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Both high sodium and low potassium diets are associated with hypertension, but
whether these risk factors are distinct or overlapping has not been thoroughly investi-
gated. The authors evaluated the relationship between dietary sodium, potassium, and
high systolic blood pressure among 4716 adolescents aged 12 to 14 years who partici-
pated in the National Health and Nutrition Examination Survey from 1999 to 2012.
There was no association with blood pressure across most values of sodium or potas-
sium intake. However, participants who reported sodium intake 27500 mg/d, potas-
sium <700 mg/d, or sodium-potassium ratio 22.5 had increased odds for high systolic
blood pressure (>95th percentile for age, sex, and height). Although the high sodium
and low potassium groups did not overlap, 49.2% of these adolescents also had a
sodium-potassium ratio 22.5. In young adolescents, both excessive sodium and limited
potassium are associated with high systolic blood pressure, but the balance between

sodium and potassium intake may be more useful in explaining blood pressure in this

population.

1 | INTRODUCTION

The public health burden of hypertension is enormous. Worldwide,
13.5% of all premature deaths and approximately half of all cases of
stroke and ischemic heart disease are attributable to high blood pres-
sure (BP).! Therefore, dietary interventions to reduce the incidence of
hypertension have great potential to reduce cardiovascular morbidity
and mortality.

The association between excessive dietary sodium and hyperten-
sion has been extensively investigated. Large, multinational obser-
vational studies have demonstrated a positive correlation between
sodium intake and BP,? and a recent comprehensive meta-analysis of
randomized controlled trials and prospective cohort studies in both
adults and children concluded that reduced sodium intake lowers BP.3
In light of this, the American Heart Association recommends limiting
sodium consumption to <1500 mg/d.*

Evidence also supports decreased dietary potassium as a risk
factor for hypertension, although this has not been as frequently
studied. Experimental studies show that potassium deficiency
increases BP,>® and multiple randomized controlled trials have
demonstrated that increased potassium intake reduces BP in per-

sons with hypertension.”

However, the sodium and potassium content of foods tend to be
inversely related: foods with high sodium content tend to have low po-
tassium and vice versa. This makes it difficult to discern the extent to
which these dietary factors are distinct or overlapping, which, in turn,
makes it challenging to formulate the best dietary policies or provide
targeted dietary advice to patients. We therefore sought to evaluate
the relationship and overlap between dietary sodium and dietary po-
tassium intake and high systolic BP (SBP) in a nationally representative

sample of young adolescents.

2 | METHODS

2.1 | Study population

We pooled data for participants aged 12 to 14 years from the
National Health and Nutrition Examination Survey (NHANES) cy-
cles from 1999 to 2012. NHANES is a complex, cross-sectional
probability sample of the noninstitutionalized US population,
conducted by the National Center for Health Statistics of the
Centers for Disease Control and Prevention. The research eth-
ics review board of the National Center for Health Statistics ap-

proved all study protocols, and both written consent from the
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participant’s guardian and verbal assent from the adolescent
were obtained.

All participants aged 12 to 14 years were initially included.
Participants were excluded from all analyses if they were pregnant at the
time of the examination or if they were missing data necessary to assess
the variables of interest (BP, height, or sodium and potassium intake).

2.2 | Blood pressure

BP measurement occurred in the NHANES mobile examination center,
a clinic-type setting with a standardized, controlled environment.
Three SBP readings were obtained for each NHANES participant. If
one or more of these readings were disrupted, a fourth reading was
obtained. Mean SBP was calculated from the available readings for
each participant. High SBP was defined as mean SBP 295th percen-
tile for the participant’s age, sex, and height according to the Fourth
Report on the Diagnosis, Evaluation, and Treatment of High Blood
Pressure in Children and Adolescents.®

2.3 | Dietary sodium and potassium

A structured in-person dietary interview was used to estimate the type
and amount of food consumed by participants during the 24-hour period
prior to the interview. Participants were interviewed using the Automated
Multiple Pass Method, a standardized and validated approach for ob-
taining complete and accurate dietary recall data.” Measuring guides
(such as drinking glasses, utensils, and measuring cups) were available
during the interview to assist the participants with reporting the amount
of food consumed. Nutrient information was estimated based on food
and beverage intake only; sodium or potassium obtained through dietary

supplements, antacids, or medications were not included.

2.4 | Statistical analyses

Statistical analyses were performed using a calculated 14-year ex-
amination sample weight to account for the complex sample design of
NHANES. All statistical analyses were performed using SPSS version
23 (IBM Corp, Armonk, NY, USA). Statistical significance was set as
P<.05 for all tests.

Linear models were created to evaluate factors of interest and con-
tinuous outcomes (average SBP), while logistic regression was used to
evaluate binary outcomes (SBP 295th percentile). Multivariable logis-
tic regression models adjusted for both race and obesity. When SBP
was considered as a continuous outcome, multivariable linear regres-
sion models additionally adjusted for age, height, and sex.

To identify the classification thresholds for dietary factors and el-
evated BP, the frequency of SBP 295th percentile was plotted against
dietary sodium and dietary potassium intake (Figures 1 and 2) or
sodium-potassium ratio (Na*/K*) (Figure 3), and the change point was
visually estimated. A series of logistic regression models with thresh-
olds fixed at points within a plausible range of values were then cre-
ated, and the area under the receiver operating characteristic curve
was used to choose the best fitting model.
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FIGURE 1 Frequency of systolic blood pressure (SBP) 295th
percentile by categories of dietary sodium intake
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FIGURE 2 Frequency of systolic blood pressure (SBP) >95th
percentile by categories of dietary potassium intake
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FIGURE 3 Frequency of systolic blood pressure (SBP) 295th
percentile by categories of sodium-potassium ratio

3 | RESULTS

3.1 | Study population

A total of 5083 adolescents aged 12 to 14 years participated in
NHANES from 1999 to 2012. Of these, 210 were missing BP meas-
urements, 155 were missing dietary data, and two were pregnant.

The remaining 4716 participants were analyzed, representing a total
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population of 12 146 746. Demographic and clinical features of the

study population are shown in Table 1.

3.2 | HighSBP

Overall, 2.5% (95% confidence interval [Cl], 1.9%-3.4%) of par-
ticipants had high SBP (>95th percentile). Obesity (body mass index
>95th percentile for age and sex) was associated with increased
odds for high SBP. Among nonobese participants, 2.0% (95% ClI,
1.3%-2.9%) had high SBP, while 5.1% (95% Cl, 3.4%-7.6%) of obese
participants had high SBP (odds ratio [OR], 2.70; 95% Cl, 1.49-4.87).
The frequency of high SBP also varied by race. Among non-Hispanic
white participants, 2.1% (95% Cl, 1.2%-3.5%) had high SBP, while
4.3% (3.1%-5.8%) of non-Hispanic black participants had high SBP
(OR, 2.12; 95% Cl, 1.13-3.98).

3.3 | Dietary factors

The frequency of high SBP varied by dietary sodium intake (Figure 1).
Across most values of sodium intake, there was no relationship
between dietary sodium and SBP >95th percentile. However, after
adjustment for race and obesity, adolescents with the most extreme
levels of sodium intake (27500 mg/d) had increased odds for SBP
295th percentile (Table 2). Adolescents reporting 27500 mg/d of
sodium intake composed only 2.7% of the study population but ac-
counted for 7.0% of those with high SBP. There was no threshold
below which sodium intake was associated with decreased odds for
SBP 295th percentile. There was no association between dietary so-
dium intake or log-transformed dietary sodium intake and either mean
SBP or SBP 295th percentile after multivariable adjustment.

Similarly, the frequency of high SBP varied by dietary potassium
intake (Figure 2). Adolescents reporting potassium intake <700 mg/d
had increased odds for SBP 295th percentile, while those reporting

potassium intake >2800 mg/d had decreased odds for high SBP (Table 2).
However, there was no linear relationship between dietary potassium in-
take or log-transformed potassium intake and either average SBP or the
frequency of SBP 295th percentile, even after multivariable adjustment.

In contrast, there was a linear relationship between the Na*/K* and
SBP. In a linear model adjusting for age, sex, height, race, and body mass
index z score, every 1-unit increase in the Na*/K* was associated with a
0.74-mm Hg increase in SBP (95% Cl, 0.20-1.27; P<.01 [model R?=.16]).

Participants with Na*/K* 22.5 were particularly more likely to have
high SBP compared with those with Na*/K* <2.5 (5.1% vs 2.3%; rel-
ative risk, 2.25 [95% Cl, 1.16-4.37]) (Figure 3). Even after multivari-
able adjustment, the mean SBP was 1.65 mm Hg higher in participants
with Na*/K* 22.5 than those with Na*/K* <2.5 (95% ClI, 0.35-2.93;
P=.01). Both Na*/K* and Na*/K* 2.5 were associated with increased
odds for high SBP after multivariable adjustment (Table 2). The mean
Na*/K* did not significantly differ between participants with normal
BP and those with high SBP (1.61 vs 1.90, P=.08).

3.4 | Obesity and dietary factors

Overall, 18.9% of the population was obese. Both the mean sodium
and potassium intake were lower among obese adolescents than
those with body mass index <95th percentile (sodium: 3094 mg/d vs
3347 mg/d, P=.002; potassium: 2121 mg/d vs 2284 mg/d, P=.003).
However, the mean Na*/K* did not differ between obese and non-
obese participants (1.60 vs 1.63, P=.51), and there were no differences
in the percentage of adolescents who reported sodium 27500 mg/d,
potassium <700 mg/d, or Na*/K* 22.5.

Among obese adolescents reporting sodium intake 27500 mg/d,
25.1% had high SBP(OR, 6.82;95% Cl, 1.77-26.27 [P=.006]). However,
there was no association between sodium intake 27500 mg/d and
high SBP among nonobese adolescents (OR, 1.85; 95% Cl, 0.36-9.57

[P=.46]). Conversely, potassium <700 mg/d was associated with

TABLE 1 Demographic and Clinical

Characteristic (";;rg:z! iE4PS71) (SZB.:V:;‘?::::;ment"e P Value Characteristic§ of US Adolescents Wi,th
Normal and High SBP (295th Percentile),
Age,y 13.5(12.6-14.2) 13.3(12.7-14.4) .56 NHANES 1999-2012
Men, % 50.5 50.3 97
Race, %
Mexican American 12.6 1138 .25
Other Hispanic 6.7 6.7
Non-Hispanic white 60.1 48.2
Non-Hispanic black 14.1 24.0
Other (including multiracial) 6.6 7.8
Obese, % 184 37.8 .006
Dietary sodium, mg/d 2974 (2153-4034) 2668 (2044-3710) .86
Dietary potassium, mg/d 2040 (1424-2873) 1916 (1227-2419) .09
Dietary sodium/potassium, 1.48(1.12-1.95) 1.57 (1.19-2.18) .08

mg/mg

Abbreviations: NHANES, National Health and Nutrition Examination Survey; SBP, systolic blood

pressure.
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TABLE 2 ORs for Dietary Factors and

Systolic Blood Pressure >95th Percentile Factor

Sodium, g/d

In (sodium, mg/d)
Sodium 27500 mg/d
Potassium, g/d

In (potassium, mg/d)

Potassium <700 mg/d

Potassium >2800 mg/d

Na*/K*
Na*/K* 22.5

Unadjusted OR

0.98 (0.80-1.20)
0.83(0.49-1.40)
2.87(0.95-8.69)
0.81 (0.60-1.08)
0.61(0.37-0.99)
3.30(1.12-9.75)
0.50(0.27-0.94)
1.48 (1.09-2.02)
2.32(1.15-4.66)

P Value

Adjusted OR®

1.01(0.82-1.23)
0.91 (0.53-1.55)
3.13(1.05-9.37)
0.84 (0.62-1.15)
0.65(0.38-1.14)
3.06 (0.94-9.99)
0.55(0.29-1.05)
1.49 (1.07-2.08)
2.30(1.11-4.73)

WILEY-%

P Value

.96
72
.04
27
13
.06
.07
.02
.03

Abbreviations: Na*/K*, sodium/potassium ratio; OR, odds ratio.
#Adjusted for race and obesity (body mass index >95th percentile).

increased odds for high SBP in nonobese adolescents (OR, 5.15; 95%
Cl, 1.61-16.51 [P=.006]) but not among those with body mass index
295th percentile (OR, 0.71; 95% Cl, 0.23-2.17 [P=.55]). Na*/K" 22.5
was associated with increased odds for high SBP among nonobese
participants (OR, 2.66; 95% Cl, 1.10-6.44 [P=.03]) but was nonsig-
nificant in the obese subgroup (OR, 1.87; 95% Cl, 0.79-4.42 [P=.15]).

3.5 | Overlap between dietary factors

Within the entire study population, 14.0% of participants had el-
evated dietary sodium intake (27500 mg/d), low potassium intake
(<700 mg/d), or elevated Na*/K* (22.5). Among those with SBP >95th
percentile, 24.8% had one of these three factors.

No participant reported both sodium intake 27500 mg/d and po-
tassium <700 mg/d. However, there was significant overlap between
the elevated sodium and low potassium groups and those with Na*/K*
22.5. Overall, 49.2% of participants with sodium 27500 mg/d or potas-
sium <700 mg/d also had Na*/K* >2.5. Considering only participants
with high SBP, 55.7% of those reporting sodium intake 27500 mg/d
also had Na*/K* 22.5, while 94.5% of those reporting potassium intake
<700 mg/d had elevated Na*/K* (22.5). Venn diagrams demonstrating
the overlap of these three dietary factors are shown in Figures 4 and 5.

4 | DISCUSSION

In this nationally representative study of young adolescents, both
excessive dietary sodium and limited dietary potassium were distinct
risk factors for SBP 295th percentile. These findings support the sub-
stantial and still-growing body of evidence indicating that both higher
sodium and lower potassium intake are associated with high BP.
Using a single 24-hour dietary recall, only extreme levels of sodium
or potassium intake were associated with SBP 295th percentile. When
considered individually, only adolescents consuming 27500 mg/d of
sodium or <700 mg/d of potassium had increased odds for high SBP.
These thresholds were heavily influenced by the presence of obesity:
high sodium diets were only associated with high SBP among obese

participants, while low potassium was associated with high SBP only

All Participants

K* <700
3.8%)

Na* >7500
(2.7%) —

Na'/K'=>2.5 Other Na* and K* intake
(10.7%) T— 86%

FIGURE 4 Venn diagram demonstrating the intersection of
dietary factors among all study participants. K" indicates potassium
(mg/d); Na*, sodium (mg/d); Na*/K*, sodium/potassium ratio

SBP >95% Percentile
Na™ 27500 K* <700
(7%) o (11%)

6%

Other Na* and K* intake
75.2%

Na'/K* 2.5
(21.1%) —_—

FIGURE 5 Venn diagram demonstrating the intersection of
dietary factors among study participants with systolic blood pressure
>95th percentile. K* indicates potassium (mg/d); Na*, sodium (mg/d);
Na*/K*, sodium/potassium ratio

among nonobese adolescents. However, adolescents who consumed
an excess of sodium relative to potassium (Na*/K* 22.5 mg/mg) were

more likely to have high SBP. The relationship between Na*/K* and
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SBP was linear and persisted even with multivariable adjustment, sug-
gesting that the balance between sodium and potassium intake—rather
than sodium or potassium per se—may be more useful in explaining BP
in this population.

This is the first study of pediatric patients using nationally repre-
sentative data to demonstrate an association between Na*/K* and el-
evated BP. Notably, the effect magnitude in US adolescents is nearly
identical to that seen in a multinational study of over 100 000 adults,
in which every 1-unit increase in urinary Na*/K* was associated with
an increase in SBP by 0.7 mm Hg.'° A similar effect was seen in 3303
patients aged 30 to 65 years in the Dallas Heart Study, in which each
1-unit increase in urinary sodium-potassium was associated with an
approximate 0.5-mm Hg increase in sBp.tt

Data on how sodium and potassium balance impact BP in pediat-
ric patients are more limited. Numerous studies have evaluated the
effect of dietary sodium on BP. Although a recent meta-analysis of
nine controlled trials in children and adolescents indicated that reduc-
ing sodium intake lowered SBP by 0.84 mm Hg, four of the included

trials found no change in Bp,12:15

while two did not assess potassium
intake.'®!” However, in a longitudinal study of over 2000 adolescent
girls with 10 years of follow-up, sodium intake 23500 mg/d had no
adverse effect on BP; however, higher potassium intake was associ-
ated with lower BP.*8 Similarly, in a randomized trial, adolescents who
received a Dietary Approaches to Stop Hypertension (DASH)'?-type
diet had greater improvement in SBP compared with those who re-
ceived standard care. Notably, although sodium intake did not change,
potassium intake increased with the DASH-type intervention.?°

Taken together, these results may suggest a more significant role
for potassium or sodium-potassium balance in the pathogenesis of
hypertension in young patients. Indeed, in human experiments, po-
tassium depletion consistently leads to sodium retention and higher
BP,>?%?2 and numerous epidemiological and experimental observa-
tions have demonstrated a beneficial effect of potassium intake on BP
and cardiovascular outcomes.” A thorough discussion of the potential
mechanisms underlying these observations is beyond the scope of this
article and has been expertly reviewed elsewhere.?*?> While multiple
hypotheses exist, a substantial body of evidence supports a primary role
for endothelial dysfunction in salt-sensitive hypertension. Excessive
sodium intake promotes lymphangiogenesis and increased production
of transforming growth factor B, but addition of potassium inhibits the
production of transforming growth factor p and promotes the release of
endothelial nitric oxide.26?’

If validated prospectively, these findings could have significant
public policy implications. Currently, sodium intake among American
adolescents significantly exceeds recommendations. While expert
guidelines8 endorse reducing sodium intake to 1.2 g/d in children aged
4 to 8 years and 1.5 g/d in older children, the median sodium intake in
this nationally representative sample was 2966 mg/d; only 27.2% of
12- to 14-year-olds achieved the recommended sodium intake. Even
among at-risk patients in a clinical setting, long-term sodium reduc-
tion is not easily achieved. In a randomized trial involving young ad-
olescents with elevated BP, boys randomized to receive a 70-mmol/d

(1610 mg/d) sodium diet had no decrease in either sodium intake or

BP over 3 years, despite intensive education and frequent counseling
by a nutritionist.?®

Notably, an even smaller number of adolescents (4.2%) achieved
the US Department of Agriculture’s recommended daily potassium in-
take of 4500 mg/d to 4700 mg/d.?’ However, the threshold at which
potassium intake was associated with elevated BP was well below this
amount, and could be exceeded easily with simple dietary changes. For
example, consuming two bananas, one baked potato, or a single cup of
tomato sauce or black beans would be sufficient to provide more than
700 mg/d of potassium. Given the well-studied relationship between
dietary sodium and hypertension, substantial public investment has
been made in the efforts to reduce sodium intake.**® While further
study is required, if increased potassium is in fact protective against
sodium excess, then it is possible that efforts to increase potassium

intake or lower the Na*/K* may also have a public health benefit.

4.1 | Limitations

There are several important limitations of this study. First, while na-
tionally representative, NHANES data are cross-sectional. It is not
possible to determine whether sodium or potassium intake caused
elevated BP.

Second, BP was evaluated at a single physical examination, rather
than the three or more required to diagnose hypertension.® While it
is possible that elevations in BP were transient, adolescents with an
elevated BP on even a single occasion have an increased likelihood of
31 or adulthood.®?

Third, in NHANES, nutrient intake is evaluated using a memory-

developing hypertension in later adolescence

based assessment in a structured interview. While this method has been
carefully characterized and validated,”®® estimates of sodium and po-
tassium intake obtained by dietary recall vary from sodium and potas-
sium intake measured by 24-hour urine excretion.®* Additionally, caloric
intake may be underreported, especially by participants who are over-
weight or obese.®> This is likely to reduce estimates of dietary sodium in-
take, as there is a strong correlation between caloric and sodium intake.

Finally, we evaluated sodium and potassium intake only in the
24 hours preceding the measurement of BP. Because there is signif-
icant within-person day-to-day variability in sodium and potassium
consumption, accurately determining an individual's average intake
may require 7 to 14 days of evaluation.® Although elevated BP was
temporally associated with the sodium and potassium levels reported,
it is unclear whether these represent long-standing dietary patterns.
However, use of 24-hour dietary recall has practical advantages: if
validated, these thresholds could be used to provide targeted dietary

recommendations in the clinical setting.

5 | CONCLUSIONS

In a nationally representative cross-sectional sample of US adolescents
aged 12 to 14 years, elevated dietary sodium, decreased dietary potas-
sium, and an elevated Na*/K" were all associated with high SBP. These
findings support the hypothesis that the balance between sodium and
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potassium intake is relevant in the pathogenesis of primary hyperten-

sion. Further study is warranted to elucidate the mechanisms underlying

these findings and determine their utility as therapeutic targets.
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