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The potential cost-effectiveness and feasibility of dietary interventions aimed at reducing hypertension risk are of considerable interest and
significance in public health. In particular, the effectiveness of restricted sodium or increased potassium intake on mitigating hypertension risk
has been demonstrated in clinical and observational research. The role that modified sodium or potassium intake plays in influencing the renin-
angiotensin system, arterial stiffness, and endothelial dysfunction remains of interest in current research. Up to the present date, no known
systematic review has examined whether the sodium-to-potassium ratio or either sodium or potassium alone is more strongly associated with
blood pressure and related factors, including the renin-angiotensin system, arterial stiffness, the augmentation index, and endothelial
dysfunction, in humans. This article presents a systematic review and synthesis of the randomized controlled trials and observational research
related to this issue. The main findings show that, among the randomized controlled trials reviewed, the sodium-to-potassium ratio appears to
be more strongly associated with blood pressure outcomes than either sodium or potassium alone in hypertensive adult populations. Recent
data from the observational studies reviewed provide additional support for the sodium-to-potassium ratio as a superior metric to either sodium
or potassium alone in the evaluation of blood pressure outcomes and incident hypertension. It remains unclear whether this is true in
normotensive populations and in children and for related outcomes including the renin-angiotensin system, arterial stiffness, the augmentation

index, and endothelial dysfunction. Future study in these populations is warranted. Adv Nutr 2014;5:712-741.

Introduction

High blood pressure, also known as hypertension, is 1 of the
most well-known major risk factors for cardiovascular dis-
ease (CVD)® and stroke (1). Estimates reported by the
American Heart Association indicate that in 2007-2010,
33% of all adults aged =20 y in the United States (i.e.,
78,000,000) had hypertension (2). According to the Ameri-
can Heart Association, prevalence estimates for hyperten-
sion are comparable between men and women, are highest
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among African Americans (44%), and show that only 53%
of all hypertensive adults have their blood pressure under
control (2). Given the established relation between hyper-
tension and CVD and stroke, 2 leading causes of morbidity
and mortality worldwide, it is critical that simple yet effec-
tive interventions for reducing blood pressure be identified.
Potentially relevant indicators of CVD and stroke risk also
include the renin-angiotensin system (3,4), arterial stiffness
(5) and the augmentation index (6), and endothelial dys-
function (7).

Dietary interventions, in particular those based on sodium
or potassium intakes, have demonstrated their ability to re-
duce blood pressure in humans. For example, the Dietary Ap-
proaches to Stop Hypertension (DASH) diet, a U.S.-based
multicenter randomized controlled trial (RCT), showed that
a high-potassium and high-calcium dietary intervention was
associated with significantly reduced mean blood pressure at
low, intermediate, and high sodium intakes compared with
the control diet (8). Two recently published meta-analyses re-
ported that lower sodium intake resulted in lower levels of
blood pressure (9,10), whereas a third meta-analysis reported
that higher potassium consumption was associated with a
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reduction in blood pressure in hypertensive populations only
(11). Several mechanisms exist by which sodium and potas-
sium can influence blood pressure, and evidence indicates
that the interaction between these nutrients plays a dominant
role in the development of primary hypertension (12). Specif-
ically, diets characteristic of the modern Western diet—which
is high in sodium and low in potassium—produce a biologic
interaction with the kidneys, resulting in excessive sodium and
insufficient potassium concentrations in the human body;
these biologic changes result in vascular smooth muscle cell
contraction, followed by an increase in peripheral vascular re-
sistance and higher blood pressure, and finally hypertension
(12). The influence of sodium or potassium intake on the
renin-angiotensin system, arterial stiffness, and endothelial
dysfunction remains under study (12,13).

The joint effects of low sodium and high potassium in-
takes on blood pressure, hypertension, and related factors
may be larger than the effects of either sodium or potassium
alone (8,14). Up to the present date, no known systematic
review has been undertaken to determine if the sodium-
to-potassium ratio is more strongly associated with blood
pressure and related risk factors for CVD than either sodium
or potassium alone. The goal of this review was to systemat-
ically evaluate and synthesize RCTs and observational re-
search on this issue, to identify the current research gaps,
and to make research recommendations on the basis of
the published data regarding the evaluation of these deter-
minants for blood pressure and related factors.

Methods

Literature search. A literature search was performed in PubMed for pub-
lications through 21 August 2014. Citations were limited to those pub-
lished in English; no other search limits were implemented. The search
string referenced sodium, potassium, the sodium-to-potassium ratio,
and the cardiovascular variables of interest (blood pressure, hypertension,
the renin-angiotensin system, arterial stiffness, the augmentation index,
and endothelial dysfunction).

The primary level of screening included a review of all titles and ab-
stracts for relevance. A full-text review was performed on all studies not ex-
cluded at the primary level of screening to identify relevant studies. A
supplementary literature search of the reference lists of all relevant studies
with primary data and any pertinent review articles and meta-analyses
was performed to identify eligible studies not retrieved through the initial
PubMed query.

All RCTs regardless of publication date underwent a full-text review,
whereas only observational studies, reviews, and meta-analyses published
subsequent to 1999 were considered for full-text review. This approach
was taken assuming that reviews and meta-analyses published within the
past 15 y would capture all of the available literature published before
2000, and therefore only the most recent observational studies were of in-
terest (published in 2000 to the present).

Eligibility. Studies were eligible if they examined and reported on the re-
lation between the sodium-to-potassium ratio or sodium or potassium
alone and blood pressure, hypertension, endothelial dysfunction, arterial
stiffness, the augmentation index, or the renin-angiotensin system, or a
combination of these outcomes, in children and/or adults without acute
illness. Studies were included even if they examined only the sodium-
to-potassium ratio, mainly to provide additional information on the
strength of associations with the outcomes of interest, even though these
studies could not compare the relative strength of association between
the ratio and the individual nutrients. Duplicate study populations were

eligible if the studies reported unique findings; otherwise, the study with
the most comprehensive and current results was included. RCTs were eligi-
ble if at least 1 group of participants was allocated to an intervention that
strictly modified both sodium and potassium intakes and 1 group was allo-
cated to a usual diet or a diet involving modification of either sodium or
potassium alone. Dietary pattern evaluations were also eligible [e.g., the
DASH diet (8)]. If concomitant interventions were examined (e.g., pharma-
cologic drugs), only studies that administered those interventions to all
study groups were eligible.

Qualitative assessment. All studies were qualitatively examined on the basis
of their study design, geographic location, study duration, population de-
mographic characteristics, baseline hypertensive status (or hypertension
prevalence in the case of cross-sectional studies), other medically relevant
conditions or behaviors (e.g., smoking), sample size, blinding (double, sin-
gle, or neither), urinary exposure assessment (e.g., 24-h or first-void urine
collection), dietary intake measurement (e.g., 24-h dietary recall or food
weighing) and frequency, the nutrient database relied upon (e.g., food com-
position tables or the USDA Survey Nutrient Database), details on the inter-
vention and control groups, the outcome or outcomes evaluated, whether
the study examined sodium or potassium alone in addition to their ratio,
the estimated exposure-outcome associations, and the control of potential
confounders in observational studies.

Results

Twenty-two cross-sectional studies (15-36), 1 observational co-
hort study (37), and 18 RCTs [conducted in 13 hypertensive
populations (38-50), 1 prehypertensive/hypertensive population
(8), and 4 normotensive populations (50-53)] were included in
this review. Of note, classification of prehypertension status in the
DASH diet RCT was based on blood pressure >120/80 mm Hg.
All other study populations among the RCTs reviewed ex-
amined effects in hypertensive or normotensive populations
only. A flow diagram of the search strategy, including reasons
for exclusion, is presented in Figure 1.

Study characteristics of RCTs

Study characteristics for each of the 18 RCTs were examined
separately by hypertension status (Tables 1 and 2). One
crossover RCT included both hypertensive and normoten-
sive adults but reported the results by hypertension status
(50).

There were 7 parallel-arm RCTs (38,39,41,42,44,45,47)
and 6 crossover RCTs (40,43,46,48-50) conducted in hy-
pertensive populations only (Table 1). These RCTs en-
rolled subjects from Australia (41), Austria (49), India
(38), Italy (40,42,44,45), Japan (47), New Zealand (48),
The Netherlands (43), the United Kingdom (46,50), and
the United States (39). All RCTs included adults who were
at least 18 y of age. Sample sizes ranged from 9 (49) to
522 (39), with retention rates >89% (reported in 10
RCTs) (38,39,42,43,45-50). Six RCTs were conducted in
a double-blind fashion (39,40,42,43,45,46), 2 RCTs were
single-blind (physician or study staff) (38,50), 4 RCTs
were not blind due to the nature of the intervention
(41,44,48,49), and 1 RCT did not report on blinding (47).
Study durations ranged from 6 to 180 d in the parallel-arm
RCTs (39,47) and from 14 to 84 d per intervention/control
period in the crossover RCTs. All but 1 RCT (38) in hyper-
tensive subjects examined the excretion of sodium and po-
tassium with the use of 24-h urine specimens. Methods for
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FIGURE 1 Flow diagram of the literature
search strategy. RCT, randomized controlled
trial.

Records identified through initial
PubMed query
(n=2049)

A4

Full-text articles assessed for eligibility
(n=101)

\ 4

Records excluded based on titles
and abstract giving no mention of
the Na/K ratio or based on
irrelevance to review
(n =1948)

l

Eligible studies identified from initial
PubMed query
(n=28)

}

Eligible studies from supplementary
literature search of the reference lists
pertaining to the eligible studies from

the initial query
(n=12)

!

22 cross-sectional studies, 1
observational cohort study, and 18
trials (1 RCT by Parfrey et al. (50)

reported stratified results by

hypertension status, i.e., 2 RCTs in 1
publication) included in qualitative
assessment
(n = 41 study populations)

Records excluded if not a relevant
clinical trial or not a relevant
observational study/review/meta-
analysis published after 1999
(n=73)

measuring dietary intake varied among the few RCTs that
reported this information (38,39,41), and only 2 RCTs in
hypertensive subjects reported the use of food composition
tables (38,41); information on the nutrient database was
not reported in the remaining RCTs (Table 1). Six RCTs
in hypertensive populations examined blood pressure out-
comes only (38,39,41,42,44,49), whereas 7 examined both
blood pressure outcomes and renin-angiotensin variables
(40,43,45-48,50). None of the RCTs in hypertensive popu-
lations examined arterial stiffness, the augmentation index,
or endothelial dysfunction.

One single-blind RCT was conducted in 412 prehypertensive
and hypertensive adults combined (Table 1) (8). Fewer than
half (41%) of all subjects assigned to each of the DASH and
control diets—the former being a diet rich in fruits, vegeta-
bles, and low-fat dairy products, and the latter being a typ-
ical American diet—were hypertensive (defined by average
blood pressure of 140/90-159/95 mm Hg during 3 screening
visits). Participants were randomly assigned to follow the
DASH or control diet based on a parallel-group design,
and then consumed their assigned diet at each of 3 sodium
amounts (high, intermediate, or low) for 30 successive days
in random sequence based on a crossover design. Retention
rates in both diet groups exceeded 93%. Urinary excretions
and dietary intakes of sodium and potassium were measured
by using 24-h urine collections and daily food records,
respectively, and chemical analyses were performed to
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examine the nutrient composition of both diets. Systolic
and diastolic blood pressure outcomes were evaluated
(Table 1).

All 4 RCTs conducted in normotensive populations only
were designed as crossover studies (Table 2) (50-53). These
RCTs enrolled normotensive subjects from Austria (52),
Scotland (53), and the United Kingdom (50,51). Ages ranged
from 20 to 47 y, and sample sizes ranged from 8 to 28 sub-
jects. RCTs had a retention rate of 100%. Only 1 RCT was
performed as a single-blind study (study staff) (50); the re-
maining 3 RCTs were not blind due to the nature of the in-
tervention (51-53). Intervention and control periods across
RCTs ranged from 5 to 84 d (50,53). All 4 RCTs evaluated
urinary excretions of sodium and potassium by using 24-h
urine collections. Dietary intake measurements and nutrient
databases were not reported. One RCT examined blood
pressure outcomes only (51), whereas the remaining RCTs
reported on renin-angiotensin variables in addition to blood
pressure outcomes (50,52,53). None of the RCTs in normo-
tensive populations examined arterial stiffness, the augmen-
tation index, or endothelial dysfunction.

Findings on the sodium-to-potassium ratio, blood
pressure, and related outcomes in RCTs

Hypertensive populations/DASH diet RCT. Six of the 13
RCTs conducted in hypertensive populations only and pub-
lished over the span of 12 y (1981-1993) reported that the
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sodium-to-potassium ratio was more strongly associated
with blood pressure outcomes in adults than either sodium
or potassium alone (Table 3) (41-43,45,47,50). The findings
reported in the 2001 DASH diet study provide additional
support that the sodium-to-potassium ratio is more strongly
associated with blood pressure outcomes than either nutrient
alone among prehypertensive and hypertensive partici-
pants combined (8). Three RCTs in hypertensive popula-
tions did not detect such a difference (44,46,49), whereas
4 others found mixed results comparing a low-sodium/
high-potassium diet (38—40) or regimens in which either
sodium or potassium intakes were modified with a usual
diet (48). The 7 RCTs that favored the sodium-to-potassium
ratio over sodium or potassium alone are discussed first in
this section.

One study examined the effect of potassium chloride
(KCl) supplementation on mean blood pressure and plasma
renin activity (PRA) in 23 sodium-loaded subjects from
Japan with idiopathic hypertension (mean age: 49 y), and
concluded that the natriuresis brought on by KCl supple-
mentation may have affected, among other factors, the
renin-angiotensin system, thereby resulting in the observed
reduction in mean blood pressure (47). More specifically,
subjects were maintained on their “normal sodium” diet
[165 mmol sodium chloride (NaCl)/d] during the first 3 d
of the RCT. Subjects were administered 40 mg furosemide
i.v. on day 4 and then placed on a “low sodium” diet
(25 mmol NaCl/d) for 3 d. Then, to investigate the influence
of short-term KCI supplementation on the increase in
blood pressure induced by high NaCl, subjects were di-
vided into 2 groups and administered 250 mmol NaCl/d
(“high sodium”) or 96 mmol KCl/d in addition to the high-
sodium diet on days 7-12 (mean Na:K ratio = 2.60). The
results showed that PRA was significantly greater in the
KCl-supplemented subjects given a high-sodium diet than
in the non—KCl-supplemented subjects consuming the high-
sodium diet (1.30 vs. 0.88 pg - L' - h™", respectively), and
a significantly reduced mean blood pressure was reported in
the KCl-supplemented subjects (—3.5 = 1.6 mm Hg), whereas
the opposite was observed in the non—KCl-supplemented sub-
jects (+10.0 = 2.0 mm Hg) (47).

A second and larger RCT in The Netherlands reported
that moderate sodium restriction coupled with a high potas-
sium intake (mean sodium-to-potassium ratio = 0.53) re-
sulted in a greater blood pressure reduction than moderate
restriction of sodium alone (mean Na:K ratio = 1.68) in
40 hypertensive subjects (mean age: 24 y) over a 6-wk period
(Table 3) (43). No significant results were reported for plasma
renin, leading the authors to conclude that the observed
reduction in blood pressure was not mediated by this hormone.
These results are supported by 2 earlier and smaller studies from
Western Europe (Table 3) (45,50).

The remaining 2 RCTs in hypertensive populations that
provide support for the sodium-to-potassium ratio as a
superior metric in the evaluation of blood pressure out-
comes were large in study size and conducted more re-
cently than the other RCTs (Table 3) (41,42). Suppa et al.
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(42) conducted a double-blind, 4-wk RCT in 358 hyper-
tensive subjects [322 subjects (90%) completed the study]
and reported that those randomly assigned to receive die-
tary salt (34 mmol Na/d, 19.3 mmol K/d as 4 g/d NaCl
50%, KCl 25%, potassium citrate 15%; mean Na:K ratio =
2.50), which was added to subjects’ food at lunch and
dinner, exhibited greater systolic and diastolic blood pres-
sure reductions (which were significant and not signifi-
cant, respectively) than subjects administered common
salt (4 g/d 100% NaCl; mean Na:K ratio = 2.94) at lunch
and dinner. All subjects in this study were also treated
with a B-blocker for 4 wk before and concomitantly with
dietary intervention. Nowson and Morgan (41) randomly
assigned 108 subjects to 1 of 4 interventions: the control
group (usual diet; mean Na:K ratio = 2.38), a high-potassium
diet (120 mmol K/d; mean Na:K ratio = 1.67), a low-sodium
diet (50-70 mmol Na/d with minimal alteration in potassium
intake; mean Na:K ratio = 1.29), and a low-sodium/high-
potassium diet (50—70 mmol Na/d and at least 120 mmol K/d;
mean Na:K ratio = 0.95). Subjects were followed for 12 wk.
The authors reported that the “best predictor” for the reduc-
tion in diastolic blood pressure was the sodium-to-potassium
ratio, which was lowest in the low-sodium/high-potassium
diet group.

One additional RCT included in this review offers support
that the joint effects on blood pressure from a low sodium in-
take in conjunction with the DASH diet, which is high in po-
tassium and other nutrients, are larger than the effects of
either intervention alone (Table 3) (8). Blood pressure out-
comes in DASH were examined in 412 prehypertensive
and hypertensive adults randomly assigned to 1 of 6 sodium-
diet groups as follows: a high-sodium plus DASH diet
(144 mmol Na/d and 75 mmol K/d; mean Na:K ratio =
1.92), an intermediate-sodium plus DASH diet (107 mmol Na/d
and 81 mmol K/d; mean Na:K ratio = 1.32), a low-sodium
plus DASH diet (67 mmol Na/d and 81 mmol K/d; mean Na:K
ratio = 0.83), a high-sodium plus control diet (141 mmol Na/d
and 40 mmol K/d; mean Na:K ratio = 3.53), an intermediate-
sodium plus control diet (106 mmol Na/d and 41 mmol K/d;
mean Na:K ratio = 2.59), and a low-sodium plus control
diet (64 mmol Na/d and 42 mmol K/d; mean Na:K ratio =
1.52). Sacks et al. (8) reported that in comparison with
the high-sodium plus control diet, the largest difference
in mean systolic blood pressure—7.1 mm Hg lower in
prehypertensive participants and 11.5 mm Hg lower in hy-
pertensive subjects—was observed with the low-sodium
plus DASH diet. In the overall study population combined
(i.e., prehypertensive/hypertensive subjects), the DASH
diet resulted in a significantly reduced systolic blood pres-
sure at each sodium amount compared with the control
diet, and it also resulted in a significantly lower diastolic
blood pressure at the high and intermediate sodium
amounts.

Three RCTs performed in hypertensive populations did
not find that the sodium-to-potassium ratio was more
strongly associated with blood pressure outcomes in adults
than sodium alone (Table 3) (44,46,49). Two of these studies
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in particular suggested that a threshold for potassium intake
may be necessary given a modest restriction in sodium
intake (70 or 80 mmol Na/d corresponding to 64 mmol KCl/d
or 120 mmol K/d, respectively, in both RCTs) (46,49). These
studies, however, were limited in sample size [Smith et al.
(46) and Skrabal et al. (49) reported on 20 and 21 hyperten-
sive subjects, respectively], giving them low statistical power
to detect any differences in outcomes, if present, between
intervention groups. The potassium intake in 1 study
specifically may have been too low to identify any mean-
ingful effect as well (46). The third study reported no sig-
nificant between-group reductions in blood pressure
after a 6-wk period in 119 hypertensive men and women
randomly assigned to receive either a low-sodium diet
(intake per day was not reported) or moderate sodium re-
striction combined with a low-sodium/high-potassium
diet (17.1 mmol Na/d, 9.64 mmol K/d added each day to
food; mean Na:K ratio >2.35) (44). Twenty-four-hour uri-
nary potassium excretion increased in the low-sodium/
high-potassium group but not in the low-sodium group.
Despite the blood pressure reductions observed in both
groups, no significant between-group effects were reported.
The dietary interventions were administered after subjects
had been receiving pharmacologic treatment for 4 wk, at
which point a moderate reduction in mean blood pressure
was observed (from 165.0-168.9/105.6—105.9 to 145.2—
149.0/91.8-94.6 mm Hg); as a result, the antihypertensive
effects observed could not be attributed to the dietary inter-
ventions under study (Table 3). Likewise, it is unclear from
this study whether the lack of a difference in outcomes be-
tween dietary intervention groups is related in part to the
prior pharmacologic treatment of subjects. One other, larger
RCT reviewed was designed to evaluate dietary interventions
as ancillary treatment and reported significant blood pres-
sure reductions (primarily systolic) between dietary inter-
ventions after a 4-wk period (42).

Four RCTs in hypertensive subjects that reported on the
effects of the sodium-to-potassium ratio compared a low-
sodium/high-potassium diet (38—40), or regimens where ei-
ther sodium or potassium intakes were modified (48), with
a control group who consumed a usual diet (Table 3). The
single multicenter RCT conducted in the United States
(39), which was based on the Trial of Antihypertensive In-
terventions and Management and is the largest study in-
cluded in this review, randomly assigned hypertensive
men and women to a low-sodium/high-potassium diet
[n = 258; 52-100 mmol Na/d (mean: 87 mmol/d); 62-115
mmol K/d (mean: 103 mmol/d); mean Na:K ratio = 0.84],
a weight-loss group (n = 265; not relevant for the present
review), or to a control group who consumed a usual diet
(n = 264; mean Na:K ratio was not reported and unable to
be calculated). All subjects received the same combination
of pharmacologic medication at randomization; there-
fore, the only difference between groups was the dietary
intervention. No significant differences in diastolic blood
pressure levels were reported between the low-sodium/
high-potassium and usual-diet groups at the 6-mo follow-up,
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with the authors reporting that dietary intervention under-
performed compared with pharmacologic treatment. The
authors reported, however, that subjects assigned to the
low-sodium/high-potassium diet attained only a moderate
reduction in sodium intake/excretion and exhibited a very
small alteration in potassium intake/excretion during the
study (39). All analyses were conducted on the basis of
an intention-to-treat approach. A small crossover RCT
in 12 subjects from New Zealand (48) that examined blood
pressure outcomes and renin-angiotensin variables over a
4- to 6-wk period reported very small changes in the blood
pressure outcomes evaluated. In this study, the 2 dietary in-
terventions (Na-restricted: 80 mmol Na/d, 60 mmol K/d,
mean NaK ratio = 1.33; high-K-supplemented: 180 mmol
Na/d, 200 mmol K/d, mean Na:K ratio = 0.90) were compared
with a usual diet (180 mmol Na/d, 60 mmol K/d; mean Na:K
ratio = 3.00). An increase in PRA was observed in some
patients, but not all. The Trial of Antihypertensive Interven-
tions and Management results contrast with those re-
ported from a crossover RCT in Italy in 60 hypertensive
men and women who underwent an experimental 14-d
period consisting of a low-sodium/high-potassium diet
(100 mmol Na/d, 130 mmol K/d; mean Na:K ratio =
0.86) as well as a 14-d control period that consisted of
the usual diet (160 mmol Na/d, 80 mmol K/d; mean Na:K
ratio = 2.29) (40). In this study, the low-sodium/high-potassium
diet resulted in a significant reduction in both systolic and
diastolic blood pressures (—17 and —6 mm Hg, respectively)
compared with the usual diet. Finally, a single-blind, 4-wk
study conducted in India by Singh et al. (38) randomly as-
signed 145 hypertensive subjects to receive either a potas-
sium-rich diet containing guava fruit in a “food to eat”
approach with sodium restriction (0.5-1.0 kg/d of guava fruit,
5-10 g/d salt intake; mean Na:K ratio = 1.5) or to a control
group consisting of a usual diet with no guava fruit and
sodium restriction (usual diet, 5-10 g/d salt intake; mean
Na:K ratio = 4.7). The authors reported that the increased po-
tassium intakes and low sodium-to-potassium ratio in the in-
tervention group resulted in significant reductions in both
systolic and diastolic blood pressures (—7.5 and —8.5 mm Hg,
respectively) than the control group.

Normotensive populations. Among 4 crossover RCTs in
normotensive populations that were published over 5 y
(1980-1985), only 1 reported that the sodium-to-potassium
ratio was more strongly associated with blood pressure out-
comes than either sodium or potassium alone (n = 20 sub-
jects; age range: 21-25 y; Table 3) (52). In this RCT, 3 14-d
experimental periods were compared with a 14-d control
period that consisted of a usual diet (200 mmol Na/d,
80 mmol K/d; mean NaK ratio = 2.95). The high-
potassium diet consisted of 200 mmol Na/d and 200 mmol K/d
(mean Na:K ratio = 1.34), the low-sodium diet consisted
of 50 mmol Na/d and 80 mmol K/d (mean Na:K ratio =
0.62), and the low-sodium/high-potassium diet consisted
of 50 mmol Na/d and 200 mmol K/d (mean Na:K ratio =
0.16). The authors reported that the greatest beneficial effect



on blood pressure outcomes occurred in the low-sodium/
high-potassium diet intervention compared with the control,
and that 4 regulatory systems for blood pressure including the
renin-angiotensin system, the aldosterone system, the sym-
pathetic nervous system, and the baroreceptor reflex were
positively affected by the combined effect of a low-sodium and
high-potassium diet (52). Two additional studies conducted in
normotensive populations reported no effect of low sodium
combined with high potassium intakes (50,51). The fourth
crossover RCT conducted in 10 men (age range: 20-29 y)
in Scotland reported no significant differences between a
fixed 5-d sodium/potassium diet (mean: 145 mmol Na/d
and 76 mmol K/d) and a 5-d control period consisting of
a usual diet, although this small study had limited statistical
power to detect any significant difference (53).

Summary of findings from RCTs

Hpypertensive populations/DASH diet RCT. In summary,
7 RCTs from Australia, Italy, Japan, The Netherlands, the
United Kingdom, and the United States that were conducted
in hypertensive or prehypertensive/hypertensive popula-
tions supported the sodium-to-potassium ratio as being
more strongly associated with blood pressure outcomes
than either sodium or potassium alone (8,41-43,45,47,50).
Four of these studies were large RCTs that followed sub-
jects for at least 4 wk (8,41-43). Methodologic heteroge-
neity across these RCTs is evident on the basis of the
study durations and the different sodium and potassium
intakes examined. A paucity of information on dietary intake
measurements and the nutrient databases used is apparent;
however, each of these RCTs used the gold-standard method
for assessing sodium and potassium intakes via the collection
of 24-h urine specimens. In addition, some RCTs described
plausible techniques for maintaining subject blinding [e.g.,
use of salt packets composed of different electrolyte contents
(40)], although variation across RCTs by the level of blinding
was evident.

The RCTs that did not provide support for the sodium-
to-potassium ratio as being more strongly associated with
blood pressure outcomes than either sodium or potassium
alone were small in study size (46,49) or evaluated the dietary
interventions as ancillary treatment and reported no signifi-
cant difference between dietary interventions (44). Addition-
ally, no conclusion regarding the sodium-to-potassium ratio
as a better determinant of blood pressure outcomes than
either sodium or potassium alone can be drawn from studies
comparing a low-sodium/high-potassium diet with a usual
diet (38—40).

Mixed results based on a small number of studies were
identified regarding dietary intervention effects on the renin-
angiotensin system. As a result, no firm conclusion regarding
the effects of the sodium-to-potassium ratio on this blood
pressure regulatory system can be made. Other risk factors
for CVD, including arterial stiffness, the augmentation in-
dex, and endothelial dysfunction, were not examined in the
reviewed studies.

Normotensive populations. Only 1 crossover RCT con-
ducted in a normotensive population supports the sodium-
to-potassium ratio as being more strongly associated with
blood pressure outcomes, specifically, than either sodium
or potassium alone; this RCT, however, was based on
only 20 subjects who were followed for 2-wk intervention
or control periods (52). Overall, future study in larger pop-
ulations of normotensive adults, with longer study dura-
tions, may clarify the role of sodium and potassium in
determining blood pressure outcomes. However, given
that reducing blood pressure in normotensive adults is
not a public health priority, the utility of such dietary inter-
ventions in this group is questionable.

Study characteristics of observational cohort and
cross-sectional studies (2000 to present)

Only 1 observational cohort study was identified (Table 4)
(37). This ongoing, prospective, open-cohort study used
data from 16,869 participants aged 20-60 y in the China
Health and Nutrition Survey. Baseline data were collected
in 1989, and participants were followed up in 1991, 1993,
1997, 2000, 2004, 2006, and 2009. Only 10.4% of subjects
had hypertension at baseline. A proportion of previous par-
ticipants were sampled at each follow-up beginning in 1993;
this proportion ranged from 61% to 88% (37). Twenty-four-
hour urine specimens were collected for validation of dietary
intake data measured via 3 successive 24-h dietary recalls plus
food weighing at each survey. The Chinese Food Composi-
tion Table was used as the nutrient database. Incident hyper-
tension was evaluated in association with sodium intake,
potassium intake, and the sodium-to-potassium ratio over
the follow-up period.

Twenty-two cross-sectional studies were identified (Table 4)
(15-36). These studies were conducted in various countries in-
cluding Australia (19), Austria (33), China (22,24,26,28,29),
Egypt (31), Korea (34), Portugal (23), South Africa (15,18,21),
Spain (25), the United States (16,17,20,27,30), and Zimbabwe
(32). One cross-sectional study based on the PURE (Pro-
spective Urban Rural Epidemiology) cohort enrolled par-
ticipants from 667 communities in 18 income-diverse
countries on 5 continents (35). Another cross-sectional
study, the International Study of Macro/Micronutrients
and Blood Pressure (INTERMAP), included 17 population
samples across Japan, China, the United Kingdom, and the
United States (36). Sample sizes ranged from 69 (in a study
in children) (30) to 102,216 (in the INTERMAP study).
The only study conducted in children was located in the
United States (30). The prevalence of hypertension in
adult study populations ranged from ~20% (16,20,26)
to 64% (24). One study included only hypertensive sub-
jects (33). Reporting on the prevalence of important
risk factors including hyperlipidemia, diabetes, smoking,
and medication use was inconsistent, with several studies
not reporting these estimates or selectively reporting some
medically relevant risk factors but not others. Fourteen stud-
ies (15,17-19,21,23,24,26,29,31-33,35,36) examined urinary
exposure assessments of sodium and potassium excretion in
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association with the outcomes of interest, whereas the
other 8 studies (16,20,22,25,27,28,30,34) evaluated dietary
intake in relation to the outcomes of interest. Two studies
examined hypertension only (22,28), 6 studies examined
systolic and diastolic blood pressure only (15,30,33-36),
1 study evaluated systolic blood pressure only (31), 1 study
reported only on systolic blood pressure and hypertension
(32), and 7 studies reported on hypertension and systolic
and diastolic blood pressure outcomes (16,17,19,20,24—
26). The 5 remaining cross-sectional studies evaluated, in
addition to systolic and diastolic blood pressure, outcomes
related to the renin-angiotensin system (18), central hemo-
dynamics (21), pulse wave velocity (23), and pulse pressure
(21,27,29).

Findings on the sodium-to-potassium ratio, blood
pressure, and related outcomes in the observational
cohort and cross-sectional studies
Results on the sodium-to-potassium ratio as evaluated in the
observational cohort and cross-sectional studies are shown
in Table 5. In the ongoing open-cohort study with ~20 y
of follow-up, Du et al. (37) reported that the sodium-to-
potassium ratio was more strongly associated with incident
hypertension than either sodium or potassium alone, al-
though the strength of the association with the sodium-
to-potassium ratio varied significantly by geographic
region (Table 5). Eight of the 22 cross-sectional studies
identified, which derived from Australia, China, Portugal,
Spain, and multiple countries in the PURE study, reported
that the sodium-to-potassium ratio was more strongly asso-
ciated with hypertension and/or systolic and diastolic blood
pressure outcomes than either sodium or potassium alone
(Table 5) (19,22,23,25,26,28,29,35). Among these, Pdlonia
etal. (23) also evaluated arterial stiffness (via pulse wave veloc-
ity), but only in association with sodium intake. Additionally,
Kim et al. (34) reported a stronger association between the
sodium-to-potassium ratio and systolic and diastolic blood
pressure outcomes in Korean men but not women (Table 5).
Two cross-sectional studies did not find a stronger association
of the sodium-to-potassium ratio with blood pressure outcomes
than sodium or potassium alone (16,27), whereas the remaining
11 cross-sectional studies (15,17,18,20,21,23,30-33,36), in-
cluding the large INTERMAP study by Tzoulaki et al. (36),
did not evaluate both the ratio and the individual nutrients,
and therefore did not provide information on the relative
strength of their associations (Table 5). Given the limita-
tions of cross-sectional studies, described below, these re-
sults must be interpreted with caution.

Limitations of cross-sectional data

Cautious interpretation of the relation between the sodium-
to-potassium ratio and blood pressure and related outcomes
in cross-sectional studies is warranted. These data are lim-
ited by the assessment of nutrient intake and blood pressure
at the same point in time; consequently, cross-sectional
studies are unable to determine whether the exposure pre-
ceded the outcome. Because many or most hypertensive
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patients are counseled to reduce their sodium intake and
perhaps to increase their potassium intake, it is highly plau-
sible that hypertension could be associated with lower intake
of sodium and a lower sodium-to-potassium ratio due to re-
verse causality. Intake estimates based on dietary recall may
also underestimate typical sodium and potassium intakes
due to the exclusion or limited quantification of important
dietary sources such as table salt or supplements (16). As a
result, 24-h urine collections provide the optimal data
source for measuring sodium and potassium intakes in ob-
servational studies (54). Exposure misclassification may be
nondifferential due to knowledge of hypertension status at
the time of exposure assessment, thereby leading to bias ei-
ther away from or toward a null association, depending on
misclassification patterns. The adjustment for relevant con-
founders such as smoking and medically relevant conditions
varied considerably across studies as well; therefore, residual
and unmeasured confounding, an issue inherent in observa-
tional studies generally, limits the inferences that can be
made from these data. Nevertheless, the fact that 7 of 9
cross-sectional studies with relevant data found that the
sodium-to-potassium ratio was more strongly associated
with hypertension or blood pressure outcomes than so-
dium or potassium alone is consistent with findings from
the majority of relatively large RCTs reviewed with relevant
data.

Conclusions and Research Recommendations
In summary, this study aimed to systematically review the
literature to determine if the sodium-to-potassium ratio is
more strongly associated with blood pressure and related
risk factors for CVD in humans than either sodium or po-
tassium alone. This review found that the strongest support
for evaluating the relative predictive value of the sodium-to-
potassium ratio stemmed from 4 relatively large (40 subjects)
to large (>400 subjects) RCTs conducted in hypertensive or
prehypertensive/hypertensive adults, with follow-up periods
of =4 wk. The minority of RCTs that reported no beneficial
effect from low sodium combined with high potassium
intakes in hypertensive subjects derived from 2 small
RCTs (=21 subjects) and from 1 RCT that evaluated dietary
intervention as ancillary to pharmacologic treatment (no dif-
ferential between-group effects were reported). Beneficial ef-
fects from a low-sodium/high-potassium diet, thus leading to
a reduced sodium-to-potassium ratio, were predominantly
reported for blood pressure, with few studies reporting on
other related outcomes.

Future research on the sodium-to-potassium ratio and
blood pressure and related factors may be warranted to fill
some of the research gaps identified. No recent RCTs on
this topic have been published in the past 13 y, perhaps in
part because scientists and clinicians believe that important
questions in this area have already been answered. Indeed,
the authors of the DASH diet RCT reported that their find-
ings should put to rest the debate over the role of reduced
sodium intake for lowering blood pressure in persons with
prehypertension. The findings from this study, however,



may not be generalizable to populations outside the United
States. Additional research is warranted in populations out-
side the United States, especially those who mostly adhere to
a modern Western diet.

Other key public health questions remain to be ad-
dressed. For example, RCTs of long duration (e.g., =6 wk)
in hypertensive subjects could meaningfully contribute to
understanding of the effects of urinary and dietary sodium
and potassium and their ratio on CVD and all-cause mor-
tality (55). Because none of the RCTs included in the pre-
sent study examined arterial stiffness, the augmentation
index, or endothelial dysfunction, an assessment of these
cardiovascular variables in association with the sodium-
to-potassium ratio and sodium and potassium intakes alone
would also contribute new knowledge. In addition, very few
RCTs included in the present study considered outcomes per-
tinent to the renin-angiotensin system including PRA, plasma
renin concentration, plasma renin, and angiotensin II. A
focused evaluation of the renin-angiotensin system, and
an understanding of the variables most sensitive to the
sodium-to-potassium ratio (e.g., PRA vs. plasma renin con-
centration), would lend greater insight into the biologic path-
ways underlying the regulation of blood pressure and fluid
balance.

Only 1 observational cohort study was eligible for inclu-
sion in the present review. This study, set in China, found
that the sodium-to-potassium ratio was more strongly asso-
ciated with incident hypertension than either sodium or po-
tassium alone (37). Future observational cohort studies in
ethnically diverse populations should evaluate this question.
The incorporation of 24-h urinary sodium excretion, which
was lacking in the Du et al. (37) study, is needed.

This review identified a lack of scientific evaluation on
the effects of a low sodium-to-potassium ratio on blood
pressure and related cardiovascular variables in normoten-
sive populations. However, an abundance of data has in-
formed on the effects of reduced sodium intake alone on
blood pressure outcomes in normotensive subjects (10,56).
For example, a recent systematic Cochrane review and
meta-analysis on the effects of a low-sodium diet compared
with a high-sodium diet concluded that restriction of so-
dium intake resulted in a significant blood pressure reduc-
tion of 1% in normotensive subjects (56). Although the
public health importance of reducing blood pressure in nor-
motensive patients is unclear, identifying the additional ef-
fect, if any, of a low-sodium/high-potassium diet on blood
pressure outcomes in normotensive subjects could aid fu-
ture research and clinical recommendations for preventing
the onset of hypertension.

This review also identified a paucity of research in both
RCT and observational studies regarding the effects of a
low sodium-to-potassium ratio on blood pressure and re-
lated cardiovascular variables in children and adolescents.
Given that elevated blood pressure and primary hyperten-
sion are becoming more common in children and adoles-
cents (57), with potentially lifelong implications for risk of
CVD, chronic kidney disease, and overall life expectancy,

this is an area of high public health importance. Simple,
yet effective, dietary interventions for reducing high blood
pressure in children and adolescents require critical atten-
tion. Joint modification of reduced sodium consumption
and increased potassium intake in pediatric populations
can be a feasible and cost-effective approach in mitigating
premature hypertension; therefore, future research in
this area is warranted.
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