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ABSTRACT
Background: Understanding measurement error in sodium and
potassium intake is essential for assessing population intake and
studying associations with health outcomes.
Objective: The aim of this study was to compare sodium and
potassium intake derived from 24-h dietary recall (24HDR) with
intake derived from 24-h urinary excretion (24HUE).
Design: Data were analyzed from 776 nonpregnant, noninstitution-
alized US adults aged 20–69 y who completed 1-to-2 24HUE and
24HDR measures in the 2014 NHANES. A total of 1190 urine
specimens and 1414 dietary recalls were analyzed. Mean bias was
estimated as mean of the differences between individual mean
24HDR and 24HUE measurements. Correlations and attenuation
factors were estimated using the Kipnis joint-mixed effects model
accounting for within-person day-to-day variability in sodium
excretion. The attenuation factor reflects the degree to which true
associations between long-term intake (estimated using 24HUEs)
and a hypothetical health outcome would be approximated using
a single 24HDR: values near 1 indicate close approximation
and near 0 indicate bias toward null. Estimates are reported for
sodium, potassium, and the sodium: potassium (Na/K) ratio. Model
parameters can be used to estimate correlations/attenuation factors
when multiple 24HDRs are available.
Results: Overall, mean bias for sodium was −452 mg (95% CI:
−646, −259), for potassium −315 mg (CI: −450, −179), and for
the Na/K ratio −0.04 (CI: −0.15, 0.07, NS). Using 1 24HDR, the
attenuation factor for sodium was 0.16 (CI: 0.09, 0.21), for potassium
0.25 (CI:0.16, 0.36), and for the Na/K ratio 0.20 (CI: 0.10, 0.25). The
correlation for sodium was 0.27 (CI: 0.16, 0.37), for potassium 0.35
(CI: 0.26, 0.55), and for the Na/K ratio 0.27 (CI: 0.13, 0.32).
Conclusions: Compared with 24HUE, using 24HDR underestimates
mean sodium and potassium intake but is unbiased for the Na/K
ratio. Additionally, using 24HDR as a measure of exposure in
observational studies attenuates the true associations of sodium
and potassium intake with health outcomes. Am J Clin Nutr
2019;109:1672–1682.

Keywords: sodium, potassium, 24-h dietary recall, urine, measure-
ment error

Introduction
Hypertension is a major risk factor for cardiovascular disease

(CVD) morbidity and mortality (1). Evidence indicates sodium
intake is related positively and directly to blood pressure, with
lower concentrations of sodium intake associated with lower
blood pressure (1–5). However, variability in the association of
sodium intake with blood pressure and other health outcomes has
led some to question this relation (6). In addition, studies suggest
a higher intake of potassium can lower blood pressure and may
blunt the blood-pressure raising effects of excess sodium intake
(4, 5). Further, potassium salts have been used as a replacement
for sodium in manufactured foods to lower the sodium content
(6, 7). Some studies suggest the sodium: potassium (Na/K) ratio
may have a stronger association with blood pressure than either
electrolyte examined alone (3, 8–10).
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In research studies and population surveys, including the
NHANES, the intake of individual nutrients is commonly derived
from measures of self-reported dietary intake of foods, such
as 24-h dietary recall (24HDR). However, 24HDR is subject
to recall bias, requires up-to-date nutrient databases, may not
capture sodium intake from salt added at the table or potassium
from salt substitutes, and requires >1 24HDR to estimate usual
long-term intake. Measurement error associated with 24HDR
can be attributable to systematic bias that include: 1) intake-
related bias, such as participants who consume a higher intake
of sodium foods may be less likely to report these foods, or 2)
additive systematic bias, for example the instrument is inaccurate,
indicating that a constant error is added to each person’s reported
intake, or 3) person-specific bias, for instance one participant
consistently overreports sodium intake and another participant
consistently underreports sodium intake (11). Measurement error
can also be due to random error that includes within-person
bias due to day-to-day variability in food consumption (11).
Evaluating measurement error in the assessment of sodium and
potassium intake is essential for assessing population intake in
order to monitor the impact of sodium reduction strategies, and
to determine associations in observational studies with health
outcomes, such as blood pressure (12, 13).

The 24-hour urinary excretion (24HUE) of sodium is consid-
ered the reference biomarker for sodium intake (14, 15). When
collection is complete, urinary sodium excretion captures all
sources of sodium intake, represents ∼90% of sodium consumed,
and does not rely on self-report (12, 14). In contrast, urinary
potassium excretion captures ∼50–90% of potassium intake (16–
19). Previous validity studies evaluating the ability of 24HDR
to capture accurate sodium and potassium intake compared with
24HUE were conducted among convenience samples of adults
(20, 21). Thus, the objective of this study was to evaluate the
measurement error in sodium and potassium intake, assessed
using 24HDR compared with 24HUE, in a national sample of
US adults.

Methods

Data source

NHANES is a continuous nationally representative cross-
sectional survey of civilian noninstitutionalized persons in the
US with data publicly released in 2-y cycles, e.g. 2013–2014
(22, 23). In 2014, a random half sample of 1,103 nonpregnant
adults aged 20–69 y who completed the examination component
of NHANES were selected to collect ≤2 24HUE samples (Figure
1) (24, 25). Due to lower response rates among adults aged ≥70
y who were interviewed (61.4% compared with 71.0% overall
in 2013–2014) and examined (59.8% compared with 68.5%
overall), participants aged ≥70 years were not selected to collect
24HUE (24). Of the participants selected to collect 24HUE, 827
completed one 24HUE. Of these, about half, 436, were selected
and completed a second 24HUE 3–10 d later. Details related
to selection and completions are available elsewhere (24, 25).
For our analysis, we excluded 48 participants with unreliable
dietary data and 3 participants with missing covariates, leaving
an analytical sample of 776 US adults who completed ≤2 24HUE
and 24HDR, totaling 1190 urine specimens and 1414 dietary
recalls. The National Center for Health Statistics Research

Ethics Review Board reviewed and approved NHANES including
24-h urine collection, and participants gave written informed
consent.

Biomarkers

Complete details on urine collection procedures, specimen
processing, storage, shipping, quality assurance, and control
procedures have been previously described (26–31). Most collec-
tions were started and completed in person in the Urine Mobile
Examination Center (MEC) and collections were completed on
all days of the week (26, 27). Urine collections did not occur on
the same day as dietary recall. Urine specimens were considered
incomplete if: start and end times were not documented, length
of collection was <22 hours, total urine volume was <400 mL,
a female participant reported menstruating, or if a participant
reported more than a few drops of urine were missed during the
collection (26). Urine specimens were analyzed for electrolytes
including sodium and potassium using the Roche Ion-Selective
Electrode technique and for creatinine using the Roche enzymatic
assay on the Roche Cobas 6000 Analyzer (27–29). The total
amount of sodium and potassium excreted in each 24HUE was
standardized to 24 h by multiplying the concentration by the
adjusted 24-h urine volume based on duration of collection
(27–30).

24HDR

For the 24HDR, trained interviewers asked participants to
report foods and beverages consumed in the past 24 h using
USDA’s 5-step Automated Multiple Pass Method (AMPM) (31–
33). In NHANES, ≤2 24HDR are collected, the initial 24HDR
in the MEC and a second 24HDR 3–10 days later by telephone
(31, 32). Furthermore, 24HDRs were collected for all days of the
week (31, 32). Recalls were conducted in English or Spanish.
Interpreters were also available for all other languages. Only
24HDRs coded as reliable were used in the analysis (Figure
1). The 24HDRs that were incomplete (coded as not reliable
or did not meet minimum criteria) were excluded from analysis
(e.g. food/beverages were missing for a reported meal or eating
occasion, or the interview was terminated before details of the
food/beverages were provided) (31, 32).

Statistical analysis

To help assess generalizability of results to the broader
US population, weighted characteristics of participants in the
analytic sample were described along with those of the larger
sample of potentially eligible participants in the public release
data, NHANES 2013–2014. Potentially eligible participants were
defined as nonpregnant participants, aged 20–69 y in NHANES
2013–2014 who were examined in the MEC and completed ≥1
dietary recall (n = 4246). Rao-Scott chi-square tests were used
to examine differences in weighted distributions of demographic
characteristics and BMI of the analytical sample (n = 776) by
sex. The 24-h urine sample weights were used for the analyses
using the NHANES 2014 analytic sample, and the dietary
day one (initial day) sample weights were used for the
analyses of NHANES 2013–2014 participants to account for the
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48 Unreliable initial 24-hour 
dietary recall

89 Refused

Random half sample

1103 Selected for 24-hour urine collection, 

827 (75%) Completed initial 24-hour urine specimen

779 (71%) Reliable initial dietary recall 

Non-pregnant adults age 20-69 years, completed the 
examination, NHANES 2014

1014 Started collection at visit 1 

894 Finished collection at visit 2

120 Did not finish collection

67 Incomplete initial urine 
specimen

776 (70%) Final sample

3 Missing covariates (BMI)

FIGURE 1 Flow diagram of analytical sample, adults aged 20–69 y, US, 2014.

complex survey sample design. P values <0.05 were considered
statistically significant. A percentage point difference of >5% in
the distribution of characteristics by sex was noted as significant.

The weighted mean population intake of sodium, potassium,
and the Na/K ratio were estimated using 24HDR and 24HUE
at the initial visit, the follow-up visit, and the mean of ≤2 d
per individual. Due to the observed distributions of sodium
and potassium intake, dietary recall and biomarker measures,
assessed by 24HDR and 24HUE, respectively, were kept on
the original scale, rather than a log scale. In determining
the appropriate scale, we evaluated normality, residuals and
difference in residuals, correlations between mean and SD for
individuals with 2 observations, and distribution of mean differ-
ences. All analyses used survey sample weights. First, normality
was assessed for each nutrient for first and second recalls and
biomarkers. Normality was determined through assessment of
skewness and kurtosis, as well as a visual assessment of the
distributions for each nutrient value for the first and second recalls
and biomarkers. Second, we evaluated and compared residuals
for nutrient measurements on the original scale and log scale
as follows: For both 24HDR and 24HUE measurements, linear
regression models were used to model first and second day
nutrient values as the outcome (in separate models) and age,
BMI, race and Hispanic origin, and day of intake as predictors
and to examine corresponding residuals for each model. Then,
the difference in residuals between first and second day nutrient
values from these models was assessed, and the normality of the
differences evaluated using PROC UNIVARIATE [SAS Institute,
Inc.]. Third, for participants with 2 observations, distribution

was additionally assessed by evaluating correlations between
mean and SD for each individual, and evaluating the skewness
and kurtosis, as well as visual assessment of the distribution of
mean difference between the first and second day for recalls and
biomarkers.

To evaluate measurement error in the 24HDR, we estimated the
population mean bias, correlation between person-level 24HUE
and 24HDR, and the attenuation factor for sodium intake,
potassium intake, and the Na/K ratio assessed in mg/d. The mean
bias in intake, assessed using 24HDR, is estimated as the mean
of the differences in each individual’s mean intake calculated
from ≤2 24HDR minus the mean intake from ≤2 24HUE
divided by the total number of participants. For individuals
with 1 measurement, a single (initial) measurement was used.
SAS PROC SURVEYMEANS [SAS Institute, Inc.]was used to
estimate the weighted population mean intakes and 95% CIs,
using 24-h urine sample weights, and accounting for complex
survey and sampling design. Estimated population means were
compared using t-tests. Pair-wise t-tests were used to compare
group level mean bias.

The attenuation factor reflects the degree to which true
association between long-term intake (estimated by 24HUE
accounting for within-person random error) and a hypothetical
health outcome would be approximated using 24HDRs. At-
tenuation factor values near 1 indicate close approximation to
the true association, with increased bias toward the null as the
attenuation factor value approaches zero. The attenuation factor,
when values are between 0 and 1, represents the multiplicative
bias or shrinkage factor in the estimated regression coefficient
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for the association of interest, in this case the association between
intake and a health outcome. When a health outcome is regressed
on continuous intake assessed with each individual’s single
dietary recall, for example, rather than his or her true usual dietary
intake as approximated by 24HUE accounting for within-person
day-to-day variability, both random and systematic measurement
error may bias or attenuate the association toward null. In relation
to true usual long-term intake, model parameters can be used to
estimate correlations/attenuation factors when multiple 24HDRs
such as the mean of 2, 3, or infinite numbers of 24HDRs are
available.

The correlation coefficient reflects the degree of linear
association between methods and is used to measure loss of
statistical power to detect the association with health outcomes
that is attributable to measurement error. It is estimated as the
correlation between nutrient intake, assessed using 24HDRs, and
the biomarker value, assessed using 24HUEs, accounting for
within-person measurement error (11). Values of <0.4 generally
indicate weak associations whereas values >0.7 indicate strong
associations (11).

Attenuation factors and correlations were estimated using
the Kipnis joint-mixed effect models (11) adjusting for BMI
(continuous), age (continuous), race and Hispanic origin (non-
Hispanic white, non-Hispanic black, Hispanic, and non-Hispanic
other), and sex (for overall estimates). The Kipnis model uses the
nutrient biomarker (24HUE) as a referent measure. We assume
that sodium and potassium biomarkers are unbiased for measure-
ment of longer-term intake based on the following assumptions:
Biomarker concentrations provide an unbiased estimate of short-
term intake, within-person variation is independent of personal
characteristics, and intake did not vary systematically with
time. The Kipnis model accounts for systematic error (additive
and intake-related bias) and random error (person-specific and
within-person day-to-day variability) associated with 24HDR.
Up to 2 24HDRs and 2 24HUEs for each individual were used.
In the Kipnis model, the attenuation factor and correlations for
the measurement being evaluated (i.e., intake assessed using
24HDR) were estimated related to true intake (long-term usual
intake approximated using 24HUEs accounting for within-person
day-to-day variability). As indicated earlier, measurement error
in intake as assessed with 1 or the mean of 2, 3, 6, or an infinite
number of 24HDRs was approximated in relation to “true” intake.
The mean of an infinite number of 24HDRs estimates what would
happen if random day-to-day error was eliminated as a cause of
measurement error. In this case (infinite 24HDR), the correlations
and attenuation factors represent systematic, but not random,
measurement error related to the use of 24HDRs.

For the Kipnis model, estimates were calculated using a 2-
step process. First, SAS PROC CALIS [SAS Institute, Inc.]was
used because it was able to fit the model and estimate starting
values for α coefficients, β coefficients, and variance of nutrient
measurements. Next, due to improved efficiency in comparison to
PROC CALIS, SAS PROC NLMIXED [SAS Institute, Inc.] was
used to calculate estimates of attenuation factors and correlations
using sample weights and using the starting coefficients and
variance previously calculated with PROC CALIS. SEs and 95%
CIs were calculated using NLMIXED with Balanced Repeat
Replication weights based on 24-h urine sample weights to
account for sampling and nonresponse. A relative SE/estimate >

30% was considered statistically unreliable.

Furthermore, we evaluated the influence of nutrient recovery,
correcting for the amount of intake excreted in urine for sodium
and potassium, on estimates of mean bias, attenuation factor, and
the correlation coefficient. A correction factor of 0.90 was applied
to all urinary sodium excretion measurements (24HUE/0.90).
Using Turban et al. as a reference, participants who consumed
a control diet (low in potassium), showed little difference in
potassium excreted by race (73% for non-Hispanic white adults
and 74% for non-Hispanic black) (19). Therefore, we applied
a correction factor of 0.735 to all urinary potassium excretion
measurements (24HUE/0.735) (19). Values for 24HUE mean
intake, mean bias, attenuation, and correlation were reported with
and without application of a correction factor for sodium and
potassium.

Statistical analyses were completed in SAS, version 9 (SAS
Institute, Inc.). To protect the confidentiality of survey respon-
dents, all analyses involving data from 24-h urine collection in
2014 were performed on-site at the National Center for Health
Statistics Research Data Center (34). For purposes of reproducing
the results, all SAS code is available to other researchers upon
request to the corresponding author. NHANES 2014 24-h urine
study procedures are publicly available, as are NHANES 2013–
2014 data and procedures (24, 26–33).

Sensitivity analyses

Sensitivity analyses were conducted in subsets of the analytic
sample to explore whether results could be influenced by
1) extreme dietary intake values (outliers) or 2) potential
incomplete urine collection. In addition, unweighted analyses
were conducted to determine if results could be influenced
by weighting the sample to the US population. Outliers for
sodium and potassium intake, measured using 24HDR, were
defined as outside the range of [25th percentile – 2.5IQR; 75th

percentile + 2.5IQR] and with visual inspection (11). Potentially
incomplete 24-h urine collection was defined by measured
24-h urinary creatinine excretion being < 70% of estimated 24-h
urinary creatinine excretion based on age, sex, weight, and height.
Two separate equations were used to calculate estimated 24-h
urinary creatinine excretion (35, 36).

Results
The number of participants and weighted frequencies of

demographic groups and BMI are shown overall and by sex
in Table 1. After additional weighting for sample design and
nonresponse, population estimates from the analytical sample
(n = 776) were similar in their distribution of sex, age, race and
Hispanic origin, and BMI to estimates from all nonpregnant adult
participants aged 20–69 y examined in NHANES 2013–2014.
Using the analytical sample, estimates from men and women
were similar in distributions of age, and race and Hispanic origin,
and BMI.

The uncorrected 24HUE mean values for sodium, potassium,
and their ratio differ from those corrected for percentage recovery
of intake in urine (24HUE CF). As shown in Table 2, overall,
sodium intake assessed using 24HUE CF (corrected for 90%
recovery of sodium in urine; 4,017 mg/d (95% CI: 3,817,
4,217), was greater than the mean intake assessed using 24HDR
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TABLE 1 Estimated population characteristics, adults aged 20–69 y, US

NHANES 2013–20141 N2 (%)3 Analytical sample, NHANES 20144 N2 (%)5

Overall Men Women Overall Men Women
4246 2056 2190 776 394 382

Age, y
20–44 y 2152 (50.6) 1062 (52.5) 1090 (48.8) 406 (52.8) 206 (55.3) 200 (50.4)
45–69 y 2094 (49.4) 994 (47.5) 1100 (51.2) 370 (47.2) 188 (44.7) 182 (49.6)

Race and Hispanic origin
Non-Hispanic white 1729 (63.7) 838 (64.0) 891 (63.4) 328 (64.6) 172 (64.7) 156 (64.5)
Non-Hispanic black 879 (11.7) 434 (11.0) 445 (12.5) 203 (11.3) 102 (10.5) 101 (12.1)
Hispanic 1026 (16.1) 490 (16.2) 536 (16.0) 132 (16.0) 65 (16.9) 67 (15.2)
Non-Hispanic other 612 (8.5) 294 (8.8) 318 (8.2) 113 (8.1) 55 (7.9) 58 (8.1)

BMI (kg/m2)
<30 2636 (61.7) 1346 (64.5)6 1238 (59.1) 454 (59.4) 248 (62.2) 206 (56.8)
≥ 30 968 (38.3) 700 (35.5) 938 (40.9) 322 (40.6) 146 (37.8) 176 (43.2)

1Participants aged 20–69 y in NHANES 2013–2014, who came to the mobile examination center (MEC) and participated in the examination component
and who completed ≥1 24-h dietary recall. Pregnant women were excluded.

2Unweighted number; participants in subgroups may not add up to the total sample size due to missing information on the designated characteristic.
3Weighted % based on dietary day 1 sample weights, NHANES 2013–2014.
4Participants in the 1-y 24-h urine collection in NHANES 2014 who also had information from dietary recalls.
5Weighted % based on 1-y 24-h urine sample weights, NHANES 2014.
6P values <0.05 for difference in means between men and women for the specified subgroup.

(3,565 mg/d [CI: 3,365, 3,765]). Using 24HUE CF as the
reference, mean bias in sodium assessed using 24HDR was −452
mg/d (CI: −646, −259; P value <0.05). Similarly, the mean bias
was −487 mg/d (CI: −786, −188) for men and −420 mg/d (CI:
−628, −212) for women. Thus, mean sodium intake, assessed
using 24HDR, was 10 to 12% lower for US adults overall, for
men, and for women, than 24HUE CF measures with 95% CIs
that did not include zero.

Potassium intake, assessed using 24HDR, was significantly
lower than that assessed using 24HUE CF (corrected for 73.5%
recovery of potassium in urine) overall and by sex (P value <0.05
for each). Overall, mean 24HDR potassium was 2642 mg/d (CI:
2494, 2791), mean 24HUE CF potassium was 2957 mg/d (CI:
2760, 3154), and the mean bias was −315 mg/d (CI: −450,
−179). The mean bias for 24HDR potassium was −304 mg/d
(CI: −550, −58) for men and −325 mg/d (CI: −527, −123) for

TABLE 2 Weighted mean and mean bias for sodium and potassium intake, mg/d, and Na/K, with and without applying a correction factor for sodium (0.90)
and potassium (0.735) adults aged 20–69 y, US 20141

Sodium Potassium Na/K ratio
N2 Weighted mean (95% CI) Weighted mean (95% CI) Weighted mean (95% CI)

Overall 776
Mean 24HDR — 3565 (3365, 3765) 2642 (2494, 2791) 1.46 (1.37, 1.55)
Mean 24HUE — 3616 (3435, 3796) 2173 (2029, 2318) 1.84 (1.68, 2.01)
Mean bias — h-51 (−235, 134) 469 (361, 577)3 − 0.38 (−0.52, −0.24)3

Mean 24HUE CF — 4017 (3817, 4217) 2957 (2760, 3154) 1.50 (1.37, 1.64)
Mean bias CF − 452 (−646, −259)3 − 315 (−450, −179)3 − 0.04 (−0.15, 0.07)

Men 394
Mean 24HDR — 4172 (3899, 4445) 2991 (2758, 3224) 1.52 (1.42, 1.63)
Mean 24HUE — 4193 (3927, 4459) 2422 (2266, 2577) 1.92 (1.71, 2.14)
Mean bias — − 21 (−304, 262) 569 (345, 794)3 − 0.40 (−0.62, −0.18)3

Mean 24HUE CF — 4658 (4363, 4954) 3295 (3083, 3506) 1.57 (1.39, 1.74)
Mean bias CF − 487 (−786, −188)3 − 304 (−550, −58)3 − 0.05 (−0.23, 0.14)

Women 382
Mean 24HDR — 2994 (2837, 3151) 2314 (2149, 2479) 1.41 (1.31, 1.51)
Mean 24HUE — 3073 (2909, 3236) 1940 (1776, 2104) 1.77 (1.61, 1.92)
Mean bias — − 79 (−275, 118) 374 (209, 540)3 − 0.36 (−0.47, −0.25)3

Mean 24HUE CF — 3414 (3232, 3596) 2639 (2416, 2862) 1.44 (1.31, 1.57)
Mean bias CF − 420 (−628, −212)3 − 325 (−527, −123)3 − 0.04 (−0.13, 0.06)

1Mean of each individual’s average intake from ≤2 24-h dietary recalls or 2 24-h urinary excretions. Mean bias = mean of each individual’s average
intake from ≤2 24-h dietary recalls minus the average intake from ≤2 24-h urinary excretions. 24HDR, 24-h dietary recalls; 24HUE, 24-h urinary excretions;
CF, correction factor.

2Unweighted number of participants in the analytical sample.
3P value <0.05 when comparing mean intake from 24-h dietary recalls with mean urinary excretion from 24-h urine collection.
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TABLE 3 Weighted mean bias for sodium and potassium intake, mg/d, and Na/K, by population subgroups, correcting for urinary excretion for sodium
(0.90) and potassium (0.735), adults aged 20–69 y, US 20141

Mean bias (95% CI)

N2 Sodium Potassium Na/K ratio

Overall 776
Age 20–44 y 406 − 391(−679, −102) − 143 (−347, 62) − 0.08 (−0.23, 0.08)
Age 45–69 y 370 − 521(−685, −358) − 507 (−673, −340)3 0.00 (−0.09, 0.08)
BMI <30 454 − 128 (−377, 120) − 203 (−402, −4) 0.00 (−0.17, 0.16)
BMI ≥30 322 − 927 (−1205, −649)3 − 479 (−743, −214) − 0.09 (−0.19, 0.00)
Non-Hispanic white 328 − 401 (−659, −143) − 440 (−605, −274) 0.04 (−0.04, 0.13)
Non-Hispanic black 203 − 566 (−900, −232) 74 (−159, 306)3 − 0.25 (−0.42, −0.08)3

Hispanic 132 − 608 (−1157, −59) − 70 (−326, 186)3 − 0.28 (−0.55, 0.00) 3

Non-Hispanic Other 113 − 395 (−1070, 281) − 344 (−603, −84) 0.06 (−0.30, 0.41)
Men 394

Age 20–44 y 206 − 562 (−1020, −103) − 172 (−471, 127) − 0.12 (−0.39, 0.15)
Age 45–69 y 188 − 394 (−604, −184) − 466 (−794, −138) 0.05 (−0.08, 0.17)
BMI <30 248 − 61 (−468, 346) − 98 (−380, 184) − 0.02 (−0.26, 0.21)
BMI ≥30 146 − 1188 (−1571, −805)3 − 643 (−1036, −250)3 − 0.08 (−0.23, 0.07)
Non-Hispanic white 172 − 474 (−822, −126) − 424 (−760, −88) 0.02 (−0.14, 0.17)
Non-Hispanic black 102 − 385 (−926, 155) 218 (−86, 522)3 − 0.30 (−0.60, −0.01)3

Hispanic 65 − 802 (−1647, 44) − 163 (−478, 152) − 0.31 (−0.81, 0.19)
Non-Hispanic other 55 − 57 (−895, 782) − 310 (−672, 52) 0.33 (−0.19, 0.84)

Women 382
Age 20–44 y 200 − 214 (−525, 97) − 112 (−344, 120) − 0.03 (−0.16, 0.10)
Age 45–69 y 182 − 629 (−840, −418)3 − 541 (−764, −318)3 − 0.04 (−0.14, 0.05)
BMI <30 206 − 198 (−391, −5) − 311 (−548, −73) 0.02 (−0.12, 0.15)
BMI ≥30 176 − 712 (−1090, −335)3 − 343 (−715, 28) − 0.10 (−0.23, 0.02)
Non-Hispanic white 156 − 332 (−621, −43) − 454 (−688, −221) 0.07 (−0.03, 0.16)
Non-Hispanic black 101 − 714 (−1087, −341) − 44 (−407, 318)3 − 0.21 (−0.31, −0.10)3

Hispanic 67 − 406 (−907, 95) 27 (−366, 420)3 − 0.24 (−0.39, −0.09)3

Non-Hispanic other 58 − 705 (−1501, 91) − 375 (−694, −55) − 0.19 (−0.59, 0.21)

1Mean bias = Mean of each individual’s average intake from ≤2 24-h dietary recalls minus the average intake from ≤2 24-h urinary excretions.
2Unweighted number of participants in the analytical sample.
3P value <0.05 and calculated using pairwise t-test when comparing mean bias across subgroups with ref = age 20–44 y for age, ref = BMI < 30 for

BMI, and ref = non-Hispanic white for race/Hispanic origin.

women. In contrast to sodium and potassium mean bias, the mean
bias for the Na/K ratio, assessed using 24HDR, was unbiased,
compared with 24HUE CF where the 95% CI includes zero for
US adults overall and by sex.

The mean bias in intake assessed using 24HDR compared
with 24HUE CF, significantly differed by age, race and Hispanic
origin, and BMI status, but differences were not necessarily con-
sistent by sex subgroup or across nutrients (sodium, potassium,
or the Na/K ratio) (Table 3). Overall, for sodium, mean bias
differed across BMI status groups (BMI ≥30 kg/m2: Mean bias =
−927 mg/d [CI: −1205, −649]; BMI <30: Mean bias = −128
mg/d [CI: −377, 120]; P value <0.05). For potassium, mean bias
differed by age group, where adults aged 45–69 y had a greater
mean bias (−507 mg/d [CI: −673, −340]) than adults aged 20–
44 y (−143 mg/d [CI: −347, 62]), P value <0.05. Mean bias also
differed by race. The mean bias for non-Hispanic black adults was
74 mg/d (CI: −159, 306) and for Hispanic adults was −70 mg/d
(CI: −326, 186) compared with non-Hispanic white adults, −440
mg/d (CI: −605, −274, P value <0.05). For the Na/K ratio, mean
bias differed by race and Hispanic origin. Non-Hispanic black
adults and Hispanic adults had a higher mean bias Na/K, −0.25
(CI: −0.42, −0.08) and −0.28 (CI: −0.55, 0.00) respectively,
than non-Hispanic white adults (0.04 [CI: −0.04, 0.13]) (P value
<0.05).

By sex subgroup, for sodium, mean bias differed across BMI
subgroups. Adults with BMI ≥30 had a greater mean bias than
adults with BMI <30 for both men (−1,188 mg/d [CI: −1,571,
−805] compared with −61 mg/d [CI: −468, 346], P value <0.05)
and women (−712 mg/day [CI: −1,090, −335] compared with
−198 [CI: −391, −5], P value <0.05). For women, mean bias
differed significantly by age group where women aged 45–69 y
had a mean bias of −629 mg/d (CI: −840, −418) and women
aged 20–44 y, −214 mg/d (CI: −525, 97) (P value <0.05). For
potassium, mean bias differed by race and Hispanic origin for
both men and women. Non-Hispanic black men had a mean bias
of 218 mg/d (CI: −86, 522) compared with non-Hispanic white
men −424 mg/d (CI: −760, −88; P value <0.05). Similarly, non-
Hispanic black women had a mean bias of −44 (CI: −407, 318)
and Hispanic women, 27 mg/d (CI: −366, 420), compared with
non-Hispanic white women who had a mean bias of −454 mg/d
(CI: −688, −221; P value <0.05).

For the Na/K ratio, mean bias varied by race and Hispanic
origin for both men and women. Non-Hispanic black adults,
compared with non-Hispanic white adults, had higher a Na/K
ratio for men (−0.30 [CI: −0.60, −0.01] compared with 0.02
[CI: −0.14, −0.17], P value <0.05), and for women (−0.21 [CI:
−0.31, −0.10] compared with 0.07 [CI: −0.03, 0.16], P value
<0.05). Hispanic women had greater mean bias (−0.24 mg/d
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TABLE 4 Weighted and adjusted attenuation factor for sodium, potassium, Na/K overall, men, and women with and without applying a correction factor for
sodium (0.90) and potassium (0.735)1

Attenuation factor, λ (95% CI)

Sodium

Overall (N = 776) Men (N = 394) Women (N = 382)

Without CF CF Without CF CF Without CF CF

1 24HDR 0.14 (0.08, 0.21) 0.16 (0.09, 0.21) 0.15 (0.07, 0.24) 0.17 (0.08, 0.20) 0.12 (0.02, 0.23)2 0.14 (0.02, 0.10)2

2 24HDR 0.21 (0.11, 0.30) 0.23 (0.13, 0.30) 0.21 (0.09, 0.33) 0.24 (0.11, 0.27) 0.19 (0.03, 0.35)2 0.21 (0.03, 0.15)2

3 24HDR 0.24 (0.13, 0.35) 0.27 (0.14, 0.35) 0.25 (0.10, 0.39) 0.27 (0.12, 0.31) 0.23 (0.03, 0.43)2 0.26 (0.03, 0.18)2

6 24HDR 0.29 (0.15, 0.43) 0.32 (0.17, 0.40) 0.29 (0.11, 0.47)2 0.32 (0.13, 0.35)2 0.30 (0.03, 0.56)2 0.33 (0.03, 0.21)2

Infinite 24HDR 0.36 (0.16, 0.56) 0.40 (0.18, 0.47) 0.35 (0.10, 0.60)2 0.39 (0.12, 0.38)2 0.41 (0.00, 0.82)2 0.46 (0.00, 0.23)2

Potassium

Overall (N = 776) Men (N = 394) Women (N = 382)

Without CF CF Without CF CF Without CF CF
1 24HDR 0.19 (0.11, 0.26) 0.25 (0.16, 0.36) 0.14 (0.05, 0.24)2 0.20 (0.07, 0.19)2 0.24 (0.12, 0.37) 0.33 (0.16, 0.40)
2 24HDR 0.24 (0.14, 0.34) 0.33 (0.19, 0.44) 0.19 (0.06, 0.32)2 0.26 (0.08, 0.25)2 0.31 (0.11, 0.51)2 0.42 (0.15, 0.43)2

3 24HDR 0.27 (0.15, 0.39) 0.37 (0.20, 0.48) 0.21 (0.06, 0.36)2 0.29 (0.08, 0.27)2 0.34 (0.10, 0.58)2 0.46 (0.13, 0.43)2

6 24HDR 0.30 (0.16, 0.45) 0.41 (0.22, 0.52) 0.24 (0.06, 0.42)2 0.33 (0.09, 0.29)2 0.38 (0.07, 0.68)2 0.51 (0.10, 0.40)2

Infinite 24HDR 0.34 (0.17, 0.52) 0.47 (0.22, 0.56) 0.28 (0.06, 0.50)2 0.38 (0.09, 0.32)2 0.42 (0.02, 0.82)2 0.58 (0.03, 0.34)2

Na/K ratio

Overall (N = 776) Men (N = 394) Women (N = 382)

Without CF CF Without CF CF Without CF CF
1 24HDR 0.24 (0.12, 0.36) 0.20 (0.10, 0.25) 0.25 (0.08, 0.42)2 0.20 (0.07, 0.20)2 0.24 (0.05, 0.42) 0.19 (0.04, 0.16)2

2 24HDR 0.38 (0.20, 0.55) 0.31 (0.16, 0.39) 0.36 (0.12, 0.60)2 0.30 (0.10, 0.30)2 0.39 (0.11, 0.66) 0.32 (0.09, 0.30)2

3 24HDR 0.46 (0.25, 0.67) 0.38 (0.20, 0.49) 0.43 (0.15, 0.71)2 0.35 (0.12, 0.35)2 0.50 (0.17, 0.83)2 0.40 (0.14, 0.40)2

6 24HDR 0.60 (0.32, 0.87) 0.49 (0.26, 0.63) 0.52 (0.17, 0.87)2 0.43 (0.14, 0.43)2 0.68 (0.26, 1.10)2 0.56 (0.21, 0.59)2

Infinite 24HDR 0.84 (0.39, 1.29) 0.69 (0.32, 0.81) 0.67 (0.21, 1.13)2 0.55 (0.17, 0.53)2 1.10 (0.34, 1.85)2 0.90 (0.28, 0.86)2

1Weighted estimates calculated using PROC Calis and adjusting for sex (when applicable), age, race and Hispanic origin, and BMI. 24HDR, 24-h
dietary recalls; 24HUE, 24-h urinary excretions; CF, correction factor.

2Relative standard error >30%.

[CI: −0.39, −0.09]) than non-Hispanic white women (P value
<0.05).

The weighted attenuation factors overall and by sex for
sodium, potassium, and Na/K ratios were similar with and
without correcting for percentage recovery of intake in urine
(Table 4). Overall, the attenuation factors, when correcting for
urinary excretion, for using a single 24HDR were low: 0.16 (CI:
0.09, 0.21) for sodium, 0.25 (CI: 0.16, 0.36) for potassium, and
0.20 (CI: 0.10, 0.25) for the Na/K ratio.

If the mean of 2 24HDRs was used to assess sodium intake,
the attenuation factor in relation to use of usual 24HUE CF was
estimated as 0.23, whereas if the mean of an infinite number
of 24HDRs was used, the attenuation factor was 0.40. For
potassium, if the mean of 2 24HDRs was used, the attenuation
factor was 0.33, whereas using an infinite number of 24HDRs,
the attenuation factor was 0.47. For the Na/K ratio, the attenuation
factors were estimated at 0.31 and 0.69, for the mean of 2 and the
mean of an infinite number of 24HDRs, respectively. Attenuation
factors for sodium, potassium, and the Na/K ratio were similar
by sex, but the relative SEs were >30% among most sex
subgroups.

Correlations between the 2 methods are shown in Table 5 for
sodium, potassium, and the Na/K ratio. Similar to attenuation
factors, correlation coefficients between sodium intake measured
using a single 24HDR and usual 24HUE CF were low; 0.27 (CI:

0.16, 0.37) overall, 0.27 (CI: 0.14, 0.34) for men, and 0.30 (CI:
0.03, 0.20) for women. For potassium, the correlation coefficient
was 0.35 (CI: 0.26, 0.55) overall, 0.32 (CI: 0.12, 0.34) for men,
and 0.39 (CI: 0.30, 0.63) for women. The correlation coefficient
for the Na/K ratio was 0.27 (CI: 0.13, 0.32) overall, 0.23 (CI:
0.02, 0.14) for men, and 0.35 (CI: 0.13, 0.36) for women.

Similarly, modeling the use of the mean of 2 24HDRs to
estimate sodium intake, for sodium the correlation with usual
24HUE was estimated at 0.33, whereas using the mean of an
infinite number of 24HDRs to approximate usual long-term
intake, the correlation was 0.43. For potassium the correlation
using 2 24HDRs was 0.40 and 0.48 when using an infinite number
of 24HDRs overall. Similar results were found when stratified
by sex. Correlation for the Na/K ratio was 0.34 using the mean
intake of 2 24HDRs and 0.51 using an infinite number of 24HDRs
overall. Relative SEs were >30% for most correlations when
stratified by sex for sodium, potassium, and the Na/K ratio.
Regardless of the application of a correction factor, estimates of
attenuation factor and correlation coefficient remained low for
24HDR overall and by sex for sodium, potassium, and the Na/K
ratio.

Weighted mean intake assessed using 24HDR and 24HUE for
sodium, potassium, and the Na/K ratio stratified by race and
Hispanic origin are detailed in Supplemental Table 1. Weighted
mean intake assessed using 24HDR and 24HUE for sodium,
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TABLE 5 Weighted and adjusted correlation coefficient for sodium, potassium, Na/K overall, men, and women with and without applying a correction
factor for sodium (0.90) and potassium (0.735)1

Correlation coefficient (95% CI)

Sodium

Overall (N = 776) Men (N = 394) Women (N = 382)

Without CF CF Without CF CF Without CF CF

1 24HDR 0.27 (0.16, 0.38) 0.27 (0.16, 0.37) 0.27 (0.13, 0.41) 0.27 (0.14, 0.34) 0.30 (0.03, 0.58)2 0.30 (0.03, 0.20)2

2 24HDR 0.33 (0.19, 0.46) 0.33 (0.20, 0.45) 0.32 (0.16, 0.48) 0.32 (0.16, 0.40) 0.37 (0.02, 0.73)2 0.37 (0.03, 0.24)2

3 24HDR 0.35 (0.21, 0.50) 0.35 (0.21, 0.49) 0.34 (0.17, 0.51) 0.34 (0.17, 0.43) 0.41 (0.03, 0.80)2 0.41 (0.03, 0.25)2

6 24HDR 0.39 (0.22, 0.55) 0.39 (0.23, 0.53) 0.37 (0.18, 0.56) 0.37 (0.18, 0.46) 0.47 (0.02, 0.92)2 0.47 (0.02, 0.26)2

Infinite 24HDR 0.43 (0.24, 0.62) 0.43 (0.25, 0.58) 0.41 (0.19, 0.63) 0.41 (0.20, 0.49) 0.55 (0.00, 1.12)2 0.55 (−0.02, 0.25)2

Potassium

Overall (N = 776) Men (N = 394) Women (N = 382)

Without CF CF Without CF CF Without CF CF
1 24HDR 0.35 (0.25, 0.45) 0.35 (0.26, 0.55) 0.32 (0.12, 0.52)2 0.32 (0.12, 0.34)2 0.39 (0.30, 0.48) 0.39 (0.30, 0.63)
2 24HDR 0.40 (0.29, 0.52) 0.40 (0.29, 0.62) 0.37 (0.13, 0.61)2 0.37 (0.13, 0.38)2 0.44 (0.32, 0.55) 0.44 (0.32, 0.69)
3 24HDR 0.42 (0.30, 0.54) 0.42 (0.30, 0.65) 0.39 (0.14, 0.64)2 0.39 (0.14, 0.40)2 0.46 (0.33, 0.58) 0.46 (0.33, 0.71)
6 24HDR 0.45 (0.31, 0.58) 0.45 (0.32, 0.69) 0.42 (0.14, 0.70)2 0.42 (0.14, 0.42)2 0.48 (0.33, 0.63) 0.48 (0.33, 0.72)
Infinite 24HDR 0.48 (0.33, 0.63) 0.48 (0.33, 0.72) 0.45 (0.14, 0.76)2 0.45 (0.14, 0.44)2 0.51 (0.32, 0.70) 0.51 (0.32, 0.73)

Na/K ratio

Overall (N = 776) Men (N = 394) Women (N = 382)

Without CF CF Without CF CF Without CF CF
1 24HDR 0.27 (0.12, 0.42) 0.27 (0.13, 0.32) 0.23 (0.01, 0.46)2 0.23 (0.02, 0.14)2 0.35 (0.12, 0.57)2 0.35 (0.13, 0.36)2

2 24HDR 0.34 (0.16, 0.52) 0.34 (0.16, 0.41) 0.28 (0.01, 0.55)2 0.28 (0.02, 0.17)2 0.44 (0.17, 0.71)2 0.44 (0.18, 0.49)2

3 24HDR 0.38 (0.18, 0.57) 0.38 (0.18, 0.45) 0.31 (0.02, 0.59)2 0.31 (0.02, 0.19)2 0.50 (0.21, 0.79) 0.50 (0.21, 0.57)
6 24HDR 0.43 (0.20, 0.65) 0.43 (0.21, 0.52) 0.34 (0.02, 0.66)2 0.34 (0.03, 0.21)2 0.59 (0.27, 0.91) 0.59 (0.27, 0.70)
Infinite 24HDR 0.51 (0.24, 0.77) 0.51 (0.25, 0.62) 0.38 (0.02, 0.74)2 0.38 (0.03, 0.24)2 0.74 (0.38, 1.11) 0.74 (0.39, 0.94)

1Weighted estimates calculated using PROC Calis and adjusting for sex (when applicable), age, race and Hispanic origin, and BMI. 24HDR, 24-h
dietary recalls; 24-h urinary excretions; CF, correction factor.

2RSE >30%.

potassium, and the Na/K ratio were similar after excluding
outliers and after excluding participants with <70% of expected
24-h urinary creatinine excretion, see Supplemental Tables
2–4. Unweighted, adjusted attenuation factors, and correlation
coefficients overall and for men and women were similar to the
weighted values, see Supplemental Tables 5 and 6. Additionally,
attenuation and correlation were similar for sodium despite
excluding extreme outliers or participants with <70% of expected
24-h urinary creatinine, see Supplemental Tables 7–9. The
measurement error structure is shown in Supplemental Table
10. The variance of within-person error for sodium, assessed
using both 24HUE and 24HDR, was significantly higher than
for potassium. The ratio of person-specific bias of the Na/K ratio
assessed using 24HDR to variance of true intake, as estimated
using the Kipnis model, was significantly lower than each nutrient
alone.

Discussion
This study is novel in its application of the Kipnis model to data

from a national survey in order to understand the implications
of measurement error in 24HDR for determining mean sodium
and potassium intake in a US population and for evaluating
associations with health outcomes in observational studies (11).
Our findings indicate that the 24HDR may underestimate mean

sodium intake for the US population, overall and by sex, and for
those with obesity, after applying correction factors that estimate
percentage recovery in 24HUE. Similarly, the 24HDR may
underestimate mean potassium intake, where estimates of mean
intake using 24HDR are significantly lower than estimates based
on 24HUE overall and by sex. Furthermore, mean potassium
intake, assessed using 24HDR when compared with 24HUE,
varied by race, which may reflect underestimation of potassium
intake using 24HUE for some population subgroups (19). In
contrast to sodium and potassium alone, assessment of the Na/K
ratio using 24HDR was unbiased overall and by sex. Additionally,
the low attenuation factors and correlations suggest that the
true associations of health outcomes with sodium or potassium
intake and their ratio can be substantively attenuated by both
random and systematic error when intake is assessed using
24HDR.

In general, despite differences in participant characteristics,
study methods, and analysis, results of mean bias, attenuation,
and correlation for sodium and potassium in the current study
were generally consistent with previous studies (20, 21, 37–
40). Prior studies evaluating mean bias in population intake,
attenuation, and correlation used a factor for both sodium and
potassium to correct for the amount of intake excreted in urine
(20, 39, 40). Although no one correction factor is universally
applied, our results indicate the application of a correction
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factor affects estimates of bias, whereas attenuation factors
and correlations are similar. Although differential correction
factors for population subgroups such as various racial-ethnic
groups are not yet available, when an overall correction factor is
applied, the 24HDR underestimated mean sodium and potassium
intake overall, for men, and for women and the 24HDR was
unbiased for estimating the mean Na/K ratio. Whereas 24-
h urinary sodium excretion captures all sources of sodium
consumed, sodium intake based on 24HDR excludes salt added
at the table and assumes the consistent addition of salt in home
food preparation (41, 42). Furthermore, variability in urinary
excretion of sodium and potassium intake overall and by race,
as demonstrated in previous feeding trials, may influence the
magnitude of estimation for sodium and potassium (16–19,
43, 44).

Similar to previous studies (21, 38), among individuals with
obesity, 24HDR significantly underestimated mean population
sodium intake when compared with 24HUE sodium excretion,
overall, among men, and, to a lesser degree, among women.
Inconsistent with a previous study (38), 24HDRs in the current
study underestimated sodium intake among older women, but
not men. One potential explanation is that energy and sodium
intake are highly correlated (38). Individuals who are obese
are more likely to underreport the amount of food they
consume and thus, energy and sodium intake (38), and a greater
proportion of women than men were obese in the current
study. Underestimation of sodium intake with 24HDR among
individuals with obesity and older adults may also be attributable
in part to a greater consumption of salt added at the table or during
home food preparation (42).

The relation between mean bias for potassium and
race/Hispanic origin was consistent with a prior study by
Turban et al. (19), where non-Hispanic white adults had greater
urinary potassium excretion than non-Hispanic black adults.
Turban et al. found that among participants with prehypertension
and hypertension, when non-Hispanic black adults consumed
the same Dietary Approaches to Stop Hypertension diets
as non-Hispanic white adults, black participants had lower
urinary potassium excretion. The lower urinary potassium
excretion observed among non-Hispanic black adults may reflect
differences in percentage recovery of ingested potassium in
urine. Although studies are limited, possible causes for this
observation include differences in potassium excretion from
other routes (stool, sweat, and insensible losses), differences
in total body potassium concentrations, and genetic differences
in renal potassium handling (aldosterone secretion and plasma
renin activity) and retention (19, 45–49).

Estimates of attenuation and correlation for a single 24HDR
were low in the current study, however, more variation and
somewhat higher values were observed across studies pooled
by Freedman et al. (19). The differences in results across
studies may reflect the differences in study participants. For
example, previous studies were conducted in a more homogenous
convenience sample of adults with respect to age, sex, and race
and Hispanic origin. Additionally, low estimates of attenuation
and correlation may partly be explained by greater random error
including within-person variability. The Kipnis model accounts
for contributions of intake-related bias, person-specific bias, and
within-person variability (11). For instance, our results show
that in unadjusted analyses, attenuation factors and correlation

coefficients are low. However, as the number of 24HDRs used
per individual is increased to an infinite number to approximate
usual long-term intake adjusting for random error due to within-
person day-to-day variability, attenuation factors and correlation
coefficients are somewhat higher, and more consistent with the
results of Freedman et al. using different data with the same
model (20).

Our study findings, in addition to the findings from the
Freedman study, suggest that evaluation of the association
of sodium and potassium intake, assessed by 24HDR, with
health outcomes would be strongly biased towards the null.
For example, Jackson et al. studied the association between
urinary sodium and potassium excretion and blood pressure
among adults in the US using NHANES 2014 24-h urinary
sodium and potassium measures adjusted for within-person
error (5). The study found, for example, that on average,
a 4.58 mmHg higher systolic blood pressure was associated
with each gram of sodium intake as measured using estimated
usual urinary sodium excretion. Using the Jackson study as
our reference for the association of blood pressure with usual
sodium intake and the attenuation factor estimated in the current
study, the association observed using a single 24HDR to estimate
sodium intake would have been 0.73 mmHg higher systolic
blood pressure per gram or 16% of the true association. If we
completely adjust for random error, using multiple 24HDR to
calculate usual sodium intake, the estimated increase in systolic
blood pressure would be 1.83 mmHg per gram or 40% of
the true association. The lack of association between sodium
and potassium intake and health outcomes in previous obser-
vational studies could be partly explained by this measurement
error.

Similar to our study results, Freedman et al. found that Na/K
ratios had the highest attenuation factors and correlations among
the components investigated (20). Lower measurement error
may be one explanation for higher observed associations when
using the Na/K ratio rather than sodium alone to assess intake
with 24HDRs in observational studies of health outcomes. For
example, Yang et al. found that a higher Na/K ratio, assessed
using 24HDRs, was associated with a significantly increased risk
of CVD and all-cause mortality. Results from our study suggest
that there is less attenuation associated with using the Na/K ratio
and might explain why the Na/K ratio, assessed using 24HDR,
shows a stronger association with CVD and all-cause mortality,
when compared with sodium alone (50). Measurement error, e.g.
due to underreporting of intake, associated with either sodium
or potassium when assessed separately, may be diminished when
using the ratio (20).

Results from this study are subject to limitations. First, due to
the small sample size, estimates of attenuation and correlation
across demographic and BMI status by sex had a relative SE
>30% and may be unreliable. Second, results are only general-
izable to nonpregnant adults aged 20–69 y. Third, unaccounted
factors related to nonresponse may affect generalizability. Fourth,
24HUE also has limitations where the accuracy of estimates relies
on collection of all urine over the 24-h period. Fifth, estimates of
sodium intake based on 24HDR exclude salt added at the table.
Furthermore, the percentages of ingested sodium or potassium
recovered in urine were estimated from feeding studies with
small convenience samples whose characteristics differ from the
population included in this study. Thus, the correction factors
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based on percentage recovery may be less accurate for some
subgroups.

The findings from this study suggest that, compared with
24HUE, the 24HDR as used in NHANES might be a biased
measure for estimating mean sodium and mean potassium intake
for the US population overall and by sex. However, the 24HDR
was not biased for estimating the Na/K ratio. Furthermore, low
attenuation factors and correlations suggest associations of health
outcomes with both sodium and potassium, using 24HDR, are
strongly biased towards the null. The lack of associations of
health outcomes with sodium and potassium intake and higher
associations when using the Na/K ratio in previous observational
studies using 24HDRs could be partly explained by measurement
error. Results of the measurement error structure from our study
could potentially be applied to future work to better assess
mean sodium and potassium intake in the US population and
associations with health outcomes in observational studies.
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