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Abstract

This article summarizes current data and approaches to assess sodium intake in individuals and 

populations. A review of the literature on sodium excretion and intake estimation supports the 

continued use of 24-h urine collections for assessing population and individual sodium intake. 

Since 2000, 29 studies used urine biomarkers to estimate population sodium intake, primarily 

among adults. More than half used 24-h urine; the rest used a spot/casual, overnight, or 12-h 

specimen. Associations between individual sodium intake and health outcomes were investigated 

in 13 prospective cohort studies published since 2000. Only three included an indicator of long-

term individual sodium intake, i.e., multiple 24-h urine specimens collected several days apart. 

Although not insurmountable, logistic challenges of 24-h urine collection remain a barrier for 

research on the relationship of sodium intake and chronic disease. Newer approaches, including 

modeling based on shorter collections, offer promise for estimating population sodium intake in 

some groups.
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INTRODUCTION

Excess sodium intake increases the risk for high blood pressure, and high blood pressure, or 

hypertension, is a leading risk factor for cardiovascular disease (2, 52, 55, 132). Globally, a 

projected 1 in 10 deaths from cardiovascular causes (1.65 million in 2010) are attributed to 

excess sodium intake (110). In contrast to randomized controlled trials indicating a positive 

dose-response relationship between sodium intake and blood pressure, some recent 

prospective cohort studies suggest that lower and higher sodium intakes are associated with 

an increased risk of cardiovascular disease and death (51, 113). The Institute of Medicine 

concluded in its 2013 report, Sodium Intake in Populations: Assessment of Evidence, that 

the “results of studies linking dietary sodium intake with direct health outcomes were highly 

variable in methodological quality, particularly in assessing sodium intake” (67, p. 4). 

Further, an American Heart Association science advisory concludes that these paradoxical 

findings may in part be explained by the measures used to assess sodium intake, in addition 

to a number of other biases (24). At the population level, ongoing activities in several 

countries to reduce sodium in foods require accurate monitoring of intakes of sodium and 

related nutrients, such as potassium (1, 21, 66, 146).

Twenty-four-hour urine collections are the recommended method of monitoring population 

sodium intake (149, 66). Assuming no urine voids are missed, about 90% of the sodium 

consumed (from all sources) is excreted in urine and estimated intake from 24-h urine 

collection is not subject to recall bias (65). In contrast, dietary methods (e.g., 24-h dietary 

recalls, food frequency questionnaires, dietary records) can be biased by errors in recall and 

recording as well as errors in food and nutrient composition tables (140). Dietary methods 

also do not usually capture the amount of sodium from salt added at the table or the amount 

of sodium consumed from nondietary sources (95), e.g., water softeners, sodium-containing 

supplements or antacids, and medications. Although these sources generally contribute a 

small proportion of population sodium intake, they can contribute substantial amounts 

among individuals exposed (49). Due to the high participant burden of 24-h urine collection, 

other urine specimens, such as spot/casual, overnight, and timed 12-h collections, are also 

used. The methods employed to assess sodium and related nutrient intake through urine 

biomarkers have not been comprehensively reviewed.

The types of urine biomarkers (e.g., 24 h-urine sodium excretion) used in surveys and 

studies to assess sodium intake are often noted in systematic reviews of population sodium 

intake and the associations between sodium intake and health outcomes (2, 14, 24, 67, 120). 

Study-specific data on the accuracy of the urine biomarkers used (e.g., methods used to 

assess the completeness of 24-h urine collection) are more limited. The present review of the 

published literature summarizes and evaluates current approaches to assess sodium intake 

through urine biomarkers in individuals and populations. This review includes sections on 

(a) data sources and review methods, (b) factors that affect sodium excretion and estimation 

of sodium intake from urine biomarkers, (c) approaches used to assess population and 

individual sodium intake through urine biomarkers in population-based surveys and 

prospective cohort studies of sodium intake and health, and (d) critical questions and 

directions for future research.
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DATA SOURCES AND REVIEW METHODS

We identified factors affecting sodium balance and excretion through the Institute of 

Medicine’s 2005 Dietary Reference Intakes report (65). To identify new factors or 

information related to urinary sodium excretion, we conducted additional database searches 

using words such as “sodium,” “salt,” “balance,” “homeostasis,” “urine,” and “sweat.”

We identified studies using urine biomarkers to assess sodium intake from recent systematic 

reviews of population sodium intakes (14) and the associations between sodium intake and 

health outcomes (2). Search strategies were developed to identify more recent studies not 

included in these reviews (see Supplemental Appendix; follow the Supplemental Material 

link from the Annual Reviews home page at http://www.annualreviews.org). Search 

strategies included all age groups, no language restrictions, and the EMBASE, Global 

Health, CINHAL, Cochrane Library, and Lilacs databases. Additional studies were 

identified through the review of reference lists of studies or systematic reviews identified in 

the database search and through contact with experts. Two independent reviewers screened 

titles and abstracts of all references. Abstracts and articles not published in English were 

translated using an online language translation program or through native speakers. We did 

not include data from conference abstracts. When multiple publications were available for an 

included study, we used one publication as the primary publication. The inclusion/exclusion 

criteria for studies using urine biomarkers to assess (a) population sodium intakes or (b) the 

association between sodium intake and health outcomes are described below.

Population Sodium Intakes

We included population-based studies on all ages and both sexes from the general 

noninstitutionalized population or specific subgroups (e.g., males) that estimated group 

sodium intake (mean or the proportion above or below a specific threshold) using data on 

urinary sodium excretion. We included cross-sectional surveys and baseline data from cohort 

or intervention studies representative of the population at any level (national, regional, 

local). We excluded studies conducted only on a specific subset of the population (e.g., 

people with hypertension only) and studies in which participants were not randomly selected 

from a geographic area (e.g., convenience samples, workers, schoolchildren).

Sodium Intake and Health Outcomes

We included randomized controlled trials, other intervention trials, and prospective 

observational studies on all ages and both sexes with data on urinary excretion of sodium 

used in the analysis of sodium and health outcomes and data on one or more of the following 

cardiovascular health indicators: blood pressure, cardiovascular disease events or mortality, 

and other indicators. We included original study reports or meta-analyses. We excluded 

studies that restricted analyses to people with a specific acute illness.
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FACTORS AFFECTING URINARY SODIUM EXCRETION AND SODIUM 

INTAKE ESTIMATION

Physiologic Factors

Factors affecting sodium absorption, metabolism, and excretion can alter the amount of 

sodium consumed that is excreted through urine (65). Normally, almost all of sodium 

consumed is absorbed through the intestines, and when sweating is not excessive, about half 

of sodium consumed on a particular day is excreted in urine the next 18–31 hours (12, 41, 

137). When intake is held constant for three or more days, the majority of sodium consumed 

is thought to be excreted through urine (about 90%), regardless of the amount of water 

consumed (65). Recent balance studies of three-week duration or more confirm that, 

regardless of intake, 97%–99% of sodium consumed is absorbed, with a small amount (0.1–

0.2 g/d) excreted in the feces (65, 80, 116).

Within the body, sodium is the main cation of the extracellular fluid, with the majority 

sodium found in the extracellular fluid (plasma and interstitial fluid) and the remainder 

found within cells. Medical physiology and nutrition texts indicate that the concentration of 

sodium in the plasma (140 mmol/L) and the interstitial fluid (145.3 mmol/L) are similar and 

constant and more than 10 times that of the concentration within cells, such as in muscles 

(13 mmol/L) (7, 53). Normal kidneys play a key role in maintaining plasma sodium 

concentration through excretion and reabsorption of water and sodium based on neural and 

hormonal signals (53). When sodium intake is low, angiotensin II and aldosterone increase, 

sodium and water are reabsorbed, and less sodium and water are excreted (53). When 

sodium intake is high, these hormones decrease, and more sodium and water are excreted in 

sweat and urine (65). In controlled conditions when substantial sweating does not occur, the 

amount of sodium excreted in sweat is small, about 0.1–0.3 g (4–12.7 mmol) per day (65, 

116, 122). The human body requires almost two days to excrete the amount of water and 

sodium in an acute isotonic saline infusion, e.g., 30 ml/kg body weight infused over 25 

minutes (31). When the amount of sodium intake is decreased or increased and then held 

constant, it takes about three days for the amount of sodium excreted in urine to equal intake 

(53) (Table 1).

Additional metabolic factors—Sodium metabolism may be even more complex and 

might include a third fluid compartment (98, 141) and an additional extrarenal regulatory 

mechanism contributing to sodium and water homeostasis and blood pressure control. Titze 

(141), in a review of recent studies from his group, suggests substantial amounts of excess 

sodium are found “bound to glycosaminoglycans in skin and in muscle” (p. 102). Marvar et 

al. (98) indicate that these studies suggest sodium is present under the skin on proteoglycans 

in an osmotically inactive state, causing lymph vessel growth. In two small highly controlled 

balance studies of 105 days or more in young adult men, changes in total body sodium 

content of ± 200–400 mmol had a monthly or longer duration without parallel changes in 

total body water content (122). These studies require replication in other groups and, if 

possible, with larger sample sizes, but results could explain the observed sodium retention 

with excess sodium intake in recent reports of other controlled balance studies (57, 58, 80, 
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116) (Table 1). In contrast to this theory, authors of two of these studies (80, 116) suggest 

sodium could be retained in the water in bones rather than a reservoir in skin.

Demographic Characteristics

On average, urinary sodium excretion varies by sex, age, and race-ethnicity, but these 

variations may be related to numerous lifestyle (e.g., sodium intake) and environmental 

factors or differences in the presence of chronic disease conditions and related medication 

use. As with sodium intake, urinary sodium excretion tends to be higher in males than 

females, among adults than children, and lower among the elderly than young or middle-

aged adults (5, 32, 41, 68). Recent studies suggest 24-h urinary volume is lower and urine 

osmolality and sodium concentration (mmol/L) higher while the rate of sodium excretion 

per 24 hours does not differ significantly among black versus white adults (9, 22, 145). 

When sodium intake and environmental conditions were held constant for several weeks in a 

balance study among adolescent girls (116), 24-h urine volume did not differ significantly 

by race with intake of 1.3 g/d or 4.0 g/d, nor did 24-h sodium excretion differ on a diet of 1.3 

g/d. When 4.0 g/d was consumed, 24-h sodium excretion was significantly lower for black 

girls (2.5 g) compared with white girls (3.3 g) (116) (Table 1).

Lifestyle and Environmental Factors

Dietary intake of sodium and potassium, physical activity, and climate can affect the amount 

of sodium excreted in the urine.

Sodium intake—In the United States and other developed populations, the amount of 

sodium consumed is highly correlated with calories consumed in populations (66). In these 

populations, the major source of sodium intake is processed and restaurant foods rather than 

sodium inherent in foods or salt added at the table or during home cooking (5, 95). In less 

developed countries, the major source of sodium intake is salt added during home cooking 

(5). With higher food and caloric intake, such as in men versus women, usually more sodium 

is consumed and excreted (5, 40). Day-to-day variation in sodium excretion within 

individuals is generally greater (up to three times) than variation in sodium excretion 

between persons (9, 27, 32–34, 43, 96, 119).

Potassium—Independent of sodium intake, potassium intake also may increase urinary 

sodium excretion and can blunt the impact of sodium intake on blood pressure (65). Kanbay 

et al. (73, p. 1), in a 2013 review of the effects of potassium intake in mediating the effects 

of dietary sodium on cardiovascular disease, indicate potassium can decrease blood pressure 

through regulating “vascular sensitivity to catecholamines, promotion of natriuresis, limiting 

plasmin renin activity, and improving endothelial function.” When high sodium intake was 

held constant (307.7 mmol or 18 g) in a 2013 randomized controlled trial in China, 

potassium supplementation (60 mmol or 2.4 g potassium) resulted in a slight increase in 

average 24-h sodium excretion (88). Average 24-h sodium excretion increased 12 mmol 

(0.28 g) among 102 participants with prehypertension or hypertension, 7 mmol (0.16 g) in 

172 of their siblings, and 8 mmol (0.18 g) in 47 offspring (88). The slight increase in urinary 

sodium excretion was accompanied by significant reductions in blood pressure (e.g., by 7 

mm Hg in systolic blood pressure among participants with prehypertension or hypertension) 
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(88). In a smaller study among 21 healthy Swedish participants consuming either 150 or 200 

mmol (3.45 to 4.60 g) of sodium daily, potassium supplements of 50 mmol twice a day (3.9 

g) increased mean 24 h sodium excretion by 8 mmol, but the difference was not statistically 

significant (100). In both randomized controlled trials, the amount of potassium was 

consumed from supplements rather than foods, and the amount was less than the adequate 

intake of 4.7 g recommended by the Institute of Medicine (65) to blunt the impact of sodium 

intake on blood pressure.

Physical activity and climate—Physical activity and climate (temperature, humidity) 

are important factors related to losses of sodium through sweat, potentially decreasing the 

amount of sodium intake excreted in urine. The previous Institute of Medicine review (65) 

and recent studies (Table 2) indicate substantial variation exists in the sodium lost through 

sweat. On average, sodium sweat losses can vary from 30 mmol to 140 mmol over 1–2 hours 

of intense exercise, with more lost in conditions of higher heat and humidity (Table 2). In 

recent studies, average sweat sodium concentrations varied from 17 to 20 mmol/L among 92 

male 18-year-old soccer players after three weeks of training (131) to 91 mmol/L among 7 

male 47-year-old badminton players (54) (Table 2). Individual variation in sweat sodium 

concentration was even greater in these studies (6–126 mmol/L) (Table 2).

In the studies reviewed above, information on the amount of dietary sodium consumed was 

unavailable. As indicated by earlier studies, the amount of sodium lost through sweat is 

directly related to intake (4, 63, 65). When men were exposed to the same level of heat 

(40°C) on different levels of sodium intake for the last five days of an eight-day intervention 

diet, men who consumed more sodium excreted more sodium in their sweat (4). Similarly, in 

a balance study among adolescent girls, when sodium was increased from 1.3 to 4.0 grams 

per day, the amount of sodium excreted in sweat after two weeks of adaptation and 

acclimatization increased significantly (from ~ 90 mg to 120 mg/day), 7% and 3% of total 

dietary sodium intake, respectively (116).

Although substantial amounts of sodium can be lost through sweat, the amount may be 

reduced over a relatively short period of time with acclimatization to heat and exercise. 

Buono and colleagues (15) exposed eight healthy male volunteers (average age 26 years) to 

progressively increasing heat and sometimes differing humidity (36°C and 40% humidity, 

40°C and 40% humidity, 42°C and 60% humidity) during 3- to 30-minute exercise bouts of 

walking on a treadmill in an environmental chamber for 10 days. The average sweat sodium 

concentration decreased 13 mmol/L over 10 days holding constant the amount of heat and 

humidity, confirming previous studies that suggested the body acclimates to heat by 

reducing the amount of sodium lost in sweat over a period of 5–10 days (63, 65).

Chronic Disease Conditions

It is well known that cardiac and kidney conditions (e.g., congestive heart failure, end-stage 

renal disease) result in fluid and sodium retention, decreasing urinary sodium excretion. 

Diuretics used to treat these conditions increase water and sodium excretion, with loop 

diuretics (e.g., furosemide) causing the greatest increases in water and sodium excretion 

(53). Some chronic conditions may not affect overall sodium excretion but may affect the 
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circadian pattern of excretion. Urinary sodium and water excretion are normally lower at 

night, during sleep, and higher during the day, with a maximum about midday (9, 32, 91) 

(Table 3). This circadian pattern is not an issue when measuring 24-h sodium excretion but 

can affect the measurement when urine is collected for less than 24 hours.

Hypertension—The diurnal pattern in sodium excretion among healthy individuals can be 

reversed or altered with hypertension. The usual lower nighttime/higher daytime urinary 

sodium excretion pattern was flattened among 107 hypertensive men and women aged 41–

80 years who were not on diuretics or other antihypertensive medication (34, 134). In more 

recent reports (8, 108), similar nighttime and daytime rates of urinary sodium excretion were 

noted in a group of adults among whom 37.6% had hypertension and in a separate group of 

adults with a family history of hypertension (Table 3).

Chronic kidney disease—In recent studies among patients with chronic kidney disease 

(3, 44, 45), the usual circadian pattern of nocturnal dipping of urinary sodium excretion was 

either flattened or reversed (Table 3). Further, the flattening or reversal of the nocturnal 

dipping in sodium excretion was more pronounced among patients with lower creatinine 

clearance (44–46). Fukuda et al. (47) recently studied the effects of angiotensin receptor 

blockers on the nocturnal dipping pattern of blood pressure and the change in dipping 

pattern on the diurnal patterns of urinary sodium excretion in the 41 adults aged 17–75 years 

with chronic kidney disease without diabetic nephropathy or nephrotic syndrome. The 

restoration of the nocturnal dipping pattern in blood pressure with angiotensin receptor 

blocker administration was correlated with an increase in daytime urinary sodium excretion 

but no change in the pattern of nighttime sodium excretion (47).

Collection and Laboratory Analysis Methods

Urine collection—For 24-h urine collection, under- and overcollection can bias results. If 

the start and stop times of the 24-h urine collection are accurate, collecting more urine 

beyond the 24-h time period can be adjusted in analysis. Missing a urine void or spilling 

urine voids can result in undercollection. In the global, population-based INTERSALT and 

INTERMAP studies (39, 126, 135), emphasis was placed on ensuring complete collection 

through detailed data procedures, such as complete and detailed written and verbal 

instructions, starting and stopping collection in person, and asking participants to recollect a 

sample if they reported missing a void or the urine volume was low, defined as total urine 

volume <250 ml in 24 hours.

Post collection, additional endogenous and exogenous factors are used to identify and 

exclude potentially incomplete urine collection, the most common of which are urinary 

creatinine excretion and para-amino benzoic acid (PABA) recovery. Urinary creatinine 

excretion (endogenous) is used to assess completeness of urine collection because creatinine 

excretion is considered to be less variable in urine than sodium. When observed creatinine 

excretion is less than expected based on a person’s age, body size, or sometimes sex, the 

urine is judged to be potentially incomplete (11). Creatinine excretion can vary substantially 

from day to day and in relation to age, muscle mass, and dietary factors such as meat 
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consumption, suggesting it can be a poor marker of completeness of collection (11, 38, 79, 

111).

PABA is completely absorbed and 93% is excreted in urine within five hours of 

administration (10). PABA recovery requires the participant to consume three 80-mg doses 

of (exogenous) PABA, one with each meal, and then the amount of PABA recovered in urine 

is measured (10). Generally, a 24-h urine collection with 85%–110% of PABA recovered is 

considered complete (10, 138). Timing and subject age can affect urine excretion (69, 79, 

85).

Transport and storage—Preanalytic variables such as transport and storage are not 

usually an issue in the estimation of sodium from urine. Sodium is stable indefinitely when 

frozen and for at least 45 days when stored at room temperature (150); however, the latter is 

not recommended because it will lead to bacterial growth in the urine. If the specimen 

cannot be immediately frozen it should be stored refrigerated for a limited time period. It has 

been shown that multiple (up to six) freeze/thawing cycles (four hours at room temperature 

per cycle) did not affect urine sodium concentrations (118). Also, long-term (20–25 years) 

frozen storage of urine samples at −70°C did not appear to cause any appreciable specimen 

desiccation (118).

Laboratory analyses—The standard AOAC method for sodium is ion-selective electrode 

(ISE) assays. These ISE assays have low imprecision, with between-assay coefficients of 

variation of usually less than 3% (118). Assay performance can be verified by participating 

in proficiency testing programs, such as the College of American Pathologists General Urine 

Chemistry and Urine Chemistry Calibration Verification/Linearity Surveys. Standard 

Reference Materials are also available from the National Institute of Standards and 

Technology for calibration verification; e.g., SRM 2201 Sodium Chloride (ISE). As long as 

standard protocols are used for transport and storage, and the AOAC method is used for 

analysis with attention to quality control, these variables are not an issue for estimation of 

sodium intake from urinary excretion (118, 150).

CURRENT APROACHES TO ASSESS SODIUM INTAKE THROUGH URINE 

BIOMARKERS

Population Sodium Intake

Study characteristics—Our objective was to evaluate urine biomarkers used in recent 

population-based studies to estimate sodium intake. Of the population-based studies we 

reviewed, 29 had data collected since 2000 on urine biomarkers to assess sodium intake 

(Table 4). We grouped the studies by national and subnational level and then from most 

recent to oldest in relation to last year of data collection (Table 4). Twelve studies were 

conducted at the national level and 17 at the subnational level (province, region, county, 

city). Of the national-level studies, all but two (42, 86) were conducted in Europe or North 

America. All but one (64) included both sexes. Across studies, the age groups ranged from 

preschool and school-aged children to the elderly, with most data collected among young 

and middle-aged adults. All but six were conducted among adults only. In three of the 
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studies including children, data were collected from adolescents and combined with data on 

adults (20, 109, 129); in the three remaining, population level (national or subnational), age 

group, and type of specimen collection varied. At the national level, in England, in 2008–

2009 and 2011–2012, 24-h urine specimens were collected among the population aged 4 

years and older and analyzed separately for children aged 4–6, 7–10, and 11–18 years (112). 

At the subnational level in Iran, spot urine specimens were collected and analyzed in two 

studies, one among children aged 3–10 years (75), the other among children aged 7–12 years 

(60).

Urinary biomarkers and types and data collection procedures—Twenty-four-

hour urine specimens were collected in 17 studies (8 national, 9 subnational), spot or casual 

specimens in 8 studies (4 national, 4 subnational), and overnight or 12-h specimens in 4 

subnational studies (Table 4). In the three national-level studies, spot urine specimens were 

collected at variable times throughout the day (109, 118, 129), and in one, a fasting 

specimen was collected (86); in four subnational studies, spot specimens were collected in 

the morning, and in two, the timing was not specified. In two studies, a 12-h timed overnight 

specimen was collected (107, 125); in one, an overnight specimen, “after awakening in the 

morning and during awakenings at night” (35); and in one, the 12-h duration was specified, 

but whether it was collected during the day or overnight is unclear (23). In one study, 24-h 

urine was collected on two consecutive days (17).

Along with sodium, 21 studies included data on urinary creatinine, and 17 included data on 

potassium excretion. PABA, but not creatinine, was measured in three studies; two national-

level studies in the United Kingdom (112, 128) and one subnational study (64).

Instructions for 24-h urine collection varied, but in general, participants were provided 

instructions and a kit and started and stopped collection on their own (data not shown). In 12 

of the studies including 24-h urine collection, participants were instructed to completely 

empty the bladder upon waking in the morning, discard this urine (i.e., discard the first 

morning void), and record this as the start time. They were then instructed to collect all urine 

in the next 24 hours ending the following morning with the first void upon waking. They 

were instructed to record this as the stop time. The start and stop times could then be used to 

adjust the amount of sodium collected to 24 hours. In two studies, it appeared that 

participants started and stopped collection under supervision in a clinic (20, 123). In the 

report of one study, investigators stated the 24-h urine sample was obtained “based on the 

INTERSALT protocol,” with urine was collected from 7 AM through 7 AM the next day 

(76, 77). In two reports, we could not find information about the procedures for 24-h urine 

collection (17, 30). Information on the types and amounts of “incentives” or “tokens of 

appreciation” for 24-h urine collection was not reported in the publication of results, with 

two exceptions. In New York City, participants received 100 US dollars for a 24-h urine 

sample (6). In the National Diet and Nutrition Survey in England, participants received 15 

UK pounds in “high street vouchers” (112).

Indicators of sodium intake—Indicators used to assess sodium intake ranged from spot 

urine sodium concentrations (e.g., mmol/L) to 24-h sodium excretion (mmol/24 h). Two of 

the studies estimated 24-h sodium excretion from spot specimens using prediction equations 
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(81, 118). In the remainder of the studies with spot urine collections, sodium or salt (NaCl) 

intake was based on spot urine sodium concentrations (e.g., mmol/L), mmol per spot urine 

collection, or sodium as a ratio to potassium or creatinine (Table 4). One estimated 24-h 

sodium excretion on the assumption that 45% of the sodium was excreted in the timed 12-h 

specimen (107). Of the studies that collected 24-h urine, only one (59) reported using a 

factor (95%) to adjust the estimate of intake for the percentage of sodium lost through sweat 

or stool.

In all but one study, investigators reported the mean urinary sodium concentration or mean 

amount of sodium excreted per 24 hours (Table 4). In 15, investigators reported the 

proportion of the population with sodium excretion above or below specific thresholds, in 

categories (e.g., tertiles), or as a percentile or frequency distribution. In nine, investigators 

examined individual sodium excretion as a correlate or determinant of blood pressure (n = 6) 

or other variables.

Participation and completion of urine collection—Among the studies collecting 24-

h urine specimens to estimate sodium intake, participation rates varied widely, as did 

definitions used for participation and completion (Table 5). Among the 13 studies reporting 

participation rates, 9% to 81% of individuals verbally agreed to collect or physically 

returned a 24-h urine specimen. In seven, >50% participated. In two, >70% participated 

(Table 5).

For all the studies except two, more than 70% of those who agreed to participate completed 

their 24-h urine collection (Table 5). In two, completion rates were 51% (112) and 58% (83), 

one of which included children (112). Although participation rates did not vary significantly 

by age in that study, completion rates were 40% among children aged 4–18 years and 60% 

among adults 19+ years (112). Indicators to assess completion of 24-h urine collection 

included self-report of missing urine collection, urine volume, collection time, 24-h urine 

creatinine criteria, and PABA recovery rates. In 16, either creatinine or PABA was used. No 

two definitions for completion of 24-h urine collection were exactly the same. In relation to 

potential overcollection, in one study (59), participants were excluded if they reported 

collecting specimens outside the 24 hours. In two (20, 123), collection start and stop were 

supervised.

In the studies included in this review, participation in spot urine collection, for studies 

reporting this information, generally ranged from 73% to 100%, with lower rates in national-

level surveys in Scotland (67%) (129) and England (9%–41.3%) (109) corresponding with 

participation in the particular survey component in which urine collection was offered (data 

not shown).

Strengths and Limitations: Population Sodium Intake

Strengths—The majority of recent national- and subnational-level studies using urine 

biomarkers to assess population sodium intake collected 24-h urine. Twenty-four-hour 

specimens are recommended for assessing population-wide mean sodium intake (66, 149) 

and were chosen as the primary metric of sodium intake in the most recent systematic 
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analyses of global sodium intake (110, 120) because of the “known larger measurement 

errors” in self-reported dietary methods (120, p. 2).

We identified new reports (not included in previous systematic reviews) of national and 

subnational population-based studies (6, 30, 59, 64, 76, 84, 112, 123, 151) using 24-h urine 

specimens. All but two, which were subnational (76, 151), were conducted in high-income 

countries. This suggests the cost of collecting and processing 24-h urine specimens may be a 

barrier to estimating sodium intake. Furthermore, only one study included separate estimates 

for children.

Limitations—Other than cost, potential limitations in the use of 24-h urine collection to 

assess sodium intake in population-based studies include bias due to the high participant 

burden of collection, underestimation due to missed or lost urine, and under- or 

overcollection due to incorrect timing. Assessment of population sodium intake using spot 

urine specimens is potentially limited by variation in the rate of sodium excreted during the 

day versus the night. In addition, the within-individual day-to-day variability in urinary 

sodium excretion is an issue for any type of urine collection. We discuss each of these issues 

in more detail below.

Participation bias: In most studies using 24-h urine collection, low participation is noted as 

a limitation. Our review suggests that the proportion of people selected in recent population-

based studies who agreed to collect and/or return a 24-h urine specimen was generally lower 

than 70%, and among those who participated, the proportion with potentially complete urine 

collection was generally higher than 70%. Even when the majority (>50%) of those selected 

participated in a study, further exclusions of potentially incomplete urine specimens resulted 

in a smaller and more select sample, with often less than 50% of those selected included in 

the final analysis. Some argue that using a convenience sample may be less costly and as 

useful as a population-based sample where diets are high in sodium (84). However, using a 

convenience sample could result in other biases (e.g., healthy worker) and may not be 

appropriate for monitoring temporal trends because selection may be difficult to replicate 

over time.

Few studies included data to determine whether the final participants represent the 

population of interest or systematically differ from those excluded. A recent study in New 

York City (6) suggested those completing 24-h urine collection were less likely than the 

target population (differences of 5 percentage points or more) to be aged 18–24 years (6% 

versus 13%) or Asian (5% versus 10%) and more likely to be aged 65 and older (21% versus 

16%), female (58% versus 53%), have higher income (33% versus 28%), or have 

hypertension (36% versus 30%). However, participants did not differ, by 5 percentage points 

or more, from New York City residents in the distribution of country of birth, body mass 

index, diet quality, smoking status, diabetes, or chronic kidney disease (6). A study 

conducted in the Netherlands indicated participants were more likely than the general Dutch 

population to be highly educated and nonsmokers (59). How differences in the distributions 

of these characteristics might affect estimates depends on their associations with sodium 

intake within the specific population. A useful approach used by studies was to apply sample 
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weights to account for differences in demographic characteristics due to sampling and 

nonresponse (6, 84, 112, 118, 123, 128, 129, 151).

Completion of 24-h urine collection: As noted from the studies included in this review, no 

single standard exists for excluding potential incomplete urine collection. Further, few 

studies include criteria related to overcollection. Accurately timed urine collection, urine 

volume, and reports of “missing more than a few drops” were used to determine complete 

collection in INTERSALT and INTERMAP, but not creatinine or PABA recovery criteria. 

Creatinine criteria were considered but rejected because of poor sensitivity/specificity, and 

PABA criteria for logistic reasons and because of limited information on use in different 

countries. In contrast, in recent population-based studies creatinine criteria were commonly 

used, whereas urine volume and reported missing urine collection were used less frequently. 

In most studies, it is unclear how the application of completion criteria affects population 

estimates of sodium excretion, though exclusions of seemingly incomplete collections will 

likely result in higher population estimates of sodium intake. In Switzerland (20), excluding 

potentially incomplete urine excretion did not substantially increase the estimate of average 

sodium intake, 9.4 g/d versus 9.1 g/d. However, only about 7% of participants were excluded 

for incomplete urine collection. Whereas completion also may be an issue for 12-h or 

overnight urine collection, it is not an issue for spot or casual urine samples, which measure 

urine sodium concentration or ratios (sodium-creatinine or sodium-potassium) unless the 

amount of sodium in the void is of interest.

Intraindividual day-to-day variability in sodium excretion: All but one of the population-

based studies in this review used a single day to assess sodium intake. Elliott & Brown (38, 

p. 9) suggest that, “by including sufficient numbers of people, mean [group] sodium 

excretion can be estimated from single 24-h urine collections, with little error around the 

mean.” As long as 24-h urine is collected across seasons and on different days of the week to 

balance variability in day-to-day sodium intake, mean group sodium intake is unlikely to be 

biased (38).

As noted previously, considerable day-to-day variability exists in 24-h sodium excretion 

even under controlled environmental conditions and on a constant sodium intake consumed 

over long periods of time (122). This variation can be substantially increased by day-to-day 

fluctuations in diet by people eating their usual fare, given the large amounts of sodium 

present in many manufactured and restaurant foods. Fluctuations in urinary sodium 

excretion may also reflect sweat excretion due to increased temperature and vigorous or 

sustained moderate physical activity, especially in the absence of acclimatization. These 

variations, if random, can increase measurement error and subsequently the variability in 

sodium intake within a group.

About half of the studies in this review, in addition to mean intake, also estimated the group 

prevalence of excess or lower levels of intake and population percentiles using a single day 

or the mean of two consecutive days (one report). The increased variability in urinary 

sodium excretion due to measurement error from a single collection, or the mean of a small 

number of collections, results in inaccurate percentiles and overestimates the proportion of 

individuals in the tails of the distribution, e.g., the proportion of individuals consuming <5 g 
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of salt per day (18, 29, 147). Similar to dietary intake, when either a single day or a mean of 

a few days is used to estimate the population distribution of sodium intake, the spread of the 

estimated distribution of sodium intake will be wider than the actual distribution (18, 147). 

Adjusting estimates for within-individual variation requires a second measurement in a 

substantial number of individuals, with enough time between measurements to appropriately 

account for changes in individual intake (147). Few investigators acknowledged this 

limitation in the discussion of their results.

Diurnal variability in sodium excretion: As discussed previously, sodium excretion and 

concentration (mmol/L) vary across the day, which adds further intraindividual variability to 

the assessment of average population sodium intake if a collection period of less than 24 

hours is used. As long as spot urine samples are collected across the day (morning, 

afternoon, evening, nighttime), the use of spot urine would result in random, rather than 

systematic, error. Individual spot and 12-h urine sodium concentration (mmol/l) selected at a 

specific time of day may differ from 24-h sodium concentration, leading to under- or 

overestimation of sodium intake and an inconsistent pattern among individuals. Some 

investigators (35, 75, 86, 125, 128) use the ratio of spot or 12-h urine sodium concentrations 

relative to creatinine or potassium concentrations (Table 4). In general, these ratios are used 

to correct for variable urine dilution (97), assuming a similar diurnal dilution pattern for 

sodium and the additional analyte (e.g., creatinine or potassium), which may not be the case. 

If the characteristics of the population remain consistent over time, prediction equations 

using spot urine sodium concentrations might be used to account for the differences in these 

characteristics between individuals in estimated mean sodium intake.

In two (81, 118) of the eight population-based studies using spot urine sodium 

concentrations, investigators used prediction equations (13, 74) adjusting for creatinine 

excretion along with other factors to estimate mean 24-h sodium excretion. The validity of 

the two prediction equations was recently evaluated. Results of three studies suggest that 

average population sodium intake is relatively unbiased when estimated among adults in the 

age range of 18 to 65 years using spot urine sodium concentrations with INTERSALT 

prediction equations (13, 25, 103). Further, the observed bias in mean estimated population 

sodium intake is consistent from low to high levels of sodium excretion (13). In contrast, a 

recent study (105) reported that the INTERSALT equation (developed for Western 

populations) is significantly biased among adults aged 35–70 years from different 

populations including groups in South America, South Africa, East Asia, and India. 

Moreover, the average bias in estimated sodium intake was smallest using the Kawasaki 

equation in comparison with two other studies (25, 103) (Figure 1). Brown and colleagues 

(13) recommend evaluating study-specific calibration equations against 24-h urine collection 

in small homogenous subgroups at baseline to ensure the validity of using spot or other 

partial urine specimens to monitor average population sodium intake.

Sodium intake and blood pressure in cross-sectional studies—Six recent 

population-based cross-sectional studies examined the correlations or associations of 

estimates of individual sodium intake with blood pressure (Table 4), as did a recent large 

multicountry study (106). Because 24-h urinary sodium excretion varies from day to day 
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within individuals, investigators estimate that anywhere from three to more than ten 24-h 

urine collections, and relatively more 12-h collections, may be needed to accurately estimate 

individual sodium intake even when individual intake is grouped broadly (89–94, 96). Given 

the substantial within-individual random variability in day-to-day sodium excretion, it is 

expected that associations with blood pressure would be attenuated when a sodium excretion 

is assessed on a single day or urinary measure. Despite this attenuation, in four studies, 

urinary sodium excretion was positively correlated with blood pressure (20, 56, 86, 115). In 

Angell and colleagues’ study (6) among 1,656 New York City adults, 24-h sodium excretion 

was positively associated with systolic (0.82 mm Hg/1,000 mg sodium/d) and diastolic (0.36 

mm Hg/1,000 mg/d) blood pressure, but the association with diastolic blood pressure was 

not statistically significant. In Kelishadi and colleagues’ study (75) among 241 Iranian 

children aged 3–10 years, neither first morning spot urine sodium/creatinine nor potassium/

creatinine excretion was significantly associated with blood pressure. Mente and colleagues 

(106) evaluated the relationship between sodium intake as measured in study participants in 

18 countries by estimated 24-h sodium intake and blood pressure measured at the same point 

in time. Estimated 24-h sodium intake was based on spot urine sodium and creatinine 

concentrations. Results of this study suggested the association between sodium intake and 

blood pressure was steeper among participants with estimated sodium intake >5 g per day 

(2.6 mm Hg systolic blood pressure per gram sodium) compared with persons with 

estimated sodium intake <3 g per day (0.74 mm Hg per gram sodium) (106). These findings 

are paradoxical to those of Dietary Approaches to Stop Hypertension (DASH)-Sodium 

randomized controlled trial, which indicated that the linear association between sodium 

intake and blood pressure was stronger among individuals with sodium intake <2.4 g per day 

compared with intake 2.4 g/d and greater (127). Angell and colleagues (6) discussed 

intraindividual variability as a limitation. Mente and colleagues (106) attempted to adjust for 

within-individual variability in a separate sensitivity analysis. The use of a single 24-h or 

spot urine specimen to assess individual intake is discussed further in the next section.

Individual Sodium Intake and Health Outcomes: Prospective Cohort Studies

Study characteristics—For the purpose of this review we identified 13 recent 

prospective cohort studies (published since 2000) from articles using urine biomarkers to 

assess sodium intake in relation to health outcomes. We ordered the studies in our table by 

cohort type (six general population and seven pre-existing disease) and within type by 

publication date (Table 6). The number and type of participants ranged from 232 patients 

with heart failure (133) to 101,945 participants from general population samples (113). All 

identified studies were conducted among adults with age ranges between 18 and 97 years. 

Inclusion and exclusion criteria varied widely among the studies; however, the Trials of 

Hypertension Prevention follow-up study (26) is unique in the careful screening and 

exclusion of participants with pre-existing cardiovascular disease or family history of 

cardiovascular disease, as well as other diseases that have the potential to affect both diet 

and mortality (e.g., cancer or gastrointestinal disease). The duration and frequency of 

follow-up from baseline also varied widely among the studies, e.g., in the general population 

cohorts, from an average 3.7 years (113) to 10–15 years (26).
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Urine biomarkers used to assess sodium intake—Urine biomarkers used in recent 

prospective cohort studies to assess the association between individual sodium intake and 

health outcomes varied in type and number of days collected (Table 6). The spectrum ranged 

from the long-term average daily amount of sodium excreted from multiple measured 24-h 

urine specimens (1–7, median 5) collected over a period of up to four years (26) to sodium 

and creatinine concentrations excreted in a single spot fasting morning specimen collected 

on one day (113, 114) (Table 6). Five investigators used a single 24-h urine specimen to 

estimate sodium intake (Table 6). Geleijnse et al. (48) used a single overnight specimen and 

standardized the amount of sodium excreted in 24 hours based on the collection time. In the 

three remaining studies (36, 72, 144), the mean of two or more 24-h urine collections was 

used to estimate sodium intake. Joosten and colleagues (72), however, collected 24-h urine 

over 48 hours, representing short-term intake. Individual sodium intake was classified into 

broad categories or examined as a continuous variable.

Completion of 12-h and 24-h urine collection—Only three of the studies in which 

12-h (48) or 24-h urine specimens (87, 133) were collected included details in the study 

reports on instructions for collecting urine and recording start and stop times. Potential 

under- or overcollection of urine specimens was addressed through exclusion criteria in five 

studies (48, 87, 133, 136, 142) and in separate post hoc sensitivity analyses in two studies 

(26, 72). In the five studies that excluded participants for incomplete collection a priori, the 

proportion excluded ranged from 5% to 10%. Criteria for completion included accurately 

recorded collection times and urine volume (48), self-report (133, 142), urine collection logs 

or urinary sodium ≥40 mmol/24 h (87), actual-to-expected urine volume (expected volume 

based on serum and urine creatinine) (72), and creatinine criteria (26, 136). In one report 

(144), urinary sodium excretion was normalized to creatinine excretion to correct for errors 

in collection of 24-h urine. In the remaining four reports, we did not find specific criteria 

used to assess or account for under- or overcollection of urine specimens, and in two of the 

studies (36, 104), participants were identified because they had collected 24-h urine as part 

of their clinical care.

Urine processing, storage, and laboratory analysis—In one multisite study, a 

variety of instruments and methods were used to analyze urinary sodium, with varying 

degrees of precision at each laboratory and with one laboratory’s CV >3% (106, 113). 

Analyses were conducted and common factors applied in an attempt to account for potential 

error.

Associations with health outcomes—Overall, the observed associations of sodium 

intake with cardiovascular events were mixed, with some studies suggesting direct positive 

associations (e.g., linear dose response), others showing J-shaped relationships, some 

suggesting no relationship or an inverse relationship between sodium intake and health 

outcomes, and some showing different results for the overall cohort versus subgroups or 

with different categories of sodium intake (Table 6). The types of and definitions of 

outcomes varied, with some examining incidence of events (26, 48, 72, 142).
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Strengths and Limitations: Individual Sodium Intake and Health Outcomes

The mixed results of recent prospective cohort studies cause confusion. Well-designed 

prospective cohort studies can be helpful in guiding policy when examined along with other 

evidence. However, as Cobb and colleagues (24) note in a recent American Heart 

Association science advisory, significant design and methods flaws can bias results of cohort 

studies on sodium intake and cardiovascular disease outcomes, including but not limited to:

• systematic and random error in sodium intake assessment,

• reverse causality,

• residual confounding caused by imbalance among groups or inadequate 

adjustment,

• follow up of <80% of participants, and

• inadequate statistical power due to small sample size.

Five of the studies included in this review were not previously evaluated by Cobb and 

colleagues (24). Four were published since their evaluation (26, 72, 104, 113). Two focused 

on end-stage renal disease and not cardiovascular disease or death (104, 144). Below we 

discuss systematic and random error in sodium intake assessment, reverse causality, and 

residual confounding as they relate to the urine biomarkers used to assess sodium intake in 

these studies.

Systematic error in sodium intake assessment—According to Cobb and colleagues 

(24, p. 1174), studies with a lower risk of systematic error are those assessing sodium intake 

with “24 h urine collections not collected as part of routine clinical practice that report 

quality assurance or exclude incomplete collections” and excluding shorter urine collections 

(e.g., 12 h or spot). Of the three studies in our report that were also previously reviewed by 

Cobb and colleagues (24), investigators in one general population study (142) and in two 

studies conducted in cohorts with pre-existing congestive heart failure (87, 133) collected 

24-h urine as part of the study (not as part of routine clinical practice) and reported either 

quality assurance measures or excluded incomplete collections. One additional study (136) 

also excluded potentially incomplete 24-h urine specimens. Of the new studies reviewed, 

separate post hoc analyses excluding or adjusting for potentially incomplete 24-h collections 

did not affect results (26, 72, 144); however, the quality assurance criteria used to ensure 

complete urine collection are not clear in these studies.

Some might argue that spot or overnight urine specimens are a valid indicator of individual 

24-h urine sodium excretion, but evidence suggests otherwise. In a study conducted by 

O’Donnell and colleagues (113), results from the investigator’s validation substudy suggest 

that individual estimated 24-h urine sodium excretion predicted with the Kawasaki equation 

using a spot urine is systematically biased (105) compared with a single 24-h urine 

specimen: Bias in estimated individual 24-h sodium excretion is not random but is subject to 

overestimation at lower levels and underestimation at higher levels when compared with 

measured 24-h sodium excretion. Bland-Altman plots of individual bias in estimated 24-h 

sodium excretion using a spot urine specimen and the Kawasaki prediction equation suggest 
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estimated individual sodium intake can under- or overestimate measured sodium intake by 

±3,000 mg/d. At higher sodium intakes, underestimation by as much as −7,000 mg/d 

occurred in some individuals (105, 113). Thus, some study participants who have high 

measured sodium intake were misclassified as having low estimated sodium intake based on 

the spot urine.

Relying on a single spot urine collection or one 24-h urine collection to estimate sodium 

intake does not adequately represent a person’s long-term sodium intake, nor does it 

represent what would happen if the individual’s dietary sodium intake were reduced. When a 

single 24-h urine or spot urine specimen is used to determine long-term usual individual 

sodium intake, estimated sodium intake may be low or high when actual sodium intake is 

not.

Measurement error and regression dilution bias—As discussed previously, multiple 

days are needed to accurately assess individual sodium intake using 24-h urine sodium 

excretion. Because of the short half-life of dietary sodium, a single day of sodium excretion 

is not an indicator of long-term sodium intake. The use of spot urine adds additional error 

due to diurnal variability in sodium excretion. Within-individual day-to-day variability 

(random measurement error) can falsely result in no association when using an indicator of 

sodium intake based on one day or part of one day. Worse, Elliott (37) illustrates that when a 

curvilinear relationship exists, estimated optimal sodium intake in relation to minimal 

cardiovascular risk may be artificially shifted to the right (higher intake) if this bias remains 

uncorrected in a quadratic relationship. Thus, without correction, it may seem that lower 

sodium intake is associated with increased risk or an inverse association may even appear to 

exist.

The best method for minimizing random error in sodium intake assessment is through 

collecting multiple measurements on each individual with several days between the 

measurements, such as in three studies in this review (26, 36, 144). In addition, despite the 

multiple 24-h urine specimens, in one study among patients with diabetes (36) these 

specimens were collected as part of clinical care and investigators did not exclude specimens 

with incomplete collection, resulting in potential systematic bias. In the studies conducted 

by Vegter et al. (144) and Cook et al. (26), 24-h urine specimens were collected at regular 

intervals as part of a clinical trial, decreasing the potential for systematic bias and random 

error in sodium assessment.

If multiple days of collection are not possible, methods to assess and adjust for 

intraindividual variability in measurement might be applied. Investigators attempted to 

adjust for regression dilution bias (due to within-person day-to-day variability in 24-h 

sodium excretion) in three of the prospective cohort studies included in this review, two of 

which used a spot urine sodium specimen (113, 114) and one of which used a single 24-h 

urine specimen (142). Tuomilehto (142) used external estimates of within-individual 

variance because only a few participants had more than one 24-h urine sample. Correcting 

the linear slopes of the adjusted hazards ratios for regression dilution resulted in a fourfold 

increase in the hazards ratios associated with a 100 mmol change in 24-h sodium excretion. 

O’Donnell et al. (113, 114) used information from a validation substudy of 448 (0.4% of 
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101,945) participants with a repeat measurement at 30–90 days after baseline to correct for 

day-to-day variability in estimated 24-h sodium excretion. Participants in this substudy (105) 

were from a subset of 11 of the 17 countries in the overall study and were older (average age 

57 years versus 51 years for the larger cohort study). In analyses of the full cohort study, 

data investigators (106, 113) report the same methods were applied as those used in a meta-

analysis of studies on cholesterol and vascular mortality, which included repeat measures in 

40,313 (4%) participants (121). The magnitude of the regression dilution shrinkage factor 

and how it was applied are unclear (106, 113). When adjusted for regression dilution, there 

was a slight increase in the risk of total and cardiovascular disease mortality with low 

estimated sodium intake and no change in the relationship with high estimated sodium 

intake (113). Similar methods to adjust for regression dilution bias were applied to 

O’Donnell and colleagues’ previous study (114). As indicated by Willett (147) and others 

(28), these methods require careful application and assume that the observed association is 

related to random rather than systematic measurement error; as discussed previously, the 

error in estimation of 24-h sodium excretion using spot urine appears to be systematic rather 

than random.

Reverse causality—If investigators do not exclude participants with high blood pressure, 

heart disease, stroke, chronic kidney disease, diabetes, or a family history of heart disease 

and stroke, a possibility exists that these participants are lowering their sodium intake 

because of these conditions, i.e., reverse causality. In this case, it is not clear which came 

first—the low sodium intake or the risk of heart disease and stroke leading people to reduce 

their sodium intake for health reasons. The majority of the studies examined in this review 

were conducted among participants with pre-existing chronic disease conditions or with 

little to no information about family history of hypertension or cardiovascular disease.

Adults in cohorts with pre-existing cardiovascular disease, diabetes mellitus, or kidney 

disease have a higher risk of cardiovascular or total mortality, whereas the general 

population cohorts (with the exception of the Trials of Hypertension Prevention follow-up 

study) included substantial percentages of participants with hypertension (26%–42%), 

cardiovascular disease (up to 17%), and diabetes (up to 10%). As indicated by Cobb and 

colleagues (24), “conducting analyses by excluding known sick individuals or events at the 

beginning of follow up may not fully account for reverse causality” (p. 1176). They 

considered reverse causality to be reduced only when such analyses were conducted and 

“proportional hazards assumptions were not violated” (p.1176). Joosten and colleagues (72) 

conducted sensitivity analyses after excluding participants with cardiovascular disease in the 

first 2 years of the 10.5-year follow-up period. Results were similar, but it was not clear if 

proportional hazards assumptions were violated. Reverse causality is a particular concern 

when the duration of follow-up is relatively short. In the general population studies 

reviewed, follow-up was shortest in the Prospective Urban Rural Epidemiology study (113). 

In fact, investigators analyzed the data using logistic regression, which is ordinarily used in 

retrospective or cross-sectional studies rather than proportional hazards. Subanalysis 

excluding participants with chronic conditions in the years since baseline resulted in a subset 

of participants with an even shorter follow-up, i.e., 1.7–2.7 years (113).
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Potential confounding—Cohort studies assessing sodium intake and health outcomes 

can be confounded (leading to bias) since, unlike randomized controlled trials, participants 

are not randomly assigned to different levels of sodium intake for a defined time period. 

Thus factors other than sodium intake (physiologic, demographic, lifestyle, and 

environmental factors, or chronic disease conditions) that are associated with the health 

outcome of interest may occur more frequently among participants with low or high sodium 

intake. Inadequate control for these factors can lead to erroneous results (potential 

confounding).

Cobb and colleagues (24) indicate that studies using urine biomarkers to assess sodium 

intake should control for weight, body mass index, or creatinine excretion to help control for 

systematic error related to inaccurate collection such as lower estimated sodium intake 

falsely appearing to be associated with higher risk of heart disease, stroke, and mortality. In 

addition, they suggest that studies should include the following potential confounding 

factors in their models of sodium intake and cardiovascular disease: body mass index or 

weight, cholesterol, diabetes mellitus, age, sex, race, socioeconomic status (e.g., income or 

education), smoking, cholesterol, and treatment status in observational analyses conducted 

as follow-up to clinical trials (24). Further, they indicate that the distributions of age, sex, 

and race should be balanced across levels of sodium intake. If the distributions are not 

balanced, the association between sodium intake and health outcomes should not differ 

when stratified by these characteristics. From our review of factors affecting urinary 

biomarkers of sodium intake, we suggest additional adjustment for physical activity (e.g., 

through work, transportation, leisure time), and if studies are conducted across time and 

space (e.g., multisite studies), some adjustment may be needed for location or seasonality as 

an indicator of climate. Furthermore, adjusting for family history of cardiovascular disease 

or hypertension and conducting a separate analysis excluding participants with chronic 

kidney disease may be important. Participants with these risk factors could be reducing 

sodium intake and have a higher risk of cardiovascular disease.

Of the eight studies in our review that were also included in Cobb and colleagues’ review 

(24), only one was classified as having a moderate rather than a high or unknown level of 

potential bias (114), according to Cobb et al.’s criteria. Among the five new studies, only 

two (72, 113) could be classified as having a moderate level of potential bias related to 

confounding by these criteria. Of the three studies with a moderate, rather than high, level of 

potential bias (72, 113, 114), two also controlled for some level of physical activity in either 

the main analysis or subanalysis (113, 114). The newest study conducted by O’Donnell and 

colleagues (113) included population samples from 628 communities in 17 countries. 

Although the investigators used an analytic method to account for clustering, whether they 

accounted for clustering at the household, community, or country level is unclear. In 

addition, neither study (113, 114) excluded participants with chronic kidney disease or a 

family history of cardiovascular disease or adjusted for these risk factors in analysis. The 

remaining 10 studies in this review were classified as having a high or unknown level of 

potential confounding.

In an attempt to address variability in urine dilution or incomplete collection, some 

investigators use the ratio of sodium to creatinine, essentially cancelling the dilution factor 
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and assuming the ratio of these analytes is constant across the day (104, 144). The basis for 

the Kawasaki prediction of 24-h sodium excretion is the spot sodium:creatinine ratio and 

estimated 24 h creatinine excretion using age, weight, height, and sex (74, 113, 114). 

However, Van Dam & Hunter (143, p. 164) in Willett’s textbook (147) state, “Confounding 

of the association between the analyte-to-creatinine ratio and health outcomes by 

determinants of creatinine concentration is a concern.” Van Dam & Hunter (143) suggest 

instead adding creatinine as a variable to models assessing sodium intake and health 

outcomes or using the residuals from a regression of urinary creatinine on sodium. It is 

possible that the J-shaped associations with cardiovascular disease or mortality observed in 

some cohort studies when using an estimation equation (74) for 24-h sodium excretion that 

relies on spot and estimated creatinine excretion are related not to sodium intake but rather 

to factors associated with creatinine excretion (16).

CRITICAL QUESTIONS AND FUTURE DIRECTIONS

This review of current studies raises several critical questions about using urine biomarkers 

to assess sodium intake at the population and individual levels. On the population level, a 

24-h urine collection is recommended for assessing population mean sodium intake. As 

indicated by Van Dam & Hunter, 24-h urine collection is “more likely to be representative of 

intake than a random urine sample” (143, p. 154). However, the degree to which incomplete 

participation and urine collection bias the estimates of mean population sodium intake 

remains unclear. In population surveys, the assessment of participation bias associated with 

24-h urine collection and its effects on the overall estimates of mean sodium intake could 

increase the accuracy of estimates and our understanding of the impact of this potential bias 

(148). In the reports reviewed, few investigators included information on the incentive used 

or instructions provided to potential participants, both of which can affect participation and 

completeness of urine specimens. Explicit instructions and potentially starting and ending 

collection in person, as in the INTERSALT and INTERMAP studies (39, 135), could help 

ensure complete collection. Information on the types and costs of methods used to increase 

participation and completion is needed to increase the use of 24-h urine collection. Also, the 

best methods to assess whether 24-h urine collection is complete merit further investigation, 

including whether requiring PABA supplementation affects participation and the effects of 

incomplete urine collection on estimates of sodium intake. In the OPEN study, for example, 

excluding potentially incomplete 24-h urine specimens based on PABA recovery did not 

affect estimates of or variation in population potassium or protein intakes (138). The high 

variability in creatinine excretion limits its use for assessing completeness of urine collection 

(11, 38) at the individual level and may limit its use at the population level. Consensus on 

the use of creatinine-based criteria for completeness of urine collection would facilitate 

cross-study comparisons.

Further, several studies and national surveys included estimates of the proportion of the 

population with sodium intake above or below specific thresholds. None of these studies 

assessed or adjusted for within-person day-to-day variability in sodium intake and excretion. 

This could bias estimates of the proportion of the population at risk for excess sodium 

intake. In the 2014 National Health and Nutrition Examination Survey, one-half of 

participants who collected an initial 24-h urine specimen were randomly selected to collect a 
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second specimen 3 to 10 days later. The second specimen will be used to assess the 

intraindividual variability and to better estimate the population distribution using 

measurement error models, as is done now for sodium intake estimated using 24-h dietary 

recalls (18, 19, 29).

Spot or other partial (e.g., 12-h) urine specimens seem like an attractive alternative to 24-h 

urine collection because of the decreased burden on the participant and lack of issues related 

to complete collection. Using partial urine specimens (i.e., spot, overnight, or 12 h) to 

compare mean population sodium intake across groups requires the assumption that the 

diurnal pattern of sodium concentration within individuals is either consistent or varies 

randomly across individuals. However, as discussed previously, evidence suggests that the 

diurnal pattern of sodium excretion is neither consistent nor random across individuals. The 

nocturnal dipping in sodium excretion and concentration may be blunted or reversed in 

certain population subgroups (e.g., people with hypertension or chronic kidney disease). If 

these subgroups represent a large portion of the population or if the distribution of these 

subgroups changes in the population over time, then average spot sodium concentration may 

change regardless of sodium intake. Still, within generally healthy young adults aged 18–39 

years without chronic diseases, some evidence suggests spot urine might be used along with 

other variables, such as age, sex, and creatinine, to estimate average group sodium intake 

with an equation developed using INTERSALT data (13, 25, 103). Among adults aged 35–

40 years and older (70, 105), studies suggest differential bias in estimates of sodium intake 

from spot urine specimens across population subgroups. Little evidence is available among 

children (71). In addition, we do not know how estimates of sodium intake from 24-h urine 

and partial urine specimens compare in the same individuals with changes in sodium intake 

over time, e.g., as part of long-term randomized controlled sodium-reduction trials. This 

method is recommended for evaluating the usefulness of biomarkers (61, 147). Resolution of 

these knowledge gaps is important before partial urine specimens are widely used to assess 

and compare sodium intake across populations and time.

On the individual level, multiple days of 24-h urine collections across time are 

recommended to assess individual intake measured as a continuous variable or in broad 

categories such as tertiles. As with population estimates of sodium intake, the same issues 

exist with individual estimates of sodium intake in relation to collection and completion of 

24-h urine collection. A single 24-h urine collection is a measure of sodium intake over the 

last 1–3 days. As indicated by Van Dam & Hunter (143), “The power of a single 

measurement to predict long-term average concentration is low if the within-person variation 

is large” (pp. 154–55). As indicated previously in this review, the ratio of within-person to 

between-person variation in urine sodium excretion is large. It may be possible to correct 

attenuation (regression dilution bias) due to the use of a single 24-h urine collection or other 

specimen by assessing and adjusting for intraindividual variation (24, 89). However, the 

accurate application of this correction assumes accurate assessment of intraindividual 

variation within the population of interest and that the bias in the assessment is random 

across the distribution of sodium intake (28, 147).

The use of spot or 12-h urine specimens is not currently recommended to assess individual 

sodium intake in relation to health outcomes (24, 147). Further, the use of spot creatinine 
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excretion and related variables in the equations used to estimate individual 24-h sodium 

excretion from spot urine could confound the associations with health outcomes. Although 

spot urine specimens are easier to collect and have the advantage of increasing sample size 

and subsequently statistical power in general population cohort studies, questions remain 

regarding systematic and random error in individual assessment as well as potential 

confounding through the use of creatinine in prediction equations. Additional work is 

needed to better understand these issues and their potential to distort or confound 

relationships of sodium to health outcomes.

Alternative approaches to 24-h urine collection, such as modeling based on shorter urine 

collections, may offer promise for estimating population mean sodium intake in some 

groups. However, questions remain about the utility of these approaches (e.g., spot urine 

specimens) for estimating population sodium intake among different age groups and the use 

of alternative approaches for estimating individual sodium intake. Furthermore, it is unclear 

whether the prevalence of high or low population sodium intake can be accurately estimated. 

On the basis of this review, we conclude that 24-h urine collections remain the 

recommended approach for assessing population and individual sodium intake.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Mean 24-h sodium excretion based on 24-h urine collection (measured), and spot urine 

sodium concentration used to estimate 24-h sodium excretion based on prediction equations 

(74), for 339 adults (50% black race-ethnicity) aged 18–39 years living in the United States 

(25), 98 adults aged 18–65 years living in New Zealand (103), and 448 adults aged 35–70 

years from 11 diverse countries in South America, Africa, India, East Asia, and the Middle 

East (105).
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