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Spot Urine Formulas to Estimate 24-Hour Urinary
Sodium Excretion Alter the Dietary Sodium and
Blood Pressure Relationship

Abu Mohd Naser(?, Feng J. He'®, Mahbubur Rahman®, Norm R.C. Campbell

ABSTRACT: We evaluated the relationship between estimated 24-hour urinary sodium excretion from the Kawasaki, Tanaka,
and INTERSALT (International Study of Sodium, Potassium, and Blood Pressure) formulas and blood pressure (BP). We
pooled 10034 person-visit data from 3 cohort studies in Bangladesh that had measured 24-hour urine sodium (m-24hUNa),
potassium, creatinine excretion, and BP. We used m-24hUNa, potassium, and creatinine where necessary, rather than spot
urine values in the formulas. Bland-Altman plots were used to determine the bias associated with formula-estimated sodium
relative to m-24hUNa. We compared the sodium excretion and BP relationships from m-24hUNa versus formula-estimated
sodium excretions, using restricted cubic spline plots for adjusted multilevel linear models. All formulas overestimated 24-
hour sodium at lower levels but underestimated 24-hour sodium at higher levels. There was a linear relationship between
m-24hUNa excretion and systolic BF, while estimated sodium excretion from all 3 formulas had a J-shaped relationship with
systolic BP. The relationships between urine sodium excretion and diastolic BP were more complex but were also altered
by using formulas. All formulas had associations with BP when a sex-specific constant sodium concentration was inserted
in place of measured sodium. Since we used the m-24hUNa, potassium, and creatinine concentrations in formulas, the
J-shaped relationships are due to intrinsic problems in the formulas, not due to spot urine sampling. Formula-estimated 24-
hour urine sodium excretion should not be used to examine the relationship between sodium excretion and BP since they
alter the real associations. (Hypertension. 2021;77:2127-2137. DOI: 10.1161/HYPERTENSIONAHA.120.16651.) ®
Data Supplement
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raised blood pressure (BP) and a risk for cardiovas-

cular disease."? However, there is a lack of clarity
regarding the health effects of sodium intake below 87
mmol (2000 mg)/day or salt (sodium chloride) intake
below b5 g/day. High-quality epidemiological and clini-
cal studies that use 24-hour urine sodium excretion as
a proxy of sodium intake have shown a positive linear
association between sodium intake and BP3° as well as
cardiovascular disease events and total mortality.c® How-
ever, observational studies that used spot urine sodium
excretion as a proxy of sodium intake have reported J-
or U-shaped relationships with cardiovascular disease®
suggesting lower sodium intake is harmful. Such findings

High sodium intake is a major dietary risk factor for

are inconsistent with the World Health Organization and
the National Academies of Science, Engineering, and
Medicine reviews of the evidence and recommendations
to lower sodium intake below 87 mmol (2000 mg)/day
and 100 mmol (2300 mg/day, respectively).!o"

See Editorial, pp 2138-2139

One potential reason for controversy regarding lower
sodium intake is the use of spot urine samples with
estimating equations to predict the daily sodium intake
in epidemiological studies.® Although 24-hour urinary
sodium excretion is a better proxy of sodium intake
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Urine Sodium Excretion and Blood Pressure

Novelty and Significance

What Is New?

 This study is the first documentation of the J-shaped
association between spot urine formula—predicted
urine sodium and blood pressure. Previous studies
have reported the J-shaped association between spot
urine formula—predicted urine sodium and cardiovas-
cular disease events. Second, this study highlights
that the use of urine creatinine concentration in the
spot urine formula may be one reason for the spurious
J-shaped association between spot urine formula—
predicted urine sodium and blood pressure.

What Is Relevant?

» Spot urine formula—predicted urine sodium should
not be used in epidemiological studies to link sodium
intake and health outcomes.

Summary
There is a positive dose-response relationship between
sodium intake and health outcomes. Our findings sup-
port the World Health Organization recommenda-
tion of low sodium—containing diet promotion in the
population.

Nonstandard Abbreviations and Acronyms

BP blood pressure

DBP diastolic blood pressure
m-24hUNa measured 24-hour urine sodium
mCER measured 24-hour urine creatinine
SBP systolic blood pressure

than that estimated from spot urine equations,® collec-
tion of spot urine is less expensive, more feasible, and
convenient."""® Formulas are used to estimate the daily
urine sodium from spot urine concentrations. Currently,
INTERSALT,* Kawasaki,'’® and Tanaka'® formulas are
commonly used to predict 24-hour urine sodium excre-
tion from spot urine samples (Table S1 in the Data
Supplement). All three formulas use age, height, weight,
spot urine sodium, creatinine concentrations, and some
constants. INTERSALT and Kawasaki formula are sex
specific, and INTERSALT formula includes spot urine
potassium.

We hypothesized that the J- or U-shaped relationships
are due to inaccurate estimation of sodium excretion
by spot urine formulas.®'” There are inherent problems
within the formulas because they use age, sex, height,
creatinine, and weight, all of which are predictors of car-
diovascular disease. We used measured 24-hour urinary
sodium (m-24hUNa) concentrations in the spot urine
formulas, rather than spot urine values, to evaluate the
sodium-BP relationship from formula-estimated 24-hour
urine sodium compared with m-24hUNa. Our overarch-
ing objective was to evaluate whether the sodium-BP
relationship was changed due to inherent problems
within the formulas.

METHODS

The data that support the findings of this study are available
from the corresponding author upon reasonable request.
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Data Sources

We analyzed the urinary sodium excretion and BP relationship
using pooled data from 3 longitudinal studies from Bangladesh.
The longitudinal studies were conducted in southwest coastal
Bangladesh (Figure S1) by the International Centre for
Diarrhoeal Disease Research, Bangladesh. This region has
seawater as a source of sodium intake.'®'® We pooled 10034
person-visit data from the 3 studies. The first cohort study fol-
lowed up 383 participants for 2 visits (742 person-visits) from
southwest coastal Bangladesh.®® The second study was a
population-based stepped-wedge randomized controlled trial
in southwest coastal Bangladesh that followed up 1190 par-
ticipants for 5 monthly visits (5745 person-visits) to investigate
the health effects of providing access to low-salinity ground-
water.2'22 The third cohort study followed up 293 participants
from southwest coastal and 277 from noncoastal central
Bangladesh for 7 visits (3547 person-visit data: 1773 from
coastal and 1774 from noncoastal regions).

BP Measurement

We measured the participants’ BP between 7 AM and 2 PM
in all visits using an accuracy validated Omron HEM-907
(Kyoto, Japan) digital monitor.® Participants did not consume
caffeine (eg, tea and coffee) or food, did not smoke, or did not
perform heavy physical activities 30 minutes before BP mea-
surement. An appropriate-sized cuff was used to measure
participants’ BP (a small-size cuff if mid-arm circumference
was <22 cm, a medium-size cuff if mid-arm circumference
was >22 to <32 cm, and a large-size cuff if mid-arm circum-
ference was >32 cm). Participants rested for at least 5 min-
utes in a chair with back support in the sitting position with the
arm supported at heart level. BP was measured 3x, and the
mean was used for analyses.

Demographic, Cardiovascular Risk Factor, and

Physical Measures Data

We collected participants’ demographics (age, sex, and religion)
and measured their height and weight. We collected data on
smoking, work-related physical activities, alcohol consump-
tion, and sleep hours during all visits. To calculate household
wealth, we collected information on ownership of refrigerator,
television, mobile phones, motorcycle, bicycle, sewing machine,
chair, table, wristwatch, wardrobe wooden cot, motor pump,
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rice husking machine, motorized rickshaw, car, and access to
electricity.

Twenty-Four-Hour Urinary Sodium, Potassium,
and Creatinine

We collected participants’ 24-hour urine at all visits in the 3
studies. Each participant received a 4-L container for urine
collection and a small container to transfer the voided urine to
the 4-L container. Participants were instructed to discard their
first-morning urine and start urine collection by transferring the
second-morning void and then transferring all voids up to and
including the next morning's first void. In the first cohort study,
we provided 15-mL tubes to all participants to collect the sec-
ond-morning spot urine samples. Participants were instructed
to transfer a portion of the second-morning void to the 15-mL
tube and the 4-L plastic container. Field research assistants
recorded the collected urine volume and obtained a 15-mL
urine sample from the 4-L container after stirring. Urine sam-
ples were transported to a field laboratory at 2 to 8°C. Direct
ion-selective electrode methods were used to measure the uri-
nary sodium and potassium with a semi-auto electrolyte ana-
lyzer (Biolyte2000; BioCare Corporation, Taiwan; coefficient of
variation, +5%). Creatinine was measured by the urine Jaffe
reaction. We determined the completeness of 24-hour urine
collection based on 2 creatinine-based methods: (1) creati-
nine index >0.7'? and (2) measured 24-hour urine creatinine
(mCER) within 15% of Kawasaki-predicted daily urine creati-
nine excretion.'”® The creatinine index >0.7 method excludes
samples that have low 24-hour urinary creatinine excretion,
whereas mCER within 15% of Kawasaki-predicted daily urine
excretion method excludes samples that have low or high
24-hour urine creatinine excretion.'”> The creatinine index
was defined as mCER in milligrams/(21xbodyweight) for
women and mCER in milligrams/(24xbodyweight) for men.'?
Kawasaki-predicted daily urine creatinine excretion was cal-
culated using the Kawasaki formula: —12.63xage+15.12xwe
ight+7.39xheight—79.90 for men, and —4.72xage+8.68xwei
ght+5.09x height—74.50 for women.?*

Statistical Analyses

The household wealth score was derived by a principal com-
ponent analysis using the household asset ownership data
and categorized into wealth quintiles.?® The mean and SD are
reported for continuous covariates and urine sodium measure-
ments. The categorical covariates are reported as proportions.

Calculation of Formula-Estimated 24-Hour Sodium
Excretion

For the person-visits without any self-reported missed urine
voids, we inserted the m-24hUNa, potassium, and mCER in
3 formulas,?® to calculate the formula-estimated 24-hour urine
sodium excretion (ie, the m-24hUNa, potassium, and mCER
concentrations replaced the usual practice of using spot urine
sodium, potassium, and creatinine concentrations, in the formu-
las). The rationale was that if altered sodium-BP relationships
are observed for the formula-estimated sodium compared with
the sodium-BP relationship for m-24hUNa, the altered rela-
tionship will be due to the formulas and not related to spot urine
sampling. The same approach was used to assess the sodium
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excretion-mortality relationship,’? but to our best knowledge,
it has not been used for assessing the sodium excretion and
BP relationships.

Estimation of Bias Associated With Formula-Estimated
24-Hour Urine Sodium Excretion

We plotted the kernel density plots for measured versus for-
mula-estimated 24-hour urinary sodium. The mean bias was
calculated as the difference between the formula-estimated
and m-24hUNa excretions. We used paired ttests to determine
whether the mean bias was statistically significant. We then
used the Bland-Altman plots to compare the formula-estimated
and m-24hUNa excretion.

Evaluation of Urinary Sodium Excretion and BP
Relationships

In the main analyses, we excluded person-visits that had any
missed urine void. In 2 sensitivity analyses, we also excluded
24-hour urine samples that did not fulfill the following crite-
ria: (1) a creatinine index >0.7 and (2) mCER within 15% of
Kawasaki-predicted daily urine creatinine excretion. We plot-
ted the restricted cubic spline,?” to examine the relationship
between BP and urinary sodium excretion. We used default
4 knots at the bth, 3b6th, 65th, and 95th percentiles to create
the restricted cubic spline plots.?® Restricted cubic spline plots
consider cubic polynomial segments after the first knot and
before the last knot?® We created the restricted cubic spline
plots with the predicted BP values after running multilevel lin-
ear models with 3-level random intercepts to account for the
clustering of data at the participant, household, and commu-
nity level. We adjusted models for age, sex, body mass index,
smoking and alcohol consumption, physical activities, religion,
hours of sleep, and household wealth. Religion was considered
a covariate because of differences in dietary habits between
Hindus and Muslims—Hindus are often vegetarian and tend
to eat less meat, but Muslims usually consume meat.*® Sleep
hours were considered as a covariate because less sleep is
associated with high BP3!

We also modeled urinary sodium as a categorical variable
by using quartiles of urinary sodium. Similar multilevel linear
models to those described above were used to determine the
associations of quartile 2, 3, and 4 urinary sodium with BP
compared with quartile 1. We reported findings of unadjusted
models; models adjusted for age, sex, and body mass index;
and models additionally adjusted for smoking and alcohol con-
sumption, physical activity, religion, hours of sleep, and house-
hold wealth. We reported the P for linear trends.

Sex-specific constant mean sodium concentrations were
inserted in formulas to evaluate whether the altered sodium-
BP relationships are independent of the sodium concentrations
in the equations after implementing similarly restricted cubic
spline plots and quartile analyses described above. All analyses
were conducted in STATA, version 16.0.

We conducted several sensitivity analyses. First, we created
the restricted cubic spline plots among the completed 24-hour
samples determined by the creatinine index >0.7 and mCER
within 15% of Kawasaki-predicted daily urine creatinine excre-
tion. The purpose of restricting the analyses among the com-
plete 24-hour samples was to evaluate the urine sodium-BP
relationship after excluding the samples with low or high urine
creatinine excretion.
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The Kawasaki and Tanaka formulas were initially devel-
oped from participants whose urine biomarkers were mea-
sured in the second-morning spot urine samples'®; however,
we inserted the 24-hour urine concentrations of biomarkers
in the spot urine formula because we did not collect spot urine
samples in cohort 2 and 3 studies. In the cohort 1 study, we col-
lected second-morning urine spot samples along with 24-hour
urine samples. In the second sensitivity analyses, we compared
the urine sodium-BP relationship from 3 types of urine sodium
using the cohort 1 data: (1) m-24hUNa, (2) formula-estimated
urine sodium when 24-hour urine sodium concentrations were
inserted into the formulas, and (3) formula-estimated urine
sodium when second-morning spot urine sodium concentra-
tions were inserted into the formulas.

Ethics

Written informed consent was obtained from all participants.
The study protocols were approved by the Ethical Review
Committee of the International Centre for Diarrhoeal Disease
Research, Bangladesh.

Urine Sodium Excretion and Blood Pressure

RESULTS

The main sociodemographic characteristics of the study
population are in Table 1. Among the 10034 person-
visits, 61% were by women (Table 1). The mean age was
4926 (£14.4) years, and the mean body mass index was
22.4 (£4) kg/m2 Of the participants, 61% reported no
current or previous smoking history, 97.4% did not con-
sume alcohol, and 37% had a sedentary work-related
physical activity level (Table 1).

Bias Associated With Formula-Estimated 24-
Hour Urine Sodium Excretion

The mean m-24hUNa was 168%73 (+SD) mmol/24
hours or 3864+1679 mg/24 hours; the Kawasaki esti-
mate was 159147 mmol/24 hours or 3657+1081
mg/24 hours; the Tanaka estimate was 124129
mmol/24 hours or 2852+667 mg/24 hours; and the
INTERSALT estimate was 11830 mmol/24 hours or

Table 1. Characteristics of the Participants From 3 Studies
Cohort 2 (stepped-wedge
Characteristics Cohort 1 (pilot study) trial) Cohort 3 (extension study)
No. of participants 383 1190 570
No. of visits 2 5 7
No. of person-visits 742 5745 3547
Age, y; mean (95% CI) 42.2 (40.6-43.7) 42.8 (41.9-43.6) 42.3 (41.1-43.4)
Female participants, % 58.5% 59.3% 60.60%

BMI

22.2 (21.6-22.8)

22.2 (22.0-22.5)

22.8 (22.5-23.2)

WHO work-related physical activities

Sedentary 1% 40.3% 46.90%

Moderate or vigorous 99% 59.70% 53.10%
Smoking status

Never 56.7% 50.6% 75.0%

Former or current 43.3% 49.4% 25.0%
Alcohol consumption, % 5.5% 2.9% 2.3%
Sleep hours, %

<6 14.9% 21.1% 14.6%

>6 to <8 73.1% 66.4% 79.1%

>9 12.0% 12.5% 6.3%
Religion, %

Hindu 29.2% 58.6% 35.5%

Muslim 70.8% 41.4% 64.5%

SBP, mean (95% CI)

111.13 (109.66-112.60)

115.60 (114.63-116.57)

109.33 (108.10-110.56)

DBP, mean (95% CI)

66.24 (65.35-67.13)

68.92 (68.29-69.55)

65.12 (64.33-65.91)

Measured 24-h urine Na, mean (95% CI)

138.01 (131.06-144.95)

164.20 (160.40-168.01)

135.66 (127.50-143.83)

Kawasaki-estimated 24-h urine Na, mean
(95% CI)

181.71 (177.33-186.09)

136.81 (133.30-138.32)

195.561 (191.34-199.67)

Tanaka-estimated 24-h urine Na, mean
(95% Cl)

137.85 (135.17-140.54)

109.02 (107.46-110.58)

146.17 (143.71-148.64)

INTERSALT-estimated 24-h urine Na,
mean (95% ClI)

121.73 (119.46-124.01)

110.72 (109.30-112.14)

125.10 (122.96-127.24)

BMI indicates body mass index; DBP, diastolic blood pressure; Na, sodium; SBP, systolic blood pressure; and WHO, World Health Organization.
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27141690 mg/24 hours. All formula-estimated urinary
sodium had less variability than the m-24hUNa, and the
Tanaka-estimated 24-hour sodium had the least variabil-
ity (Figure S2). The mean bias (ie, the difference between
formula-estimated and measured 24-hour sodium) was
—10 mmol/24 hours or —230 mg/24 hours for the
Kawasaki-estimated urine sodium, —45 mmol/24 hours
or —1035 mg/24 hours for the Tanaka-estimated urine
sodium, and =52 mmol/24 hours or 1196 mg/24 hours
for the INTERSALT-estimated urine sodium (Figure 1).
Bland-Altman plots show that all 3 formulas overesti-
mated 24-hour sodium at lower levels and underesti-
mated 24-hour sodium at higher levels (Figure 1).

Sodium Excretion and Systolic BP Relationship

The restricted cubic spline plot illustrated a steep posi-
tive linear sodium-systolic BP (SBP) relationship up to
145 mmol or 3335 mg per 24 hours of m-24hUNa,
followed by a less steep positive linear relationship at
higher levels (Figure 2). In contrast, we found a J-shaped
sodium excretion and SBP relationship for the Kawa-
saki-, Tanaka-, and INTERSALT-estimated urine sodium
(Figure 2). All 3 estimation approaches had a negative
relationship between estimated 24-hour urine sodium
and SBR, almost up to the median of estimated 24-hour
urine sodium (Figure 2). Compared with the quartile 1
person-visits of the m-24hUNa, those in quartile 2 had
1.46 (95% CI, 0.89-2.04) mmHg higher SBP, those
in quartile 3 had 1.55 (95% ClI, 0.77-2.32) mmHg
higher SBP, and those in quartile 4 had 1.68 (95% CI,
0.98-2.37) mmHg higher SBP in the final multivariable-
adjusted models (P for linear trend, <0.001; Table 2).
Compared with the quartile 1 person-visits of the Kawa-
saki-estimated 24-hour urine sodium, those in quartile
2 had —0.48 (95% CI, —1.42 to 0.47) mmHg change
in SBP, those in quartile 3 had —0.34 (95% Cl, —1.16
to 0.49) mmHg change in SBP, and those in quartile
4 had 0.43 (95% ClI, —0.61 to 1.47) mmHg change in

Urine Sodium Excretion and Blood Pressure

SBP (P for linear trend, 0.397; Table 2). Compared with
quartile 1 person-visits of the Tanaka-estimated 24-hour
urine sodium, those in quartile 2 had —0.82 (95% CI,
—1.71 to 0.07) mmHg change in SBR, those in quartile
3 had —0.72 (95% CI, —1.54 to 0.11) mmHg change in
SBP, and those in quartile 4 had 0.30 (95% CI, —0.78 to
1.38) mmHg change in SBP (P for linear trend, 0.552;
Table 2). Compared with quartile 1 person-visits of the
INTERSALT-estimated 24-hour urine sodium, those in
quartile 2 had —0.50 (95% Cl, —1.36 to 0.36) mmHg
change in SBP, quartile 3 had —0.48 (95% ClI, —1.65 to
0.68) mmHg change in SBP, and quartile 4 had —0.21
(95% Cl, —1.64 to 1.22) mmHg change in SBP (P for
linear trend, 0.798; Table 2).

Inserting a sex-specific mean constant sodium
concentration in the formulas resulted in a loss of all
J-shaped appearances (Figure 3). When a sex-specific
constant sodium value was used in the formula, com-
pared with the quartile 1 person-visits of the Kawasaki-
estimated 24-hour urine sodium, those in quartile 4 had
0.86 (95% ClI, —0.20 to 1.92) mmHg higher SBP in the
final model (P for linear trend, 0.258; Table 3). Similarly,
compared with the quartile 1 person-visits of the Tanaka-
estimated 24-hour urine sodium, those in quartile 4 had
0.80 (95% CI, —0.19 to 1.80) mmHg change in SBP (P
for linear trend, 0.246; Table 3). Compared with the quar-
tile 1 person-visits of the INTERSALT-estimated 24-hour
urine sodium, those in quartile 4 had —0.01 (95% CI,
—1.44 t0 1.41) mmHg change in SBP (Pfor linear trend,
0.923; Table 3).

Sodium Excretion and Diastolic BP
Relationship

The restricted cubic spline plot visually illustrated a steep
positive linear sodium-diastolic BP (DBP) relationship up
to 145 mmol or 3335 mg per 24 hours of m-24hUNa,
followed by a plateaued relationship at higher levels (Fig-
ure 2). Compared with the quartile 1 person-visits of the

Agreement: Kawasaki i Vs, 24-h measured sodium

Agreement: Tanaka estimated Vs. 24-h measured sodium

Agreement: INTERSALT Vs. 24-h measured sodium
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Paired mean difference (SD): -52 (71)
P-Value: <0.001

Figure 1. Bland-Altman plot comparing 24-h urinary sodium excretion estimated using the 3 spot urine formulas and directly
measured in the 24-h urinary collections.

The difference indicates difference between each formula-estimated 24-h urine sodium and measured 24-h sodium. Mean indicates mean of
each formula-estimated 24-h urine sodium and measured 24-h sodium.
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Figure 2. Restricted cubic spline plots and 95% CI (dotted lines) for sodium (Na) excretion and blood pressure relationship

using different methods of estimating urinary Na excretion.

Only 24-h urines with self-reported missing voids were excluded. Models were adjusted for age, sex, body mass index, smoking status,
physical activity, sleep, alcohol consumption, religion, and household wealth. Vertical dotted blue lines indicate 25th, 50th, and 75th percentile
distribution of urine Na excretion. DBP indicates diastolic blood pressure; and SBP, systolic blood pressure.

m-24hUNa, those in quartile 4 had 0.33 (95% CI, —0.08
to 0.73) mmHg change in DBP in the final multivariable-
adjusted models (P for linear trend, 0.247; Table 2).
Similar to SBF, we found a J-shaped sodium excretion
and DBP relationship for the Kawasaki-, Tanaka-, and
INTERSALT-estimated urine sodium (Figure 2). Inserting
the sex-specific mean constant sodium in the formulas
resulted in a loss of the J-shaped appearances of all the
formula-estimated sodium excretion and DBP relation-
ships (Figure 3).

Sensitivity Analyses

The J-shaped urine sodium-SBP and sodium-DBP rela-
tionships became attenuated in the restricted cubic spline
plots when samples were excluded that did not have a cre-
atinine index >0.7 (n=6308 person-visits included; Fig-
ure S3). The J-shaped relationships were completely lost
when samples were excluded if the mCER was not within
15% of the Kawasaki-predicted urine creatinine excre-
tion (n=1608 person-visits included; Figure S4). In cohort
1, we compared the estimated 24-hour urine sodium from
spot urine samples, estimates from 24-hour urine sodium
concentration, and measured sodium in 24-hour urine.
Each estimate of 24-hour urine sodium had a differing
association with BP compared with m-24hUNa. There
was a similar shaped urine sodium-SBP relationship and
similar shaped sodium-DBP relationship for 24-hour
urine sodium versus spot urine sodium concentrations
inserted into the Kawasaki and Tanaka formulas (Figure
Sb). However, the urine sodium-SBP and sodium-DBP
relationships were markedly different for the 24-hour
urine sodium versus the spot urine sodium concentrations
inserted into the INTERSALT formula (Figure Sb).

2132 June 2021

DISCUSSION

We found a positive steep linear association between
m-24hUNa excretion with SBP and DBP up to the
median value (145 mmol/24 hours), followed by a posi-
tive but less steep linear association at higher sodium
excretion. In contrast, the relationships between formula-
estimated 24-hour urine sodium excretion with SBP and
DBP were negative up to the estimated median 24-hour
urine sodium excretion values. The estimated 24-hour
urinary sodium by the 3 formulas (Kawasaki, Tanaka,
and INTERSALT) all showed a J-shaped relationship
with SBP and DBP. The altered associations between
the formula-estimated 24-hour urine sodium and BP
are specifically due to inherent properties of these for-
mulas because the concentrations of sodium and cre-
atinine (and potassium for the INTERSALT equations)
were derived from 24-hour urine samples, thus exclud-
ing errors that might be associated with the collection of
spot urine samples. Notably, the formula-estimated urine
sodium still had associations with SBP when a sex-spe-
cific constant sodium concentration was inserted in the
formulas rather than the measured sodium concentration,
indicating the formulas are associated with BPF, indepen-
dent of sodium. A previous investigation from the Trials of
Hypertension Prevention found that the same formulas
also altered the association of estimated sodium excre-
tion to total mortality.'™® To the best of our knowledge,
our study is the first to document that sodium-estimating
equations alter the sodium-BP association.

Our restricted analyses (sensitivity analyses) for
person-visits of creatinine index >0.7 attenuated the
J-shaped relationship between formula-predicted urine
sodium excretion and SBPF, and restricted analyses

Hypertension. 2021;77:2127-2137. DOI: 10.1161/HYPERTENSIONAHA.120.16651



Naser et al

Urine Sodium Excretion and Blood Pressure

Table 2. Association Between Quartiles of Urinary Sodium and Blood Pressure Relationship

SBP, mmH DBP, mmH
Sodium = =
measure- | Quar- | Quartile 2,8 Quartile 3, Quartile 4, P Quar- | Quartile 2,8 Quartile 3,8 Quartile 4,8 P
ment tile 1 | (95% CI) (95% CI) (95% CI) value* | tile1 | (95% CI) (95% CI) (95% CI) value*
Measured 24-h urine sodium (creatinine index >0.7)
Model 1 | Ref 1.25 1.31 1.45 0.002 Ref 0.48 0.38 0.33 0.176
(0.73 t0 1.78) (0.52102.12) (0.76 to 2.13) (0.15t0 0.82) (—0.13 10 0.89) (—0.03 to 0.69)
Model 2 | Ref 1.48 1.58 1.67 <0.001 | Ref 0.59 0.43 0.31 0.257
(0.91 to 2.06) (0.81 to 2.35) (0.98 to 2.36) (0.25 t0 0.93) (—0.05 to0 0.92) (—0.08't0 0.71)
Model 3 | Ref 1.46 1.55 1.68 <0.001 | Ref 0.58 0.42 0.33 0.247
(0.89 t0 2.04) (0.77 to 2.32) (0.98 to0 2.37) (0.24 t0 0.91) (—0.06 to 0.90) (—0.08 to 0.73)
24-h urine sodium estimated by the Kawasaki formula
Model 1 | Ref —0.26 —0.01 0.86 0.138 Ref —0.46 —0.46 0.24 0.604
(—1.23100.72) | (—0.86100.84) | (—0.331t0 2.05) (—1.04t0 0.11) (—1.091t0 0.18) (—0.568 to 1.05)
Model 2 | Ref —0.565 —0.45 0.29 0.560 Ref —0.61 —0.68 —-0.14 0.703
(—1.48100.37) | (-1.24100.35) | (-0.76to 1.34) (—1.15t0—0.08) | (—1.28t0 —0.09) | (—0.89 to 0.61)
Model 3 | Ref —0.48 —0.34 0.43 0.397 Ref —0.568 —0.66 —0.11 0.738
(—1.42t00.47) | (—1.16t0 0.49) (—0.61 to0 1.47) (—1.12t0—0.05) | (—1.28t0—0.09) | (—0.821t0 0.61)
24-h urine sodium estimated by the Tanaka formula
Model 1 | Ref —0.51 —0.22 0.96 0.088 Ref —0.41 —0.39 0.39 0.392
(—1.391t00.37) | (—1.04 t0 0.59) (—0.23t0 2.14) (—1.01t0 0.19) (—1.03t0 0.25) (—0.431t0 1.21)
Model 2 | Ref —0.88 —0.81 0.17 0.728 Ref —0.61 —0.72 —0.16 0.663
(—1.73t0—0.03) | (—1.58t0—0.03) | (—0.89t0 1.22) (—1.19t0—0.08) | (~1.34t0—0.10) | (—0.93 to 0.62)
Model 3 | Ref —0.82 —0.72 0.30 0.552 Ref —0.61 —0.70 —-0.13 0.706
(-1.71100.07) | (-1.54t00.11) | (-0.781t0 1.38) (—1.21t0—0.01) | (—1.32t0—0.08) | (—0.90 to 0.64)
24-h urine sodium estimated by the INTERSALT formula
Model 1 | Ref 0.13 0.94 2.10 0.002 Ref 0.18 0.52 1.25 0.014
(~0.74100.99) | (—0.12t0 2.00) (0.64, 3.56) (—0.34 10 0.70) (—0.20to 1.24) (0.29 to 2.21)
Model 2 | Ref —0.50 —0.54 —0.32 0.680 Ref —0.29 —0.50 —0.33 0.528
(—1.36t00.36) | (—1.691t00.61) (—1.77 t0 1.13) (—0.82 t0 0.24) (—1.3210 0.33) (—1.4110 0.75)
Model 3 | Ref —0.50 —0.48 —0.21 0.798 Ref —0.30 —0.49 —0.29 0.568
(—1.36100.36) | (—1.65t0 0.68) (—1.64 10 1.22) (—0.84 t0 0.24) (—1.31100.34) (—1.3310 0.76)

Only 24-h urines with self-reported missing voids were excluded. Model 1: unadjusted; model 2: adjusted for age, sex, and BMI; model 3: additionally adjusted for
physical activities, smoking status, alcohol consumption, sleep hours, religion, and household wealth. BMI indicates body mass index; DBP, diastolic blood pressure; Ref,

reference category/quartile; and SBP, systolic blood pressure.
*P<0.05 suggestive of linear trend.

among person-visits of mCER within 15% of Kawa-
saki-predicted urine creatinine excretion did not have a
J-shaped relationship. These methods were developed
for assessing the completeness of 24-hour urine sample
collections. The creatinine index >0.7 method excludes
samples with a low measured urine creatinine, and the
more restrictive mCER within 15% of Kawasaki-pre-
dicted urine creatinine excretion method excludes urine
samples with both low and high measured urine creati-
nine. Hence, the exclusion and inclusion of urine samples
with outlying mCER values also interacts with the various
formulas to alter the association of sodium excretion and
BP—a unique contribution of our findings. Our findings
also emphasize the need to take great care to ensure
24-hour urine samples are complete in analyses associ-
ating urine sodium with health outcomes. Although spot
urine samples are not influenced by completeness, there
could be substantial variability of individuals' urine creati-
nine concentrations based on age, sex, muscle mass, and
protein intake.'>32% One of the principal assumptions for
constructing KAWASAKI and TANAKA formulas was

Hypertension. 2021;77:2127-2137 DOI: 10.1161/HYPERTENSIONAHA.120.16651

that the predicted urinary creatinine excretion is equiva-
lent to the mCER.'®'® This assumption is not valid in our
study population. Only 16% (1608/10034) of person-
visits had mCER within 15% of Kawasaki-predicted
urine creatinine excretion in our study population. These
findings also highlight that our results’ generalizabil-
ity is linked to urine creatinine variability at the popula-
tion level. Our results are likely to be generalizable for
populations with similar characteristics such as age and
sex distribution, ethnicity, sodium intake, dietary habits,
muscle mass, and physical activity. The urine sodium
measurement error due to spot urine formulas may be
more prominent in conditions with altered urine creati-
nine levels, such as populations with high muscle mass,
renal impairment, or muscle breakdown. Our study had
greater ability to observe an altered association between
estimated 24-hour urine sodium and BP compared with
studies with more homogeneous participants.
Consistent with previous research, we found all
the formulas had biased estimates of 24-hour sodium
excretion and differing biases for estimated sodium
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Figure 3. Restricted cubic spline plots and 95% CI (dotted lines) for formula-estimated 24-h sodium (Na) excretion and blood
pressure relationship, when constant urinary Na was used in formula.

Only 24-h urines with self-reported missing voids were excluded. Models were adjusted for age, sex, body mass index, smoking status,
physical activity, sleep, alcohol consumption, religion, and household wealth. Vertical dotted blue lines indicate 25th, 50th, and 75th percentile
distribution of urine Na excretion. DBP indicates diastolic blood pressure; Ref, reference category/quartile; and SBP, systolic blood pressure.

excretion at higher or lower sodium excretion levels.
We are not aware of any validation study for these 3
equations among the Bangladeshi population. Nev-
ertheless, the spot urine formulas have been used in
several studies from Bangladesh for assessing the
mean sodium excretion of the population®* and evalu-
ating the association between sodium excretion and
BP.36 Based on our results and a meta-analysis, the
Bangladesh studies are likely to have underestimated
the 24-hour sodium excretion of the communities in
coastal Bangladesh. Sodium measurement from spot
urine samples may also provide different results than
24-hour urine sodium due to circadian and meal-
related variation in sodium excretion."%8

We did not find any association between 24-hour
measured urine sodium and DBP. High-quality evidence
from randomized controlled trials has found lower sodium
intake is associated with a lower DBP3%“° The lack of
an association between sodium intake and DBP in our
study is likely related to the limitations of the cohort study
design. However, as for SBP, the relationship between
urinary sodium excretion and DBP was altered by the
formula-estimated urine sodium. This indicates that there
is the same inherent problem within the formulas for
SBP and DBP.

One important methodological criticism of inserting
24-hour urine sodium and creatinine concentrations
in the Kawasaki formula is that the Kawasaki formula
was developed specifically for second-morning urine

2134 June 2021

excretion samples.” Nevertheless, we found a similar
urine sodium-SBP relationship for the Kawasaki and
Tanaka formulas when 24-hour urine versus second-
morning spot sodium was used in the second sensitivity
analysis, which supports the use of 24-hour urine sodium
and creatinine values in these 2 formulas. The INTER-
SALT formula was not developed from second-morning
spot urine samples but was developed from casual urine
samples (eg, random spot urine samples).

Our analyses have both strengths and important limi-
tations. The study had >10000 person-visit data, provid-
ing high statistical power to associate sodium excretion
with BP. Many participants from southwest coastal com-
munities in Bangladesh were followed up in both the
second and third cohort studies, b to 12x, over a period
of 2.5 years. Since we used individual-, household-, and
community-level random intercepts to account for data
clustering, our estimates will not be biased by many
unmeasured time-invariant confounders at the individual,
household, and community levels.

The Kawasaki and Tanaka formulas were devel-
oped in Japanese populations, whereas the INTER-
SALT formula was developed using data from the
European and North American populations. Therefore,
the utility of these formulas may vary across popula-
tions. Our 24-hour urine sample collections were also
likely affected by both over- and undercollection.'?*!
Para-aminobenzoic acid has been recommended to
assess the completeness of 24-hour urine collection

Hypertension. 2021;77:2127-2137. DOI: 10.1161/HYPERTENSIONAHA.120.16651
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Table 3. Association Between Quartiles of Formula-Estimated 24-h Urinary Sodium and Blood Pressure Relationship, When

Sex-Specific Constant Urinary Sodium Was Used in Formula

. SBP, mmHg DBP (mmHg)
Sodium
measure- | Quar- | Quartile 2, Quartile 3, 8 Quartile 4, 8 Quar- | Quartile 2,8 Quartile 3, Quartile 4,
ment tile1 | (95% CI) (95% CI) (95% CI) Pvalue* | tile1 | (95% CI) (95% CI) (95% CI) P value*
24-h urine sodium estimated by the Kawasaki formula
Model 1 | Ref 0.63 0.38 1.30 0.036 Ref 0.29 0.24 0.70 0.133
(—0.40t0 1.65) | (—0.851t0 1.61) | (0.26 to 2.34) (—0.401t0 0.98) | (—0.511t00.98) | (—0.121t0 1.52)
Model 2 | Ref 0.60 —0.07 0.75 0.344 Ref 0.33 0.07 0.46 0.398
(—0.48t01.67) | (~1.30t01.17) | (—0.26t0 1.77) (—0.38t0 1.04) | (—0.681t00.82) | (—0.35to0 1.27)
Model 3 | Ref 0.60 0.02 0.86 0.258 Ref 0.33 0.09 0.48 0.369
(—0.49101.68) | (—1.23101.28) | (—0.200to0 1.92) (—0.3810 1.05) | (—0.63100.81) | (—0.34t0 1.30)
Urine sodium estimated by the Tanaka formula
Model 1 | Ref 1.00 0.79 1.44 0.010 Ref 0.67 0.62 0.88 0.06
(0.14 t0 1.87) (—0.14t01.72) | (0.43 to 2.45) (0.04 to 1.30) (0.02t0 1.23) (0.01 to 1.75)
Model 2 | Ref 0.84 0.16 0.72 0.319 Ref 0.59 0.33 0.47 0.383
(—0.01t01.69) | (-0.75t01.07) | (—0.2310 1.67) (—0.03t0 1.21) | (—0.26t0 0.92) | (—0.38to 1.32)
Model 3 | Ref 0.83 0.24 0.80 0.246 Ref 0.575 0.33 0.48 0.363
(—0.08t0 1.69) | (~0.70t0 1.18) | (=0.19to 1.80) (—0.05 t0 1.20) | (~0.25t0 0.91) | (—0.37 to 1.33)
24-h urine sodium estimated by the INTERSALT formula
Model 1 | Ref —0.17 1.21 3.05 <0.001 Ref 0.40 117 2.05 <0.001
(—1.06t0 0.72) | (0.01t0 2.41) (1.78 t0 4.32) (—0.26 to 1.06) | (0.44 to 1.90) (1.14 to 2.95)
Model 2 | Ref —0.71 —0.45 —0.13 0.957 Ref —0.04 0.09 0.19 0.700
(—158100.16) | (—1.64100.73) | (—1.481t0 1.22) (—0.68100.61) | (—0.66t0 0.84) | (—0.85t0 1.23)
Model 3 | Ref —0.68 —0.40 —0.01 0.923 Ref —0.04 0.08 0.19 0.696
(—1.51t00.15) | (-1.59100.79) | (—1.44101.42) (—0.68t0 0.59) | (—0.66 t0 0.83) | (—0.86 to 1.25)

Model 1: unadjusted; model 2: adjusted for age, sex, and BMI; model 3: additionally, adjusted for physical activities, smoking status, alcohol consumption, sleep hours,
religion, and household wealth. Only 24-h urines with self-reported missing voids were excluded. BMI indicates body mass index; DBF, diastolic blood pressure; and

SBR, systolic blood pressure.
*F<0.05 suggestive of linear trend.

studies*? but was not assessed in our study. BP has a
diurnal variation, with morning BP usually higher than
that in the afternoon.”® Since we did not collect the
exact time of BP measurement, we could not control
for diurnal variation of BP.

Currently, it is recommended that a minimum of 3 non-
consecutive 24-hour urines be used to assess an individ-
ual's usual dietary sodium intake in studies associating
sodium intake to health outcomes.*? Based on our study
findings, formula-estimated 24-hour sodium excretion
should not be used to examine the relationship between
sodium excretion and health outcomes. Studies that use
spot urine samples and relate them to health outcomes
are likely to produce false associations generated by
age, sex, weight, and creatinine. Such spurious findings
are likely to increase the debate about health outcomes
at low sodium intake. While our findings indicate the role
of the population’s urine creatinine variability on the urine
sodium measurement error, further research is warranted
to better understand urine creatinine’s role in studies link-
ing sodium intake and health outcomes in diverse popu-
lations. Databases with spot urine sodium equations that
have been used to associate dietary sodium to health
outcomes should be reanalyzed using constant sodium
values to assess the role of the formulas in producing
spurious results that are independent of sodium intake.

Hypertension. 2021;77:2127-2137 DOI: 10.1161/HYPERTENSIONAHA.120.16651

PERSPECTIVES

Our results suggested that spot urine formulas lead to
spurious J-shaped associations between the formula-
predicted daily sodium intake and SBP. Our results
emphasize the use of 24-hour urine sodium as the proxy
of daily sodium intake in epidemiological studies that
associate sodium intake with health outcomes.
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