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The associations between dietary sodium intake and markers of subclinical cardiovascular
disease (CVD), such as high-sensitivity cardiac troponin T (hs-cTnT) and amino terminal
pro b-type natriuretic peptide (NT-proBNP), may provide mechanistic insight into the
relation between dietary sodium and cardiovascular events. We studied 6,131 participants
of the Multi-Ethnic Study of Atherosclerosis, who were free of clinical CVD at baseline.
Food frequency questionnaires were used to assess estimated sodium intake (ESI) at base-
line. We tested the associations between 5 quintiles of ESI (quintile 1: 0.2 to 1.3 grams/day,
quintile 2: 1.3 to 1.8 grams/day, quintile 3: 1.8 to 2.4 grams/day, quintile 4: 2.4 to
3.2 grams/day, and quintile 5: 3.2 to 9.9 grams/day) with cross-sectional and 5-year longi-
tudinal change in hs-cTnT and NT-proBNP concentrations. Restricted cubic spline plots
were utilized to explore the shape of the associations between ESI and biomarker out-
comes. A cross-sectional association between baseline sodium intake and hs-cTnT (but not
NT-proBNP) was observed, driven predominantly by a strong positive relation at an
intake range of 0.2 to 2.4 g/day. Conversely, a longitudinal association between baseline
sodium intake and NT-proBNP (but not hs-cTnT) was observed, driven predominantly by
a strong positive relation at intake levels >2.4 g/day. In conclusion, temporal shifts in the
association between increased ESI and markers of subclinical CVD, hs-¢cTnT in the short
term and NT-proBNP in the longer term, point to the complex pathobiology of the associa-
tion between sodium intake and CVD. There was also no consistent evidence supporting
a J-curve (i.e., excess biomarker values at very low ESI). © 2019 Elsevier Inc. All rights
reserved. (Am J Cardiol 2019;124:636—643)

Sodium is a major component of our food supply, and
excess dietary intake has an important role in the pathogen-
esis of hypertension.' Data from the National Health and
Nutrition Examination Survey (NHANES) study estimate
that average sodium intake in United States adults remains
high, at approximately 3.6 g/day,”” which vastly exceeds
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both the recommended upper limit of 2.3 g/day set by the
2015 United States Dietary Guidelines’ and the more strin-
gent limit of 1.5 g/day set by the American Heart Associa-
tion.” By lowering blood pressure and reducing the risk for
hypertension, sodium reduction should theoretically reduce
cardiovascular disease (CVD).

One approach to further examine the relation of sodium
intake with cardiovascular health is to study the associations
between dietary sodium and markers of subclinical CVD.
However, to our knowledge, the associations between dietary
sodium intake and levels of high-sensitivity cardiac troponin
T (hs-cTnT) and amino terminal pro b-type natriuretic pep-
tide (NT-proBNP) have not yet been thoroughly examined.
As such, we tested these associations in the Multi-Ethnic
Study of Atherosclerosis (MESA).

Methods

Previous reports have described the MESA design in
detail.® The MESA is a prospective observational cohort of
6,814 men and women who, at baseline (2000 to 2002),
were free of clinical CVD and were between 45 and
84 years of age. Information on nutritional intake, predomi-
nantly by way of Food Frequency Questionnaires (FFQ),
was available for 6,237 MESA participants (92%), consist-
ing of a series of questions pertaining to the freguency and
usual serving size for each of 120 food items.” The FFQ
has been validated in relation to other metrics of dietary

www.ajconline.org
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Total MESA Cohort
N=6.814

General exclusions
Estimated Na*" intake missingor<0.1or> 999
percentie (n=295)

Analytic sample
N=6,131

Estimated K" intake missingor <0.1or> 999
percentie (n=5)
Total caloric intake <500 or > 5000 (n=308)
Missing co-vanates (n=77)

Missing hs-cT

N=14

nT at baseline

Sample size for hs-cTnT

N=6,117

Prevalent hs-cTnT>14 ng/L

=436 (7.1%)

Missing NT-proBNP at baseline

N=1,058

Sample size for NT-proBNP

N=5,073

Prevalent NT-proBNP 2100 pg/mL
N=1,459 (28.8%)

Figure 1. Figure 1 depicts the selection of final analytic cohort following application of aforementioned exclusion criterion.

sodium intake (namely, 24-hour urinary sodium excretion),
with an area under the curve statistic for an excretion of
>100 mmol sodium per day ranging from 0.57 to 0.76 in
contemporary studies.”” All FFQ responses were processed
by the software package (DietSys Nutrient Analysis

637

Program®), which subsequently assigned each participant
an average estimated daily intake of sodium (ESI) based on
their particular responses. Excluded from the analysis were
(1) participants in whom ESI information was missing or
those with implausible outlier values above or below the

Table 1
Baseline characteristics by estimated sodium intake quintile: The Multi-Ethnic Study of Atherosclerosis (MESA; 2000-2002)
Characteristic Total Estimated sodium intake (g/day) p Value'
Q1 (0.2-13¢g/d) Q2(1.3-1.8g/d) Q3 (1.8-24g/d) Q4(24-32g/d) Q5(3.2-9.9 g/d) -
N 6,131 1,227 1,226 1,226 1,226 1,226
Age (years) 623 £10.2 63.9 £ 10.1 63.4£10.3 62.0 £ 10.0 61.8 £ 10.1 60.3 £ 10.3 <0.001
Women 3,220 (52.5%) 823 (67.1%) 762 (62.2%) 639 (52.1%) 552 (45.0%) 444 (36.2%) <0.001
White 2,427 (39.6%) 324 (26.4%) 477 (38.9%) 564 (46.0%) 555 (45.3%) 507 (41.4%) <0.001
Black 1,614 (26.3%) 397 (32.4%) 296 (24.1%) 290 (23.7%) 283 (23.1%) 348 (28.4%) <0.001
Hispanic 1,361 (22.2%) 279 (22.7%) 281 (22.9%) 229 (18.7%) 275 (22.4%) 297 (24.2%) <0.001
Chinese 729 (11.9%) 227 (18.5%) 172 (14.0%) 143 (11.7%) 113 (9.2%) 74 (6.0%) <0.001
Body mass index (kg/m?) 283+£54 27754 27.8£53 282+54 28.5+53 292+£55 <0.001
Current smoker 770 (12.6%) 133 (10.8%) 131 (10.7%) 152 (12.4%) 157 (12.8%) 197 (16.1%) <0.001
Current alcohol 3,438 (56.1%) 598 (48.7%) 650 (53.0%) 722 (58.9%) 717 (58.5%) 751 (61.3%) <0.001
Total cholesterol (mg/dl) 194.1+35.4 197.3 £ 36.0 193.0 £ 33.7 1947 +£35.2 193.5 £35.8 191.9 £ 359 0.003
HDL cholesterol (mg/dl) 51.0+14.9 537+ 15.6 525+ 154 513+ 155 49.8 + 14.1 4794132 <0.001
Triglycerides (mg/dl) 131.5+87.2 1252+ 779 130.7 £ 86.1 131.6 £77.5 133.1£99.2 136.7 £ 93 0.02
eGFR (ml/min per 1.73 m?) 77.6 £ 16.1 76.4 £ 16.1 76.2 £ 159 772+ 164 78.2 £ 16.1 799 £ 159 <0.001
Hypertension medications 2,037 (33.2%) 469 (38.2%) 440 (35.9%) 380 (31%) 380 (31.0%) 368 (30.0%) <0.001
Lipid lowering medications 1,005 (16.4%) 216 (17.6%) 230 (18.8%) 185 (15.1%) 204 (16.6%) 170 (13.9%) 0.009
Diabetes mellitus 755 (12.3%) 152 (12.4%) 160 (13.1%) 128 (10.4%) 155 (12.6%) 160 (13.1%) 0.25
SBP (mm Hg) 126.6 £21.3 128.0 +£23.0 127.7 £21.7 125.7 £ 20.7 125.8 £20.3 125.7 £ 20.8 0.007
NT-proBNP*, (pg/ml) 55.2(24.5-112.6) 61.5(27.3-118.8) 64.1 (29.8-130.4) 58.7(26.2-114.7) 51.6 (25.1-109.8) 42.0(18.1-86.9) <0.001
hs-cTnT*, (ng/L) 443.0-7.5) 4.13.0-6.9) 433.0-7.0) 443.0-7.5) 46(3.0-7.9) 48(3.0-82) <0.001

eGFR =estimated glomerular filtration rate.
Results are mean & SD and count (%) unless otherwise specified.
* Expressed as median (25th to 75th percentile).

" Derived for one-way ANOVA for normally distributed continuous variables and Kruskal-Wallis test for skewed continuous variables, chi-square test for

categorical variables.

NB: P-for-trend was derived by using ESI categories as an ordinal variable and modeling this as a continuous variable in linear regression models using

each baseline characteristic

as the outcome.
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99.9 and 0.1 percentile marks, respectively, (2) participants
with unrealistic total caloric intake (<500 g/day or >5,000
g/day), and (3) participants with missing covariate data. A
flow chart is provided in Figure 1.

Hs-cTnT was measured in ethylenediaminetetraacetic
acid plasma collected at baseline (examination 1; July 2000
to August 2002) and at examination 3 (March 2004 to Sep-
tember 2005). Hs-cTnT was measured at a MESA collabora-
tive site laboratory (University of Maryland Medical Center;
Baltimore, Maryland) using the Cobas e601 Analyzer (Roche
Diagnostics®; Indianapolis, Indiana). A previously unthawed
250 ul sample of ethylenediaminetetraacetic acid plasma
was used for analysis. For hs-cTnT, the intra-assay coeffi-
cients of variation observed for the cohort measurements
were 4% at 28 ng/L and 2% at 2,154 ng/L. The limit of
detection was 3 ng/L.

Similarly, NT-proBNP was measured in plasma specimens
collected at baseline (examination 1) and at examinations 2
(September 2002 to February 2004) and 3 (March 2004 to
September 2005), and were stored at a temperature range of
—70°C to —80°C before thawing for analysis. NT-proBNP
measurements were made on the Elecsys 2010 Analyzer
(Roche Diagnostics®; Indianapolis, Indiana). The analytical
measurement range was 5 pg/mL to 35,000 pg/ml, with a
coefficient of variation range of 2% to 5%.

Differences in baseline characteristics among study par-
ticipants in various categories of ESI were compared using
the chi-square test for categorical variables and analysis of
variance for continuous variables. Consistent with previ-
ously reported data, EST was analyzed continuously and as
a categorical exposure through quintiles as follows: quintile
1 (ESI 0.2 to 1.3 g/day), quintile 2 (ESI 1.3 to 1.8 g/day),
quintile 3 (ESI 1.8 to 2.4 g/day), quintile 4 (ESI 2.4-3.2 g/
day), and quintile 5 (ESI 3.2 to 9.9 g/day)."’ Our main out-
come measures were average adjusted differences in hs-
c¢TnT and NT-proBNP concentrations at the first examina-
tion (cross-sectional linear analysis) as well as the 5-year
change in these parameters at subsequent follow-up exami-
nations (longitudinal linear analysis). Additional outcomes
studied included the odds of prevalent and incident hs-
c¢TnT >14 ng/L and NT-proBNP >100 pg/ml at examina-
tions 1 and 3, as well the odds of a>25% increase in these
parameters from baseline. The rationale for utilizing these
categorical cut points relates to their association with higher
cardiovascular event rates. '' ' Individuals meeting these
cut points at the time of examination 1 were excluded from
this portion of the analysis.

For cross-sectional analyses, we conducted multivariable-
adjusted linear regression when assessing biomarker concen-
trations as continuous outcomes, and multivariable-adjusted
logistic regression when assessing biomarker concentrations
as prevalent categorical outcomes. For prospective longitudi-
nal analyses, we conducted multivariable-adjusted linear
regression with generalized estimating equation models in
order to determine the continuous association between ESI
and temporal change in biomarker level, as well as multivari-
able-adjusted logistic regression when assessing biomarker
levels as incident categorical outcomes. For each of these
analyses, we used 3 sequential adjustment models. Model 1
adjusted for age and sex. Model 2 also included race/ethnic-
ity, body mass index (kg*m ?), smoking status (current,

Table 2

Average adjusted” cross-sectional differences in hs-cTnT and NT-proBNP (both log transformed) according to estimated sodium intake quintile at MESA Exam 1

Continuous analysis

Categorical analysis

Per 1 g/day
increment in ESI

Per 1 g/day
increment in ESI

Q5
(3.2-9.9 g/d)

Q4
(2.4-3.2 g/d)

Q2 Q3
(1.8-2.4 g/d)

(1.3-1.8 g/d)

Q1 (0.2-1.3 g/d)

(>2.4 g/day)

(£2.4 g/day)

In hs-cTnT, ng/LL

N

2,430
0.015 (—0.003, 0.032)

0.007 (—0.009, 0.024)
0.006 (—0.010, 0.023)

3,687
0.043 (0.016, 0.069)

1,224
0.071 (0.029, 0.112)

1,223
0.033 (—0.007, 0.074)
0.029 (—0.009, 0.067)
0.030 (—0.008, 0.068)

1,224
0.044 (0.004, 0.085)

1,222
Ref:

1,224
—0.018 (—0.059, 0.022)
—0.011 (—0.049, 0.027)
—0.009 (—0.047, 0.029)

=0

Model 1

0.034 (0.009, 0.060)
0.034 (0.009, 0.060)

0.049 (0.010, 0.088)

0.042 (0.004, 0.080)
0.043 (0.005, 0.081)

Ref=0
Ref=0

Model 2

0.049 (0.011, 0.088)

Model 3

In NT-proBNP, pg/ml

2,035
—0.044 (—0.079, —0.008)
—0.028 (—0.062, 0.006)
—0.030 (—0.064, 0.004)

3,038
0.093 (0.038, 0.147)

1,033
—0.069 (—0.151, 0.013)
—0.064 (—0.143, 0.015)
—0.064 (—0.142, 0.014)

1,018
0.016 (—0.065, 0.098)
0.005 (—0.073, 0.083)
0.009 (—0.068, 0.086)

1,000
0.041 (—0.040, 0.123)
0.030 (—0.048, 0.108)
0.032 (—0.045, 0.109)

1,022
Ref=0

Ref:

1,000
—0.117 (—0.199, —0.036)
—0.065 (—0.143, 0.013)
—0.057 (—0.134, 0.02)

Model 1

0.049 (—0.004, 0.102)
0.047 (—0.006, 0.099)

=0

Model 2

Ref=0

Model 3

* Estimates are 8 coefficients.

Model 1: age and sex.

Model 2: Model 1 plus race/ethnicity, body mass index, smoking status, alcohol consumption, total cholesterol, high-density lipoprotein cholesterol, triglycerides, estimated glomerular filtration rate, lipid-

lowering medication use, blood pressure—lowering medication, and history of diagnosed diabetes.

Model 3: Model 2 plus systolic BP.

NB: Linear spline 1 measures the slope for ESI <2.4 g/day and Linear spline 2 measures the slope for ESI >2.4 g/day.
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former, and never), alcohol consumption (current, former,
and never), total cholesterol (mg/dl), high-density lipoprotein
cholesterol (mg/dl), triglycerides (mg/dl), estimated glomeru-
lar filtration rate (ml*min_l*1.73 m_z; as estimated by the
Chronic Kidney Disease Epidemiology Collaboration equa-
tion; CKD-EPI), lipid-lowering medication use (yes or no),
antihypertensive therapy (yes or no), and history of diagnosed
diabetes (yes or no). In addition to the variables included in
models 1 and 2, model 3 also adjusted for systolic blood pres-
sure (in mmHg), a parameter which might mediate any asso-
ciation between ESI and biomarker levels. The measurement
of the aforementioned covariates has been previously
described.® In addition, in order to address the potential con-
founder of sodium reduction in patients with established
hypertension, we performed sensitivity analyses excluding
individuals with a history of hypertension and those on anti-
hypertensive therapies at the baseline MESA visit.

We also used restricted cubic spline plots to explore the
shape of the association between ESI (as a continuous
exposure) and the biomarker outcomes, fitted with 4 knots
(at the 5th, 35th, 65th, and 95th percentiles of the ESI distri-
bution). On the basis of our restricted cubic spline plots for
the primary outcome and the results of previous analyses,
we also added a spline terms to our logistic regressions,
evaluating associations between ESI and outcomes below
and above a threshold of 2.40 g/day (22). All statistical
analyses were performed using the Statistical Analysis
Software (SAS) (Version 9.4; The SAS Institute®; Cary,
North Carolina).

Results

Baseline characteristics of the study population are out-
lined in Table 1. The study included 6,814 participants, of
whom 683 were excluded according to aforementioned
criteria (see Figure 1). In the study sample of 6,131 partici-
pants, 14 were missing hs-cTnT and 1,058 were missing
NT-proBNP at baseline. Accordingly, the sample sizes
were 6,117 participants and 5,073 participants in the
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hs-cTnT and NT-proBNP outcome groups, respectively. In
all studied participants, mean age was 62 years and 53%
were female. Antihypertensive therapy was prescribed to
33% of participants at baseline and the mean systolic blood
pressure was 126.6 mm Hg. There were inverse crude asso-
ciations observed between ESI quintile and both systolic
blood pressure and use of antihypertensive medications.
Overall, hs-cTnT >14 ng/LL was present in 436 (7%)
whereas NT-proBNP >100 pg/ml was present in 1,459
(29%) of participants. The median baseline values of NT-
proBNP and hs-cTnT were 55.2 pg/ml and 4.4 ng/L, respec-
tively. It is noteworthy that baseline NT-proBNP values
were highest in the reference quintile (ESI 1.3 to 1.8 g/
day), an observation that was not seen in terms of hs-cTnT.

The average adjusted baseline cross-sectional differences
in hs-cTnT and NT-proBNP, according to ESI quintile, are
shown in Table 2. Compared with the reference quintile (i.e.,
quintile 2), significantly higher hs-cTnT levels were seen in
quintiles 3 and 5, albeit in a nongraded fashion given the
lack of a significant difference in quintile 4. Continuous anal-
yses through linear (Table 2) and restricted cubic splines
(Figure 2, Panel A) demonstrated similar cross-sectional
trends, with the strongest association between ESI and hs-
c¢TnT seen in an ESI range of 0.2 to 2.4 g/day. In contrast,
there was no cross-sectional relation between ESI and NT-
proBNP (Table 2 and Figure 2, Panel B).

The average adjusted 5-year differences in hs-cTnT and
NT-proBNP, according to ESI, between MESA examina-
tions 1 and 3 are shown in Table 3 and Figure 3. There was
no consistent association between baseline ESI quintile and
temporal change in hs-cTnT, although there appeared to be
excess troponin increases at very low ESI values (quintile 1).
Compared with the reference quintile, a statistically signifi-
cant increase in NT-proBNP was evident between quintiles 4
and 5, a trend which was further manifest in both the linear
(Table 3) and restricted cubic (Figure 3, Panel B) spline anal-
yses. Unlike the cross-sectional relation with hs-cTnT, the
longitudinal association of ESI with NT-proBNP was driven
predominantly by a strong relation at ESI levels >2.4 g/day.
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Figure 2. (A-B) Panel A shows a restricted cubic spline plot of the association between estimated sodium intake and hs-cTnT (log transformed) at MESA
Exam 1. Panel B shows a restricted cubic spline plot of the association between estimated sodium intake and NT-proBNP (log-transformed) at MESA Exam
1. 95% confidence intervals are depicted within the span of the gray bars. All results are presented following multivariable adjustment.
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Table 3

Estimated sodium intake and average adjusted* 5-year change in hs-cTnT and NT-proBNP (both log transformed) at MESA Exam 3

Continuous analysis

Categorical analysis

Per 1 g/day
increment in ESI

Per 1 g/day
increment in EST

Q3 (1.8-2.4 g/d) Q4 (2.4-3.2 g/d) Q5 (3.2-9.9 g/d)

Q2 (1.3-1.8 g/d)

Q1 (0.2-1.3 g/d)

(>2.4 g/day)

(2.4 g/day)

In hs-cTnT, ng/LL

2,430
0.011 (—0.019, 0.041)

0.011 (—0.018, 0.041)
0.011 (~0.019, 0.041)

3,687
—0.020 (—0.063, 0.022)
—0.018 (—0.060, 0.025)
—0.017 (—0.060, 0.025)

686
0.031 (—0.033, 0.094)
0.034 (—0.029, 0.097)
0.034 (—0.029, 0.097)

706
0.041 (—0.022, 0.104)
0.043 (—0.020, 0.106)
0.043 (—0.020, 0.106)

667
0.018 (—0.046, 0.082)
0.018 (—0.046, 0.082)
0.018 (—0.045, 0.082)

692
Ref=0
Ref:

663
0.069 (0.005, 0.133)

N

Model 1

0

Ref=0

0.067 (0.004, 0.131)

Model 2

0.067 (0.003, 0.131)

Model 3
In NT-proBNP, pg/ml

2,035
0.030 (0.009, 0.051)

3,038
0.021 (—0.011, 0.052)
0.021 (—0.011, 0.053)
0.020 (—0.011, 0.052)

914
0.113 (0.066, 0.160)
0.110 (0.063, 0.157)
0.110 (0.063, 0.157)

896
0.058 (0.011, 0.105)

883
0.007 (—0.040, 0.054)
0.005 (—0.042, 0.052)

0.006 (—0.042, 0.053)

890
Ref:

849
0.025 (—0.023, 0.073)
0.023 (—0.025, 0.071)
0.023 (—0.025, 0.071)

0

Model 1
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0.029 (0.008, 0.051)

0.056 (0.009, 0.103)

Ref=0

Model 2

0.029 (0.008, 0.050)

0.055 (0.008, 0.103)

=0

Ref:

Model 3

* Estimates are § coefficients.

Model 1: age and sex.

Model 2: Model 1 plus race/ ethnicity, body mass index, smoking status, alcohol consumption, total cholesterol, high-density lipoprotein cholesterol, triglycerides, estimated glomerular filtration rate, lipid-

lowering medication use, blood pressure—lowering medication, and history of diagnosed diabetes.

Model 3: Model 2 plus systolic BP.

NB: Linear spline 1 measures the slope for ESI <2.4 g/day and Linear spline 2 measures the slope for ESI >2.4 g/day.

The odds of prevalent and incident hs-cTnT >14 ng/L
and NT-proBNP >100 pg/ml at MESA examinations 1 and
3 are shown in Tables 4 and 5 (restricted cubic splines are
show in Supplemental Figure 1). Although the point esti-
mates for the odds ratios in these tables were generally con-
sistent with the results in Tables 2 and 3 (i.e., evidence of
higher odds for prevalent hs-cTnT >14 ng/L and incident
NT-proBNP >100 pg/ml according to higher baseline ESI
quintile), these categorical results were not consistently sta-
tistically significant. Precision was, however, limited. Also
consistent with the above results, analysis of linear (Supple-
mental Table 1) and restricted cubic (Supplemental Figure
2) splines demonstrated a strong association between an
ESI >2.4 g/day and the odds of a >25% temporal increase
in NT-proBNP, but not hs-cTnT. Sensitivity analyses per-
formed following the exclusion of individuals with either
baseline hypertension or on antihypertensive therapy cor-
roborated similar cross-sectional (Supplemental Table 2)
and longitudinal (Supplemental Table 3) associations with
hs-cTnT and NT-proBNP, respectively.

Discussion

Our study demonstrates that ESI is associated with hs-
¢TnT predominantly in a cross-sectional manner. In partic-
ular, ESI appears positively associated with hs-cTnT when
ESI was within a range of 0.2 to 2.4 g/day, whereas
beyond an ESI of 2.4 g/day, the association plateaued. In
contrast, ESI is only associated with NT-proBNP in a lon-
gitudinal manner, with significant increases in NT-proBNP
occurring over the 5 years of follow-up. Unlike the associ-
ation with hs-cTnT, this association appears to be driven
primarily by a strong correlation at an ESI >2.4 g/day.
Indeed, ESI in this range was also linked to increased
odds of >25% increase in NT-proBNP from baseline at
the 5-year examination. Furthermore, in longitudinal (but
not cross-sectional analyses) there appeared to be a possi-
ble J-curve phenomenon for elevated hs-cTnT and NT-
proBNP at low ESI, though this may have been due to
chance given there were no consistent significant findings
for a J-curve with either hs-cTnT or NT-proBNP in any of
the other analyses performed. To the best of our knowl-
edge, the temporal differences in the impact of sodium
excess on these important markers of CVD have not been
previously described.

The pathobiological basis upon which incremental
increases in ESI result in elevations in hs-cTnT in the short
term and NT-proBNP in the long term is not clear, but are
likely to be multifactorial. Clearly established as the gold
standard diagnostic and prognostic instrument in acute
coronary syndrome patients, by enabling the detection of
significantly lower concentrations of troponin than conven-
tional assays, the advent of hs-cTnT has extended the appli-
cation of this test to prognostication in otherwise stable
disease states.'” In addition to detecting minute levels of
myocyte necrosis, other proposed pathophysiologic phe-
nomena unrelated to necrosis — including increased cell
wall permeability, production of troponin-containing mem-
branous blebs, cellular release of proteolytic degradation
products and apoptosis — may now be detectable with
the increasingly sensitive assays.'®'” In animal models, salt
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Figure 3. (A-B) Panel A shows a restricted cubic spline plot of the association between baseline estimated sodium intake and 5-year change in hs-cTnT (log-
transformed) at MESA Exam 3. Panel B shows a restricted cubic spline plot of the association between baseline estimated sodium intake and 5-year change
in NT-proBNP (log-transformed) at MESA Exam 3. 95% confidence intervals are depicted within the span of the gray bars. All results are presented following
multivariable adjustment.

Table 4

Odds ratios (95% CI) of prevalent hs-cTnT >14 ng/L and NT-proBNP >100 pg/ml at MESA Exam 1 according to estimated sodium intake quintile

Q1 (0.2-1.3 g/d)

Q2 (1.3-1.8 g/d)

Q3 (1.8-2.4 g/d)

Q4 (2.4-3.2 g/d)

Q5(3.2-9.9 g/d)

hs-cTnT >14 ng/L 68 (5.6%) 72 (5.9%) 101 (8.3%) 93 (7.6%) 102 (8.3%)
Model 1 1.03 (0.72, 1.46) Ref=1 1.47 (1.06, 2.05) 1.22(0.87, 1.70) 1.40 (1.00, 1.95)
Model 2 1.06 (0.72, 1.54) Ref=1 1.52 (1.07,2.16) 1.26 (0.89, 1.80) 1.37 (0.96, 1.95)
Model 3 1.07 (0.73, 1.56) Ref=1 1.54 (1.08,2.19) 1.27(0.89, 1.82) 1.38 (0.97, 1.96)
NT-proBNP >100 pg/ml 315 (31.5%) 351 (34.3%) 290 (29%) 279 (27.4%) 224 (21.7%)
Model 1 0.76 (0.62, 0.93) Ref=1 0.95(0.77, 1.17) 0.95(0.77, 1.17) 0.83 (0.66, 1.03)
Model 2 0.81 (0.66, 1.01) Ref=1 0.93 (0.75, 1.15) 0.93 (0.75, 1.15) 0.83 (0.66, 1.05)
Model 3 0.83(0.67, 1.03) Ref=1 0.93(0.75, 1.15) 0.94 (0.75, 1.16) 0.82 (0.66, 1.04)

Model 1: age and sex.

Model 2: Model 1 plus race/ ethnicity, body mass index, smoking status, alcohol consumption, total cholesterol, high-density lipoprotein cholesterol, trigly-
cerides, estimated glomerular filtration rate, lipid-lowering medication use, blood pressure—lowering medication, and history of diagnosed diabetes.
Model 3: Model 2 plus systolic BP.

Table 5

Odds ratios (95% CI) of incident hs-cTnT >14 ng/L and NT-proBNP >100 pg/ml at MESA Exam 3 according to estimated sodium intake quintile

Q1 (0.2-1.3 g/d)

Q2 (1.3-1.8 g/d)

Q3 (1.8-2.4 g/d)

Q4 (2.4-3.2 g/d)

Q5(3.2-9.9 g/d)

hs-cTnT >14 ng/L 43 (%) 44 (7%) 40 (6.8%) 56 (8.9%) 54 (8.9%)

N 611 630 593 631 607

Model 1 1.11 (0.71, 1.73) Ref=1 0.96 (0.61, 1.52) 1.20 (0.79, 1.84) 1.31 (0.85, 2.02)
Model 2 1.14 (0.72, 1.80) Ref=1 0.98 (0.61, 1.55) 1.17 (0.76, 1.80) 1.25 (0.81, 1.95)
Model 3 1.15 (0.73, 1.81) Ref=1 0.98 (0.62, 1.57) 1.16 (0.75, 1.80) 1.24 (0.79, 1.93)
NT-proBNP >100 pg/ml 103 (18.3%) 112 (19.7%) 119 (19.8%) 112 (17.9%) 105 (15.6%)

N 563 569 601 627 675

Model 1 0.86 (0.63, 1.17) Ref=1 1.20 (0.89, 1.63) 1.01 (0.75, 1.38) 1.02 (0.75, 1.39)
Model 2 0.89 (0.65, 1.23) Ref=1 1.23 (0.90, 1.67) 1.05 (0.77, 1.44) 1.10 (0.80, 1.51)
Model 3 0.90 (0.65, 1.23) Ref=1 1.22 (0.89, 1.66) 1.04 (0.76, 1.42) 1.10 (0.80, 1.52)

Model 1: age and sex.

Model 2: Model 1 plus race/ethnicity, body mass index, smoking status, alcohol consumption, total cholesterol, high-density lipoprotein cholesterol, trigly-
cerides, estimated glomerular filtration rate, lipid-lowering medication use, blood pressure—lowering medication, and history of diagnosed diabetes.
Model 3: Model 2 plus systolic BP.

loading even in the short term has been linked to several
such derangements, and as such, could explain our
observed cross-sectional relation between ESI and hs-

cTnT.'8720

In contrast, BNP (as well as its n-terminal fragment) is a
natriuretic hormone released from myocardial cells in a
graded fashion following transcriptional activation in
response to chronic increases in either atrial or ventricular
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wall tension.”"** Given that the predominant downstream

consequence of prolonged excessive dietary sodium intake
is systemic hypertension, it is possible that in the short
term, the accrued burden of left ventricular remodeling
is insufficient to yield significant increases in plasma
NT-proBNP levels. Indeed, various animal models have
shown that left ventricular hypertrophy and fibrosis only
manifest following prolonged exposure to elevated sys-
temic blood pressures.” >

Complicating the aforementioned association between
excess dietary sodium and cardiovascular events is contro-
versial evidence supporting a J-curve relation.'****’
Indeed, in the largest study of its kind, the Prospective
Urban Rural Epidemiology (PURE) research team reported
that an ESI between 3 to 6 g/day was associated with a
lower risk of cardiovascular events and mortality than
either higher or lower estimated levels of intake.'* How-
ever, our findings from MESA do not appear to corroborate
the PURE findings in that we only found inconsistent evi-
dence for elevated biomarkers at ESI levels well below
those reported as harmful in PURE (ESI 0.2 to 1.3 g/day) in
the longitudinal hs-cTnT analysis and not in any other anal-
ysis (a finding which could therefore have been due to
chance). Thus, while we cannot definitely rule out a J-curve,
our findings are more consistent with those reported by Cook
and others, who analyzed both phases of the Trials of Hyper-
tension Prevention (TOHP) program and demonstrated a
direct linear relation of average sodium excretion down to
the lowest intake level with all-cause mortality.”” Mechanis-
tically, the subclinical myocardial damage rendered by hs-
c¢TnT in the short term and by NT-proBNP in the longer term
may account for the linearity of this relation.

There were several limitations to our study. First, although
validated in a variety of nutritional intake studies, the inherent
biases of FFQs (e.g., recall bias) as well as their other limita-
tions (e.g., inability to account for within-person variability in
intake when a single FFQ is used) must be acknowledged.
Second, only baseline ESI data was available, and as such,
change in ESI patterns over time was not studied. Third, we
recognize that despite consistency between the point esti-
mates for the odds ratios in both the categorical and continu-
ous analyses, the former are inherently underpowered relative
to continuous analyses and as such, may be more likely to
miss true associations. Furthermore, we recognize the limita-
tions of contextualizing the impact of incremental increases
in ESI on biomarkers in absolute terms. Finally, as with any
observational study, residual confounding may persist even
beyond multivariate adjustment.

In summary, our results demonstrate a relation between
dietary sodium intake and hs-cTnT and NT-proBNP in
cross-sectional and longitudinal fashions, respectively. Fur-
ther study is needed to better define this relation, and in par-
ticular, to further examine the possibility of a salt intake J-
curve phenomenon from the perspective of these and other
novel biomarkers. Doing so will enhance understanding of
the mechanisms through which sodium intake influences
cardiovascular risk.
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