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The Salt Substitute and Stroke Study (SSaSS) demonstrated significant reductions in systolic blood pressure (SBP), and the risk of
stroke, major cardiovascular events and total mortality with the use of potassium-enriched salt. The contribution of sodium
reduction versus potassium increase to these effects is unknown. We identified four different data sources describing the

association between sodium reduction, potassium supplementation and change in SBP. We then fitted a series of models to

estimate the SBP reductions expected for the differences in sodium and potassium intake in SSaSS, derived from 24-h urine

collections. The proportions of the SBP reduction separately attributable to sodium reduction and potassium supplementation were
calculated. The observed SBP reduction in SSaSS was —3.3 mmHg with a corresponding mean 15.2 mmol reduction in 24-h sodium
excretion and a mean 20.6 mmol increase in 24-h potassium excretion. Assuming 90% of dietary sodium intake and 70% of dietary
potassium intake were excreted through urine, the models projected falls in SBP of between —1.67 (95% confidence interval: —4.06
to +0.73) mmHg and —5.33 (95% confidence interval: —8.58 to —2.08) mmHg. The estimated proportional contribution of sodium
reduction to the SBP fall ranged between 12 and 39% for the different models fitted. Sensitivity analyses assuming different

proportional urinary excretion of dietary sodium and potassium intake showed similar results. In every model, the majority of the
SBP lowering effect in SSaSS was estimated to be attributable to the increase in dietary potassium rather than the fall in dietary

sodium.

Journal of Human Hypertension; https://doi.org/10.1038/s41371-024-00896-4

INTRODUCTION

Excess dietary sodium consumption and inadequate dietary
potassium consumption are both associated with higher levels
of blood pressure [1]. Randomized trials that reduced dietary
sodium have clearly demonstrated blood pressure-lowering
effects [2], as have trials that supplemented potassium intake
[3]. Potassium-enriched salt that replaces a proportion of the
sodium chloride in regular salt with potassium chloride is an
effective and practical approach to blood pressure-lowering that
combines these effects [4].

A recent large-scale randomized trial, the Salt Substitute and
Stroke Study (SSaSS) [5], involving 20 995 participants in rural
China, demonstrated significant reductions in the risk of stroke
(14%, p =0.006), major cardiovascular events (13%, p <0.001)
and premature death (12%, p < 0.001) with potassium-enriched
salt compared to regular salt over five years [5]. The design of
SSaSS was premised on the joint blood pressure-lowering effects
of sodium reduction and potassium supplementation. A

minimum 3.0 mmHg lowering of systolic blood pressure with
potassium-enriched salt was assumed for the trial power
calculation, which was close to the 3.3 mmHg mean difference
observed in the trial. The corresponding effect size on clinical
outcomes was in line with the magnitude of systolic blood
pressure reduction based on a previous dose-response meta-
analysis of systolic blood pressure lowering and risk reduction of
cardiovascular diseases [6]. This implies the effect on clinical
outcomes of potassium-enriched salt was mediated through
blood pressure lowering.

Assessed by 24-h urinary excretion, the mean intake of sodium
was 187 mmol per day and the mean intake of potassium was
36 mmol per day at baseline [7]. The former is markedly higher
than the World Health Organization’s daily recommended intake
of 87 mmol [8] and the latter is markedly lower than the World
Health Organization’s daily recommended intake of 90 mmol [9].
About 90% of dietary sodium [10] and a more variable percent
(63-92%) of dietary potassium is excreted in the urine [11]. During
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Fig. 1 Flowchart illustrating data sources and main analytic approaches.

the trial, there was a mean reduction of 15.2 mmol for 24-h urinary
sodium excretion, a mean increase of 20.6 mmol for 24-h urinary
potassium excretion and a mean decrease of 3.3 mmHg for
systolic blood pressure in the potassium-enriched salt group
compared to the regular salt group [5].

The effects of sodium reduction and potassium supplementa-
tion on systolic blood pressure and, therefore, the clinical
outcomes in SSaSS were expected to be additive but may be
interdependent, with several studies suggesting interactions
[3, 12]. There has been considerable discussion regarding the
likely contribution of sodium reduction versus potassium supple-
mentation to the benefits observed in SSaSS [13]. The aim of this
study was to estimate the relative contribution of changes in
sodium and potassium observed in the SSaSS trial to the reduction
in systolic blood pressure and, by inference, the main study
outcomes.

MATERIALS AND METHODS

Briefly, we used the previously reported mean between-group differ-
ences in 24-h urinary sodium excretion and 24-h urinary potassium
excretion in the trial as a starting point. In SSaSS, urinary electrolytes
were measured on a sample of participants at baseline and at each year
of follow-up (sample size varied from 544 to 1986 participants).
Differences for each year were estimated using analysis of covariance
adjusted for clustering as a random intercept. Overall differences for the
entire study were estimated using a fixed effect inverse-variance-
weighted meta-analysis to pool the differences estimated at each year of
follow-up [5].

In this study, we employed multiple data sources describing the dose-
response relationship between sodium reduction and systolic blood
pressure change and between potassium increase and systolic blood
pressure change to estimate the magnitude of systolic blood pressure
reduction that might be expected for the observed changes in urinary
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sodium and potassium in SSaSS (Fig. 1). Estimates were made under
varying assumptions and compared to the observed change in systolic
blood pressure reported in the trial.

Data sources for estimating the dose-response relationship
between sodium, potassium and systolic blood pressure

We used four different data sources to quantify the dose-response
relationships between changes in sodium, potassium and systolic blood
pressure.

® Data source 1: Randomized trials of sodium reduction - we extracted
data from our previously published systematic review and meta-
analysis that quantified the dose-response relationship between
sodium reduction and blood pressure [2]. We used data from the 55/
133 studies with a follow-up duration of four weeks or longer
(Supplementary Appendix 1). Seventy-eight studies of shorter than
4 weeks duration were not included because prior investigation
indicates that the acute effects of sodium reduction on blood
pressure may be different to the effects achieved in the longer term
[14].

® Data source 2: Meta-analysis of randomized trials of potassium
supplementation - we extracted published results from a systematic
review and meta-analysis that quantified the relationship between
potassium supplementation and blood pressure [15]. In this meta-
analysis, only studies that were at least 4 weeks long were included,
and other study inclusion criteria were broadly similar to the
inclusion criteria for the sodium reduction trials included in data
source 1. The potassium supplementation meta-analysis identified
an overall non-linear relationship between potassium supplementa-
tion and blood pressure fall. The maximum systolic blood pressure
fall of 3.3 mmHg (95% Cl: 1.6 to 4.9) was achieved with potassium
supplementation of about 30 mmol/day. Up to this level of
supplementation and at the mean level of suppplementation
achieved in SSaSS (i.e. 20.64 mmol/day), there was a linear
association between potassium supplementation and blood
pressure fall.
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® Data source 3: Randomized trials of salt substitution - we extracted data
from a recent systematic review and meta-analysis that quantified the
effects of salt substitution on blood pressure [16]. We used data from the 9/
21 studies of at least four weeks duration that reported data on 24-h sodium,
24-h potassium and systolic blood pressure (Supplementary Appendix 2).
Eleven trials did not report the required data and therefore were not
included. Also data from the SSaSS study were not included.

® Data source 4: Within-trial measures of sodium, potassium and blood pressure -
we used data from the subset of 449 SSaSS participants who had both
baseline and follow-up measurements of 24-h urinary sodium, 24-h urinary
potassium and systolic blood pressure (Supplementary Appendix 3).

Statistical analyses

We first obtained estimates of the coefficients describing the dose-
response relationships between sodium reduction, potassium increase and
systolic blood pressure for each data source. The methods used for each
were:

® Data source 1: Randomized trials of sodium reduction — a multivariable
meta-regression including adjustment for age, sex, ethnicity and
baseline systolic blood pressure in the model was fitted.

® Data source 2: Meta-analysis of randomized trials of potassium
supplementation — we directly extracted from the published report
the result of the 1-stage natural cubic spline regression analysis that
incorporated multiple levels of exposure [15].

® Data source 3: Randomized trials of salt substitution - we estimated the
dose-response relationship between sodium reduction, potassium
increase, and systolic blood pressure fall using meta-regression, with
and without allowance for an interaction between the effects of
sodium reduction and potassium supplementation. No adjustment for
covariates was made due to the limited number of trials available and
the intercept of the meta-regressions was set to zero.

® Data source 4: Within-trial measures of sodium, potassium and blood
pressure - we estimated the dose-response relationship between
sodium reduction and systolic blood pressure change as well as the
dose-response relationship between potassium increase and systolic
blood pressure change using a series of linear mixed models. Models
included adjustments for selected covariates and interaction terms
(Supplementary Appendix 4).

We next estimated the expected reductions in systolic blood pressure
for the changes in urinary sodium and potassium excretions observed in
SSaSS using the coefficients derived from the analyses above. This was
done by multiplying the mean between-group difference in 24-h urinary
sodium excretion observed in the SSaSS trial (—15.2 mmol) by the dose-
response coefficient (mmHg/mmol) estimated from each different data
source and statistical model. 95% Cls for the expected mean change in
systolic blood pressure attributable to sodium reduction were estimated
using the 95% Cls of the dose-response coefficient from each data source
and statistical model. The same approach was used to calculate the
expected mean reductions and corresponding 95% Cls in systolic blood
pressure change attributable to the between-group differences in 24-h
potassium excretion observed in SSaSS (20.6 mmol). The primary analyses
were also adjusted to account for the incomplete urinary excretion of
sodium (90%) [10] and potassium (70%, acknowledging there was a large
variability in the proportional excretion [11]) such that the blood pressure
reductions attributed to each reflected changes in dietary intake. We also
did sensitivity analyses that varied the assumed proportional excretions of
sodium and potassium as well as the effects based solely on the observed
changes in urinary excretion.

The total expected mean change in systolic blood pressure was
estimated by summing the separate estimated effects of sodium reduction
and potassium increase. For data sources 1 & 2, the 95% Cl about the total
expected blood pressure reduction was estimated using Monte Carlo
simulation where 1000 random draws of potential sodium and potassium
effects on systolic blood pressure were summed and the 95% Cl of the
summed effect was defined by the 2.5th and 97.5th percentiles of the
n=1000 sums. For data sources 3 & 4, the 95% Cls about the total
expected blood pressure reduction was estimated using the Delta method
[17].

The proportions of systolic blood pressure reduction attributable to
sodium reduction versus potassium supplementation were obtained by
dividing the systolic blood pressure reduction expected for each by the
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total expected systolic blood pressure reduction. The estimates derived
from each data source and statistical model were plotted in a stacked bar
chart for visual comparison against each other.

All analyses were done using R version 4.2.2 and Rstudio version
2022.12.0 Build 353 [18]. Packages “meta” [19], “Ime4” [20] and
“gtsummary” [21] were used for statistical analysis and summarizing
results.

RESULTS

Associations between sodium reduction, potassium increase
and systolic blood pressure from different data sources and
statistical models

There were more than tenfold differences in the estimated
coefficients of the association between sodium reduction and
systolic blood pressure reduction across the different data sources
and statistical models assessed (Table 1). The highest coefficient
was observed in the meta-regression of trials of salt substitutes
with a model that included an interaction term between the effect
of sodium reduction and potassium supplementation on systolic
blood pressure. In that analysis, each mmol sodium reduction was
associated with a 0.136 (95% Cl: 0.029 to 0.243) mmHg systolic
blood pressure fall. By contrast, the lowest coefficient was a 0.012
(95% Cl: —0.009 to 0.033) mmHg systolic blood pressure fall for
each mmol sodium reduction observed in the analyses of the
SSaSS trial participants where the model included change in
sodium, change in potassium, sex, age and baseline systolic blood
pressure.

For the association between potassium increase and systolic
blood pressure reduction, the estimated coefficient of the
associations varied by about 2.5-fold across the different data
sources (Table 2). The highest coefficient was also observed in the
meta-regression of trials of salt substitutes with a model that
included an interaction term between the effect of sodium
reduction and potassium supplementation on systolic blood
pressure. In that analysis, each mmol higher potassium supple-
mentation was associated with a 0.124 (95% Cl: —0.033 to 0.281)
mmHg lower systolic blood pressure. Likewise, the lowest
coefficient was a 0.050 (95% Cl: —0.027 to 0.126) mmHg lower
systolic blood pressure for each mmol higher potassium increase
observed in the analyses of the SSaSS trial participants where the
model included change in sodium, change in potassium, sex, age
and baseline systolic blood pressure.

Expected effects of dietary sodium reduction and dietary
potassium increase on systolic blood pressure fall in the SSaS$
based on different data sources and statistical models
In the primary analyses that assumed 90% of urinary excretion of
dietary sodium and 70% of urinary excretion of dietary potassium,
the expected effects of sodium reduction and potassium
supplementation on blood pressure in SSaSS varied between
—1.67 (95% ClI: —4.06 to +-0.73) to —5.33 (95% Cl: —8.58 to —2.08)
mmHg for the different data sources and statistical models (Fig. 2).
The former estimate was obtained based upon the parameters
derived from the analyses of the SSaSS participants’ data where
the model included change in sodium, change in potassium, sex,
age and baseline systolic blood pressure, while the latter was
derived from the analyses of the trials of salt substitutes that didn't
include an interaction term between the effect of sodium
reduction and potassium supplementation on blood pressure.
The estimated proportional contributions of sodium reduction to
the fall in systolic blood pressure ranged between 12 and 39%,
with the majority of the blood pressure lowering effect
attributable to dietary potassium supplementation in every
scenario.

In sensitivity analyses that instead assumed proportional urinary
excretion of dietary sodium was 95% and proportional urinary
excretion of dietary potassium was 80%, the expected systolic
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A systolic blood pressure, and by inference, cardiovascular outcomes.
Qs Q While the precision of the estimates is limited in every case, the
Sig = 'J'r point estimates of effect from all approaches point to a greater
£i0 ﬁn Yo contribution from potassium supplementation than sodium reduc-
£a E% & 1 tion. This coherence provides some reassurance about the likely
:Ei‘é % °|‘ validity of the main conclusions. The analyses were based on
£ 272 'g @ constant urinary sodium and potassium excretion proportional to
§§'§§ 2 e dietary intake, while the excretion of the two electrolytes may be
B interdependent. Because the analyses of the prior trials were all
based on summary data, there was limited capacity to explore
possible interactions between sodium reduction, potassium
é_ﬂ s increase, each other and participant characteristics. This introduces
gﬁ-"- =7 an element of uncertainty in our conclusions abqut the relative
] 3 §~w : e contributions of sodium reduction and potassium increase to the
’#: nEZ o effects observed that we were not able to address. An explora.tlf)n of
32 Ei‘é o °|° the prior trials of salt substitutes based upon individual pqrt|C|pant
g::m-g 5 E é’ data n)lght. be helpful in cl_arlfylng how changes to sodium and
&Eﬁﬁ 2 o potassium interact to modlfy blood pressure and the extent to
IS B L) which these effects are modified by baseline levels of sodium and
potassium intake. Also studies testing the effects of salt substitutes
with different proportions of sodium and potassium, at different
%E 2 a background intake levels of sodium and potassjum would .provide
gfﬁ == additional insight into how the effects of sodium reduction and
c9E Y o potassium supplementation will influence blood pressure in
@33% by Q different settings.
o ERE % © This analysis of the relative contributions of sodium reduction
%E’g ol i versus potassium supplementation to the effects observed in
SESS § & SSaSS provides new insight into the likely central role of
SES5 & potassium in the mechanism underpinning the observed clinical
benefits in the trial. The findings also have implications for the
i implementation of the SSaSS findings, with potassium-enriched
T 2 salt use likely to be most effective for disease prevention in
E e%’ = o communities where average potassium intake is Io_w. While the
b Eﬁ D : § effect of potassium supplem.e.ntatio.n fro.m salt subs.tltute may.not
2 ='§§ o e 4 @ be as effective in communities with higher baseline potassium
& E EEL L g = intake such as the USA, the data also suggest that efforts to
S8%a 8 ¥ €900 increase potassium levels in processed foods would be a
2 %%ﬁ g = 355 worthwhile goal in parallel with sodium reduction programs. In
<fafd TF Seg practice, many ingredients in packaged foods start with high
% g2 levels of potassium, which are heavily diluted during processing
g 3 . E c e £ €€ [26]. Finally, efficient targeting of public health campaigns seeking
£2 2 _Eg3T g .6 E 2 3 to maximize the benefits of switching the salt supply to
28 £ E7 %;ﬁ §“_ &S & g2 potassium-enriched salt will require robust data describing current
32 g 5= °cw 2° 88, £oao levels of both sodium and potassium intake in communities all
& 5 55535 OgESPET R, S22 around the world.
= 8% £5ccbl3788sc39 20
g FExU88288 .0 88858 250
S 5688 a885c58c8835¢ ves SUMMARY
£ N N
E 0\2 :,\Z What is known about the topic
E ‘é £ % g ® Reducing sodium intake and increasing potassium intake both
o2 ,Eg g g g lower blood pressure. _ ‘ ‘
9‘-,"_-: By oo ® Sodium and potassium may interact with each other in their
28 8L ggyg effect on blood pressure. Therefore, when sodium reduction
o959 and potassium supplementation are implemented together,
% %’ % the relative contribution of each is of interest.
>
28 EEE
2 g8 TTT What this study adds
> T o w "
s S E 22
g E ‘:@ g g g ® In The Salt Substitute and Stroke Study, potassium supple-
£ £ =of .o mentation drove about three-quarters or more towards the
§ g gs3 £<5 blood pressure-lowering effect, highlighting the importance of
. § g'qc) E 222 potassium supplementation. . o
~ - g § g ® The results suggest that potassium supplementation is an
3 g §§‘§ 224 |dmportant strat”eg;yt for (?letary dpret\(entlon of cardiovascular
= o isease in parallel to sodium reduction.
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Expected systolic blood pressure fall attributable to sodium reduction (black) and potassium Estimate, 95% confidence
increase (white) and interaction (light grey) interval (mmHg)

Observed effect of sodium reduction and
potassium increase on SBP in SSaSS -3:34(-451t0-2.18)
Meta-regression of trials of sodium reduction -3.04 (-5.53,-2.25)
and potassium supplementation Ii : T
Meta-regression of trials of salt substitution

o . -5.05 (-8.75,-1.35
(with interaction)* } 61% 05 (-8.75, -1.35)
Meta-regression of trials of salt substitution

-5.33 (-8.58, -2.
(no interaction) f 62% 5.33 (-8.58, -2.08)
In trial data unadjusted (model 1) I— -2.03 (-5.0, +0.94)
In trial data minimally adjusted (model 2) }7 -1.67 (-4.06, +0.73)
In trial data fully adjusted (model 3) }7 -2.70 (-5.26, -0.13)
In trial data fully adjusted with single
li -2.51 (-5.07, +0.05
interaction term (model 4) 2.51 (-5.07,+0.05)
In trial data fully adjusted with dual interaction | - 5,10 (-11.36, +1.16)
terms (model 5) f s e
-8 mmHg -6 mmHg -4 mmHg -2 mmHg 0 mmHg

Fig. 2 Observed systolic blood pressure reduction in the Salt Substitute and Stoke Study (dark grey) and expected effects of sodium
reduction (black) and potassium increase (white) on systolic blood pressure for different data sources and statistical models assuming
90% of dietary sodium and 70% of dietary potassium were excreted through urine. * for this model, the interaction term was an
0.57 mmHg rise in SBP attributable to the joint effects of sodium reduction and potassium supplementation, which is not shown in the figure.
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