..................................................................... 11 

Sodium Intake and Chronic Disease ...................................................................................... 13 

Common Methods for Estimating Sodium Intake ................................................................. 16 

Spot Urine Estimates of Sodium Intake ..................................................................................... 17 

Estimating 24-hour Urinary Sodium Excretion from Spot Urine Samples ........................... 17 

Spot Urine Sodium Excretion Compared to Intake ............................................................... 19 

Timing of Spot Urine Sample Collection .............................................................................. 21 

Spot Urine Sodium Estimates at the Population vs. Individual Level ................................... 23 

Spot Urine Sodium Estimates in Diseased Populations ........................................................ 24 

Gaps in the Literature: Children and Non-White Races ........................................................ 26 

Potassium Function, Intake, and Roles in Chronic Disease....................................................... 27 

Potassium Physiology and Functions in the Body ................................................................. 27 

Potassium Intake and Chronic Disease .................................................................................. 27 

Methods of Estimating Potassium Intake .............................................................................. 30 

Phosphorus Functions, Intake, and Role in Chronic Disease .................................................... 31 

Phosphorus Physiology and Functions in the Body .............................................................. 31 

Phosphorus Intake and Chronic Disease................................................................................ 31 

Methods of Estimating Phosphorus Intake ............................................................................ 33 

Importance of Measuring Sodium, Potassium, and Phosphorus Intake..................................... 34 

References .................................................................................................................................. 35 

CHAPTER 2: COMPARING ESTIMATED 24-HOUR URINARY SODIUM EXCRETION 

AGAINST ACTUAL SODIUM INTAKE USING A CONTROLLED FEEDING STUDY IN 

NORMOTENSIVE ADULTS ...................................................................................................... 52 

Abstract ...................................................................................................................................... 52 



 

6 

Introduction ................................................................................................................................ 53 

Methods...................................................................................................................................... 54 

Study Design and Participants ............................................................................................... 54 

Controlled Diets ..................................................................................................................... 55 

Urine Collection and Biochemical Analyses ......................................................................... 56 

Statistical Analysis ................................................................................................................. 57 

Results ........................................................................................................................................ 57 

Discussion .................................................................................................................................. 62 

References .................................................................................................................................. 65 

CHAPTER 3: SPOT URINE SAMPLES TO ESTIMATE SODIUM AND POTASSIUM 

INTAKE IN PATIENTS WITH CKD AND HEALTHY ADULTS: A SECONDARY 

ANALYSIS FROM A CONTROLLED FEEDING STUDY ...................................................... 71 

Abstract ...................................................................................................................................... 71 

Introduction ................................................................................................................................ 72 

Methods...................................................................................................................................... 73 

Study Design and Participants ............................................................................................... 73 

Diet Analyses ......................................................................................................................... 74 

Urine Sample Analyses .......................................................................................................... 74 

Statistical Analyses ................................................................................................................ 75 

Results ........................................................................................................................................ 76 

Baseline and Descriptive Characteristics ............................................................................... 76 

Agreement Between Sodium Intake, 24hUNa, and e24hUNa .............................................. 77 

Agreement Between Potassium Intake, 24hUK, and e24hUK .............................................. 81 

Discussion .................................................................................................................................. 82 

Practical Application .................................................................................................................. 85 

References .................................................................................................................................. 85 

CHAPTER 4: SPOT URINE SAMPLES TO ESTIMATE PHOSPHORUS INTAKE IN CKD 

PATIENTS: A SECONDARY ANALYSIS FROM A CONTROLLED FEEDING STUDY .... 91 

Abstract ...................................................................................................................................... 91 

Introduction ................................................................................................................................ 92 

Methods...................................................................................................................................... 93 



 

7 

Results ........................................................................................................................................ 94 

Discussion .................................................................................................................................. 96 

Practical Application .................................................................................................................. 98 

References .................................................................................................................................. 98 

CHAPTER 5: DISCUSSION ...................................................................................................... 101 

Summary and Synthesis ........................................................................................................... 101 

Spot Urine Samples for Estimating Sodium Intake in Normotensive Adults ..................... 101 

Spot Urine Samples for Estimating Sodium and Potassium Intake in Patients with CKD and 

Healthy Adults ..................................................................................................................... 102 

Spot Urine Samples for Estimating Phosphorus Intake in Patients with CKD ................... 102 

Strengths and Limitations ........................................................................................................ 103 

Future Directions ..................................................................................................................... 104 

Conclusions .............................................................................................................................. 105 

References ................................................................................................................................ 105 

APPENDIX A: PROTOCOLS ................................................................................................... 109 

APPENDIX B: SAS CODE FOR CHAPTERS 3 AND 4 .......................................................... 117 

APPENDIX C: INDIANA CLINICAL AND TRANSLATIONAL SCIENCES INSTITUTE 

(CTSI) POSTER PRESENTATIONS ........................................................................................ 121 

VITA ........................................................................................................................................... 123 

  



 

8 

LIST OF TABLES 

Table 1.1 Prediction equations developed for estimating 24-hour urinary sodium excretion ...... 19 

Table 2.1 Sodium content in controlled diet by kcal level and study day .................................... 56 

Table 2. 2 Baseline Descriptive Characteristics ........................................................................... 58 

Table 2.3 Correlations between measured 24hUNa and e24hUNa from the INTERSALT, 

Tanaka, and Kawasaki equations .................................................................................................. 61 

Table 3.1 Baseline characteristics of study participants ............................................................... 77 

Table 3.2 Correlations between intake, measured 24h mineral excretion, and estimated 24h 

mineral excretion for sodium and potassium ................................................................................ 79 

Table 4.1 Baseline characteristics of participants ......................................................................... 95 

 

 

  



 

9 

LIST OF FIGURES 

Figure 2.1 Summary of study timeline. .........................................................................................55 

Figure 2.2 Pattern of urinary sodium excretion throughout the day in all participants .................59 

Figure 2.3 Comparison of e24hUNa, measured 24hUNa, and sodium intake on day 4. Bars 

represent mean ± SEM. ................................................................................................................. 60 

Figure 3.1 Relationship between sodium intake, measured 24hUNa, and estimated 24hUNa in A) 

all participants and B) CKD participants only .............................................................................. 78 

Figure 3.2 Agreement between sodium intake and e24hUNa from A) INTERSALT equation in 

all participants, B) Tanaka equation in all participants, C) Nerbass-RRID equation in CKD 

participants, and D) Nerbass-SALTED equation in CKD participants. ....................................... 80 

Figure 3.3 Comparison of potassium intake, measured 24hUK, and 24hUK from the Tanaka 

equation in all participants ............................................................................................................ 81 

Figure 3.4 Agreement between potassium intake and e24hUK using the Tanaka equation in all 

participants. ................................................................................................................................... 82 

Figure 4.1 Relationship between phosphorus intake, measured 24hUP, and estimated 24hUP 

from the Robinson-Cohen equation .............................................................................................. 95 

Figure 4.2 Agreement between phosphorus intake and e24hUP using the Robinson-Cohen 

equation. ........................................................................................................................................ 96 

 

  



 

10 

ABSTRACT 

 The intake of sodium, potassium, and phosphorus has important implications for chronic 

disease risk. Excess sodium intake is shown to be associated with elevated blood pressure, which 

in turn is a risk factor for cardiovascular disease (CVD) and chronic kidney disease (CKD). 

Potassium intake, on the other hand, is shown to be beneficial for lowering blood pressure and 

reducing the risk of CVD and CKD. Once an individual develops CKD, they experience 

alterations in mineral metabolism, especially phosphorus, and must closely monitor mineral 

intake and biochemical laboratory values in order to avoid complications. Thus, monitoring 

mineral intake is important in both healthy and CKD individuals in both research as well as 

clinical practice settings. It is therefore also important to have a method for estimating mineral 

intake that is both accurate as well as easy to administer. Two commonly used methods are self-

report and 24-hour urinary mineral excretion. however, both methods have pros and cons. An 

alternative option that has been explored for all three minerals of interest is to collect a spot urine 

sample, then use one of several published equations to calculate an estimate of 24-hour urinary 

mineral excretion. While this method is relatively easy to administer, much remains unexplored 

regarding the accuracy of estimated 24-hour mineral excretion. My aim for my dissertation was 

to explore how estimated 24-hour sodium (e24hUNa), potassium (e24hUK) and phosphorus 

(e24hUP) compared to true mineral intake in healthy participants as well as those with CKD. We 

conducted secondary analyses from two controlled feeding studies, in which true mineral intake 

was known. Our results show that e24hUNa and e24hUK are not reliable indicators of true 

sodium and potassium intake, respectively, in healthy participants nor those with CKD, and 

e24hUP is not a reliable indicator of phosphorus intake in CKD participants. Though these 

findings should be confirmed by larger studies, these findings suggest that currently available 

equations may need to be revised and estimated 24-hour mineral excretion from spot urine 

samples should be interpreted with caution.  
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CHAPTER 1: INTRODUCTION AND LITERATURE REVIEW 

 Cardiovascular disease (CVD) and chronic kidney disease (CKD) are two chronic 

diseases of major public health concern both in the U.S. and globally. Dietary factors are 

important contributors to the development and progression of both diseases, and sodium, 

potassium, and phosphorus are three minerals of particular concern. Understanding the 

physiological mechanisms underlying these diet-disease relationships, designing effective dietary 

interventions, and developing appropriate guidelines requires accurate and convenient methods 

for estimating sodium, potassium, and phosphorus intake. This chapter presents an overview of 

each mineral’s physiology, relationship to chronic disease risk, and available methods for 

estimating intake. 

Sodium Functions, Intake, and Role in Chronic Disease 

Sodium Physiology and Functions in the Body 

 Sodium is an essential nutrient whose primary function is to regulate fluid balance. 

Sodium resides primarily in the extracellular fluid (e.g. plasma) and is maintained within narrow 

limits—any alteration in plasma sodium concentration will trigger compensatory physiological 

mechanisms. Sodium is readily absorbed at the intestine and is excreted primarily in the urine. 

Sodium is absorbed in both the small (1) and large (2) intestine. Balance studies have shown that 

under normal circumstances, more than 97% of sodium consumed is absorbed, with small 

amounts excreted in the feces (3, 4). Under normal conditions when excessive sweating does not 

occur, minimal sodium is lost via sweat (4). Therefore, because sodium is readily absorbed and 

little is lost via sweat, the kidneys play a crucial role in maintaining plasma and body sodium 

balance (5). This is accomplished by regulating sodium excretion and water reabsorption. At the 

kidney, sodium is first filtered by the glomeruli and then may be reabsorbed in the proximal 

tubule and loop of Henle (6, 7). Evidence suggests that sodium retention and excretion may be 

racially dependent (4), and these racial disparities will be discussed later in this review. This 

regulation at the level of the kidney is important because sodium levels in the body must be 

maintained within very narrow limits (8).  
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Various factors have been shown to affect sodium excretion, with one of the main factors 

being sodium intake. When sodium intake is low, aldosterone and angiotensin II are increased, 

and sodium and water are reabsorbed, thus reducing sodium excretion (3).  When sodium intake 

is abruptly increased, these hormones are decreased, resulting in increased urinary sodium 

excretion (3). Thirst and vasopressin also increase when sodium intake is high, resulting in 

increased water intake and retention in order to maintain normal plasma osmolality (8). After 

about 3 days, sodium balance is restored, meaning sodium intake is matched by sodium excretion 

(3, 8). Given the important interplay between sodium and water in maintaining sodium balance, 

water intake is another factor that affects sodium excretion. Indeed, a significant positive 

association between hydration status and sodium excretion has been shown (9). Potassium intake 

has also been shown to promote natriuresis, which may have a protective effect against CVD 

(10, 11). Genetics also play a role in sodium homeostasis; for instance, the no-lysine kinase 1 

(WNK1) has been identified as a gene known to regulate sodium reabsorption and affect blood 

pressure response to dietary sodium intervention (12). Chronic diseases also affect normal 

sodium excretion, which will be discussed in more detail later in this paper.  

 Our understanding of sodium homeostasis has come from studies using radioisotopes of 

sodium as well as full balance studies. Older studies that used radioisotopes of sodium (22Na and 

24Na) found that exchangeable sodium in the body may be altered by changes in sodium intake 

(13), and changes in exchangeable sodium in the body are related to blood pressure (13, 14). 

Short-term balance studies have shown that 24-hour urinary sodium excretion represents about 

90% of sodium intake (15, 16). Recent ultra-long-term balance studies have allowed the 

characterization of long-term sodium balance (17, 18). In these studies, the researchers found 

that on fixed salt intakes, 90-95% of salt consumed was excreted in the urine on average, which 

is in line with previous literature. However, these studies altered our traditional understanding of 

sodium balance because 24-hour sodium excretion rarely matched that day’s intake due to 

rhythmic day-to-day variability in sodium excretion, even though intake was fixed. This 

rhythmicity in sodium excretion suggests that sodium accumulation and excretion may be 

regulated by a neuro-endocrine clock (8). This rhythmicity in sodium excretion, even with a 

constant intake, may affect our ability to characterize sodium intake from urinary sodium 

excretion. This limitation will be discussed later in the paper.  
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Sodium Intake and Chronic Disease  

Hypertension, a major risk factor for cardiovascular disease (CVD), is highly prevalent in 

the United States. A recent report from the American Heart Association found that 34% of 

American adults have hypertension (19). One nutrient that has been linked to increased blood 

pressure is sodium. While the exact mechanism by which sodium intake raises blood pressure is 

unclear, one widely accepted hypothesis is that increased sodium intake increases plasma sodium 

concentration, resulting in increased extracellular fluid volume and elevated blood pressure. 

Indeed, clinical studies have demonstrated an increase in plasma sodium concentration with 

large, sudden increases in sodium intake (20), and even acute increases in sodium intake have 

been shown to cause increased plasma sodium concentration and increased blood pressure (21). 

The resultant increase in extracellular volume, as well as the plasma sodium itself, exert a 

pressor effect, resulting in increased blood pressure (20). 

The link between sodium intake and blood pressure has been demonstrated in both 

epidemiological and clinical studies. Perhaps one of the most well-known international 

epidemiological studies aimed at assessing the relationship between electrolyte excretion (as a 

surrogate of intake) and blood pressure is the INTERSALT study. This study found significant 

positive associations between blood pressure and 24-hour urinary sodium excretion, and the 

linear slope of blood pressure with age was positively related to median 24-hour sodium 

excretion (22, 23). The relationship between sodium intake and blood pressure has been 

observed in clinical studies as well. Indeed, a meta-analysis of randomized controlled salt-

reduction trials found that a modest reduction in salt intake can significantly lower blood 

pressure (24). One study that was referenced in this meta-analysis was the DASH-Sodium Trial. 

The DASH-Sodium Trial was a randomized-controlled trial aimed at assessing the effect of three 

different levels of sodium intake, with both a control diet and the DASH diet, on blood pressure 

in adults (25). The results of this study showed that reducing sodium intake resulted in a 

significant reduction in those with and without hypertension, in all races, and in both men and 

women in a dose-dependent manner regardless of concurrent dietary pattern (26). These data 

together demonstrate the positive association between sodium intake and blood pressure, and the 

blood pressure lowering effects of reduced sodium intake.  

The vast body of evidence linking sodium intake to elevated blood pressure and CVD 

served as the foundation for establishing the Dietary Reference Intakes (DRIs) for sodium. The 
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first iteration of the sodium DRIs were published in 2005 and established an Adequate Intake 

(AI) of 1500 mg/d for young adults and a Tolerable Upper Intake Level (UL) of 2300 mg/d (27). 

The sodium DRIs were updated in 2019 to better align with current research findings (28). Prior 

to this update, a new category of DRI was established to accommodate the unique challenge of 

establishing an “upper limit” for sodium. The currently defined UL typically establishes a level 

above which an individual may experience acute toxicity effects. For sodium, research shows 

that excess intakes over a long period of time increase the risk of chronic disease—a paradigm 

that did not match any of the DRI categories. Thus, the “Guiding Principles” report defined the 

new Chronic Disease Risk Reduction Intakes (CDRR), the intake level below which the risk of 

chronic disease development is reduced (29). The 2019 updated sodium DRIs eliminated the UL 

and established the CDRR for sodium at 2300 mg/d based on a high strength of evidence 

suggesting that reducing sodium intake reduces blood pressure and subsequent risk of CVD (28).  

Despite the large body of evidence linking sodium to CVD, typical U.S. intakes of 

sodium exceed these recommended levels. A recent report from the American Heart Association 

found that the average consumption of sodium in adults is about 3.5 g/d, with less than 8% of 

adults consuming less than the 2300 mg/d limit (19). The 2015-2020 Dietary Guidelines for 

Americans reports similar findings, with usual intakes in males reaching up to 4500 mg/d, and 

reports that the main sources of dietary sodium are mixed dishes, protein foods, and grains (30). 

While some argue that modest sodium reduction is appropriate for all, others note that those at 

greatest risk will benefit the most from a reduction in sodium intake, such as older adults, blacks, 

and hypertensives (31). This sentiment is echoed in the 2015-2020 Dietary Guidelines for 

Americans, which recommend a sodium intake of < 1500 mg/d in those with hypertension (30).  

Aside from CVD, sodium intake has important implications for other chronic diseases, 

particularly chronic kidney disease (CKD). Hypertension is one of the most common underlying 

etiologies for CKD (32), and CKD in turn exacerbates hypertension (33). Ultimately, CVD is the 

number one cause of death in those with CKD and is even more common than progression to end 

stage kidney disease (32). Given the link between sodium intake and hypertension, it makes 

sense that this mineral would also be a risk factor for CKD. Indeed, increased sodium intake is 

associated with an increased risk of CKD (34), and in those who already have CKD, increased 

sodium intake is shown to be positively associated with CVD risk (35) and CKD progression 

(36). In clinical studies of CKD, reducing sodium intake is shown to be effective a reducing 
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blood pressure (37), and is also shown to reduce signs of kidney damage (38, 39). The 

importance of reducing sodium intake in CKD has been recognized by international 

organizations such as Kidney Disease|Improving Global Outcomes (KDIGO), which includes a 

recommendation to keep sodium intake below 2 g/day in their CKD clinical guidelines (40).  

 Though a large body of evidence supports the conclusion that reducing sodium intake is 

important for reducing chronic disease risk, there is also a body of evidence that suggests 

reducing sodium intake too much could also be harmful. Indeed, the findings of many 

epidemiological studies suggest that the relationship between sodium intake and disease risk is 

not linear, but actually J- or U-shaped. J- or U-shaped relationships have been observed when 

examining the relationship between sodium intake and risk of CVD event (41-44) and all-cause 

mortality (41, 44), and inverse linear relationships between sodium intake and risk of end-stage 

kidney disease have been observed (45). While these findings might call into question the dietary 

guidance and recommendations to reduce sodium intake, it is important to keep in mind that this 

evidence is largely observational and is likely influenced by reverse causality and the presence of 

comorbidities. Most importantly, recent analyses have shown that these J- or U-shaped findings 

may be largely due to inaccurate methods used to estimate sodium intake. Indeed, two recent 

analyses by He et al (46, 47) sought to debunk these studies by reanalyzing data from large 

cohort studies using the “inaccurate” method of estimating sodium intake as well as the “gold 

standard.” Both studies found that, when using the “inaccurate” method, the relationship between 

sodium intake and mortality was J-shaped, but when using the “gold standard” the relationship 

was positive and linear. These findings highlight the importance of using accurate methods for 

estimating sodium intake (and the intake of all nutrients) to properly characterize the relationship 

between dietary intake and chronic disease. This sentiment was echoed in a position statement 

published by the International Consortium for Quality Research on Dietary Sodium/Salt (TRUE), 

which advised against the use of a spot urine samples for estimating sodium intake, and instead 

recommends using multiple 24-hour urine collections (48). 

To further address the link between sodium intake and chronic disease, and to help in 

developing accurate dietary policies and clinical guidelines, we need an accurate, reliable, and 

low-burden method for assessing sodium intake. This remainder of this section will discuss the 

common methods of assessing sodium intake and will discuss the utility of spot urine samples as 

an alternative method for assessing sodium intake.  
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Common Methods for Estimating Sodium Intake 

Self-reported methods of assessing sodium intake, including dietary recall, diet records 

and food frequency questionnaires, are widely used both in research and in practice. While these 

methods are convenient, they are often inaccurate. Underreporting of intake, especially with diet 

records and dietary recall, is common (49). Self-reported methods are especially inaccurate in 

individuals with overweight and obesity because they are more likely to underreport their intake 

(49, 50). As an alternative to the traditional interviewer-administered 24-hour dietary recall, the 

USDA Automated Multiple-Pass Method was developed, which provides a more thorough, 

structured approach to collecting dietary recall data. While the accuracy of reported sodium 

intake using this method was found to be 93% and 90% in normal weight men and women, 

respectively, reporting accuracy was only 78% in obese subjects (50). This is problematic 

because estimating sodium intake is important for assessing disease risk, and obese individuals 

are at even greater risk for chronic disease compared to normal weight individuals.   

In addition to underreporting, self-reported intake may be inaccurate because it is 

difficult to quantify sodium content in foods prepared at restaurants, at home, and in processed 

and manufactured foods (49, 51). Discretionary salt use, or salt added at the table, as well as 

sodium in medications and tap water are also nearly impossible to quantify with these methods 

(49). Food Frequency Questionnaires (FFQs) may provide some benefit over diet records and 

diet recalls, but it is extremely difficult to quantify daily sodium intake with this method as well 

(49). Overall, self-reported methods have several noticeable limitations including intrinsic 

inaccuracy and difficulty in quantifying sodium content in foods and are therefore unable to 

provide an accurate estimate of sodium intake. This establishes the need for an alternative 

method for use in both research and in clinical practice.  

 Twenty-four-hour urine collections are another method commonly used to estimate 

sodium intake. Approximately 90% of ingested sodium is excreted in the urine over the same 

period (17, 49, 51). This means that nearly all sodium consumed, whether it is sodium in our 

food, sodium added at the table, or sodium in our medications, will appear in our urine, making it 

more advantageous for estimating intake than self-report. As a result, 24-hour urine collection is 

regarded as the gold standard for assessing intake (49, 51), and was shown to be feasible enough 

to be implemented in The National Health and Nutrition Examination Survey (NHANES) 2014 

in adults (52). Indeed, 24-hour urinary sodium excretion is often used as the standard to validate 
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other methods of assessing sodium intake, including diet questionnaires and diet records, in both 

adults and children (53-56). Twenty-four-hour urinary sodium excretion is a valid biomarker for 

assessing sodium intake in adolescents as well (57). Importantly, urinary sodium excretion has 

been shown to be associated with blood pressure, especially in hypertensives (58), and a 

reduction in 24-hour sodium excretion is associated with a reduction in blood pressure in 

hypertensives (59). This is important because it suggests that 24-hour urinary sodium excretion 

can be used as a marker of disease risk, much like sodium intake is used.  

Despite the advantages of using 24-hour urinary sodium excretion, this method is not 

without limitations. Collection of 24-hour urine is burdensome for participants, which could 

affect whether or not a complete collection is obtained (49, 51, 60). A recent review found that in 

population-based studies that use urinary sodium excretion to estimate intake, most studies had a 

response rate, or a rate of complete collections obtained, of approximately 40% (51). Because of 

the burden on participants and the prevalence of incomplete data collections, alternative methods 

of assessing sodium intake using urinary biomarkers have been explored.  

As an alternative to a 24-hour urine collection, the use of a single spot urine sample to estimate 

sodium intake has been explored. In contrast to the low response rate with a 24-hour urine 

collection, the response rate in studies that use spot urine samples is between 73-100% (3). The 

advantage of collecting a single spot urine sample rather than a 24-hour urine collection is that it 

is collected in a single encounter (49). This review will further discuss how spot urine samples 

are (or should be) used to estimate sodium intake, the strengths and limitations of using spot 

urine samples, and important gaps in the literature regarding their utility that still need to be 

filled. 

Spot Urine Estimates of Sodium Intake 

Estimating 24-hour Urinary Sodium Excretion from Spot Urine Samples 

Several studies have assessed the utility and accuracy of a single urine sample for 

estimating 24-hour urinary sodium excretion. A recent systematic review published in 2012 

explored 20 such studies (61). While the authors determined that the evidence on the use of spot 

urine for estimating 24-hour urinary sodium excretion is inconclusive due to the heterogeneity of 

outcomes and protocols, most studies discussed in the systematic review reported a positive 
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association between sodium in the spot urine sample and 24-hour urinary sodium excretion. 

More recent studies have been published that further explore the relationship between sodium in 

spot urine samples and 24-hour urinary sodium excretion at the population level. While some of 

these studies found that a spot urine sample can be a useful alternative for estimating 24-hour 

urinary sodium excretion (62, 63), others concluded that a spot urine sample is not accurate for 

estimating 24-hour sodium excretion (64). Though the evidence is still mixed, spot urine samples 

show promise as a practical alternative to a 24-hour urine collection.  

There are at least two possible explanations for the disparate findings on the utility of 

spot urine samples for predicting 24-hour urinary sodium excretion. First, sodium from a single 

urine sample must be put into the context of the daily urinary sodium excretion for interpretation 

(51). Not all studies have done this—many simply correlate sodium in the spot urine sample with 

sodium in the 24-hour urine collection. Correlations simply tell us if spot urine sodium is related 

to 24-hour sodium excretion and therefore do not contextualize sodium excretion. In order to 

quantitatively use spot urine sodium to predict 24-hour urine excretion, equations have been 

developed (62, 63, 65-72) as described in Table 1.1. One set of prediction equations were 

developed and validated from the INTERSALT study using western adults from North America 

and Europe (62, 73). Whereas some equations, such as Tanaka’s prediction equations, are shown 

to provide biased estimates of 24-hour sodium excretion (i.e. under- or over-estimating 24-hour 

excretion) (64), the INTERSALT equations have been shown to provide the least biased 

estimates of 24-hour excretion (73, 74). Therefore, the INTERSALT equations are some of the 

most widely used equations for estimating 24-hour sodium excretion. A second possible 

explanation for the disparate findings in the literature could be the differences in statistical 

methods used for comparison. Some studies use correlations to assess the relationship between 

spot urine samples, or 24-hour sodium excretion predicted from a spot urine sample, and actual 

24-hour sodium excretion. However, other studies assess agreement between the two measures 

using methods such as Bland-Altman analysis. This presents a major inconsistency in the 

literature because we cannot answer the same sort of research questions or draw the same type of 

conclusions with these different statistical analyses. Indeed, one study that utilized both 

correlation and Bland-Altman analysis to compare sodium in a 24-hour urine collection and a 

spot urine sample found that the samples were significantly correlated, but were not in agreement 

(75), indicating that correlation does not always indicate agreement in different urinary sodium 
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measurements. When exploring the utility of spot urine samples for estimating 24-hour 

excretion, future studies should utilize prediction equations and statistical methods that assess 

agreement in order to draw consistent and accurate conclusions.  

Table 1.1 Prediction equations developed for estimating 24-hour urinary sodium excretion 

Equation Mathematical Formula 

Urine 

Sample Population Reference 

Kawasaki  

Predicted 24hUNa= 

23*(16.3*XNa0.5),  

where XNa = {spot Na 

(mmol/L)/[spot Cr 

(mg/dL)*10]}*Pr24hCr (mg/d)1 

Second 

morning void 

Japanese 

adults 

Kawasaki et 

al 1993 

Tanaka 

Predicted 24hUNa= 

23*(21.98*XNa0.392), where XNa = 

{spot Na (mmol/L)/[spot creatinine 

(mg/dL)*10]}*Pr24hCr (mg/d)2 

Casual urine 

sample 

Japanese 

adults 

(Japanese 

INTERSALT) 

Tanaka et al 

2002 

INTERSALT 

Male: Predicted 24hUNa= 

23*{25.46 + [0.46*spot Na (mmol/L)] 

- [2.75*spot Cr (mmol/L)] –

[0.13*spot K (mmol/L)] + [4.10*BMI 

(kg/m2)] + [0.26*age (y)]} Casual urine 

sample 

North 

American and 

European 

adults 

Brown et al 

2013 
Female: Predicted 24hUNa= 

23*{5.07 + [0.34*spot Na (mmol/L)] - 

[2.16*spot Cr (mmol/L)] - [0.09*spot 

K (mmol/L)] + [2.39*BMI (kg/m2)] + 

[2.35*age (y)] – [0.03*age2 (y)]} 

Nerbass 

RRID 

Predicted 24hUNa (mmol/L) = -

68.625 + [weight (kg)*1.824) + [EM 

UNa (mmol/L)*0.482] 

Early 

morning void 

UK adults 

with CKD 

Nerbass et al 

2014 

Nerbass 

SALTED 

 

Male: Predicted 24UNa (g/day) = 

0.96 + (weight in kg x 0.03) + 

(sodium in the urine specimen in g/L x 

0.63) Second 

morning void 

Brazilian 

adults with 

CKD 

Nerbass et al 

2017 Female: Predicted 24hUNa (g/day) = 

0.15 + (weight in kg x 0.03) + 

(sodium in the urine specimen in g/L x 

0.63) 
 

 Spot Urine Sodium Excretion Compared to Intake 

In order to truly assess the utility of spot urine samples, it is necessary to understand not 

only how well they can predict 24-hour excretion, but how well this predicted sodium excretion 

is related to intake. However, few studies have assessed the relationship between sodium 
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excretion in a spot urine sample and sodium intake. A randomized, crossover, controlled feeding 

study by Luft et al (76) found strong correlations between sodium excretion in an overnight urine 

collection, or the period of collection between bedtime and waking, and 24-hour sodium 

excretion at varying levels of known intake. In this study, participants consumed a controlled diet 

with fixed sodium intake at three different levels for 7 days. They found a significant relationship 

between overnight urinary sodium excretion, 24-hour excretion, and intake. Luft and colleagues 

(77) recognized a limitation in their study design, which was the day-to-day variation in sodium 

intake in a free-living population and conducted a follow-up study to address this gap. In this 

study, participants consumed a controlled diet for 10 days in which the sodium intake was 

randomly varied each day. They found that mean 24-hour sodium excretion was highly 

correlated with mean intake over the 10 days, while mean overnight sodium excretion was 

weakly correlated with mean intake over the 10 days. On a randomly selected day, they also 

found significant correlations between that day’s sodium intake and both 24-hour sodium 

excretion and overnight sodium excretion. While both studies demonstrate a relationship 

between spot urine samples, 24-hour urine collection, and actual sodium intake, an important 

limitation of both studies is that the overnight urine sample was not put into the context of 24-

hour excretion (i.e. it was not used to predict 24-hour excretion). A more recent study utilized 

NHANES data to assess the trend in 24-hour sodium excretion in the U.S. over time using 

prediction equations developed from INTERSALT (strength), but with less robust random 

sampling of spot urines and estimates of sodium intake from a 24-hour dietary recall from the 

day before the sample was collected (78). They found weakly significant correlations between 

spot urine sodium concentrations and sodium intake, and moderate significant correlations 

between estimated 24-hour sodium excretion and sodium intake.  

 A major gap in the literature is the lack of studies connecting predicted 24-hour urinary 

sodium excretion to a known sodium intake. This is important because the purpose of collecting 

a spot urine sample is to ultimately use it to better understand sodium intake. There are a number 

of studies that have compared predicted 24-hour sodium excretion from a spot urine sample to 

actual 24-hour sodium excretion (49, 61, 62, 73, 74). In addition, many studies have compared 

actual 24-hour sodium excretion to sodium intake, though in some studies intake was assessed by 

self-report (17, 18, 53, 56). While some studies have compared predicted 24-hour sodium 

excretion to sodium intake, intake was estimated using self-report (78) which is known to be 



 

21 

inaccurate. Virtually no studies have connected the dots from spot urine samples to 24-hour 

sodium excretion to known sodium intake, likely because this can only be accomplished with a 

controlled feeding study. To our knowledge, only two studies conducted by the same research 

group have explored all three variables in the context of a controlled feeding study (76, 77). Both 

studies were discussed previously. While both studies demonstrated a relationship between spot 

urine sodium and known sodium intake, these studies had two major limitations: 1) the spot urine 

samples were not put into the context of 24-hour excretion (i.e. it was not used to predict 24-hour 

excretion), and 2) agreement between spot urine sodium and sodium intake was not truly 

assessed because correlations were used to assess the relationships between the two variables.  

Timing of Spot Urine Sample Collection 

The accuracy of spot urine samples for estimating intake may in part depend on the time 

of day that the sample is collected. An important limitation in the literature on spot urine samples 

is the lack of consistency in when a spot urine sample is collected. In studies that utilize spot 

urine samples for estimating sodium intake, methods for collecting samples are highly variable 

and may include overnight collection, casual spot urine collection, fasting urine collection, or a 

timed collection. Indeed, the meta-analysis by Ji and colleagues (61) discussed the heterogeneity 

in protocols and methods of urine sample collection in the studies they reviewed, which 

ultimately precluded a firm conclusion on the utility of spot urine samples for estimating 24-hour 

sodium excretion.  

 To date few studies have explored the ideal strategy for collecting a spot urine sample to 

most accurately estimate 24-hour sodium excretion. One study by Mann and colleagues (79) 

aimed to answer this question by comparing the sodium/creatinine ratio in spot urine samples 

collected as part of a 24-hour urine collection. In this study participants were instructed to collect 

a 24-hour urine sample, and as part of the collection they were asked to turn in three spot urine 

samples separate from the rest of their collection: an “AM” sample (i.e. the second morning void, 

or the second occasion of urination), a “PM” sample (i.e. an evening sample) and a random urine 

sample (i.e. collected at any time). Each spot urine sample was then used to predict 24-hour 

sodium excretion by adjusting for 24-hour creatinine excretion. They found that with the PM 

sample, but not with the random or AM samples, both the sodium/creatine ratio and the predicted 
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24-hour excretion were significantly correlated with actual 24-hour sodium excretion. These 

results indicate that the time of day that a urine sample is collected is important. 

Further studies have explored the variability in sodium excretion assessed using different 

timed spot urine samples. A study by Wang and colleagues (80) utilized a study design similar to 

that by Mann et al to assess the variability in timed spot urine samples collected as part of a 24-

hour urine collection. In this study, participants were instructed to collect their urine for 24-hour 

with each void collected in a new container. From each participant four timed collections were 

selected for analysis: a morning sample, an afternoon sample, an evening sample, and an 

overnight sample. They found that the sodium concentration in the overnight urine collection 

was significantly lower than the other timed collections. As a follow-up to this study, Cogswell 

and colleagues (74) found that the 24-hour excretion predicted from the overnight sample was 

generally lower than that predicted from the other timed collections, and the afternoon and 

evening samples provided a better approximation of actual 24-hour sodium excretion compared 

to the morning or overnight samples. Taken together, these data suggest that the time of day that 

a urine sample is collected is important and should be considered in designing a study using spot 

urine samples. Another follow-up study used each of these timed urine collections, in either one 

void or two void combinations, to estimate the population distribution of 24-hour sodium 

excretion (69). They found that the estimated usual distribution of 24-hour sodium excretion 

using two void combinations, regardless of which two voids were used, was more consistent with 

the observed usual distribution compared to estimates using one void. This finding is important 

because it may indicate that if spot urine samples are unable to be timed due to the nature of the 

study design, collecting two spot urine samples could still provide an accurate estimate of 24-

hour excretion.  

Importantly, no study has taken timing of meals into account when collecting spot urine 

samples. Given that most of the sodium consumed is excreted in the urine quickly, time of 

collection relative to the last meal is an important factor that should be considered in future 

studies. In addition, evidence has shown that urinary creatinine increases during the first few 

hours after a meal (81). This is important because creatinine is often used as a marker of a 

complete urine collection, and many equations used to predict 24-hour sodium excretion from a 

spot urine sample include creatinine as a variable in their models. Until studies consider both 
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time of day and timing of meals in their design, the ideal time is to collect a spot urine sample for 

the most accurate estimate of 24-hour sodium excretion cannot be determined.  

Spot Urine Sodium Estimates at the Population vs. Individual Level 

 While urinary sodium excretion is an accurate method for estimating sodium intake at the 

population level, much debate remains about the utility of urinary sodium excretion for 

estimating sodium intake at the individual level. The primary argument against using urinary 

samples to estimate intake at the individual level is the extreme variability in an individual’s 

sodium excretion from day to day. This variation could in part be due to variability in the amount 

of sodium consumed, as it has been shown that sodium intake varies from day to day depending 

on the amount and types of foods consumed (51).  However, it has been shown that even on a 

fixed, constant sodium intake, daily sodium excretion exhibits rhythmic patterns (18). This 

suggests that, regardless of sodium intake, urinary sodium excretion exhibits a high level of day-

to-day variability. This rhythmic variability of sodium excretion from day to day calls into 

question the accuracy of even one day of 24-hour urine collection for estimating sodium intake 

(17). Indeed, because of the high within-person variability in sodium excretion, to accurately 

assess sodium intake using urinary sodium in an individual, multiple days of 24-hour urine 

collections would be necessary (17, 51, 82). This is problematic because urinary sodium 

excretion is the preferred method of assessing sodium intake and, as one study pointed out, the 

variability in sodium excretion could affect our ability to assess relationships between sodium 

intake and blood pressure (83).  

 Given that 24-hour urinary sodium excretion is variable from day to day, a spot urine 

sample is also subject to extreme intraindividual variability. In addition to the day to day 

variability in sodium excretion, evidence also shows that sodium excretion is variable within a 

day (80). Thus, many argue that spot urine samples are not accurate for estimating intake at the 

individual level. Indeed, prediction equations that use spot urine samples to estimate 24-hour 

sodium excretion are shown to be positively biased at low levels and negatively biased at high 

levels of actual 24-hour excretion in individuals (74). A further study by Zhou et al (84) directly 

evaluated the validity of spot urine samples and published prediction equations to estimate 24-

hour urinary sodium excretion at the individual level. The results showed a high rate of 

misclassification of sodium intake at the individual level when estimated excretion was 
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compared to actual 24-hour excretion, suggesting spot urine samples cannot accurately estimate 

sodium intake at the individual level with the methods currently available. To improve estimates 

at the individual level, some have suggested collecting multiple spot urine samples on different 

days (72, 79). 

 In contrast to use of spot urine samples for assessing an individual’s sodium intake, spot 

urine samples are a useful tool for assessing sodium intake at the population level. Within-person 

variation in sodium excretion does not bias estimates of a population’s average intake (51). 

Indeed, spot urine samples have been used to assess trends in sodium intake in nationally 

representative samples (78). Evidence suggests that collecting multiple spot urine samples may 

improve the accuracy at the population level even more. Wang et al (69) found that a 

combination of two urine voids may provide a better estimate of the population distribution of 

24-hour sodium excretion compared to estimates using one urine collection, which may suggest 

an even better way to utilize spot urine samples to estimate population sodium intake.  

Spot Urine Sodium Estimates in Diseased Populations 

Certain disease states that affect sodium retention or sodium excretion may affect the 

accuracy of urinary sodium for estimating sodium intake. As a recent review explained, in a 

healthy individual, sodium intake is typically matched by sodium excretion, but in cases of rapid, 

excessive sodium intake or in diseases such as congestive heart failure or renal failure, sodium 

excretion may not sufficiently match sodium intake, leading to sodium excess (51). Diseases 

such as congestive heart failure and chronic kidney disease (CKD) that result in fluid retention 

will result in decreased sodium excretion and thus excess sodium retention (3). Alterations in 

sodium excretion with certain disease states make urinary sodium excretion an unreliable marker 

of sodium intake in these populations. This is of concern because these populations are at highest 

risk of complications due to excess sodium intake. Therefore, an accurate method for assessing 

sodium intake in diseased populations is needed.  

 High sodium intake is problematic in patients with CKD and could lead to increased 

progression of the disease. Therefore, having an accurate method for estimating intake is crucial. 

Unfortunately, evidence on the accuracy of estimates of sodium intake from spot urine samples 

in CKD is mixed. A study conducted by Kang et al (85) found that spot urine sodium was 

significantly positively correlated with both 24-hour urine excretion and intake estimated by 



 

25 

dietary recall in patients with CKD. While this study suggests spot urine samples can be used for 

estimating intake in CKD patients, two limitations are that the researchers assessed correlation 

rather than agreement, and spot urine samples were not put into the context of daily excretion 

(i.e. a prediction equation wasn’t used). To overcome these limitations, a valid formula for 

estimating 24-hour sodium excretion from a spot urine sample that is specifically designed for 

CKD patients is necessary. Nerbass and colleagues (67) used a sample of CKD patients from a 

large cohort study to estimate 24-hour urinary sodium excretion from a morning urine sample. 

Using this new formula, the authors noted that estimated and actual 24-hour excretion were 

significantly correlated; however, the accuracy of the formula for estimating 24-hour excretion 

was poor, suggesting the formula may only be appropriate for population studies rather than 

individual assessment. A study by Dougher et al (86) utilized this new formula developed by 

Nerbass as well as other published equations to assess their accuracy in estimating 24-hour 

urinary sodium excretion from a spot urine sample in CKD patients. The authors found that all 

equations investigated demonstrated poor precision and accuracy, suggesting that spot urine 

samples cannot accurately estimate sodium intake in CKD patients. Recently, Nerbass et al (68) 

developed a new formula for estimating 24-hour sodium excretion from the second morning void 

sample in CKD patients. While this formula was sensitive in detecting individuals with high 

sodium intake, the accuracy of the formula was low. Taken together, these data suggest that spot 

urine samples are not an accurate method for assessing sodium intake in CKD.  

 Hypertension is another disease that is known to be associated with sodium intake. 

Evidence suggests that sodium kinetics are altered in salt-sensitive hypertension (87). Indeed, 

hypertensive, salt-sensitive subjects were shown to have a longer half-life of sodium elimination 

than the hypertensive, salt-resistant subjects. Given these alterations in sodium balance in 

hypertension, studies have examined the utility of spot urine samples for estimating sodium 

intake in hypertensives. A recent review concluded that spot urine samples, especially the second 

morning void, can be used to estimate sodium intake in hypertensives (88). The authors point out 

that a potential complicating factor in using urinary sodium excretion in hypertensives is the 

natriuretic effect of many antihypertensive drugs. However, they concluded that spot urine can 

still be used to estimate sodium intake in patients on antihypertensive drugs. Looking at patients 

with hypertension taking medications, a recent study characterized the variability in spot urine 

sodium (89). They concluded that, due to the high intraindividual variability in spot urine 
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sodium, multiple spot urine samples may be necessary to assess sodium intake in hypertensive 

patients. Another complication is the lack of prediction equation for estimating 24-hour sodium 

excretion from a spot urine sample in hypertensives. Indeed, Allen et al (90) reported that 

existing equations to estimate 24-hour excretion in older, hypertensive adults may not be valid.  

Gaps in the Literature: Children and Non-White Races 

 Much of the research investigating the utility of spot urine samples for estimating sodium 

intake has focused on adults; very few studies have investigated their utility in children. This is 

an important gap in the literature because the incidence of high blood pressure in children is 

increasing (91), which tracks into adulthood (92). As in an adult population, one factor that could 

affect the agreement between sodium intake and urinary sodium is the pattern of variability in 

sodium excretion. When looking at 24-hour urinary sodium excretion in children, day-to-day 

variability has been observed (93), even in a controlled feeding study (82). Despite this, a recent 

controlled feeding study concluded that 24-hour urinary sodium excretion is a valid biomarker of 

sodium intake in adolescents (57). When looking at spot urine samples, specifically overnight 

samples, significant intraindividual variability has been observed (93), though one study showed 

that 4 days on a controlled diet could reduce this variability (94). Although overnight urine 

sodium and 24-hour urine sodium excretion were correlated in children and adolescents, Bland-

Altman analysis showed poor agreement between the two measures (56). There are no prediction 

equations for estimating 24-hour urine sodium excretion from a spot urine sample in children.  

Racial differences have not been considered in developing prediction equations from spot 

urines. This is an important oversight because the risk of hypertension differs by race, with 

blacks being at higher risk than other racial groups. According to the most recent report by the 

American Heart Association, the prevalence of hypertension among blacks in the United States is 

among the highest in the world, with 45% of black males and over 46% of black females having 

hypertension (19). Blacks demonstrate a higher half-life for sodium excretion with increasing 

levels of sodium intake compared to whites (95), and greater sodium retention than whites, even 

on a controlled diet (4). In addition, blacks exhibit greater day-to-day variability in sodium 

excretion than whites (82, 90). Good agreement between spot urine sodium and 24-hour urinary 

sodium excretion as assessed by Bland-Altman was found in an adult African population (96), 

though spot urine samples were not put into the context of 24-hour excretion (i.e. a prediction 



 

27 

equation was not used). In a study in which prediction equations for estimating 24-hour sodium 

excretion were used, all equations significantly over or under estimated 24-hour excretion in 

older, hypertensive African Americans (90). Race specific prediction equations are likely needed 

to evaluate the relationship between sodium intake and disease risk. 

Potassium Function, Intake, and Roles in Chronic Disease 

Potassium Physiology and Functions in the Body 

 Potassium is the main intracellular cation and plays an important role in maintaining 

electrochemical gradients across cell membranes. This electrochemical gradient maintains the 

normal resting membrane potential, which is crucial for triggering action potentials for muscle 

contraction and transmission of nerve impulses (97). Apparent absorption is about 85% of 

consumed potassium (15); absorption occurs in the small intestine with net secretion of 

potassium in the colon (97). Absorbed potassium appears in the plasma, where insulin plays an 

important role in the cellular uptake of potassium, particularly into skeletal muscle (98). 

Ultimately, 77% of dietary sodium is excreted in the urine (15), making the kidneys the primary 

regulators of potassium balance. Potassium is filtered by the glomerulus and >90% is reabsorbed 

in the proximal tubule and loop of Henle, though reabsorption may occur at the distal tubule and 

collecting duct when potassium is low (97, 99). Potassium secretion occurs in the distal 

convoluted tubule and the collecting duct, and the amount of potassium secreted is determined 

by aldosterone levels as well as sodium (99). Aldosterone release is triggered by a low plasma 

sodium or a high plasma potassium concentration (97). Aldosterone can act by directly 

increasing the potassium permeability of the luminal membrane and indirectly by stimulating 

sodium reabsorption in the lumen, which creates an electrochemical gradient that favors 

potassium secretion (99).  

Potassium Intake and Chronic Disease 

 Potassium intake has important implications for CVD risk. Indeed, epidemiological 

evidence has shown that potassium intake is negatively associated with blood pressure (22) and 

clinical studies have shown that increasing potassium intake, often achieved with 

supplementation, is effective at lowering blood pressure (100, 101). There are multiple 
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mechanisms by which potassium exhibits blood pressure-lowering effects. Potassium is an 

important vasodilator (102); thus, increasing plasma potassium concentration induces 

vasodilatory effects, and lowering plasma potassium concentration induces vasoconstriction. In 

addition, potassium can indirectly affect blood pressure by altering renal sodium excretion (103, 

104). Because of this, sodium and potassium are often examined together in both observational 

and intervention studies of blood pressure and CVD risk. Observational studies show that a 

higher sodium-to-potassium intake ratio (Na/K) is associated with greater blood pressure and 

CVD risk (22, 105-108), and clinical studies show that increasing potassium can mitigate the 

effects of a high sodium diet on blood pressure (109, 110).  

 The evidence linking potassium intake to blood pressure and CVD risk provided the 

foundation for the DRIs in the U.S. as well as the potassium recommendations published by the 

World Health Organization (WHO). The first DRIs for potassium were published in 2005, at 

which time an AI for adults was set at 4700 mg/d (27). The DRI used available evidence that 

suggested insufficient potassium intakes could lead to increases in blood pressure, though the 

specific level of 4700 mg/d was established based off one study in salt sensitive black and white 

adult men (111). However, this recommendation was controversial, given the scarcity of clinical 

studies that have evaluated the effect of potassium intake at or above this level (112). In 2012 the 

WHO published their own guidelines for potassium intake, which recommends an intake of at 

least 3500 mg/d for adults, citing evidence that shows the largest reduction in blood pressure 

occurs at intakes between 3500-4700 mg/d (113). Notably, usual potassium intakes in the U.S. 

fall below the current AI. Indeed, usual potassium intake in adults from foods and supplements is 

about 2700 mg/d, with less than 3% of the population achieving an intake above the AI (114). 

Main sources of dietary potassium include milk, other beverages, potatoes, and fruit (115). Given 

the strong link between potassium intake and CVD risk, and the largely inadequate intakes in the 

U.S., the 2015-2020 Dietary Guidelines for Americans have identified potassium as a shortfall 

nutrient, citing low intakes of dairy, fruits, and vegetables as the reason for inadequate potassium 

intakes (30). In addition, in an effort to help Americans increase their potassium intake, the Food 

and Drug Administration now requires potassium content to appear on all nutrition facts labels 

(116). The DRIs for potassium were updated in 2019, and the AI for potassium was set at 3400 

mg/d for adult men and 2600 mg/d for adult women (28). Citing a lack of consistent and accurate 

data for estimating potassium requirements, the committee used median usual intakes of a 
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healthy population for establishing the AI. In addition, no UL was established given the lack of 

evidence suggesting toxicity effects of increased potassium intake in a healthy population. 

 Potassium intake has important implications for other chronic diseases, most notably 

CKD. Higher potassium intake seems to be beneficial for reducing CKD risk; observational 

evidence has found that lower potassium intake is associated with a higher risk of CKD (117, 

118). However, potassium may do more harm than good once a patient develops CKD. Studies 

have shown that, in those with CKD, higher potassium intake is associated with increased risk of 

CKD progression (36), and dietary potassium restriction is associated with a reduced risk of 

mortality (119). Potassium homeostasis is altered in CKD, which can lead to hyperkalemia or 

hypokalemia, both of which can lead to CVD and/or mortality (120, 121). Hyperkalemia in 

particular is very prevalent in patients with CKD: a recent analysis found that about 7% of all 

CKD patients have hyperkalemia, with the prevalence of hyperkalemia increasing with 

increasing CKD severity (122). Because of the prevalence and risks associated with 

hyperkalemia in CKD, many clinical guidelines include recommendations about potassium 

intake in CKD, though the recommendations are mixed. Reducing potassium intake to below 

2400 mg/d is recommended for patients with CKD stages 3-5, with additional adjustments as 

needed based on serum potassium levels and other considerations, by the Academy of Nutrition 

and Dietetics (123) yet the KDIGO guidelines do not include a potassium intake 

recommendation (40). These discrepancies in guidelines likely stem from the fact that data on 

the risks of potassium intake for health outcomes in CKD in are mixed. Some studies show that, 

in fact, higher potassium intake is associated with a reduced risk of mortality in non-dialysis 

CKD (124). In addition, dietary management of potassium intake in patients with CKD is 

challenging, as is the overall management of hyperkalemia (125) and reducing potassium intake 

may inadvertently cause a reduced intake of other beneficial foods and nutrients (126). More 

work needs to be done to assess the benefit and practicality of reducing potassium intake in CKD 

in order to develop consistent and effective guidelines. Work on the potential renoprotective 

effects of potassium supplementation in moderate stage CKD patients with hypertension is 

ongoing (127).    
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Methods of Estimating Potassium Intake 

 Accurate and convenient methods of estimating potassium intake are necessary in both 

research and clinical practice settings. One commonly used method is self-report, which includes 

food records, 24-hour recalls, and food frequency questionnaires. While these tools are relatively 

easy to administer, they may not always be accurate, and the level of inaccuracy is inconsistent 

among validation studies. Some analyses report little difference between self-reported potassium 

intake and potassium measured from recovery biomarkers (128). However, other have shown 

that all three methods of self-report underestimate potassium intake when compared to estimates 

from multiple 24-hour urine collections (129, 130), while still others report overestimates of 

potassium intake compared to 24-hour urinary potassium excretion (131). While self-report is 

certainly still a valuable tool for understanding dietary intake and informing policy (132) other 

methods that provide a more accurate measurement of actual potassium intake may be desired. 

One such method that is often used is 24-hour urinary potassium excretion. Approximately 77% 

of dietary potassium is excreted in the urine (15, 133), which makes urinary potassium excretion 

a reliable biomarker of intake. However, as discussed in the sodium section of this review, 24-

hour urine collections are burdensome, and the burden may affect the completeness of the urine 

collection and the accuracy of the measurement (49). Because of this, an alternative method that 

has been developed and explored is collecting a spot urine sample and using a prediction 

equation to calculate estimated 24-hour urinary potassium excretion. Two equations have been 

developed or this purpose: the Kawasaki equation (66) and the Tanaka equation (65). Both 

equations were developed using a Japanese population, and both were developed for use in a 

general population. Since they were developed, studies have sought to validate estimated 24-hour 

potassium excretion against measured 24-hour potassium excretion, and have generally found 

poor agreement between estimated and measured 24-hour urinary potassium excretion (134, 

135). One study that examined multiple timed spot urine collections found that, regardless of 

equation and time of spot urine collection, estimated 24-hour potassium excretion produced 

biased estimates of measured 24-hour potassium excretion (136). The study found that the 

equations overestimated 24-hour potassium excretion at low levels and underestimated at high 

levels of actual 24-hour potassium excretion. Notably, no previous study has examined the 

relationship between estimated 24-hour potassium excretion and actual potassium intake. Given 
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that potassium intake is the true exposure of interest, this is a large gap in the literature on 

potassium assessment methods that needs to be filled.  

Phosphorus Functions, Intake, and Role in Chronic Disease 

Phosphorus Physiology and Functions in the Body 

 Phosphorus is important for a variety of functions in the body, including bone 

mineralization, cell signaling, energy metabolism, and the formation of the phospholipid bilayers 

in cell membranes, among others (137). Phosphate metabolism and homeostasis is regulated by 

complex hormonal processes. Under normal conditions, 60-70% of dietary phosphate is absorbed 

via both active and passive mechanisms in the small intestine (137, 138). Intestinal phosphorus 

absorption is regulated by 1,25-dihydroxyvitamin D, or 1,25(OH)2D. When phosphorus intake is 

low, 1,25(OH)2D expression is increased, which leads to increased production of sodium-

phosphate cotransporter 2b (NPT2b), which is the transport protein responsible for most of the 

active phosphate absorption in the small intestine (138). A low phosphate diet can also 

upregulate NPT2b independent of 1,25(OH)2D. Upregulation of NPT2b ultimately leads to an 

increase in phosphorus absorption. On the other hand, with high levels of dietary phosphorus, 

NPT2b is internalized into the cell, thus decreasing active phosphate absorption (138).  

 In addition to 1,25(OH)2D, parathyroid hormone (PTH) and fibroblast growth factor 23 

(FGF23) are important hormones involved in the regulation of phosphorus metabolism. In 

response to high dietary or serum phosphate levels, FGF23 is produced by bone and PTH is 

produced by the parathyroid gland (137, 138). Both hormones act to decrease expression of 

sodium-phosphate cotransporters 2a and 2c (NPT2a and NPT2c) in renal tubular cells, resulting 

in decreased renal phosphate reabsorption and increased urinary phosphate excretion (137, 138). 

While PTH also acts to increase the formation of active 1,25(OH)2D in the kidney, FGF23 

inhibits this effect, resulting in a net decrease in serum 1,25(OH)2D and a decrease in 

1,25(OH)2D-induced intestinal phosphorus absorption. 

Phosphorus Intake and Chronic Disease  

 The DRIs for phosphorus were established in 1997 (139). The Recommended Dietary 

Allowance (RDA) for adults was set at 700 mg/d based on the intake level required to maintain a 
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normal serum phosphate level. In addition, the UL for most adults was set at 4.0 g/d due to the 

potential risk of hyperphosphatemia with intakes above this level. Usual phosphorus intakes are 

much higher than the RDA; indeed, usual intake of phosphorus in adults is >1300 mg/d (114). 

Phosphorus is highly prevalent in the food supply both as naturally occurring phosphate as well 

as in the form of inorganic phosphorus-containing food additives. Top sources of dietary 

phosphorus include milk, cheese, meat, bread products, processed foods, and soft drinks (115).  

 Phosphorus intake becomes problematic in the context of CKD. Evidence suggests that 

high dietary phosphorus intake may be a risk factor for developing CKD in those with diabetes, 

who are already at increased risk for CKD (140). Phosphorus intake and serum phosphorus 

levels become even more problematic once a person develops CKD. Indeed, in those with CKD, 

elevated serum phosphorus levels are shown to be associated with increased risk of kidney 

failure and mortality (141). CKD causes disruption in the hormonal regulation of phosphorus 

metabolism, and research has shown this begins early in the disease process, before elevations in 

serum phosphorus levels are detected (142). Indeed, elevated FGF23 levels are observed early 

on, leading to decreasing levels of 1,25(OH)2D, which in turn results in uninhibited PTH 

production (i.e. secondary hyperparathyroidism) (143). All of these hormonal alterations are 

observed long before hyperphosphatemia develops, which often does not occur until advanced 

CKD (142, 143). These hormonal alterations in phosphorus (as well as calcium) metabolism are 

characteristic of CKD-mineral and bone disorder (CKD-MBD) (144). CKD-MBD is additionally 

characterized by bone disease and vascular calcification, which can ultimately lead to morbidity 

and mortality in patients with CKD (144).  

 Given the alterations in phosphorus homeostasis that occur, reducing phosphorus intake 

and/or absorption is an important treatment goal for patients with CKD. As such, the K/DOQI 

clinical guidelines recommend that phosphorus intake should be restricted to 800-1,000 mg/d 

based on CKD stage and serum phosphorus level (145). While this restriction is notably higher 

than the phosphorus RDA, it is also notably lower than the usual phosphorus intake of the 

general population. Prescribing phosphate binders is another common strategy for reducing 

overall phosphorus absorption (146), and research suggests these medications are effective at 

reducing serum phosphorus levels as well as urinary phosphorus excretion (147). Though not 

reflected in current dietary recommendations, targeting phosphorus absorption may be especially 

important earlier in the disease process. Given the decreasing levels of 1,25(OH)2D observed 
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with disease progression, it would be expected that intestinal phosphorus absorption would be 

consequently decreased. For patients with advanced stage CKD, that seems to be the case (148). 

However, research using rodent models suggest that phosphorus absorption in moderate stage 

CKD is similar to that in healthy controls (149). Further research in this area, using controlled 

feeding studies and direct measures of phosphorus absorption, are needed.  

Methods of Estimating Phosphorus Intake 

 Having accurate and convenient methods of estimating phosphorus intake is important to 

help patients with CKD and their clinicians monitor their intake and make dietary and 

pharmacological adjustments accordingly. Self-report (i.e. 24-hour recalls, food records, and 

food frequency questionnaires) are one monitoring strategy. However, these methods require 

comparing reported intake to a database in order to estimate intake. This may be problematic for 

phosphorus—databases may be unable to accurately estimate phosphorus intake contributed by 

inorganic phosphate additives in processed foods (139, 150). Indeed, a recent analysis found that 

phosphorus intake estimated from 4-day food records was significantly lower than 24-hour 

urinary phosphorus excretion (151). Twenty-four-hour urinary phosphorus excretion is often 

used as surrogate indicator of phosphorus intake. In a healthy adult, urinary phosphorus 

excretion is nearly equal to dietary phosphorus intake (139). However, this does not seem to be 

true in patients with CKD. A recent balance study in patients with stage 3-4 CKD found that 24-

hour urine phosphorus did not match intake, and varied widely between subjects and from day-

to-day within subjects (152). In addition, this study found that 24-hour urine phosphorus was not 

correlated with net phosphorus absorption, though it was negatively correlated with whole-body 

phosphorus retention (152). These findings suggest 24-hour urine phosphorus is not reflective of 

intake but is reflective of retention. In addition, the authors note that 24-hour urine phosphorus 

could still be used as an indicator of absorption in the context of an intervention but should be 

interpreted with caution in individuals and in observational studies.  

 Though 24-hour urinary phosphorus may be a useful tool for studying phosphorus 

homeostasis, 24-hour urine collections are burdensome. Therefore, studies have explored the use 

of a single spot urine sample as a surrogate indicator of 24-hour urinary phosphorus excretion for 

assessing phosphorus intake and overall phosphorus homeostasis. A study in healthy participants 

found a significant correlation between the spot urine phosphate-to-creatinine ratio in random 
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spot urine samples to 24-hour phosphate excretion (153). However, this relationship did not hold 

up in similar subsequent studies, including one in urinary stone formers (75) and one that 

included both healthy and CKD participants for a wide range of kidney functions (154). These 

findings suggest that normalizing spot urine phosphorus excretion to creatinine excretion does 

not provide an adequate indicator of 24-hour urinary phosphorus excretion in patients with 

altered kidney function. As with both sodium and potassium, an equation has been developed for 

calculating estimated 24-hour phosphorus excretion from a spot urine sample (155). This 

equation was developed for use in CKD stages 3-4, and validation of the equation found that 

estimated 24-hour urinary phosphorus excretion was significantly correlated with measured 24-

hour urinary phosphorus excretion, and provided a much more accurate prediction than spot 

urine phosphate-to-creatinine ratio (155). However, before widespread use of this method as a 

substitute for 24-hour urine collections can be recommended, more research is needed to 

determine how estimated 24-hour urinary phosphorus excretion compares to phosphorus intake, 

phosphorus absorption, and whole-body phosphorus retention. 

Importance of Measuring Sodium, Potassium, and Phosphorus Intake 

 Sodium, potassium, and phosphorus are essential nutrients that all have implications for 

chronic disease risk and progression. Therefore, measuring their intakes is important in research, 

clinical practice, and public health settings. There are many available methods for measuring all 

three minerals, some of which are easier to administer than others, and some of which are more 

accurate than others. One method that is used for all three minerals is the collection of a spot 

urine sample and the use of a prediction equation to calculate estimated 24-hour urinary mineral 

excretion. Importantly, the accuracy of this method when compared to actual mineral intake has 

not been explored for either sodium, potassium, or phosphorus. The remainder of this 

dissertation will focus on exploring the accuracy of estimated 24-hour mineral excretion in the 

context of a controlled feeding study in both healthy participants as well as those with CKD. 

These findings could have important implications regarding the ideal method for estimating 

mineral intake.  
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CHAPTER 2: COMPARING ESTIMATED 24-HOUR URINARY SODIUM 

EXCRETION AGAINST ACTUAL SODIUM INTAKE USING A 

CONTROLLED FEEDING STUDY IN NORMOTENSIVE ADULTS  

Abstract 

Background: Accurate estimates of sodium intake are critical for understanding means to reduce 

sodium intake and developing strategies for reducing chronic disease risk. A common method for 

estimating sodium intake is to collect a spot urine sample and estimate 24-hour urinary sodium 

excretion (e24hUNa) using an equation. However, it remains unknown how well e24hUNa 

reflects actual sodium intake. In addition, no study has determined the ideal time to collect a spot 

urine sample to provide the most accurate estimate of 24hUNa.  

Objective: Our objectives were to 1) compare e24hUNa calculated from multiple timed urine 

collections with three published equations to known sodium intake, and 2) determine the ideal 

time of day, relative to meal consumption, to collect a spot urine sample.  

Design: This study was a secondary analysis of a multi-phase controlled feeding study in 

healthy, normotensive adults. Data from the control phase were used. Participants consumed 

their study diet with known sodium content for three days, and on day 4, ate their meals and 

collected their urine in timed intervals in a clinic setting. Spot urine sodium excretion was 

measured in each sample and used to calculate estimated 24hUNa with the INTERSALT, 

Tanaka, and Kawasaki equations.  

Results: Regardless of timing of spot urine collection and equation used, e24hUNa was 

significantly lower than sodium intake on day 4 (all p<0.05). While some e24hUNa calculations 

were significantly correlated with measured 24hUNa, all correlation coefficients were weak.  

Conclusions: Regardless of timing of spot urine collection, and regardless of equation used, 

e24hUNa does not provide a reliable estimate of sodium intake in normotensive adults. Future 

studies should confirm these findings in larger populations and in populations with chronic 

disease. 
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Introduction 

Cardiovascular disease (CVD) is the number one cause of death in the US (1). 

Hypertension (HTN), a major risk factor for CVD, is highly prevalent, affecting 46% of US 

adults (2). Many factors contribute to the development of HTN and CVD, but one important 

modifiable risk factor is sodium intake. Intervention studies have shown that a modest reduction 

in sodium intake can significantly lower blood pressure (BP) (3-5). Indeed, the high strength of 

evidence from randomized-controlled trials linking sodium intake and BP provided the rationale 

for the recent establishment of a new Dietary Reference Intake (DRI) for Na: the Chronic 

Disease Risk Reduction Intake (CDRR) (6). Together, this demonstrates that reducing sodium 

intake is not only a viable, but a recommend strategy for reducing BP and CVD risk.  

 To continue studying the relationship between sodium intake and chronic disease risk in 

order to design effective dietary interventions and to inform policies on dietary sodium 

reduction,  methods for estimating sodium intake are needed that are both accurate and place 

minimal burden on participants. A common strategy for estimating sodium intake is self-report, 

which includes 24-hour dietary recalls, diet records, and food frequency questionnaires. While 

these methods are relatively low-burden, they are often inaccurate due to systematic 

underreporting (7), especially in obese individuals (8), as well as difficulties quantifying 

discretionary salt use and sodium content in prepared foods (7). The gold standard for estimating 

sodium intake is 24-hour urinary sodium excretion (24hUNa) because ~90% of ingested sodium 

is recovered in the urine under normal conditions (9, 10). However, collecting urine for an entire 

day is burdensome for participants, which can affect the response rate and thus the accuracy of 

this method (11).  

 An alternative method for estimating sodium intake is calculating a predicted or 

estimated 24hUNa (e24hUNa) using a spot urine sample. With this method, a single urine 

sample is collected from participants and analyzed for spot urine sodium excretion, and this spot 

sodium excretion is then extrapolated to a 24-hour context. This may be done by using one of 

several published equations to calculate e24hUNa. The advantage of this method is that it is low-

burden on participants, and the response rate is shown to be higher than for 24-hour urine 

collections (12). However, much remains unexplored regarding the accuracy of this method. To 

date, no study has determined how closely predicted 24hUNa from spot urine reflects true 

sodium intake. Additionally, no study has identified the ideal time of day, relative to meal intake, 
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to collect a spot urine sample to obtain the most accurate estimate of sodium intake. The purpose 

of the current study is to fill these gaps in the literature by utilizing data from a controlled 

feeding study in which actual sodium intake was known and timed spot urine samples were 

collected. Specifically, our aim was to determine how closely e24hUNa using available 

equations reflects known sodium intake, and to determine which spot urine sample provides the 

most accurate estimate.  

Methods 

Study Design and Participants 

This was a secondary analysis of a previously completed randomized, crossover, 

controlled feeding study. The aim of the parent study was to assess the effect of different doses 

and sources of dietary potassium (K) on K kinetics, BP, and other cardiovascular outcomes. The 

parent study was a full-feeding intervention trial conducted in nine phases separated by a 

minimum seven-day washout period. Details on recruitment, randomization, enrollment, and 

compliance have been published previously (13). Briefly, all participants were required to be 

healthy, normotensive men and women (n = 39) aged 20-60 y with BMI between 17-35 kg/m2. 

Exclusion criteria included having HTN or hypotension, kidney or malabsorption disorders, and 

taking medication that affects electrolyte metabolism. The parent study was registered on 

clinicaltrials.gov (NCT01881295), all procedures and protocols for the parent study were 

approved by the Institutional Review Board at Purdue University (IRB #1301013174), and this 

secondary analysis was approved by the Purdue University Institutional Review Board (IRB 

Protocol #2020302). 

Data used for this secondary analysis were de-identified and came from the first control 

phase, during which K intake was not manipulated with additional supplements or food sources 

of K, thus eliminating the potential confounding effect of increased K intake on urinary sodium 

excretion. A summary of the study timeline is shown in Figure 2.1. Each phase consisted of a 

five-day controlled diet intervention. For the first three days of the phase, subjects received their 

meals daily at the Purdue Clinical and Translational Sciences Institute (CTSI) Clinical Research 

Center (CRC) and consumed them in a free-living environment. On day 4, subjects consumed 

their meals at the clinic during a 24-hour clinical bioavailability study. On day 5, subjects 
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continued the controlled diet in a free-living environment, and on day 6 subjects returned to the 

clinic for BP measurements and pulse wave analyses. Additional data used for the current 

analyses, such as demographics, anthropometry, and blood pressure were collected during 

screening prior to the start of the study.  

 

Figure 2.1 Summary of study timeline. Participants were screened, and baseline data were 

collected. All participants completed the control phase as phase 1, which consisted of a 3-day run 

in period and a 1-day clinic study day 

Controlled Diets 

All foods and drinks were provided to participants during the study, and the study diets 

were carefully designed and analyzed by a registered dietitian through the CRC. Participants 

were assigned to one of four energy levels (6700, 8400, 10,000, and 11,700 KJ/d, [or 1600, 2000, 

2400, and 2800 kcal/d, respectively]) based on their energy requirements estimated using the 

Harris-Benedict equation (14). Energy and nutrient content of study diets were analyzed using 

ProNutra software (Viocare, Inc; Version 3.4.0). On days 1, 2, 3, and 5, three meals and two 

snacks were packed out for participants to pick up from the CRC. Participants were asked to 

return any uneaten food the next day to assess compliance. Sodium intake on days 1-3 and 5 
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varied depending on assigned kcal level. On day 4 at the CRC, two identical test meals were 

provided at breakfast (0 h, ~8:00 am) and lunch (5.5 h, ~1:30 pm). A third meal that was 

different from the breakfast and lunch meal was provided for dinner (12 h, ~8:00 pm), and an 

evening snack was provided to take home after dinner. All participants consumed the same level 

of dietary sodium on day 4 (~4700 mg). For all study days, the amount of dietary sodium 

provided by assigned kcal level is provided in Table 2.1. Mineral-free water was provided ad 

libitum on all days.  

 

Table 2.1 Sodium content in controlled diet by kcal level and study day 

 Total dietary Na content (mg)1 

Energy level (kcal) Day 1 Day 2 Day 3 Day 42 Day 5 

    1600  2114 2849 2251 4744 2855 

    2000 3027 3286 3395 4744 3364 

    2400 4169 4034 4438 4744 3682 

    2800 4972 4513 4925 4744 4128 
1Na content determined using ProNutra software (Viocare, Inc; Version 3.4.0) 
2On day 4, all participants consumed the same diet while in the clinic 

Urine Collection and Biochemical Analyses 

As part of the parent study 24-hour clinical bioavailability study on day 4, participants 

collected their urine for 24 hours starting with a fasting collection (second void) immediately 

before breakfast on day 4 and ending with their first void on day 5. Urine samples were pooled at 

baseline (fasting collection, 0 h) and at 2, 4, 6, 8, 10, and 12 hours, between 12-24 hours 

(evening and overnight), and at 24 hours (first void). Samples were frozen at -20˚C until further 

analysis. Thawed samples were diluted in 2% nitric acid by a factor of 11x (i.e. 1 mL urine and 

10 mL 2% nitric acid) in duplicate and analyzed for Na, K, and other mineral content by 

inductively coupled plasma optical emission spectroscopy (ICP-OES) (Optima 4300; 

PerkinElmer). Urine samples were additionally analyzed for creatinine using a COBAS 

INTEGRA® 400 Plus Analyzer (Roche).  

Three published equations were used to calculate e24hUNa: Kawasaki (15), Tanaka (16), 

and INTERSALT (17). Because the Tanaka and INTERSALT equations were originally 

developed using casual spot urine samples (i.e. a spot urine sample collected at any time), 

e24hUNa was calculated from all spot urine samples collected using these equations. However, 
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the Kawasaki equation was originally developed using a fasting collection (second morning 

void), therefore only the fasting collection (i.e. baseline, 0 h) was used to calculate e24hUNa 

with this equation. 

Statistical Analysis 

 One outlier was removed because the amount of sodium excreted in the urine was ~2000 

mg higher than the sodium in the provided study diet, making it physiologically improbable. The 

distributions of e24hUNa from the INTERSALT equations were non-normally distributed, and 

were log transformed prior to analysis. A repeated-measures ANOVA was used to compare spot 

urine sodium excretion at each time point in order to explore the pattern of urinary sodium 

excretion throughout the day. Additional repeated-measures ANOVA analyses were conducted 

to compare actual sodium intake to observed 24hUNa and e24hUNa, with separate analyses for 

each equation used to calculate e24hUNa (INTERSALT, Tanaka, and Kawasaki equations). Post 

hoc tests with a Bonferroni correction were used to explore the differences between 

measurements. Pearson bivariate correlations were calculated between e24hUNa, observed 

24hUNa, and intake. All analyses were performed using SPSS statistical software (IBM; version 

24.0). 

Results 

 Baseline participant characteristics are reported in Table 2.2. Approximately half of the 

participants were women, approximately two-thirds were white, and one-third were Asian, the 

average BMI was on the higher end of the normal range, and all participants were normotensive. 

The pattern of urinary sodium excretion throughout the day for all individuals, as well as the 

pattern of the mean urinary sodium excretion, is shown in Figure 2.2. The pattern of urinary 

sodium excretion was highly variable between individuals, despite intake and timing of meal 

consumption being controlled. As shown in the inset, urinary sodium excretion increased up until 

hour 4 and leveled off and remained relatively stable throughout the rest of the day. 
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Table 2. 2 Baseline Descriptive Characteristics 

Characteristic Mean (SD) 

Age, y 29.15 (10.7) 

Height, cm 170.06 (9.4) 

Weight, kg 70.20 (14.5) 

BMI, kg/m2 24.19 (4.2) 

SBP/DBP, mmHg 107/71 

Sex  

       Women 21 

       Men 18 

Race  

      White 25 

      Asian 11 

      Other 3 

 

 Figure 2.3 shows e24hUNa calculated from all three equations and all spot urine samples 

as it compares to measured 24hUNa and actual sodium intake. Regardless of timing of spot urine 

sample collection, and regardless of the equation used, e24hUNa was significantly lower than 

sodium intake, with underestimates ranging from ~500-2200 mg. In addition, measured 24hUNa 

was significantly lower than sodium intake by >1300 mg (p<0.001). When using the 

INTERSALT equation, e24hUNa calculated from spot urine samples collected 3, 5, and 7 hours 

after lunch as well as with the first void the following morning were not significantly different 

from measured 24hUNa. When using the Tanaka equation, e24hUNa calculated from the fasting 

second collection, the sample collected 2 hours after breakfast, and the first void the following 

morning were not significantly different from measured 24hUNa. e24hUNa calculated from the 

Kawasaki equation was not significantly different from measured 24hUNa. Notably, e24hUNa 

from the Tanaka and Kawasaki equations are consistently higher than e24hUNa calculated from 

the INTERSALT equation. 



 

 

5
9
 

 

Figure 2.2 Pattern of urinary sodium excretion throughout the day in all participants. Hour 0 on the x-axis represents the fasting 

second urine collection (i.e. baseline), and the hour intervals represent the number of hours since baseline. Each line represents the 

pattern of an individual participant and the thick black line represents the mean.  Inset displays the statistical differences in urinary 

sodium excretion at all time points. Different letters indicate statistically different levels of urinary sodium excretion. 



 

 

6
0
 

 

 

 

 

Figure 2.3 Comparison of e24hUNa, measured 24hUNa, and sodium intake on day 4. Bars represent mean ± SEM. 

*significantly different from sodium intake, #significantly different from measured 24hUNa 
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 Correlations between e24hUNa and sodium intake on day 4 could not be conducted 

because sodium intake was fixed for all participants on this day. Table 2.3 shows the 

correlations between e24hUNa and measured 24hUNa. All correlations were weak, with 

correlation coefficients ranging from r=0.24 to r=0.55. For all three equations, e24hUNa 

calculated from the fasting second collection (hour 0) were significantly correlated with 

measured 24hUNa (all p<0.01). In addition, for both the INTERSALT and the Tanaka equations, 

e24hUNa calculated from the first void (hour 24) were both significantly correlated with 

measured 24hUNa (both p<0.05), and e24hUNa calculated from spot urine samples collected at 

least 3 hours after consuming a meal (hours 4, 8, and 10) were significantly correlated with 

measured 24hUNa (all p<0.05).  

Table 2.3 Correlations between measured 24hUNa and e24hUNa from the INTERSALT, 

Tanaka, and Kawasaki equations1 

 Correlations with Measured 24hUNa 

 INTERSALT Tanaka  Kawasaki  

Time of 

urine 

collection, h 

r p r p r p 

    0 0.50 0.002 0.47 0.004 0.51 0.001 

    2 0.24 0.14 0.27 0.11   

    4 0.32 0.048 0.41 0.01   

    6 0.32 0.053 0.36 0.03   

    8 0.40 0.03 0.55 0.001   

    10 0.31 0.06 0.41 0.01   

    12 0.27 0.11 0.34 0.045   

    24 0.42 0.009 0.38 0.02   
1All values are Pearson bivariate correlations. All p<0.05 is considered statistically significant. 

  

 Evidence from controlled feeding studies suggests that 24hUNa may not always match 

sodium intake on the same day (18, 19). Therefore, we conducted additional secondary analyses 

to compare e24hUNa and measured 24hUNa to sodium intake on day 3. Results from these 

analyses are shown in Supplemental Figure S2.1 and Supplemental Table S2.1. Measured 

24hUNa matched day 3 sodium intake. However, regardless of equation used, nearly all 

e24hUNa were significantly different from day 3 sodium intake. All e24hUNa from the 

INTERSALT equation were significantly lower than sodium intake by ~500-900 mg (all p < 

0.05). e24hUNa calculated from the Tanaka equation was significantly higher than actual sodium 
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intake by ~450-800 mg when spot urine samples collected at hours 4, 6, 8, 10, and 12 were used 

(all p < 0.05). e24hUNa from the Kawasaki equation was not significantly different from day 3 

sodium intake (p = 0.72). Though the correlation coefficients were weak, all e24hUNa from the 

INTERSALT equation were significantly correlated with day 3 sodium intake. All e24hUNa 

calculated from the Tanaka and Kawasaki equations were not significantly correlated with day 3 

sodium intake. In addition, measured 24hUNa was not significantly correlated with day 3 sodium 

intake (r=0.12, p=0.46). 

Discussion 

 Our study is the first to compare e24hUNa, calculated using multiple timed spot urine 

collections and three published prediction equations, to both measured 24hUNa as well as actual 

known sodium intake. Our results suggest that, regardless of time of spot urine sample collection 

and regardless of equation used, e24hUNa does not provide a reliable indicator of sodium intake 

in normotensive adults. The INTERSALT equation consistently underestimated sodium intake, 

whereas the Tanaka equation either under- or overestimated intake depending on which day’s 

intake was used. Interestingly, e24hUNa from the INTERSALT equation with all spot urine 

samples from day 4 was significantly correlated to sodium intake on day 3, which may indicate 

that applying a correction factor to this equation could improve the accuracy for estimating 

sodium intake. Future studies should explore strategies to improve the accuracy of these 

equations for estimating sodium intake.  

 Previous studies have sought to explore the relationship between spot urine sodium and 

measured 24hUNa and/or sodium intake, and to our knowledge only two have been controlled 

feeding studies. These controlled feeding studies showed that on both a fixed sodium intake (20) 

and variable sodium intake (21), urinary sodium excretion from a nocturnal, or overnight, sample 

is significantly correlated with measured 24hUNa, but not sodium intake (21). An important 

limitation of these studies was that spot urine (e.g. nocturnal) sodium excretion was not put into a 

24-hour context, as with a prediction equation. Additional cross-sectional studies have aimed to 

compare e24hUNa calculated from the INTERSALT, Tanaka, Kawasaki, and other equations to 

measured 24hUNa in adult populations. Results from these studies have been mixed, with no 

consensus on which equation produces the least biased estimate of 24hUNa (22-27). However, 

e24hUNa from the INTERSALT equations seems to be consistently significantly lower than 
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measured 24hUNa, regardless of timing of spot urine collection (22, 24, 25, 27, 28). The Tanaka 

equation tends to overestimate measured 24hUNa with morning, afternoon, and evening urine 

samples (22, 23), and underestimate measured 24hUNa with overnight urines samples (25). The 

Kawasaki equation seems to consistently overestimate measured 24hUNa (22, 24, 25, 27). Based 

on these findings, it seems that regardless of the timing of spot urine collection, calculated 

e24hUNa does not provide an accurate, unbiased estimate of measured 24hUNa. Importantly, 

none of these studies compared e24hUNa to actual sodium intake. 

Dietary sodium intake is a critical risk factor for CVD and other chronic diseases. Indeed, 

a recent report that reanalyzed data from the Global Burden of Disease, Injuries, and Risk 

Factors Study (GBD) 2017 found that high sodium intake was one of the leading dietary risk 

factors for morbidity and mortality (29). These findings highlight the importance of continuing to 

research dietary interventions that will effectively reduce disease risk. In order to further these 

research efforts on sodium intake, and to ultimately influence nutrition policies, we need an 

accurate and low-burden method for estimating sodium intake. Self-report often underestimates 

sodium intake, and 24-hour urine collections are considered the gold standard but are 

burdensome for participants. Thus, spot urine samples have been explored as a possible 

alternative and is widely used in population-based research. However, based on the current 

findings, e24hUNa calculated from spot urine samples using available equations does not 

accurately reflect actual sodium intake. This is problematic because many studies that use this 

method may be drawing inaccurate conclusions about the true relationship between sodium 

intake and disease risk. Indeed, a recent paper that analyzed data from the Trials of Hypertension 

Prevention (TOHP) follow-up study found that when sodium intake is estimated using spot urine 

samples and the Kawasaki equation, the relationship between sodium intake and all-cause 

mortality was characterized as J-shaped. (30). However, when sodium intake is measured using 

the gold standard of multiple 24-hour urine collections, the relationship between sodium intake 

and mortality was shown to be linear. Recently The International Consortium for Quality 

Research on Dietary Sodium/Salt (TRUE) published a position paper based on multiple 

systematic reviews and meta-analyses which concluded that the use of spot urine samples for 

estimating sodium intake is questionable at the population level and is not recommended at the 

individual level, especially in studies examining sodium intake related to health outcomes (31).  
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There are many reasons why e24hUNa from spot urine samples does not accurately 

reflect intake. Perhaps the most important reason is that the INTERSALT, the Tanaka, and the 

Kawasaki equations were not designed to estimate sodium intake: all three were designed to 

estimate 24hUNa (15-17). Several factors can affect the relationship between 24hUNa and 

sodium intake, which would not be accounted for in available prediction equations. Recent long-

term balance studies have revealed that even with a fixed sodium intake, measured 24hUNa 

exhibits high day-to-day variability, resulting in a weekly aldosterone-dependent infradian 

rhythm (10, 19). Because this rhythmicity in sodium excretion is shown to occur without 

corresponding fluctuations in body water or blood pressure, it seems likely that sodium can be 

stored in body tissues without commensurate water retention (19). Indeed, findings from both 

animal and human studies show that sodium can be stored in skin and muscle (32), suggesting 

that these tissue sodium stores can significantly affect overall sodium balance. These factors 

could explain why we obtained disparate findings when comparing e24hUNa to sodium intake 

on days 3 and 4. If e24UNa will continue to be used as an indicator of sodium intake in research, 

new equations should be developed to better estimate sodium intake from spot urine samples that 

account for these and other factors that influence the relationship between sodium intake and 

excretion.  

A strength of our study is the controlled feeding design, which allowed us to know actual 

sodium intake. Given the drawbacks of self-reported sodium intake, a controlled feeding study is 

the best way to determine how well e24hUNa reflects actual sodium intake. Another strength is 

the timing of spot urine collections relative to meal intake. This allowed us to consider not only 

the time of day, but also the timing of meals in determining the ideal time to collect a spot urine 

sample. One weakness of our study is the relatively small sample size compared to previous 

studies. However, even with the small sample size we were able to detect significant differences 

between e24hUNa and sodium intake. Another weakness of our study is that we only included 

healthy, normotensive adults. Therefore, we are unable to extrapolate our findings to adults with 

HTN, chronic kidney disease, diabetes, or any other chronic diseases or conditions that may 

affect sodium handling.  

In conclusion, we found that regardless of timing of spot urine collection and prediction 

equation used, e24hUNa does not accurately reflect actual sodium intake in healthy, 

normotensive adults. Spot urine collections are advantageous over 24-hour urine collections 
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because they are less burdensome for participants. However, more work needs to be done to 

optimize this method before it should be used. Future studies should aim to develop equations 

using spot urine samples to predict sodium intake validated against actual intake data, establish 

ideal time of day for collections, and should account for additional factors that could affect the 

relationship between sodium intake and urinary sodium excretion. In addition, future studies 

should investigate the relationship between e24hUNa and sodium intake in those with HTN, 

chronic kidney disease, and diabetes, especially because these populations would benefit greatly 

from effective sodium intake reduction interventions and accurate clinical guidelines.  
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Figure S2.1 Comparison of e24hUNa, measured 24hUNa, and sodium intake on day 3. Bars represent mean ± SEM. 

*significantly different from sodium intake, #significantly different from measured 24hUNa 
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Table S2.1 Correlations between e24hUNa, calculated using spot urine samples collected on day 

4, and sodium intake on day 31 

1All values are Pearson bivariate correlations. All p<0.05 is considered statistically significant. 

 

 

 

  

 Correlations with Sodium Intake on Day 3 

 INTERSALT Tanaka Kawasaki 

Time of 

urine 

collection, h 

r p r p r p 

    0 0.36 0.03 0.19 0.26 0.12 0.46 

    2 0.54 0.001 0.12 0.46   

    4 0.46 0.003 0.24 0.14   

    6 0.60 <0.001 -0.017 0.92   

    8 0.49 0.002 0.21 0.21   

    10 0.52 0.001 0.25 0.13   

    12 0.55 0.001 0.22 0.21   

    24 0.51 0.001 -0.045 0.79   
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CHAPTER 3: SPOT URINE SAMPLES TO ESTIMATE SODIUM AND 

POTASSIUM INTAKE IN PATIENTS WITH CKD AND HEALTHY 

ADULTS: A SECONDARY ANALYSIS FROM A CONTROLLED 

FEEDING STUDY 

Abstract 

Objective: The objective of our study was to assess the agreement between estimated 24-hour 

urinary sodium excretion (e24hUNa) and estimated 24-hour urinary potassium excretion 

(e24hUK), calculated from a spot urine sample using several available equations, and actual 

sodium and potassium intake from a controlled diet in both healthy participants and those with 

chronic kidney disease (CKD). 

Design and Methods: This study is a secondary analysis of a controlled feeding study in CKD 

patients matched to healthy controls. Participants (n=16) consumed the controlled diet, which 

provided ~2400 mg Na/d and ~3000 mg K/d, for 8 days. On days 7 and 8, participants consumed 

all meals and collected all urine in an inpatient clinic setting, and patients were discharged on 

day 9. The day 7 morning spot urine sample was used to calculate e24hUNa and e24hUK, which 

was compared to known sodium and potassium intake, respectively.  

Results: Average e24hUNa from the INTERSALT and Tanaka-Na equations were higher than 

actual sodium intake by ~400-500 mg, though the differences were not significant. e24hUNa 

from the Nerbass-SALTED equation in CKD participants was significantly higher than actual 

sodium intake by ~2000 mg (p<0.001), though e24hUNa from the Nerbass-RRID equation was 

not different from intake. e24hUK from the Tanaka-K equation was significantly lower than 

actual potassium intake (p<0.001). For both e24hUNa and e24hUK for all participants, 

agreement with actual intake was poor, and e24hUNa and e24hUK were not correlated with 

actual sodium or potassium intake, respectively.   

Conclusion: e24hUNa and e24hUK are poor indicators of true sodium and potassium intake, 

respectively, in both healthy and CKD participants. Findings should be confirmed in larger 

sample sizes with varying levels of dietary sodium and potassium. 
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Introduction 

 Cardiovascular disease (CVD) is the leading cause of death in those with chronic kidney 

disease (CKD), and death from CVD is more common than progression to end-stage kidney 

failure (ESKD) (1). Hypertension is a major risk factor for CKD (1), and kidney damage, in turn, 

exacerbates hypertension (2), leading to worsening kidney damage and increased CVD risk. 

Reducing sodium intake is shown to be effective at reducing blood pressure in both hypertensive 

individuals (3, 4) as well as CKD patients (5). Reducing sodium intake is also effective at 

reducing proteinuria and albuminuria in CKD (6). Potassium is another important mineral to 

consider in CKD prevention and management. Potassium supplementation is effective at 

lowering blood pressure, particularly in those with hypertension (7), and higher potassium intake 

is associated with a decreased risk of developing CKD (8, 9). However, potassium intake is often 

closely monitored once a patient develops CKD due to the increased risk of cardiac arrest and 

mortality with hyperkalemia (10, 11). 

 In order to 1) continue studying the relationship between sodium and potassium intake 

and CVD and CKD, 2) monitor the intake of these minerals in affected populations, and 3) 

design effective dietary interventions, we need a method for estimating intake that is both 

accurate as well as convenient. Twenty-four-hour urine collections are regarded as the gold 

standard method for estimating sodium and potassium intake because most of the sodium and 

potassium that we consume is excreted in our urine (12-14). However, 24-hour urine collections 

are burdensome on participants, which can lead to missed urine collections and ultimately affect 

their accuracy (15). An alternative method often used is a spot urine sample collection. This 

method involves collecting a spot urine sample, measuring the sodium and/or potassium content, 

and using one of many published prediction equations to calculate estimated 24hUNa (e24hUNa) 

or estimated 24hUK (e24hUK). Equations for e24hUNa and e24hUK have been developed for 

general populations (16-18), and additional equations for 24hUNa have been developed for CKD 

populations (19-21). 

 While spot urine samples are more convenient than a 24-hour urine collection, much 

remains unknown about the accuracy of this method for predicting dietary intake. Most 

importantly, e24hUNa and e24hUK have never been validated against known sodium and 

potassium intake, respectively. Given that sodium and potassium intake are the true variables of 

interest, this is an important gap in the literature. Therefore, the aim of our study was to assess 
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the agreement between e24hUNa and e24hUK, estimated using multiple available equations, 

against known sodium and potassium intake, respectively, in healthy and CKD participants 

consuming a controlled study diet.  

Methods 

Study Design and Participants 

 This study was a secondary analysis of a controlled feeding study aiming to examine 

differences in phosphorus absorption in healthy participants versus those with CKD. Details on 

participant recruitment and study design have been published previously. Briefly, men and post-

menopausal women aged 45-65 years were recruited to participate in this study. Patients with 

moderate (stage 3) CKD were enrolled and healthy individuals were matched to CKD patients 

based on age, sex, and race. Exclusion criteria for healthy participants included evidence of 

CKD; medical conditions including diabetes, uncontrolled hypertension, or other conditions that 

could affect mineral absorption or metabolism; abnormal serum electrolytes; and taking any 

medications that could affect mineral metabolism. CKD participants were required to be in 

stages G3a or G3b (eGFR 30-59 mL/min) and stabilized on their medications. Exclusion criteria 

for CKD participants included serious underlying disease unless well-controlled; plans to initiate 

dialysis within the next 6 months; abnormal serum electrolytes; and medical conditions or taking 

any medications that could affect mineral absorption or metabolism. The parent study was 

registered on clinicaltrials.gov (NCT03108222) and all study procedures were approved by the 

Indiana University Institutional Review Board (IRB # 1612460566).  

 After consenting to study procedures, interested participants were screened for eligibility, 

at which time vital signs and a baseline blood draw and other baseline measurements were 

collected. After confirming eligibility, participants began the 9-day study. Three-day cycle 

menus were created using ProNutra software (Viocare, Inc; Version 3.4.0) and were designed to 

provide ~2400 mg Na/d and ~3000 mg K/d. All food and beverages were provided to 

participants, who came to the clinical research center (CRC) to pick up their pre-prepared and 

packed meals on days 1-6. Participants were provided checklists to record all foods eaten. For 

the first 6 days, participants consumed the controlled diet at home via meal pack-outs. Days 7-9 

were inpatient study days, during which time participants completed phosphorus absorption 
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testing for the primary study. On the morning of day 7, participants arrived fasting to the CRC at 

Indiana University School of Medicine. Upon admission, a fasting urine sample was collected, 

and the phosphorus absorption testing began shortly thereafter. Participants collected all urine on 

days 7 and 8, and collection times were recorded by CRC staff. In addition, all food was 

provided to participants on days 7 and 8, and any uneaten food was recorded by CRC staff. On 

the morning on day 9, after an overnight fast, the final urine sample was collected, thus ending 

the study protocol.  

Diet Analyses 

 Mineral content of the study diets (as served to participants) was confirmed by chemical 

analysis. Diet composites for each of the three meals of all three cycle menu days were made in 

duplicate according to the same procedures that would be followed if the meal were to be served 

to a participant. All foods and beverages from a meal were then combined and homogenized in a 

foodservice grade blender (Hamilton Beach). After homogenizing, composites were frozen at -

20˚C, then freeze-dried (VirTis Genesis Pilot Lyophilizer, SP Scientific) for four days. After 

freeze drying, small amounts of the freeze dried composites were placed crucibles and ashed in a 

muffle furnace (Thermolyne, Thermo Scientific) at 600˚F for two days. The ash was dissolved in 

1 mL of trace metal grade nitric acid, then diluted using 2% nitric acid. The dilutions were 

analyzed for sodium and potassium using inductively coupled plasma optical emission 

spectroscopy (ICP-OES, Optima 4300; PerkinElmer). 

On inpatient study days 7 and 8, CRC staff provided all study food to participants and 

recorded the amount of food consumed for each meal. Actual food intake was then used to 

calculate actual mineral intake based on the chemical analysis data. If a participant ate all of their 

meal, their intake was assumed to be 100% of the chemically determined amount of each mineral 

in that meal.  

Urine Sample Analyses 

 All urine samples were diluted in 2% nitric acid by a factor of 11x (i.e. 1 mL urine and 10 

mL 2% nitric acid) in duplicate and analyzed for sodium and potassium content using ICP-OES. 

The spot urine sample collected in the morning on day 7 was used to calculate e24hUNa using 



 

75 

multiple available prediction equations. For both healthy and CKD participants, e24hUNa was 

calculated using the INTERSALT (16) and the Tanaka-Na (17) equations, both of which are 

commonly used equations that were developed for use in a general population. For CKD 

participants, e24hUNa was additionally calculated using two equations developed specifically 

for use in CKD, which will be referred to as Nerbass-RRID (19) and Nerbass-SALTED (20). For 

both healthy and CKD participants, e24hUK was calculated using the Tanaka-K equation (17). 

To our knowledge, there are no equations designed to estimate 24hUK in a CKD-specific 

population. 

Statistical Analyses 

 Differences in baseline characteristics between the CKD and healthy participants were 

evaluated using paired-samples t-tests. Data that were non-normally distributed and were log-

transformed prior to further analyses. Differences between actual sodium intake, 24hUNa, and 

e24hUNa from the INTERSALT and Tanaka-Na equations for all participants was determined 

by general linear mixed model (GLM), with CKD status and pair number included as between-

subject factors. If the main GLM analysis was significant, specific differences were determined 

using planned contrasts. Similar analyses were conducted to compare potassium intake, 24hUK, 

and e24hUK from the Tanaka-K equation. A separate general linear mixed model was conducted 

for CKD participants only, which compared sodium intake, 24hUNa and e24hUNa from the 

Nerbass-RRID and Nerbass-SALTED equations. The relationship between sodium intake, 

24hUNa, and e24hUNa from the INTERSALT and Tanaka-Na equations were assessed using 

partial correlations, which included CKD status and pair as covariates. Similar analyses were 

conducted to assess the relationship between actual potassium intake, 24hUK, and e24hUK from 

the Tanaka-K equation. A separate bivariate correlation was conducted in CKD participants only 

to assess the relationship between actual sodium intake, 24hUNa, and e24hUNa from the 

Nerbass-RRID and Nerbass-SALTED equations. The agreement between actual sodium intake 

and e24hUNa from the INTERSALT and Tanaka-Na equations was assessed using Bland 

Altman plots in all participants, as well as healthy and CKD separately. Similar Bland Altman 

plots were created to compare actual potassium intake and e24hUK from the Tanaka-K equation. 

Separate Bland Altman plots were created to assess the agreement between actual sodium intake 

and e24hUNa from the Nerbass-RRID and Nerbass-SALTED equations in CKD participants 
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only. All statistical analyses were conducted using Statistical Analysis Software (SAS, version 

9.4) and p<0.05 was considered significant.  

Results 

Baseline and Descriptive Characteristics 

 The baseline characteristics of the participants are displayed in Table 3.1. Half (n=8) of 

the participants were men and half (n=8) were women. Approximately one-third were black 

(n=6) and approximately two-thirds were white (n=10). On average, participants were aged 54.6 

± 7.3 years with a BMI in the overweight to obese range. All of the CKD participants had been 

previously diagnosed with hypertension; 3 participants were taking diuretics, 3 were taking ACE 

inhibitors, and one was taking an angiotensin receptor blocker. After accounting for foods 

consumed, average sodium intake for all participants on day 7 of the study was 2138.48 ± 302 

mg, and average 24hUNa on day 7 was 2363 ± 1020 mg. Neither sodium intake (controlled diet) 

nor 24hUNa were significantly different between healthy and CKD participants (2024 ± 388 vs. 

2252 ± 121, p=0.15 and 2529 ± 1334 vs. 2197 ± 623, p=0.47, respectively). Average potassium 

intake for all participants on day 7 was 2528 ± 254 mg, and average 24hUK was 2625 ± 581 mg. 

Similar to sodium, neither potassium intake (controlled diet) nor 24hUK were significantly 

different between healthy and CKD participants (2432 ± 330 vs. 2623 ± 94, p=0.09 and 2727 ± 

646 vs. 2524 ± 503, p=0.58, respectively).  
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Table 3.1 Baseline characteristics of study participants 

Characteristic All (n=16) CKD (n=8) Healthy (n=8) p1 

Age, y 54.6 (13.0) 56.6 (13.8) 52.5 (12.7) 0.04 

Height, cm 171.3 (10.4) 166.6 (10.3) 175.4 (9.2) 0.03 

Weight, kg 87.3 (17.8) 87.6 (24.1) 87.0 (11.6) 0.97 

BMI, kg/m2 30.0 (7.3) 31.7 (9.4) 28.5 (5.0) 0.39 

eGFR, mL/min 58.8 (23.8) 40.7 (7.9) 84.2 (9.2) <0.001 

BUN, mg/dL 25.6 (13.9) 33.4 (12.9) 14.6 (5.0) 0.03 

Cr, mg/dL 1.4 (0.45) 1.7 (0.18) 0.88 (0.09) <0.001 

SBP, mmHg 128.2 (13.3) 130.9 (16.2) 125.5 (10.0) 0.29 

DBP, mmHg 68.5 (13.5) 63.0 (15.7) 74.0 (8.6) 0.11 

FPG, g/dL 122.3 (32.5) 135.4 (35.0) 103.8 (18.3) 0.02 

Sex     

   Women 8 (50%) 4 (50%) 4 (50%)  

   Men 8 (50%)    

Race     

   Black 6 (37.5%) 3 (37.5%) 3 (37.5%)  

   White 10 (62.5%) 5 (62.5%) 5 (62.5%)  
Data are presented as n (%) or mean (SD). 1Result of paired t-tests comparing CKD and healthy participants. 

BMI, body mass index; eGFR, estimated glomerular filtration rate; BUN, blood urea nitrogen; Cr, creatinine; 

SBP, systolic blood pressure; DBP, diastolic blood pressure, FPG, fasting plasma glucose. 

Agreement Between Sodium Intake, 24hUNa, and e24hUNa 

 The differences between actual sodium intake, measured 24hUNa, and e24hUNa from 

the INTERSALT and the Tanaka-Na equations are shown in Figure 3.1A. The main GLM 

analysis was not significant (p=0.18), suggesting that all methods of measuring/estimating 

sodium intake did not produce significantly different average values. In addition, the interaction 

with CKD status was not significant (p=0.51), suggesting there were no differences in sodium 

intake estimates in healthy compared to CKD participants. Notably, however, average e24hUNa 

from the INTERSALT and Tanaka-Na equations were ~400 and ~500 mg higher than sodium 

intake, respectively. Figure 3.1B shows the differences between sodium intake, measured 

24hUNa, and e24hUNa from the Nerbass-RRID and Nerbass-SALTED equations in CKD 

participants only. The main GLM analysis was significant (p=0.001), and planned contrasts 

showed that e24hUNa from the Nerbass-SALTED equation was significantly higher than both 

actual sodium intake (p<0.001) as well as measured 24hUNa (p=0.007). The results from our 

correlational analyses for sodium are shown in Table 3.2. Overall, e24hUNa from both the 

INTERSALT and Tanaka-Na equations are not correlated with either actual sodium intake or 

measured 24hUNa (all p>0.05). In CKD participants, e24hUNa from both the Nerbass-RRID and 
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Nerbass-SALTED equations were not correlated with actual sodium intake (both p>0.05); 

however, e24hUNa from the Nerbass-SALTED was positively correlated with measured 

24hUNa (r=0.78, p=0.04).  

  

Figure 3.1 Relationship between sodium intake, measured 24hUNa, and estimated 24hUNa in A) 

all participants and B) CKD participants only. Bars represent mean ± SEM. 
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Table 3.2 Correlations between intake, measured 24h mineral excretion, and estimated 24h 

mineral excretion for sodium and potassium 

  Actual Na Intake Measured 24hUNa 

  r 95% CI p-value r 95% CI p-value 

Measured 24hUNa 0.19 (-0.41, 0.67) 0.53 -- -- -- 

Estimated 24hUNa       

    INTERSALT 0.28 (-0.33, 0.72) 0.35 0.331 (-0.28, 0.74) 0.27 

    Tanaka 0.09 (-0.48, 0.61) 0.76 0.322 (-0.30, 0.73) 0.29 

    Nerbass—RRID* 0.18 (-0.67, 0.82) 0.70 0.673 (-0.22, 0.94) 0.10 

    Nerbass—SALTED* 0.39 (-0.54, 0.88) 0.39 0.784 (-0.01, 0.96) 0.04 

       

 Actual K Intake Measured 24hUK 

 r 95% CI p-value r 95% CI p-value 

Measured 24hUK 0.37 (-0.24, 0.75) 0.21 -- -- -- 

Estimated 24hUK       

   Tanaka 0.55 (-0.02, 0.84) 0.051 0.325 (-0.29, 0.73) 0.29 
*evaluated in CKD participants only 
1Correlation coefficient between e24hUNa and measured 24hUNa in original INTERSALT study was r=0.79 and 

0.71 in men and women, respectively 
2Correlation coefficient between e24hUNa and measured 24hUNa in original Tanaka study was r=0.54 
3Correlation coefficient between e24hUNa and measured 24hUNa in original Nerbass-RRID study was r=0.55 
4Correlation coefficient between e24hUNa and measured 24hUNa in original Nerbass-SALTED study was r=0.57 
5Correlation coefficient between e24hUK and measured 24hUK in original Tanaka study was r=0.56 

 

 Agreement between e24hUNa and actual sodium intake is displayed in the Bland-Altman 

plots in Figure 3.2. On average, both the INTERSALT and Tanaka-Na equations overestimate 

actual sodium intake. From our observation of the pattern in the plots, both equations tend to 

overestimate sodium intake when the actual sodium value is low (i.e. further left on the x-axis), 

and tends to underestimate sodium intake to a greater extent when the actual sodium value is 

higher (i.e. further right on the x-axis). Similar observations can be seen when looking at the 

Bland-Altman plots for the Nerbass-RRID and Nerbass-SALTED equations.  
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Figure 3.2 Agreement between sodium intake and e24hUNa from A) INTERSALT equation in all participants, B) Tanaka equation in 

all participants, C) Nerbass-RRID equation in CKD participants, and D) Nerbass-SALTED equation in CKD participants. 
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Agreement Between Potassium Intake, 24hUK, and e24hUK 

 The differences between actual potassium intake, measured 24hUK, and e24hUK from 

the Tanaka-K equation are shown in Figure 3.3. The main GLM analysis violated the 

assumption of sphericity, thus the Greenhouse-Geiser correction was applied. The corrected 

main GLM analysis was significant (p=0.02), and planned contrasts show that e24hUK from the 

Tanaka-K equation was significantly lower than both the actual potassium intake (p<0.0001) and 

measured 24hUK (p=0.02). The interaction with CKD status was not significant (p=0.82), 

suggesting that there were no differences in potassium intake estimates between healthy and 

CKD participants. The results from our correlational analyses for potassium are shown in Table 

3.2. Overall, e24hUK was not correlated with actual potassium intake or measured 24hUK (all 

p>0.05). Agreement between e24hUK and actual potassium intake is shown in the Bland-Altman 

plot in Figure 3.4. On average, the Tanaka-K equation underestimates actual potassium intake. 

From our observation of the pattern in the plots, the Tanaka equation underestimates potassium 

intake to a greater extent when actual potassium intake is lower (i.e. further left on the x-axis), 

but better agreement between e24hUK and potassium intake is observed when the actual value is 

higher (i.e. further right on the x-axis).  

 

Figure 3.3 Comparison of potassium intake, measured 24hUK, and 24hUK from the Tanaka 

equation in all participants. Bars represent mean ± SEM. 
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Figure 3.4 Agreement between potassium intake and e24hUK using the Tanaka equation in all 

participants. 

Discussion 

 Our study was a secondary analysis of a controlled feeding study in moderate-stage CKD 

participants and healthy matched controls. Ours is the first study to assess the agreement between 

known dietary mineral intake and estimated 24-hour mineral excretion from spot urine samples 

for both sodium and potassium. We found that e24hUNa from the INTERSALT and Tanaka-Na 

equations was higher than, though not statistically different from, actual sodium intake in all 

participants. In CKD participants, the CKD-specific Nerbass-SALTED equation estimated an 

e24hUNa that was significantly higher than actual sodium intake, while the Nerbass-RRID 

equation estimated an e24hUNa that was closer to actual intake. Examination of Bland-Altman 

plots suggests that the bias in these equations becomes even more apparent at higher and lower 

levels of actual sodium intake. For potassium, e24hUK from the Tanaka-K equation was 

significantly lower than actual potassium intake, and examination of our Bland-Altman plot 

suggests that the bias in e24hUK becomes more apparent at low potassium intakes. Neither 

e24hUNa nor e24hUK were correlated with sodium or potassium intake, respectively. Overall, 
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our results suggest that e24hUNa and e24hUK are poor indicators of actual corresponding 

mineral intake in both healthy adults and CKD patients.  

 Several equations have been developed for calculating e24hUNa and e24hUK from spot 

urine samples, and these equations differ in methodology and population used to create them. 

Both Kawasaki (18) and Tanaka (17) developed equations for predicting e24hUNa and e24hUK 

from a Japanese population. Both equations use predicted 24-hour creatinine excretion as a 

correction factor to calculate e24hUNa and 24hUK. However, these equations are different in 

that the Tanaka equations were developed using a casual spot urine sample whereas the 

Kawasaki equations were developed using a fasting second morning void. Additionally, the 

Kawasaki equations were specifically developed in a clinically healthy population—having any 

active disease was considered exclusionary. Thus, because the intention of the current study was 

to calculate e24hUNa and e24hUK in a healthy as well as a CKD sample, we chose to exclude 

the Kawasaki equations from our current analyses. The INTERSALT equation (16) was 

developed as an additional equation to calculate e24hUNa. Both the INTERSALT and the 

Tanaka equation were developed using cohorts from the original multi-country INTERSALT 

study (22). However, the INTERSALT study used data from North American and Europe to 

develop this new equation. This equation used a casual spot urine sample and was developed 

using a multiple linear regression approach, with separate equations for men and women. More 

recently, several equations have been developed to calculate e24hUNa specifically in those with 

CKD: the Nerbass-RRID (19), the Nerbass-SALTED (20), and the CKDSALT (21) equations. 

All three equations were developed using a fasting morning spot urine sample, but the 

populations used were quite different. The Nerbass-RRID equation used a UK cohort with stage 

3 CKD, the Nerbass-SALTED equation used a Brazilian cohort with pre-dialysis CKD of any 

stage, and the CKDSALT equation used a Chinese cohort with stage 1-4 CKD. The different 

population and CKD stage of the participants included in the development of the Nerbass-

SALTED equation could explain why e24UNa was ~2,000 mg higher than sodium intake in our 

study sample. The CKDSALT equation was not used in our analyses because this equation 

includes urine urea as a factor, which was not measured in our study. To our knowledge, no 

equation exists to calculate e24hUK specifically in a CKD population. 

 Our study is the first to compare e24hUNa and e24hUK to an actual known intake in any 

population. However, previous studies have sought to validate e24hUNa and e24hUK against 
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measured 24hUNa and 24hUK, respectively, in various populations. Studies in non-CKD adults 

of varying racial/ethnic groups have found a large amount of bias when comparing e24hUNa to 

measured 24hUNa, and the relative bias varies depending on when the spot urine sample was 

collected, which equation was used, and what the true measured 24hUNa was (23-25). Similar 

results have been found when evaluating agreement between e24hUNa and measured 24hUNa in 

a CKD population (26). In addition, these and other studies found e24hUNa to only be weakly 

correlated with measured 24hUNa, if at all, with overall correlation coefficients ranging from 

0.31-0.67 (23-25). These findings are similar to our results in the current study, which show a 

large amount of bias when comparing e24hUNa to sodium intake with insignificant correlations 

between the two measurements. Fewer studies have sought to validate e24hUK, but one study in 

non-CKD adults similarly found that e24hUK was biased when compared to measured 24hUK 

with similarly poor correlations, regardless of which equation was used and the timing of spot 

urine sample collection (27). The consistently poor validity of equations for calculating 

e24hUNa and e24hUK may seem surprising. However, closer examination of these shows that, 

even in the studies where these equations were originally developed, the correlations between 

estimated mineral excretion and true mineral excretion are moderate at best, with most 

correlation coefficients between 0.50-0.60 (16-20). These findings, combined with our results, 

suggest that the current method of estimating sodium and potassium intake using a spot urine 

sample should be further evaluated and likely revised. 

 Producing inaccurate estimates of mineral intake can have important implications for 

predicting disease risk, and the subsequent development of interventions and policies, and this 

implication has not gone unnoticed. Indeed, a recent analysis found that using inaccurate 

methods for estimating population sodium intake, specifically e24hUNa from a spot urine 

sample and many prediction equations, mischaracterizes the relationship between sodium intake 

and mortality as U- or J-shaped (28, 29). If these findings are to be believed, it would suggest 

that policies and interventions aimed at reducing sodium intake are misguided. However, these 

analyses show that when the same data are reanalyzed using the gold standard method of 

estimating sodium intake (i.e. multiple 24-hour urine collections), the relationship between 

sodium intake and mortality is shown to be linear (28, 29). Given these findings, the 

International Consortium for Quality Research on Dietary Sodium/Salt (TRUE) published a 

position statement strongly discouraging the use of spot urine samples for estimating sodium 
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intake (30). The implications for inaccurate estimates of potassium intake warrant further 

investigation. 

 The strength of our study is in the rigorous, highly controlled design. This study was a 

controlled feeding study, and all meals were chemically analyzed to confirm dietary mineral 

content. Therefore, we knew the actual sodium and potassium intakes of our participants. The 

use of a controlled feeding study is perhaps the only circumstance in which actual dietary intake 

could be known and compared to a urinary biomarker. In addition, participants remained in an 

inpatient setting for the last two days of the study, thus allowing study staff to ensure participants 

were properly following study protocol for the diets as well as the urine collections. This 

inpatient design allows for more confidence in the data collected. However, our study does have 

limitations. We have a small sample size (n=16) due to the fact that power and sample size 

calculations were originally conducted to meet the needs of the parent study. In addition, all 

CKD participants were in stage 3 and all participants consumed the same study menu, which 

limits the generalizability of our findings to other CKD stages and other levels of sodium and 

potassium intake. Future studies should confirm the present findings in a larger sample size, 

including broader stages of CKD, and with a wider range of sodium and potassium intake levels.  

Practical Application 

 Estimated 24-hour sodium and potassium excretion calculated from spot urine samples 

are not reliable indicators of either sodium or potassium intake, respectively, in both CKD 

patients as well as those without CKD. Researchers and practitioners who use this method should 

do so with caution, as there is a risk of mischaracterizing a patient’s disease risk. 
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CHAPTER 4: SPOT URINE SAMPLES TO ESTIMATE PHOSPHORUS 

INTAKE IN CKD PATIENTS: A SECONDARY ANALYSIS FROM A 

CONTROLLED FEEDING STUDY 

Abstract 

Objective: The objective of our study was to determine if estimated 24-hour urinary phosphorus 

excretion (e24hUP), calculated from a spot urine sample using a published equation, provides a 

reliable estimate of actual phosphorus intake in those with moderate stage chronic kidney disease 

(CKD) consuming a controlled diet.  

Design and Methods: This was a secondary analysis of a controlled feeding study aimed at 

assessing differences in phosphorus absorption between healthy and CKD participants. Only the 

participants with CKD were included in the present analyses. Participants (n=8) consumed a 

controlled diet providing ~1800 mg/d P for 8 days. Days 7 and 8 were inpatient study days, 

during which time participants consumed all meals and collected all urine in a clinic setting. 

e24UP was calculated using the spot urine sample collected in the morning on day 7, and 

e24hUP was compared to known phosphorus intake. 

Results: Actual phosphorus intake was significantly higher than both measured 24hUP 

(difference of 731 mg, p<0.001) and e24hUP (difference of 960 mg, p<0.001). In addition, 

e24hUP was not correlated with actual phosphorus intake (r=0.56, p=0.19), though e24hUP was 

correlated with measured 24hUP (r=0.76, p=0.046). The Bland-Altman plot shows consistently 

poor agreement between e24hUP and phosphorus intake, regardless of the level of actual 

phosphorus intake.  

Conclusion: e24hUP calculated using a spot urine sample does not provide a reliable indicator 

of actual phosphorus intake in moderate stage CKD. These findings should be confirmed in a 

larger sample with varying stages of CKD and a wider range of phosphorus intake.   
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Introduction 

 Chronic kidney disease (CKD) is a major public health problem affecting >14% of the 

U.S. population (1). Those with CKD experience a decreased quality of life (2) as well as an 

increased risk for comorbidities and a two-times greater mortality rate compared to those without 

CKD (3). Disturbances in phosphorus homeostasis begin early in CKD and can ultimately lead to 

cardiovascular complications, bone fragility, and CKD progression (4). Thus, managing 

abnormal phosphorus is an important focus for treating those with CKD (5). Reducing absorption 

of dietary phosphorus, often by reducing phosphorus intake or taking phosphate binders, is a 

fundamental approach for managing serum phosphate and parathyroid hormone levels with the 

goal of preventing bone and mineral disorders (6-8).  

 Accurately and easily estimating phosphorus intake in both research and clinical practice 

is critical for furthering our understanding of the effect of phosphorus on CKD, designing 

effective interventions, and creating appropriate clinical guidelines and public health policies. 

Estimating dietary phosphorus intake can be challenging, largely due to the widespread presence 

of naturally-occurring phosphorus and use of phosphorus-containing additives in foods combined 

with inaccurate nutrient databases (9). Given that dietary phosphorus is highly absorbed (10) and 

that the kidneys are important regulators of phosphorus homeostasis (11), 24-hour urinary 

phosphorus excretion (24hUP) is often used as a surrogate indicator of dietary phosphorus 

intake. However, we have previously shown that 24hUP did not correlate to a known dietary 

intake nor intestinal phosphorus absorption from metabolic balance in eight moderate-stage CKD 

patients who participated in a controlled feeding study (12). We concluded that caution should be 

used in interpreting 24hUP values as reflecting dietary P intake or absorption in non-

interventional contexts. However, we argue that our results did not undermine the use of 24hUP 

as a surrogate measure of intestinal P absorption in the context of randomized controlled trials 

where the intervention has a known or assumed mechanism affecting intestinal P absorption (e.g. 

dietary P restriction or P binder trials). Thus, 24hUP remains a valuable measure in certain 

settings. However, this method is burdensome for participants. An alternative method that has 

been developed is to collect a spot urine sample and estimate 24hUP (e24hUP) using a prediction 

equation developed specifically for CKD (13). While this method is easier to administer, it 

remains unknown how closely e24hUP reflects actual phosphorus intake. Thus, the aim of our 

study was to utilize data from a controlled feeding study to compare e24hUP, calculated from a 
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spot urine sample using a published equation (13), to known phosphorus intake in CKD 

participants.   

Methods 

 This study was a secondary analysis of a controlled feeding study aimed at assessing 

phosphorus absorption in stage 3 CKD patients and healthy matched controls. More detailed 

study methods have been published previously. Only the CKD participants were included in the 

present analyses. Briefly, descriptive data and baseline characteristics were collected at the 

screening visit. After enrolling in the study, participants began the 9-day study. The three-day 

cycle menu provided ~1800 mg P/d. All prepared foods and beverages were provided to the 

participants. For the first 6 days, participants consumed their controlled diet outside the study 

clinic. For days 7-9, participants were admitted to the clinical research center (CRC) at Indiana 

University School of Medicine for inpatient data collection. During this time, all food was 

provided to participants and any uneaten food was recorded by CRC staff. Participants collected 

all urine in specified intervals. 

 To confirm dietary mineral content, study meal composites were prepared as if they 

would be served to a participant. These composites were homogenized, freeze-dried, and ashed 

to remove all organic material. The mineral ash was then diluted and analyzed using inductively 

coupled plasma optical emission spectroscopy (ICP-OES, Optima 4300; PerkinElmer). Actual 

phosphorus intake was determined using chemical analysis data combined with data from food 

records collected in the CRC. Urine samples were analyzed for mineral content by ICP. The spot 

urine sample collected in the morning on day 7 was used to calculated e24hUP using an equation 

developed by Robinson-Cohen et al. (13) to predict 24hUP.  

 Data that were non-normally distributed and were log-transformed prior to analyses. 

Differences between actual phosphorus intake, 24hUP, and e24hUP were determined by general 

linear model (GLM), and the relationship between all three measurements were assessed using 

Pearson bivariate correlations. Agreement between phosphorus intake and e24hUP were assessed 

using a Bland-Altman plot. All statistical analyses were conducted using SAS (version 9.4) and 

p<0.05 was considered significant.  
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Results 

 Baseline characteristics of study participants are shown in Table 4.1. On average, 

participants (n=8) were 56.6 ± 13.8 years old with BMI ranging from 19.5-45.6 kg/m2 . Half of 

the participants were women; 3 participants were black and 5 were white. All participants had 

moderate stage CKD, as reflected in the average eGFR of 40.7 ± 7.9 mL/min and the elevated 

BUN and Cr levels of 33.4 ± 12.9 and 1.7 ± 0.18, respectively. Average phosphorus intake on 

day 7 was 1627.96 ± 236.79 mg, as calculated using chemical analyses of the menu as served 

and the food intake records collected in the CRC. Figure 4.1 compares average phosphorus 

intake to measured 24hUP and e24hUP calculated using the Robinson-Cohen equation. The main 

GLM analysis was significant (p<0.001). Planned contrasts showed that phosphorus intake was 

significantly higher than measured 24hUNa (difference of 731 mg, p<0.001) and e24hUP 

(difference of 960 mg, p<0.001). Measured 24hUNa was not significantly different from e24hUP 

(difference of 229 mg, p=0.41). Correlational analyses showed that phosphorus intake is 

significantly correlated with measured 24hUNa (r=0.84, p=0.009), and measured 24hUP is 

significantly correlated with e24hUP (r=0.76, p=0.046), however phosphorus intake is not 

correlated with e24hUP (r=0.56, p=0.19). The agreement between phosphorus intake and 

e24hUP is shown in the Bland-Altman plot in Figure 4.2. The e24hUP underestimated 

phosphorus intake in all participants, and the level of underestimation remained relatively 

consistent regardless of the level of phosphorus intake. 
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Table 4.1 Baseline characteristics of participants  

Characteristic CKD Participants (n=8) 

Age, y 56.6 (13.8) 

Height, cm 166.6 (10.3) 

Weight, kg 87.6 (24.1) 

BMI, kg/m2 31.7 (9.4) 

eGFR, mL/min 40.7 (7.9) 

BUN, mg/dL 33.4 (12.9) 

Cr, mg/dL 1.7 (0.18) 

SBP, mmHg 130.9 (16.2) 

DBP, mmHg 63.0 (15.7) 

FPG, g/dL 135.4 (35.0) 

Sex  

   Women 4 (50%) 

   Men  

Race  

   Black 3 (37.5%) 

   White 5 (62.5%) 
Data are presented as n (%) or mean (SD). BMI, body mass index; eGFR, estimated glomerular filtration rate; BUN, 

blood urea nitrogen; Cr, creatinine; SBP, systolic blood pressure; DBP, diastolic blood pressure, FPG, fasting 

plasma glucose. 

 

Figure 4.1 Relationship between phosphorus intake, measured 24hUP, and estimated 24hUP 

from the Robinson-Cohen equation. Bars represent mean ± SEM. 
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Figure 4.2 Agreement between phosphorus intake and e24hUP using the Robinson-Cohen 

equation. 

Discussion 

 Our study is the first to compare e24hUP to an actual known phosphorus intake in 

participants with CKD. We utilized data from a controlled feeding study, thus ensuring that 

actual phosphorus intake was known. Our results show that e24hUP underestimates phosphorus 

intake by nearly 1000 mg, though e24hUP is not significantly different from measured 24hUP. In 

addition, though e24hUP is significantly correlated with measured 24hUP, it is not correlated 

with phosphorus intake, and Bland-Altman plots show consistently poor agreement between 

e24hUP and phosphorus intake at all levels of phosphorus intake. Overall, these findings suggest 

that e24hUP is a poor indicator of phosphorus intake. Our findings are important because 

phosphorus intake is the true exposure of interest when using a spot urine sample to calculate 

e24hUP. Indeed, producing inaccurate estimates of phosphorus intake could have implications 

for research as well as patient care in clinical settings.  
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 Previous studies have sought to validate the use of spot urine samples for estimating 

24hUP. The study by Robinson-Cohen et al (13), in which the equation for calculating e24hUP 

in CKD was developed, compared e24hUP against measured 24hUP in a separate validation 

cohort. They found that e24hUP was significantly correlated with measured 24hUP with a 

moderately strong regression coefficient (r2=0.43) but e24hUP underestimated measured 24hUP 

in 49% of participants. A more recent cross-sectional study in both healthy and CKD participants 

examined whether spot urine phosphorus-to-creatinine ratio (uP/uCr) could be used as a reliable 

indicator of measured 24hUP (14). This study found that spot uP/uCr was not correlated with 

measured 24hUP, and spot urine phosphorus itself was significantly but weakly correlated with 

measured 24hUP (r=0.39). In addition, Bland-Altman plots displayed bias when comparing spot 

uP/uCr to measured 24hUP. The findings from these two studies suggest that e24hUP is superior 

to uP/uCr for estimating measured 24hUP; however, our findings suggest that e24hUP should be 

used with caution, as it may not provide a reliable indicator of phosphorus intake at a single point 

in time. The use of e24hUP as an indicator of change in phosphorus intake over time (e.g. in a 

phosphate binder or dietary intervention study) remains to be determined. 

 Spot urine samples are used to provide a surrogate indicator of measured 24hUP, 

assuming that 24hUP itself is a reliable indicator of phosphorus intake. However, whether 

24hUP accurately reflects phosphorus intake in those with CKD has recently been called into 

question. Our previously reported analysis from a controlled feeding metabolic balance study 

(12) investigated the relationship between 24hUP and phosphorus intake and absorption in CKD 

participants. We reported that, despite the fixed phosphorus intake, 24hUP varied widely among 

participants and day-to-day within participants. In addition, 24hUP was not a reliable indicator of 

phosphorus intake nor net intestinal phosphorus absorption, but rather was inversely correlated to 

whole-body phosphorus retention. This suggests that caution should be used in interpreting 

24hUP as a reflection of phosphorus intake or absorption in those with CKD. 

 The strength of our study lies in the tightly controlled study setting. Participants 

consumed a controlled diet, which was chemically analyzed to confirm the amount of 

phosphorus provided. In addition, dietary intake data and urine samples were collected in an 

inpatient setting, which helps ensure the accuracy and completeness of the data. Weaknesses of 

the current study include a small sample size, providing only one level of dietary phosphorus in 

the prescribed menu, and only including participants with moderate stage CKD. In order to make 
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these results more generalizable, future studies should confirm these findings in a larger sample 

with participants in varying stages of CKD consuming varying levels of dietary phosphorus.  

Practical Application 

 Collecting a spot urine sample and calculating estimated 24-hour urinary phosphorus 

excretion may not provide an accurate indicator of actual phosphorus intake in CKD patients. 

Estimating phosphorus intake is important in both research and clinical settings, and 

investigators and clinicians should carefully consider which method they use. Future work 

should investigate more reliable methods for estimating phosphorus intake in this population 
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CHAPTER 5: DISCUSSION 

Summary and Synthesis 

 The overall aim of my dissertation is to examine the use of spot urine samples for 

estimating mineral intake in healthy participants as well as those with CKD. Sodium, potassium, 

and phosphorus are minerals of interest that have implications for chronic disease risk as well as 

disease progression. Therefore, accurately estimating their intake is important for research, 

clinical practice, and public health purposes.  

Spot Urine Samples for Estimating Sodium Intake in Normotensive Adults 

 HTN is a major risk factor for CVD (1), and sodium intake is an important modifiable 

risk factor for elevated blood pressure (2). Accurately and easily measuring sodium intake is 

important for studying diet-disease relationships and designing effective interventions. The gold 

standard method is 24hUNa, but 24-hour urine collections are burdensome for participants. Spot 

urine samples have been used as convenient alternative, but how well e24hUNa from spot urine 

samples reflects actual sodium intake has not been determined. Our aim was to explore the 

relationship between actual sodium intake and e24hUNa from multiple spot urine samples and 

published equations in healthy, normotensive men and women (n=35). We utilized data from a 

controlled feeding study, in which actual sodium intake was known. On day 4 of the 4-day 

control phase, participants consumed all meals and collected timed urine samples in a clinic 

setting. All timed spot urine samples were used to calculate e24hUNa using the INTERSALT 

(3), Tanaka (4), and Kawasaki (5) equations. We found that, regardless of spot urine sample or 

equation used, e24hUNa exhibited poor agreement with sodium intake. Our results suggest that 

e24hUNa does not provide a reliable indicator of sodium intake in normotensive adults. These 

findings align with previous studies, which have demonstrated bias and only weak correlations 

when comparing e24hUNa to measured 24hUNa (6) and provides further justification that 

researchers should exercise caution when using this method to characterize diet-disease 

relationships (7, 8).  
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Spot Urine Samples for Estimating Sodium and Potassium Intake in Patients with CKD 

and Healthy Adults 

 Sodium and potassium are two minerals with important implications for CKD prevention 

(9, 10) and progression (11, 12). Thus, it is important to have accurate and convenient methods 

for estimating sodium and potassium intake in both research and clinical practice settings. 

Twenty-four-hour urine collections are the gold standard method for both minerals because 

dietary sodium and potassium are readily excreted in the urine (13). Because 24-hour urine 

collections are burdensome, an alternative method that has been explored is using a spot urine 

sample to calculate e24hUNa and e24hUK, which are used as surrogate indicators of sodium and 

potassium intake, respectively. Multiple equations have been developed for calculating e24hUNa 

(3, 4) and e24hUK (14), including CKD-specific equations for 24hUNa (15, 16). However, how 

closely e24hUNa and e24hUK reflect actual sodium and potassium intake, respectively, in 

patients with CKD has not been explored. Therefore, our aim was to examine the relationship 

between e24hUNa and 24hUK in patients with moderate stage CKD (n=8) and matched healthy 

adults (n=8). We utilized data from a controlled feeding study, in which actual sodium and 

potassium intake is known. Diet samples were chemically analyzed using ICP to confirm mineral 

content. The study lasted 9 days; on days 7-9, participants consumed all meals and collected all 

urine in an inpatient setting. The morning spot urine sample collected on day 7 was used to 

calculate e24hUNa and e24hUK. We found generally poor agreement between e24hUNa and 

sodium intake, even with CKD-specific equations, as well as poor agreement between e24hUK 

and potassium intake. Our findings align with previous studies in CKD patients, which have 

demonstrated bias when comparing e24hUNa to measured 24hUNa (17). Overall, this suggests 

that spot urine samples are not a reliable method for estimating sodium or potassium intake in 

either healthy adults or patients with CKD. 

Spot Urine Samples for Estimating Phosphorus Intake in Patients with CKD 

 Phosphorus is another mineral of concern in terms of CKD morbidity and mortality (18, 

19). Targeting phosphorus intake and absorption is an important therapeutic strategy for 

managing CKD (20). Therefore, accurately and easily measuring phosphorus intake in patients 

with CKD as well as for research purposes is important. Twenty-four-hour urinary phosphorus 

excretion is often used as a surrogate indicator of phosphorus intake, though newer evidence 
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suggests 24hUP may not be reflective of phosphorus intake nor absorption (21). Despite this, it is 

still frequently used, and given the burden of 24-hour urine collections, the use of spot urine 

samples and e24hUP as an alternative method in patients with CKD has been explored (22). 

However, how well e24hUP reflects actual phosphorus intake has not been explored. The aim of 

our study was to examine the relationship between e24hUP and phosphorus intake in patients 

with moderate stage CKD (n=8). We utilized data from a controlled feeding study, in which true 

phosphorus intake was known, and in which urine samples and dietary intake data were collected 

in an inpatient setting. We used the spot urine sample collected in the morning on day 7 to 

calculate e24hUP. Our results show poor agreement between e24hUP and phosphorus intake, but 

good agreement between e24hUP and measured 24hUP. These findings corroborate previous 

research that suggests 24hUP is not reflective of intake (21). However, measured 24hUP may 

still be useful as an indicator of whole-body phosphorus retention (21), and also as an indicator 

of change in phosphorus absorption, as in an intervention study, and our results do not preclude 

the use of e24hUP as an indicator of measured 24hUP in that context.  

Strengths and Limitations 

 The primary strength of all three studies is the use of data from controlled feeding 

studies. This helps ensure the actual mineral intake of study participants. In addition, dietary 

intake data and urine collections were all conducted in a clinical setting, particularly in the 

second and third studies which involved a two-day inpatient visit. This helps ensure that dietary 

intake is recorded accurately and ensures that no urine samples were missed, which could affect 

the accuracy of the measured 24-hour mineral data. A limitation of all three studies is the 

relatively small sample sizes (n=39, n=16, and n=8). For similar studies, much larger sample 

sizes are typically used).  

 Each study has its own unique strengths and limitations. A strength of my first study is 

the collection of multiple spot urine samples, which allowed us to examine e24hUNa when spot 

urine samples were collected at various times of the day relative to meal intake. A unique 

limitation of my first study is the lack of chemical analysis data on the study diets. Therefore, 

though menus were analyzed using the gold standard software for controlled feeding studies, we 

cannot confirm the reported sodium content. An additional limitation is the lack of 

generalizability. The study only included normotensive white and Asian adults. Therefore, these 
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findings cannot be extrapolated to hypertensive adults, adults with other chronic conditions, 

other races, or to children. A strength of my second and third studies is the chemical analysis of 

the study diet, which ensured the reported mineral intake was accurate. Unique limitations of my 

second and third studies are the inclusion of only patients with stage 3 CKD, and the provision of 

only one study diet. This prevents generalizability of our findings to all stages of CKD and 

prevented us from exploring relationships between mineral intake and estimated 24-hour mineral 

excretion over a wider range of intakes. An additional limitation of my second and third studies 

is the collection of only one true spot urine sample. This prevented us from exploring whether 

e24hUNa, e24hUK, and e24hUP may better reflect intake when using a spot urine sample 

collected at a different time of the day.  

Future Directions 

 The studies in my dissertation were the first to examine the relationship estimated 24-

hour mineral excretion and actual mineral intake (namely sodium, potassium, and phosphorus) in 

both healthy populations as well as patients with CKD. Previously, studies have only explored 

the relationship between estimated and measured 24-hour mineral excretion. Given that sodium, 

potassium, and phosphorus intake are often the true exposure of interest in both research and 

clinical practice settings, these fill an important gap in the literature regarding the use of 

alternative methods for estimating mineral intake. However, more work needs to be done. Future 

studies should confirm these findings in larger, more diverse samples with a wider range of 

mineral intakes. Given that current published equations were all designed to predict 24-hour 

mineral excretion, which itself is a surrogate measure of mineral intake, future studies should 

also aim to develop new equations designed to directly predict mineral intake. This would likely 

need to be done in the context of a controlled feeding study in order to ensure actual mineral 

intake is known. In addition, because e24hUP exhibited good agreement with measured 24hUP, 

future studies should explore whether e24hUP could be used as a surrogate indicator of 

phosphorus retention or changes in phosphorus absorption in the context of an intervention.  
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Conclusions 

 Regardless of equation used, estimated 24-hour mineral excretion does not provide a 

reliable indicator of mineral intake in either healthy adults or patients with CKD. For sodium, 

potassium, and phosphorus, 24-hour urine excretion is frequently used as a surrogate indicator of 

intake. Given the burden of 24-hour urine collections, spot urine samples have been explored as 

a more convenient alternative strategy to estimate intake. This involves collecting a spot urine 

sample, then using one of many available prediction equations to calculate an estimate of 24-

hour mineral excretion. Our findings suggest that this strategy should be used with caution, 

which aligns with expert recommendations advising against using e24hUNa to examine diet-

disease relationships (23). For phosphorus specifically, e24hUP may be useful as a surrogate 

indicator of other measures of phosphorus metabolism and homeostasis, though this should be 

confirmed with additional studies. Having an accurate and convenient method for estimating 

sodium, potassium, and phosphorus intake is undeniably important for chronic disease 

prevention and management. Therefore, future work should focus on improving current methods 

or developing new methods for directly estimating sodium, potassium, and phosphorus intake. 
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APPENDIX A: PROTOCOLS 

A1: Diet Homogenizing Protocol 

Note: this protocol is written assuming the “unit” is one meal. The same steps apply if you are 

homogenizing a single food item or even food for an entire day. 

 

1. Make meal according to the same protocol you would use if you were making it for a 

participant in the study. 

a. Make sure to use the same ingredients and products you would use for the study. 

b. Portion the food and prepare it the same way you would for the study. 

2. Combine all food for the meal, including non-water beverages, in a large container. 

a. Store food in a labeled container until further analyses can be done. 

b. If analyses will not be done right away, food samples can be stored in the freezer, 

but must be thawed before they can be processed further. 

3. Make sure food samples are thawed, and begin further processing 

a. Record the container codes in your processing records—see table at the end of 

this protocol for how to record all processing data.  

4. Take the lid off of the container and weigh the container with the food in it. Record the 

weight of the container + food.  

5. Add all (thawed) food from the meal/sample to a large, industrial-grade blender.  

a. If necessary, use a spatula or other utensil to scrape as much food off the 

container into the blender as you can. 

b. Weigh the empty container and record the weight. 

6. Add ~50-100g of ultrapure water to the blender.  

a. The actual amount of ultrapure water you add to the blender doesn’t matter, as 

long as you record the exact weight of ultrapure water added (i.e. weigh the water, 

record it, then add it to the blender). 

7. Blend the food until it is fully homogenized. 

a. It should have the texture of a smoothie. 

b. If you still see lumps or whole chunks of food, continue blending.  

c. You can always add more ultrapure water to the blender, as long as you weigh the 

ultrapure water and record the weight prior to adding. 

8. While food is blending, prepare your sample trays. These are the trays you will pour the 

blended sample into, and these are the trays you will put in the freeze dryer. 

a. Weigh the empty tray and record the weight. 

b. Label the tray with the sample code for the sample you will put into it. 

c. Depending on how much food you are homogenizing, one sample will sometimes 

require more than one tray. You will need to weigh both trays, and make sure to 

label them as “samplecode.1” and “samplecode.2” (or some other coding 

scheme). 

9. When the sample is fully homogenized, empty the sample into the prepared tray(s) 

a. Trays should only be max ¾ full, so use multiple trays if necessary 

10. Add about 50-100 g of ultrapure water to the blender to rinse it and use a spatula or other 

tool to scrape as much of the food sample off the sides of the blender. 
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a. Make sure you record the weight of the ultrapure water added to the blender. 

b. Add the ultrapure water/sample mixture on top of the filled trays with the food 

sample. 

11. Weigh and record the weight of the tray + homogenate. 

12. Cover the tray with foil and put in freezer. 

a. Sample must be fully frozen before it can be freeze dried, which is the first step in 

further processing the sample for chemical analysis. 

 

 



 

 

1
1
1
 

Diet Homogenate Sample Record Sheet 

 

 

 

Container 

Code 

Food + 

Container 

Weight (g) 

Empty 

Container 

Weight (g) 

U.P. Water 

added 

before 

blending (g) 

U.P. Water 

used to rinse 

blender (g) 

Empty tray 

weight (g) 

Tray + 

homogenate 

weight (g) 

Homogenized 

date 

Date in 

Freeze dryer 

Date out 

of freeze 

dryer 

Tray + 

dry food 

weight (g) 

           

           

           

           

           

           

           

           

           

           

           

           

 



 

112 

A2: Diet Preparation for ICP Analysis Protocol 

- To run diet on the ICP you will need to have a dried composite that is freeze dried (or if 

animal diet just crushed) to eliminate the water weight. 

- The procedure will first be explained with individual steps to follow:    

 

A diet is combined with all appropriate weights and measurements taken.  This combined 

homogenate is frozen in plastic containers no more than ¾” thick.  These frozen diets are 

placed in the freeze dryer and run until all moisture is removed.  The freeze dried diets are 

crushed in a bag. (Multiple trays of the same diet are combined and well mixed).  Crucibles 

are weighed empty with this weight recorded.  The freeze dried diet is added to the crucibles 

(approximately 2 grams), and the crucibles are reweighed.  Lids are added after the weighing 

procedure.  A marker is used to add the labels to the lids for ID purposes prior to entering the 

muffle furnace.  The diets are placed in the muffle furnace using a map that identifies where 

each crucible is since the label will not be visible after burning.  They should be run in the 

furnace on Program 1 which is 300 degrees for 16 hours which will automatically increase to 

600 degrees for 3 days.  After 3 days, the furnace will be turned off (manually) and the 

crucibles are allowed to cool.  After about 4 hours the crucibles can be removed from the 

furnace and allow to cool completely before weighing.  Once cooled, the lids will be 

removed, but kept with their respective crucible and the crucible (without lid) will be 

weighed for an ash weight.  Lids can be placed on crucible after weighing and a marker can 

be used to label lids post furnace.  After weighing the crucibles will have 1ml of concentrated 

HNO3 added to dissolve the pellet. This will need to sit over night, but not more than 48 

hours.  After the pellet is dissolved the acid will be transferred to a 25mL volumetric flask 

using Ultrapure water.  Rinse the crucible at least 3 times with a disposable transfer pipet and 

the ultrapure water.  Once the crucible is empty and rinsed the volumetric flask can be filled 

to the 25mL mark with Ultrapure water.  Parafilm should be placed on the top of each flask 

where they will be inverted and shaken to allow the solution to mix well.  After mixing the 

solution, it can be stored in a pre-labeled scintillation vial (if you need 20ml to store) or a 15 

mL centrifuge tube.  Be sure lids are on tight.  Any extra solution can be discarded (but make 

note of the total volume the crucible was diluted to).  This is considered the STOCK 

SOLUTION.  Dilutions for ICP will be made from this tube.  Dilute accordingly to have the 

appropriate concentration for the machine.  See the ICP tech for appropriate dilutions.  

Always check a few dilutions first to see if it is correct before doing your entire set of 

samples. 
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APPENDIX B: SAS CODE FOR CHAPTERS 3 AND 4 

/*Imported dataset using ImportWizard, no code needed*/ 

/*label CKD status, sex, and race*/ 

PROC FORMAT; 

VALUE CKD_status 

 1= 'CKD' 

 2= 'Healthy' 

 ; 

VALUE sex 

 1= 'Female' 

 2= 'Male' 

 ; 

VALUE race 

 1= 'White' 

 2= 'Black' 

 ; 

 RUN; 

/*apply formats to data*/ 

DATA spot_u.spoturinedataformatted; SET spot_u.spoturinedata; 

FORMAT CKD_Status CKD_status.; 

FORMAT sex sex.; 

Format race race.; 

RUN; 

/*descriptives overall*/ 

PROC MEANS DATA=spot_u.spoturinedataformatted; 

run; 

PROC FREQ DATA=spot_u.spoturinedataformatted; 

TABLES CKD_status sex race; 

run; 

/*descriptives for CKD and Healthy separately*/ 

PROC MEANS DATA=spot_u.spoturinedataformatted; 

class CKD_status; 

var age_y ht_cm wt_kg BMI_kg_m2 eGFR_mL_min BUN_mg_dL Cr_mg_dL SBP_mmHg 

DBP_mmHg FPG_g_dL Intake_Na_mg Intake_K_mg Intake_P_mg TwentyfourhUNa_mg 

TwentyfourhUK_mg TwentyfourhUP_mg; 

run; 

/*descriptives for CKD and Healthy for all intake and urine variables*/ 

PROC MEANS DATA=spot_u.spoturinedataformatted; 

class CKD_status; 

run; 

/*checking for normality using graphs*/ 

PROC UNIVARIATE DATA=spot_u.spoturinedataformatted; 

var Intake_Na_mg Intake_K_mg Intake_P_mg TwentyfourhUNa_mg TwentyfourhUK_mg 

TwentyfourhUP_mg INTERSALT_Na INTERSALT_woK_Na Tanaka_Na Tanaka_K Kawasaki_Na 

Kawasaki_K;  

HISTOGRAM Intake_Na_mg Intake_K_mg Intake_P_mg TwentyfourhUNa_mg 

TwentyfourhUK_mg TwentyfourhUP_mg INTERSALT_Na INTERSALT_woK_Na Tanaka_Na 

Tanaka_K Kawasaki_Na Kawasaki_K; 

run; 

PROC UNIVARIATE DATA=spot_u.spoturinedataformatted; 

var Intake_Na_mg Intake_K_mg Intake_P_mg TwentyfourhUNa_mg TwentyfourhUK_mg 

TwentyfourhUP_mg INTERSALT_Na INTERSALT_woK_Na Tanaka_Na Tanaka_K Kawasaki_Na 

Kawasaki_K; 
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ppplot; 

run; 

PROC UNIVARIATE DATA=spot_u.spoturinedataformatted; 

var Intake_Na_mg Intake_K_mg Intake_P_mg TwentyfourhUNa_mg TwentyfourhUK_mg 

TwentyfourhUP_mg INTERSALT_Na INTERSALT_woK_Na Tanaka_Na Tanaka_K Kawasaki_Na 

Kawasaki_K; 

qqplot /NORMAL (MU=EST SIGMA=EST); 

run; 

/*need to transform variables because intake variables are non-normally 

distributed*/ 

DATA spot_u.spoturinedatatransformed; SET spot_u.spoturinedata; 

logIntake_Na_mg = LOG(Intake_Na_mg); 

logIntake_K_mg = LOG(Intake_K_mg); 

logIntake_P_mg = LOG(Intake_P_mg); 

logTwentyfourhUNa_mg = LOG(TwentyfourhUNa_mg); 

logTwentyfourhUK_mg = LOG(TwentyfourhUK_mg); 

logTwentyfourhUP_mg = LOG(TwentyfourhUP_mg); 

logINTERSALT_Na = LOG(INTERSALT_Na); 

logINTERSALT_woK_Na = LOG(INTERSALT_woK_Na); 

logTanaka_Na = log(Tanaka_Na); 

logTanaka_K = log(Tanaka_K); 

logKawasaki_Na = log(Kawasaki_Na); 

logKawasaki_K = log(Kawasaki_K); 

logNerbass_RRID_Na = log(Nerbass_RRID_Na); 

logNerbass_SALTED_Na = log(Nerbass_SALTED_Na); 

logRobCoh_P = log(RobCoh_P); 

run; 

/*create new dataset with only CKD participants*/ 

DATA spot_u.spoturinedataCKDonly; SET spot_u.spoturinedatatransformed; 

IF CKD_status EQ 2 THEN DELETE; 

run; 

/*create new dataset with only healthy participants*/ 

DATA spot_u.spoturinedataHealthyonly; SET spot_u.spoturinedatatransformed; 

IF CKD_status EQ 1 THEN DELETE; 

run; 

 

 

/*TERTIARY AIM: repeated measures ANOVA comparing P intake, 24hUP, and 

estimated 24hUP in CKD only*/ 

PROC GLM DATA=spot_u.spoturinedataCKDonly; 

MODEL logIntake_P_mg logTwentyfourhUP_mg logRobCoh_P = /NOUNI; 

/*NOUNI means no univariate*/ 

REPEATED phosphorus 3 /PRINTE; 

/*PRINTE adds a test of sphericity*/ 

MANOVA H=intercept M= (1 -1 0) / SUMMARY; 

MANOVA H=intercept M= (1 0 -1) / SUMMARY; 

MANOVA H= intercept M= (0 1 -1) / SUMMARY; 

/*these are the defined contrasts; I'm comparing intake, 24hUP, and esimtated 

24hUP to each other*/ 

RUN; 

 

 

/*SECONDARY AIM: repeated measures ANOVA comparing Na intake, 24hUNa, and 

estimated 24hUNa in CKD only*/ 

PROC GLM DATA=spot_u.spoturinedataCKDonly; 

MODEL logIntake_Na_mg logTwentyfourhUNa_mg logNerbass_RRID_Na 

logNerbass_SALTED_Na = /NOUNI; 
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REPEATED sodium 4 CONTRAST (1) / SUMMARY PRINTE; 

REPEATED sodium 4 CONTRAST (2) /SUMMARY; 

RUN; 

 

 

/*PRIMARY AIM: mixed ANOVA comparing Na intake, 24hUNa, and estimated 24hUNa 

in both healthy and CKD*/ 

PROC GLM DATA=spot_u.spoturinedatatransformed; 

CLASS CKD_status; 

CLASS Pair; 

/*CLASS tells SAS these variables are categorical*/ 

MODEL logIntake_Na_mg logTwentyfourhUNa_mg logINTERSALT_Na logTanaka_Na = 

CKD_status Pair/NOUNI; 

/*NOUNI means no univariate*/ 

/*different measures of Na are a within-subjects factor, and CKD status is a 

between-subjects factor*/ 

/*adding Pair as a covariate*/ 

/*main effect of CKD_status tells us if Na is different based on CKD status, 

regardless of method of Na measurement*/ 

/*main effect of sodium tells us if Na measurements differ, regardless of CKD 

status*/ 

/*interaction between Na and CKD status tells us if measurements of Na using 

different measurement methods differ between CKD and healthy*/ 

REPEATED sodium 4 CONTRAST (1) / SUMMARY PRINTE; 

REPEATED sodium 4 CONTRAST (2) /SUMMARY; 

/*contrast 1 compares all measures of Na to Na intake*/ 

/*contrast 2 compares all measures of Na to 24hUNa*/ 

/*PRINTE adds a test of sphericity*/ 

RUN; 

 

 

/*PRIMARY AIM: mixed ANOVA comparing K intake, 24hUK, and estimated 24hUK in 

both healthy and CKD*/ 

PROC GLM DATA=spot_u.spoturinedatatransformed; 

CLASS CKD_status; 

CLASS Pair; 

/*CLASS tells SAS these variables are categorical*/ 

MODEL logIntake_K_mg logTwentyfourhUK_mg logTanaka_K = CKD_status Pair/NOUNI; 

/*NOUNI means no univariate*/ 

/*different measures of K are a within-subjects factor, and CKD status is a 

between-subjects factor*/ 

/*adding Pair as a covariate*/ 

/*main effect of CKD_status tells us if K is different based on CKD status, 

regardless of method of K measurement*/ 

/*main effect of potassium tells us if K measurements differ, regardless of 

CKD status*/ 

/*interaction between K and CKD status tells us if measurements of K using 

different measurement methods differ between CKD and healthy*/ 

REPEATED potassium 3 CONTRAST (1)/ SUMMARY PRINTE; 

REPEATED potassium 3 CONTRAST (2)/ SUMMARY; 

/*contrast 1 compares all measures of K to K intake*/ 

/*contrast 2 compares all measures of K to 24hUK*/ 

/*PRINTE adds a test of sphericity*/ 

RUN; 

 

 

/*run Pearson bivariate correlation for tertiary aim*/ 
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PROC CORR data=spot_u.spoturinedatackdonly fisher; 

/*fisher generates confidence intervals*/ 

VAR logIntake_P_mg logTwentyfourhUP_mg logRobCoh_P; 

RUN; 

 

 

/*run Pearson bivariate correlation for secondary aim*/ 

PROC CORR data=spot_u.spoturinedatackdonly fisher; 

/*fisher generates confidence intervals*/ 

VAR logIntake_Na_mg logTwentyfourhUNa_mg logNerbass_RRID_Na 

logNerbass_SALTED_Na; 

RUN; 

 

 

/*run partial correlations for primary aim, controlling for CKD status and 

pair*/ 

PROC CORR data=spot_u.spoturinedatatransformed fisher; 

/*fisher generates confidence intervals*/ 

VAR logIntake_Na_mg logTwentyfourhUNa_mg logINTERSALT_Na logTanaka_Na; 

PARTIAL CKD_status pair; 

RUN; 

PROC CORR data=spot_u.spoturinedatatransformed fisher; 

/*fisher generates confidence intervals*/ 

VAR logIntake_K_mg logTwentyfourhUK_mg logTanaka_K logKawasaki_K; 

PARTIAL CKD_status pair; 

RUN; 

  



 

121 

APPENDIX C: INDIANA CLINICAL AND TRANSLATIONAL SCIENCES 

INSTITUTE (CTSI) POSTER PRESENTATIONS 

C1: Poster for Indiana CTSI Annual Meeting, September 2019 in Indianapolis, IN 
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C2: Poster for Indiana CTSI Annual Retreat, January 2020 in West Lafayette, IN 
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