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ABSTRACT

Background: Sodium intake influences blood pressure and protein-
uria, yet the impact on long-term outcomes is uncertain in chronic
kidney disease (CKD). Accurate assessment is essential for clinical
and public policy recommendations, but few large-scale studies use
24-h urine collections. Recent studies that used spot urine sodium and
associated estimating equations suggest that they may provide a suit-
able alternative, but their accuracy in patients with CKD is unknown.
Objective: We compared the accuracy of 4 equations [the Nerbass,
INTERSALT (International Cooperative Study on Salt, Other Fac-
tors, and Blood Pressure), Tanaka, and Kawasaki equations] that use
spot urine sodium to estimate 24-h sodium excretion in patients
with moderate to advanced CKD.

Design: We evaluated the accuracy of spot urine sodium to predict
mean 24-h urine sodium excretion over 9 mo in 129 participants
with stage 3—4 CKD. Spot morning urine sodium was used in 4
estimating equations. Bias, precision, and accuracy were assessed
and compared across each equation.

Results: The mean age of the participants was 67 y, 52% were female,
and the mean estimated glomerular filtration rate was 31 + 9 mL - min™
- 1,73 m™. The mean *+ SD number of 24-h urine collections was 3.5 *
0.8/participant, and the mean 24-h sodium excretion was 168.2 = 67.5
mmol/d. Although the Tanaka equation demonstrated the least bias
(mean: —8.2 mmol/d), all 4 equations had poor precision and accuracy.
The INTERSALT equation demonstrated the highest accuracy but de-
rived an estimate only within 30% of mean measured sodium excretion
in only 57% of observations. Bland-Altman plots revealed systematic
bias with the Nerbass, INTERSALT, and Tanaka equations, under-
estimating sodium excretion when intake was high.

Conclusion: These findings do not support the use of spot urine
specimens to estimate dietary sodium intake in patients with CKD and
research studies enriched with patients with CKD. The parent data for
this study come from a clinical trial that was registered at clinicaltrials.
gov as NCT00785629. Am J Clin Nutr 2016;104:298-305.

Keywords: 24-hour urine, chronic kidney disease, sodium intake,
spot urine, hypertension, cardiovascular disease

INTRODUCTION

Excess sodium intake in persons with chronic kidney disease
(CKD)?® is associated with hypertension and proteinuria, and

existing studies suggest that sodium reduction produces clini-
cally significant improvements in these endpoints (1-5). Al-
though higher blood pressure and proteinuria are markers of
CKD progression and cardiovascular disease events, data from
epidemiologic studies with the use of 24-h urine sodium ex-
cretion as a marker of dietary sodium intake have reported
conflicting results on CKD progression and cardiovascular
disease events in CKD, with some studies suggesting that there
are benefits from lower sodium intake, and others suggesting
harm (3, 6-11). Current international clinical practice guide-
lines recommend that individuals with CKD limit their sodium
intake to <90 mmol/d (2069 mg/d) (12), but these data are
based largely on expert opinion and extrapolation from studies
conducted in the general population. Data availability is lim-
ited by the complexity of 24-h urine collections, which require
substantial effort from the individual, are challenging and ex-
pensive in large epidemiologic studies, and are fraught with
errors from under- and overcollection (13). Surveys and 24-h
dietary recalls constitute alternative methods of data collec-
tion; however, these methods may introduce substantial error
and systematic bias because they depend heavily on self-report
(14-17).

Prior studies have demonstrated that multiple 24-h urine
collections are required to determine usual sodium intake (18,
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19). Given the technical difficulties and challenges, few large-
scale epidemiologic studies have obtained even a single 24-h
urine collection, and many fewer have collected multiple samples
from the same individual over time (8, 20, 21). Many more have
obtained spot urine specimens (22, 23). In an effort to develop
a reliable method of estimating sodium intake that does not
require multiple 24-h urine collections and is not prone to the
errors of collection accuracy or recall, researchers have published
numerous equations that attempt to estimate sodium intake with
the use of spot urine samples (24-26). These equations, however,
were developed and validated in the healthy general population,
and their accuracy in CKD populations is unknown. How well
spot urine specimens may reflect usual dietary intake is uncer-
tain, given both the potential for circadian changes in sodium
excretion throughout the day and changes in diet over time.
Moreover, 2 were developed in a Japanese general population
setting, a population with a much higher sodium intake than that
of the United States (27). Nerbass et al. (28) recently developed
a CKD-specific equation; however, to the best of our knowledge,
this equation has not been validated externally. Furthermore, it is
uncertain whether this equation has improved accuracy com-
pared with the others developed in the general population when
applied to persons with CKD.

The Phosphate Normalization Trial (PNT) was designed to
test the effect of intestinal phosphate binders on serum phos-
phate concentrations in patients with moderate to advanced
CKD. The design and primary results have been published
previously (29). In this trial, participants provided multiple 24-h
urine collections over 9 mo, and also provided spot urine
specimens. This unique resource provides an opportunity to test
the accuracy of equations that estimate 24-h urine sodium
excretion from spot urine specimens and compare the perfor-
mance of different equations in patients with CKD. Therefore,
the aim of this study was to evaluate and compare the per-
formance of 4 different equations that estimate 24-h urine
sodium excretion from spot urine specimens in a population
with moderate to advanced CKD.

METHODS

Study population

The study design of the PNT has been described previously
(29). Briefly, participants with an estimated glomerular filtration
rate (eGFR) between 20 and 45 mL - min~' - 1.73 m™2 were
recruited from a large clinical practice in Denver, Colorado.
Major exclusion criteria included serum phosphate concen-
trations <3.6 or =6.0 mg/dL, parathyroid hormone concen-
trations =500 pg/mL, or active use of intestinal phosphate
binders, vitamin D, or cinacalcet at enrollment. An eligibility
criterion was that participants not make any intentional
changes in their diet for the duration of the study. No recom-
mendations regarding sodium intake were provided through the
study protocol.

From 2009 to 2010, 148 participants were recruited and
randomly assigned to 1 of 3 commercially available phosphate
binders or placebo and treated for 9 mo. Of the 148 participants,
19 were excluded from the present analysis because of missing
spot urine specimens, resulting in a final sample size of 129. These

129 participants were similar in age, sex, BMI, and eGFR to those
not meeting this criterion (data not shown).

Study measurements

All 24-h and spot urine chemistries were performed by a single
laboratory, Litholink Corporation. All other laboratory assess-
ments used in this analysis were performed by Quest Diagnostics.
Age, sex, race/ethnicity, comorbidities, and medication use were
obtained by self-report. Body weight was measured with par-
ticipants wearing light clothing and no shoes, and height was
measured by stadiometer. Height and weight were used to cal-
culate BMI. Blood pressure was measured twice by sphygmo-
manometer and averaged. The 4-variable Modification of Diet in
Renal Disease study equation was used to calculate eGFR (30).

Description of 4 estimating equations

We used the 4 previously published sodium excretion esti-
mating equations to estimate 24-h urine sodium excretion based
on spot urine sodium measurements (24-26, 28), as shown in
Figure 1. The Nerbass equation was developed in a population
of individuals with stage 3 CKD from the United Kingdom (28).
The INTERSALT (International Cooperative Study on Salt,
Other Factors, and Blood Pressure) equation was developed in
a sample of individuals aged 20-59 y from 29 North American
and European populations (1, 24). The Tanaka and Kawasaki
equations both were developed in Japanese populations (25, 26);
the Tanaka equation was developed in the 3 Japanese pop-
ulations included in the INTERSALT (18). The Kawasaki equa-
tion, by original design, evaluated the second morning urine void.
Although we evaluated spot morning urine specimens, whether or
not they were the first, second, or subsequent void of the morning
was not recorded in the data set.

All participants were provided detailed instructions on ac-
curate collection of 24-h urine collections. Collections were
obtained at baseline and repeatedly during follow-up in the trial.
Urine sodium, creatinine, and volume were recorded. We mul-
tiplied urine sodium by urine volume to derive the sodium ex-
cretion rate (mmol/d), and averaged each individual’s multiple
24-h urine sodium excretion rates as our gold standard measure
of usual dietary sodium intake. We also multiplied urine creat-
inine by urine volume to derive the urine creatinine excretion
rate, which is an indicator of collection accuracy (31). This was
used in sensitivity analyses to determine whether results were
similar in a subset of urine collections with high collection ac-
curacy, as described below.

Ethics

Written informed consent was obtained from all participants at
the time of the study. The clinical trial (NCT00785629) was
approved by the Schulman Institutional Review Board (Cin-
cinnati, Ohio). This secondary data analysis of de-identified data
was considered exempt by the University of California San Diego
Institutional Review Board.

Statistical analysis

For descriptive purposes, we divided participants into 2 groups
on the basis of a mean measured 24-h urine sodium excretion of
=148 compared with >148 mmol/d (3400 mg/d), which is
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FIGURE 1 Equations used to estimate 24-h sodium excretion from spot urine sodium samples. yrs, years.

approximately the national mean sodium intake in the United
States (32). Continuous variables were reported as means * SDs,
and categorical variables were reported as n (%), as appropriate.
Differences by mean 24-h urine sodium excretion groups were
assessed with ¢ tests for continuous variables and a chi-square
test for categorical variables. The INTERSALT equation requires
measurement of spot urine potassium concentrations, which were
not available in the PNT. We therefore imputed a spot urine po-
tassium concentration of 20 mmol/L for all individuals.

Spearman correlation coefficients were used to assess the
correlations between spot urine sodium and mean measured 24-h
sodium excretion, as well as correlations between estimates from
each of the 4 estimating equations and mean measured 24-h
sodium excretion.

We explored the bias, precision, and accuracy of the estimated
sodium excretion with each equation compared with mean
measured 24-h sodium excretion. Bias was assessed as the mean
difference of estimated and mean measured 24-h sodium ex-
cretion. Systematic bias was depicted graphically with the use of
Bland-Altman plots, plotting the individual observation differ-
ence (estimated — measured) against the individual observation
mean of estimated and measured 24-h sodium excretion (33).
Spearman correlations between the individual observation dif-
ference and the individual observation mean were used to
quantify objectively systemic bias. Precision was evaluated as
the width of the 95% limits of agreement (LoAs; mean * 1.96
SDs) of the mean difference. Accuracy was evaluated as the
percentage of estimated sodium excretion values within 30% of
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the measured 24-h sodium excretion (P3g) and as the absolute
value of the percentage difference of mean measured 24-h so-
dium excretion [|(estimated — measured) X 100/measured]].

We performed a rank order analysis with the use of rank
quartiles to classify participants into 4 categories of sodium
excretion based on the equation-predicted estimates. We then
compared the percentage of individuals who fell within the same
quartile on the basis of mean 24-h urine sodium excretion
measurements. This was done to investigate whether, even if bias
and precision were low, the estimating equations would perform
well enough to allow researchers to rank-order individuals into
low, moderate, and high sodium intake categories with the use of
spot urine specimens in large epidemiologic studies.

Finally, sensitivity analyses were conducted to evaluate the
potential impact of higher or lower eGFR, diuretic use, and 24-h
urine collection quality. To assess 24-h sample collection quality,
we calculated each individual’s mean 24-h urine creatinine ex-
cretion rate, which is a marker of collection accuracy and should
be constant in individuals over time (31). When any individual
24-h creatinine excretion rate was >30% of the mean or <70% of
the mean creatinine excretion rate, the individual 24-h urine was
excluded, and the remainder of collections were used to define the
24-h urine sodium excretion in the sensitivity analysis.

All statistical analyses were conducted with the use of SAS
version 9.3.

TABLE 1

RESULTS

Among the 129 study participants, mean age was 67 y, 52%
were female, and mean eGFR was 31 + 9 mL - min™" - 1.73 m™.
On average, participants provided 3.5 = (0.8 24-h urine collections
[median (IQR) 4.0 (3.0, 4.0) 24-h urine collections/participant]
and the mean 24-h sodium excretion was 168.2 £ 67.5 mmol/d
(IQR 119.0, 210.4 mmol/d); thus, slightly higher than the na-
tional mean in the general US population (148 mmol/d) (32).
Those with mean measured 24-h urine sodium excretion above
the national mean were more likely to be younger and male, and
to have diabetes (Table 1). They were also larger by both height
and weight and BMI was higher. Furthermore, they had higher
urine volume output, urine creatinine excretion, and estimated
sodium excretion based on each of the 4 estimating equations.
Importantly, spot urine sodium concentrations and urine sodium-
to-creatinine ratios were similar between the groups with lower
and higher measured 24-h urine sodium.

Correlation coefficients of different estimates of urine
sodium excretion

The correlation coefficients between sodium estimates from
each of the 4 equations and mean measured 24-h urine sodium
excretion were weak to moderate, ranging between 0.31 and 0.49
(all P < 0.001; Table 2). We also tested the correlation of spot

Participant characteristics stratified by mean sodium excretion in the US population'

=148 mmol Na/d

>148 mmol Na/d

(n = 53) (n =76) P

Age, y 71 = 11 64 = 12 0.0004
Female 36 (68) 31 (41 0.002
Black race 50) 10 (13) 0.5
Diabetes 20 (38) 50 (66) 0.002
Medication use

Diuretic 36 (68) 56 (75) 0.4

ACE-1 22 (42) 40 (53) 0.2

ARB 15 (28) 26 (35) 0.4
Height, cm 164 = 8 171 = 10 <0.0001
Weight, kg 80 = 23 95 =22 0.0003
BMI, kg/m* 30 =8 3247 0.05
Systolic blood pressure, mm Hg 129 = 17 123 = 17 0.04
Diastolic blood pressure, mm Hg 67 £ 10 68 £ 11 0.6
eGFR, mL - min™' . 1.73 m™” 33+9 31+38 0.2
Serum phosphate, mg/dL 40 £ 04 42 £ 05 0.04
24-h urine volume, mL/d 1601 = 653 2358 + 848 <0.0001
24-h urine sodium:creatinine ratio, mg 29 = 1.1 35*+13 0.007
24-h creatinine excretion, mg/d 941.6 = 337.1 1368.5 = 427.9 <0.0001
Mean 24-h sodium excretion, mmol/d 108.9 = 24.0 209.6 = 56.1 <0.0001
24-h collections included in average 24-h, n 3.5 *+08 3.6 =09 0.6
Spot urine sodium:creatinine ratio, mg 26 19 27 *+24 0.6
Spot urine sodium, mmol/L 71.6 = 35.9 78.2 = 30.9 0.3
Estimated 24-h urine sodium excretion, mmol/d

Nerbass equation 112.3 = 45.6 142.7 = 42.1 0.0002

INTERSALT equation 122.1 £ 427 156.1 = 449 <0.0001

Tanaka equation 148.5 = 45.1 168.0 £ 52.8 0.03

Kawasaki equation 174.5 = 67.9 210.3 = 84.6 0.01

'Values are means = SDs or 1 (%). Participant characteristics are stratified by mean measured 24-h sodium excretion
less than or equal to, or greater than, the national mean sodium intake in the United States of 148 mmol/d (3400 mg/d).
ACE-1, angiotensin-converting enzyme inhibitor; ARB, angiotensin receptor blocker; eGFR, estimated glomerular filtration
rate; INTERSALT, International Cooperative Study on Salt, Other Factors, and Blood Pressure.

2Assessed with ¢ tests for continuous variables and chi-square tests for categorical variables.
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TABLE 2
Correlations of mean measured 24-h urine sodium excretion and spot urine
sodium estimating equations in patients with chronic kidney disease'

Mean measured

24-h sodium Nerbass Tanaka Kawasaki
excretion estimate estimate  estimate
Nerbass estimate 0.42
Tanaka estimate 0.31 0.45
Kawasaki estimate 0.34 0.44 0.98
INTERSALT? estimate 0.49 0.70 0.50 0.57

'n = 129. Spearman correlation coefficients, P < 0.001.
International Cooperative Study on Salt, Other Factors, and Blood
Pressure.

urine sodium-to-creatinine ratio with a sodium-to-creatinine
ratio in a measured 24-h urine collection done within 24 h of the
spot specimen, and found a relatively weak correlation (r = 0.30,
P = 0.0005).

Bias

Bias was assessed as the mean difference of estimated minus
mean measured 24-h sodium excretion (Table 3). Of the 4
equations, the Tanaka equation demonstrated the least bias, with
a mean difference of —8.2 mmol/d. Mean bias was substantially
greater with the other 3 equations, with 2 in which the 24-h urine
mean measured urine sodium was higher than the estimate
(—38.1 mmol/d by Nerbass and —26.1 mmol/d by INTERSALT),
and 1 in which 24-h urine mean measured urine sodium excretion
was lower than the estimate (27.4 mmol/d by the Kawasaki
equation).

Bland-Altman plots reveal systematic bias in the estimated
values from the Nerbass, INTERSALT, and Tanaka equations, but
not the Kawasaki equation (Figure 2). On average, the Nerbass,
INTERSALT, and Tanaka equations underestimated sodium
excretion when 24-h measured excretion was high.

Precision

Precision was assessed by evaluating the width of the 95% LoA
of the mean difference (Table 3). All 4 equations demonstrated low
precision with wide LoA. The INTERSALT equation demon-
strated the best precision, yet the 95% LoA spanned 238.4 mmol/d.

TABLE 3

Accuracy

Accuracy was defined as the P3( and as the absolute value of
the percentage difference of mean measured 24-h sodium ex-
cretion (Table 3). Accuracy was low for all 4 equations. The
INTERSALT equation demonstrated slightly greater accuracy
than the others; however, only 57% of estimated values fell
within 30% of 24-h urine-measured concentrations, and the
mean absolute percentage difference was 30.3.

Rank order analysis

We categorized individuals into 4 quartiles on the basis of the
mean measured 24-h urine sodium excretion and assessed the
ability of the estimating questions to classify individuals into
these quartiles appropriately. Performance was poor, with
between 18% and 50% of observations appropriately classi-
fied (Table 4). We also evaluated whether spot urine sodium-
to-creatinine ratios appropriately classified into quartiles on the
basis of 24-h urine sodium-to-creatinine ratios obtained within
24 h of the spot urine collection, and observed that only 22-44%
of measures were in the appropriate quartile (data not shown).

Sensitivity analyses

We investigated whether the performance of the estimating
equations might be influenced by 24-h urine collection quality. In
total, the 129 participants provided 454 24-h urine collections.
We excluded collections from those for whom the measured
creatinine excretion was >30% different from the mean creat-
inine excretion for that individual. This resulted in an exclusion
of 23 collections (5%). One additional collection was excluded
because the urine creatinine measurement was not available. Of
the 129 participants, 123 had =2 24-h urine collections available
with concordant creatinine excretion rates for use within
the sensitivity analysis. All 129 had =1, so all were included in
the sensitivity analysis. The bias, precision, and accuracy in the
subset of 24-h urine collections thought to be of high quality was
similar to those in the primary analysis for all 4 equations
(Supplemental Table 1).

Results were also similar in persons with an eGFR <30
compared with =30 mL - min~' - 1.73 m™ (Supplemental
Table 2) and in users compared with nonusers of diuretics
(Supplemental Table 3).

Performance of spot urine sodium—based equations for predicting mean 24-h urine sodium excretion in chronic kidney

disease patients'

Difference,2

Width of LoA,

Absolute

Equation mmol/d mmol/d difference,3 % P3g, %
INTERSALT —26.1 (—145.3, 93.1) 238.3 30.3 + 23.7 57
Tanaka —8.2 (—148.9, 132.5) 281.5 37.2 = 36.6 56
Nerbass —38.1 (—166.1, 89.9) 256.0 32.5 *+ 26.6 54
Kawasaki 27.4 (—141.4, 196.2) 337.5 484 * 544 50

'n =129. INTERSALT, International Cooperative Study on Salt, Other Factors, and Blood Pressure; LoA, limits of
agreement; P, percentage of estimated sodium excretion values within 30% of the measured 24-h sodium excretion.
Estimated mean measured 24-h sodium excretion. Values are means; 95% LoA in parentheses. 95% LoA = mean *

1.96 SDs.

3 - . . . .
Absolute value of estimated minus mean measured 24-h sodium excretion. Values are means = SDs.
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We also evaluated whether performance was improved if we
evaluated the 24-h urine collection that was obtained within 24 h
of the spot urine sodium measurement. In all cases, bias, pre-
cision, and accuracy were similar or worse when compared by
using the mean 24-h urine sodium excretion over the 9-mo study
(data not shown).

DISCUSSION

In a population with moderate to severe CKD, we investigated
the performance of 4 equations designed to predict dietary sodium
intake from spot urine sodium measurements. We found that bias,
precision, and accuracy were poor overall. Performance was suf-
ficiently poor such that none of the estimating equations allowed for
the appropriate classification of individuals into a given 24-h urine
sodium quartile >50% of the time. Performance remained poor
even in 24-h urine collection with high collection quality, irrespective
of severity of CKD, and in users or nonusers of diuretics.

TABLE 4

The INTERSALT equation (24), which we found to be the
most accurate of the 4 equations, only successfully derived an
estimate within 30% of 24-h measured sodium excretion 57% of
the time and demonstrated substantial bias. The equation by
Tanaka et al. (25) demonstrated the least bias, but suffered from
poor precision, so its overall accuracy was slightly less than the
INTERSALT equation. Only the equation by Nerbass et al. (28)
was developed in a population with CKD, yet, in our study, it had
the greatest bias, and precision and accuracy were as poor as the
other 3. Furthermore, Bland-Altman plots revealed that the
Tanaka, Nerbass, and INTERSALT equations all introduced
systematic bias to the estimates, underestimating high sodium
excretion. Other studies evaluating these equations in various
populations identified similar systematic bias (34-38). Although
we did not observe systematic bias with the Kawasaki equa-
tion, it grossly overestimated mean measured 24-h sodium
excretion, a finding consistent with other studies (34, 37), and
had the lowest overall accuracy. This may be because it was

Percentage of participants appropriately classified into mean measured 24-h urine sodium excretion quartiles on the basis

of spot urine sodium excretion equations

Ql Q2 Q3 Q4
24-h sodium excretion, mmol/d 94.5 = 19.2 138.3 = 12.6 179.8 = 15.6 260.1 = 51.3
Equation
Nerbass 47 31 30 44
INTERSALT 44 44 27 50
Tanaka 34 25 21 44
Kawasaki 38 31 18 44

'Values are means + SDs or percentages. n = 129. Percentages represent the percentage of participants correctly
categorized by estimated excretion from spot urine sodium into the quartile assigned by mean measured 24-h sodium
excretion. Q1 represents the lowest 25% of measured 24-h sodium excretion and Q4 represents the highest 25% of
measured 24-h sodium excretion. INTERSALT, International Cooperative Study on Salt, Other Factors, and Blood Pressure;

Q, quartile.
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developed in a Japanese population, in which the mean die-
tary sodium intake is much higher than that of the US pop-
ulation (27).

Despite the poor performance of these equations for individual
patients with CKD, we considered whether the equations might
allow appropriate rank ordering of dietary sodium intake to de-
termine whether they may be useful in large epidemiologic studies.
Our findings suggest that the equations do not reliably classify
participants into high and low sodium intake categories. The best
performing equation was only successful in categorizing 44-50%
of individuals in each 24-h urine sodium excretion quartile.

To our knowledge, 2 prior studies have evaluated the Tanaka
and Kawasaki equations in CKD populations; however, both of
these studies were conducted in Japanese CKD populations in
which dietary sodium intake is much higher (39, 40). Ogura et al.
(39) evaluated the performance of the Tanaka equation in a CKD
population and found its accuracy to be much higher than in
our study, with a Pz of 70%. This discordance may be due to
population differences in sodium intake and body composition,
because the Japanese population has higher dietary sodium in-
take and lower body weight, on average (36). In addition, dif-
ferences in body habitus may impact creatinine excretion and
thus contribute to differences in equation performance across
populations. The Nerbass equation was developed in the United
Kingdom and the INTERSALT equation was developed in
a population that included subjects from North America and
Europe. Given population differences in sodium intake (27),
lifestyle, and body composition, it perhaps is not surprising that
the INTERSALT equation performed the best in terms of ac-
curacy in our US CKD population. Performance may differ in
other settings; this is an important question for future study.

This study has multiple strengths. It is the first study, to our
knowledge, to externally validate the performance of the new
CKD-specific Nerbass equation and compare its performance to
that of the previously developed INTERSALT, Tanaka, and
Kawasaki equations. Furthermore, to our knowledge, this is the
first study to assess the performance of any of these equations in
a population with CKD in the United States. On average, par-
ticipants provided 3.5 24-h urine collections over 9 mo, providing
a more reliable marker of usual dietary sodium intake than single
measurements (18, 19). All data were collected in a controlled
clinical trial from participants enrolled in a research study that did
not focus on sodium intake. Given that the urine samples used
were collected repeatedly over 9 mo with a high degree of care,
the performance of the equations in our study might be con-
sidered a best-case scenario. Furthermore, eligibility criteria for
the PNT required that participants not make any intentional
changes in their diet for the duration of the study, minimizing the
potential influence of sudden large changes in diet and sodium
intake on sodium excretion. Lastly, we had the opportunity to
assess the impact of 24-h urine collection accuracy, CKD se-
verity, and diuretic use on equation performance. These variables
did not influence the performance of the equations meaningfully.

Despite these and other strengths, the study also has important
limitations. First, our interpretation of the INTERSALT equation
is limited by our lack of spot urine potassium data, which is
required for the INTERSALT equation. We imputed a concen-
tration of 20 mmol/L for each participant. The influence of
potassium measurement in the INTERSALT equation is small;
assuming a range of 0-50 mmol K/L, potassium has the potential
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to affect INTERSALT estimates by =6.5 mmol Na/d for men
and 4.5 mmol Na/d for women. Moreover, this imputation could
have influenced bias only, and should not influence the pre-
cision, which was poor for the INTERSALT equation. Next, the
Kawasaki equation was designed for use with second morning
voids. Although all of our spot urine samples were collected in
the morning, the protocol did not require all to be second
morning urine voids, nor were all of the spot urine samples
collected at the same time of day. Thus, by not specifically using
second morning voids, we may have influenced the performance
of the Kawasaki equation. Timed urine collections are cum-
bersome to obtain, and over- and undercollections are common
in clinical practice. Our participants received detailed in-
structions and were closely monitored in this research study.
Moreover, participants provided multiple 24-h urine collections
over 9 mo, and we used the mean of these, which should render
our results less likely to be influenced by inaccuracies in any
individual collection and provide a better estimate of usual di-
etary intake. In addition, we conducted a sensitivity analysis
with the use of the highest-quality timed collections and found
similar results. Nonetheless, errors in collection accuracy still
may have influenced the mean 24-h urine sodium excretion used
as our gold standard for comparison. Finally, our sample size of
129 CKD participants is relatively small, and participants were
recruited from a single center. Most individuals were Caucasian,
and the range of eGFR was limited to 2045 mL - min™" - 1.73 m™.
Kidney disease may influence dietary preference and homeo-
static regulation of sodium and fluid. Whether results are gen-
eralizable to other settings, including in persons in the general
population or with heart failure or diabetes, is currently un-
known.

The results of this study have important implications for the
interpretation of prior and future studies that use spot urine
sodium to estimate dietary sodium intake. The use of an im-
precise estimate of sodium intake based on spot urine sodium is
likely to bias any research question to the null; lack of asso-
ciation between estimates from spot urine sodium with important
clinical outcomes may be the expected result of such inquiries,
on the basis of the level of inaccuracy we observed here.
Moreover, we observed systematic bias at a higher sodium intake
with 3 equations. Thus, studies wherein extremes of sodium
intake drive associations with outcomes particularly may be
prone to bias.

In conclusion, available equations that estimate dietary sodium
intake with the use of spot urine sodium measurements have
substantial bias, poor precision, and poor accuracy when applied
to persons with moderate to severe CKD. This study tempers the
enthusiasm for the use of spot urine specimens in individual
persons and in large epidemiologic research studies to assess
dietary sodium consumption in CKD populations. For now,
studies designed to estimate sodium intake in patients with CKD
should rely on high-quality 24-h urine collections.
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