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Replacement of regular salt with potassium-enriched substitutes reduces blood pressure in 

controlled situations, mainly among people with hypertension. We report on a population-

wide implementation of this strategy in a stepped wedge cluster randomized trial 

(NCT01960972). The regular salt of enrolled households was retrieved and replaced, free of 

charge, with a combination of 75% NaCl and 25% of KCl. A total of 2376 participants 

were enrolled in six villages in Tumbes, Peru. The fully adjusted intention-to-treat analysis 

showed an average reduction of 1.29 mm Hg (95% confidence interval [95% CI] -2.17; -

0.41) in systolic and of 0.76 mm Hg (95% CI -1.39; -0.13) in diastolic blood pressure. 

Among participants without hypertension at baseline, in the time and cluster adjusted 

model, the use of the salt substitute was associated with a 51% (95% CI 29% - 66%) 

reduced risk of developing hypertension compared with the control group. In 24-hour 

urine samples, there was no evidence of differences in sodium levels (mean difference -0.01; 

95% CI -0.25; 0.23), but potassium levels were higher at the end of the study compared to 

those at baseline (mean difference -0.63; 95% CI -0.78; -0.47). Our results support a case 

for implementing a pragmatic population-wide salt substitute strategy in reducing blood 

pressure and hypertension incidence. 

Reducing salt intake has been identified as one of the most cost-effective measures to improve 

health outcomes.1-3 Different studies have reported the benefit of salt reduction interventions in 

decreasing blood pressure and cardiovascular events.4-6 Results from meta-analysis show that 

modest reductions in salt intake are followed by a decrease in blood pressure levels among both 

hypertensive and normotensive subjects.7 Nevertheless, the evidence of the effectiveness of 

population-level behaviour change interventions on reducing salt intake is inconsistent, 

suggesting that education and awareness-raising interventions alone are not sufficient for 

reducing population salt intake.8 

Salt substitutes, i.e., salt enriched with potassium or other similar components such as 

magnesium or aluminum, have been reported to be effective for reducing both systolic (SBP) and 

diastolic (DBP) blood pressure.9-11 Under controlled conditions, salt substitution strategies can 

reduce SBP up to 5 mm Hg and DBP up to 1.5 mm Hg, and this effect was larger among 

individuals with hypertension than normotensive subjects.12 There is limited evidence however 

studying the population-level effect of these salt substitution interventions. A cluster-randomized 
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trial conducted in China, evaluating the effect of a community-based sodium reduction 

programme using a salt substitute on salt consumption and blood pressure, found reductions in 

urinary sodium excretion but not in blood pressure.13 

Currently, an increasing number of countries have adopted national salt reduction strategies.14 

Salt substitution initiatives could aid such strategies in settings where added salt during cooking 

is the main source of salt intake, particularly in low- and middle-income countries where 

hypertension rates are increasing at a fast rate.15 The aim of this study was to assess the efficacy 

of a pragmatic intervention using a salt substitution strategy to reduce blood pressure, as well as 

its impact on the incidence of hypertension, at the population level using a stepped wedge cluster 

trial in Peru. 

 

RESULTS 

Population characteristics 

Figure 1 shows the detail of participants’ enrollment, including dates, number of subjects 

assessed, those lost to follow-up and analyzed for each step of the trial. A total of 2376 (91.2%) 

out of 2605 eligible subjects in the six villages were enrolled in the study from Apr 3 to Jul 17, 

2014; 49.6% females, mean age 43.3 ± 17.2 years.  

Of note, only 18.9% of the individuals had 12 or more years of education, 68.1% were on the 

overweight or obesity range with a BMI ≥25 kg/m2, and 18.3% had a diagnosis of hypertension. 

Table 1 shows the characteristics of the study population at baseline and a comparison between 

the control and intervention periods. There were differences between villages in the distribution 

of age, education, wealth index, BMI, SBP, DBP, and hypertension (Supplementary Table 1). 

Effect of the salt substitute on blood pressure levels 

In the intent-to-treat analysis, adjusting only for clustering and time effects, there was an average 

reduction of 1.23 mm Hg (95% CI 0.38; 2.07; p = 0.004) in SBP and of 0.72 mm Hg (95% CI 

0.10; 1.34; p = 0.022) in DBP among the participants who received the salt substitute compared 
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with controls. These results remained consistent after further adjustment for sex, age, years of 

education, wealth index, and BMI measured at baseline (Table 2).  

Variations in SBP and DBP mean levels over the intervention and control periods are shown in 

Figure 2. There was no evidence that the effect of the intervention was modified over time (p = 

0.14 for SBP, and p = 0.46 for DBP). Mean levels of SBP and DBP by village and intervention 

period are available in the supplemental files (Extended Data Fig 1 and Extended Data Fig 2, 

respectively). 

Results from exploratory analyses, shown in Table 3, showed no evidence of an interaction 

effect by sub-groups. When the analysis was stratified by hypertension status at baseline, an 

average reduction in SBP of 1.92 mm Hg (95% CI 0.54; 3.29) and 1.18 mm Hg (95% CI 0.08; 

2.29) in DBP among individuals with hypertension at baseline was observed. Among individuals 

without hypertension, corresponding average reductions in SBP and DBP were 1.15 (95% CI 

0.34; 1.96) and 0.63 mm Hg (95% CI -0.01; 1.28), respectively. In addition, participants did not 

report medication changes during the duration of the study (10.5% at baseline vs. 10.1% at the 

end of the study  (p = 0.73). In terms of age sub-groups, the effect on blood pressure among 

those aged ≥60 years was a reduction of 2.17 mm Hg (95% CI 0.68; 3.67) in SBP and of 1.18 

mm Hg (95% CI 0.22; 2.14) in DBP (Table 3). As a sensitivity analysis, we evaluated for a 

possible interaction of duration of exposure and intervention effect, and we did not find evidence 

of delayed effects (Supplementary Table 2). 

Effect of the salt substitute intervention on the incidence of hypertension 

After excluding patients with hypertension at baseline (n = 428), the data for 1891 of the 1914 

subjects were available for analysis with 4673.4 person-years of follow-up. The overall incidence 

of hypertension was estimated as 5.1 per 100 person-years (95% CI 4.5; 5.8). In the time and 

cluster adjusted model, the participants in the intervention period were 51% less likely (HR = 

0.49, 95% CI 0.34; 0.71, p < 0.001) to develop hypertension compared to the control period 

(Extended Data Fig 3 and Supplementary Table 3). The Schoenfeld residual test for non-

proportional hazards was not significant (p = 0.40). The observed effect of the intervention 
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remained consistent after further adjustment for sex, age, education, wealth index, and BMI (HR 

= 0.45; 95% CI 0.31; 0.66, p < 0.001). 

Effect of the salt substitute intervention on urinary sodium and potassium  

The levels of sodium in 24-hour urine samples (Supplementary Table 4) at the end of the study 

and baseline were 3.95 g (SD ±1.83) and 3.94 g (SD ±1.86), respectively, mean difference -0.01 

(95% CI -0.25; 0.23). These results were similar across all the study villages. In contrast, the 

levels of potassium were higher at the end of the study (2.60 g, SD ±1.20) than at baseline (1.97 

g; SD ±1.20), mean difference -0.63 (95% CI -0.78; -0.47). 

Harms 

No severe adverse effects were reported during the duration of the study.  

 

DISCUSSION 

Evidence has been inconclusive regarding the efficacy of population-wide salt reduction 

interventions on blood pressure. In this study, we report the findings of a pragmatic strategy to 

reduce blood pressure and hypertension incidence at the population level. Overall, there was a 

decrease in SBP and DBP following the intervention, with a larger effect observed among those 

individuals with hypertension at baseline. In addition to the effect on blood pressure levels, the 

risk of incidence of hypertension was halved among those who received the intervention. These 

findings are supported by the analysis of urine samples, at baseline and follow-up, which showed 

an increase in mean potassium levels but no changes in sodium levels, indicating that the salt 

substitute intervention was accepted and adopted. We did not find evidence of a delayed effect 

suggesting that the effect is sustainable, independent of the duration of the intervention given the 

nature of the stepped wedge design.  

The absolute reductions in blood pressure may appear modest, yet they carry major implications. 

The Prospective Studies Collaboration conducted a meta-analysis of 61 observational studies of 
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blood pressure and vascular disease in adults and found that for each 2 mm Hg decrease in 

systolic blood pressure, stroke mortality and cardiovascular mortality decreased by 10% and 7%, 

respectively, an effect that was observed in reductions of systolic blood pressure levels up to 115 

mm Hg.16 This indicates that small reductions in blood pressure at the population level could 

result in large public health gains, in line with the approaches to shift the entire distribution of a 

given risk factor.17 The main challenge until now, however, has been how best to introduce and 

achieve these changes under real life conditions. Our study demonstrates that such benefits can 

be introduced on a population-wide level. 

Salt substitutes have been previously tested, mostly in China and mainly on patients with 

established hypertension,12 and show reductions in blood pressure with a larger effect observed 

among individuals with hypertension. Similar results have been obtained using home blood 

pressure measurements.18 Our study further expands the current literature using a pragmatic 

population-wide intervention that included a heterogeneous sample, i.e., delivered to the general 

population irrespective of hypertension status (i.e. aware or not aware of diagnosis), and perhaps 

due to this, the effect was modest (i.e. differential effect of salt substitute in subjects with 

hypertension diagnosis compared to those with recent diagnosis and those without the diagnosis). 

These features account for the potential scalability of our results to large populations and their 

influence on public health policies. Our study introduced a salt substitute containing NaCl (75%) 

and KCl (25%);19 however, previous reports have also included other minerals (e.g., MgSO2).
12, 

18 Potassium has also been shown to have benefits on blood pressure, irrespective of the sodium 

lowering,20-22 especially among individuals with hypertension with high consumption of 

sodium.23 Hence, the potassium contained in the salt substitute might contribute to explaining the 

benefits observed in our study. This hypothesis is further supported by the higher levels of 

potassium excretion, but not sodium, in the urine samples at the end of the study. A higher intake 

of potassium could be achieved through a combined strategy of a salt substitute intervention 

together with health education programs that focus on promoting the consumption of fresh 

vegetables and fruits to increase the potassium intake. 

Our results point also to a lower incidence of hypertension in the participants receiving the 

intervention, a key clinical and public health finding. Whether this is a short-term effect, (i.e., the 

intervention did not prevent hypertension onset but delayed it) remains to be further studied. As 
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the endocrine system in charge of salt regulation, the renin-angiotensin-aldosterone system, 

continues to receive larger amounts of sodium or lower amounts of potassium, it is likely that 

blood pressure will start to increase until it reaches hypertensive thresholds.24 Longer follow-ups, 

with and without intervention, are required to assess whether the endocrine system develops salt 

resistance. However, our findings show no evidence of an interaction effect between time and 

intervention. 

From a pragmatic implementation angle, we provide evidence for the ability to introduce a salt 

substitute to the entire participating communities following a social marketing campaign 

designed to improve its acceptance. With evidence that antihypertensive medication is often 

unavailable or unaffordable in many low- and middle-income settings,25 the implementation of 

similar primary prevention strategy could reduce the burden associated with hypertension and its 

cardiovascular complications. The cost of the salt substitute should be also considered. During 

our study, before the intervention the cost of 1 kg of the salt substitute to the general public was 

35 PEN (~$10 USD), and through the project we were able to get a price reduction to 14 PEN 

(~4 USD), further indicating opportunities for scaling-up implementation efforts. 

Current hypertension guidelines advocate for non-pharmacological treatment, even in low-risk 

stage-1 hypertensive patients.26 Our results provide evidence of a pragmatic approach that 

reduces blood pressure and, secondarily, also halves the incidence of hypertension. These 

guidelines have also lowered the threshold for hypertension, meaning that more people will 

receive this diagnosis and will need to incorporate essential hypertension management strategies, 

making it difficult for health systems to provide pharmacological treatment and counselling to 

new patients. Moreover, given the alarming rates of non-adherence to medication of 

hypertension globally, non-pharmacological measures at the population level to improve blood 

pressure control are urgently needed. This population-wide intervention has the potential to 

contribute to reduce overall blood pressure levels without additional congestion of the healthcare 

system, potentially saving health-care costs.27  

In Peru, and in many other resource-constrained settings, there are different venues through 

which a salt substitute can be introduced to replace the current salt including, for example, 

community kitchens for people of low socioeconomic status,28 or different national program for 
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providing nutritious breakfasts for children attending public schools in rural areas, or elderly 

people. Therefore, the logistics underlying this process are already established and could be 

adapted to provide patients with hypertension and their families with a salt substitute. Similar 

scenarios may be present in other countries, signalling a window of opportunity to introduce a 

seemingly effective tool to reduce blood pressure. Other countries, including high-income 

countries, could also accommodate a similar salt substitution approach using existing channels 

and various venues, including school feeding programs. 

This is an intervention study that provides a high level of evidence. The randomized allocation of 

the intervention removes several biases that exist in non-randomized studies, even after adjusting 

for potential confounders. The stepped-wedge design guaranteed a pragmatic scheme where 

randomization of the intervention was protected, allowing a large population to be reached. In 

some villages a reduction in blood pressure was observed before the intervention and potential 

explanations for this could be a community-like white coat effect, which in the case of rural or 

semi-urban areas where access to healthcare is limited, can also be present. Another explanation 

could be regression to the mean. In both circumstances, the repeated measurements would be the 

best way to overcome such potential weaknesses. The repeated follow-up visits within short and 

equally spaced periods, a characteristic of the stepped-wedge design, augmented the statistical 

power and afforded additional strength to address regression to the mean. Additionally, uptake of 

the intervention was objectively assessed with urine samples that demonstrated more potassium 

excretion at the end of the intervention, suggesting that the intervention was indeed well received 

and the salt substitute was used. Consistently, the intervention included a social marketing 

campaign to guarantee adoption of the new salt. From a public health perspective, the delivery of 

the intervention at the population level following a pragmatic methodology could inform 

prevention guidelines and policies to control the rising burden of increased blood pressure 

worldwide. Nevertheless, limitations of the study must also be acknowledged. First, the absence 

of a dietary assessment of other sources of sodium and potassium could have an impact on our 

results; however, this factor should be negligible because of the population-wide approach used. 

We provided whole villages with the salt substitute, also targeting families who prepare and sell 

food as street vendors. Therefore, it seems unlikely that other sources of sodium could have 

contaminated the intervention. Similarly, it is also unlikely that other sources of potassium 
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confounded the intervention. To prevent any potential harm and thus protect the safety of the 

study population, we did not include people with kidney disease or those receiving digoxin (used 

as a proxy of cardiovascular disease). Although this exclusion warrants close follow-up of these 

patients, including regular check-ups with their physicians or tailored diets, it does not affect the 

implementation of wider population-wide benefits aimed to lower blood pressure. Finally, 

despite the inclusion of urine data from individuals with a complete 24-hour urine sample, the 

creatinine levels were in the normal range and their variation was within the range of dispersion 

(SD) of measurements. 

Our results provide evidence that a population-based intervention to replace regular salt with a 

low-sodium potassium-enriched salt reduces SBP and DBP, particularly in people with 

hypertension. In addition, the intervention halved the incidence of hypertension. This pragmatic 

intervention could be adapted and scaled-up to counter the high burden of elevated blood 

pressure observed worldwide. 

 

METHODS 

The study protocol and methods have been described previously,29 and a summary is provided 

below. The CONSORT statement for randomized cluster trials30 and recent literature on 

reporting results of stepped wedge cluster trials 31, 32 were utilized. 

Study design 

A stepped-wedge cluster randomized controlled trial was conducted, in which the six 

participating villages (clusters) crossed over from the control to the intervention phase during the 

study.33 The order of switchover for each cluster was determined by randomization, and all 

villages received the salt substitute by the end of the study. The structure of the stepped wedge is 

provided in Figure 3, where the intervention periods (village implementation phases, grey 

colour) lasted 4 months, and blood pressure measurements were made every 5 months after the 

baseline period. The study was undertaken between April 2014 (start of baseline assessment) and 

March 2017 (last measurement and assessment). 
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Study setting 

Tumbes, a coastal region in northern Peru, bordering Ecuador, was the setting selected for this 

study as hypertension prevalence and incidence rates are above the national average.34,35 

According to official estimates of the Tumbes population,36 in 2017 there were 243,362 

inhabitants with a life expectancy of 75 years, 20% of the population did not have any health 

insurance, and 12% were below the poverty line. The semiurban area of the region, with 

approximately 100 villages of varying size and with approximately 80,000 inhabitants, was the 

area chosen for the study. Mid-sized villages with 350 to 700 individuals (~130 to 250 

households), were initially selected for the study. Of the 20 villages available with these 

characteristics, six were randomly selected. Enough distance between them was also guaranteed 

(i.e. a median of 14 Km [IQR: 7.1 – 17.1] between them) to avoid contamination by verifying 

villages selection in maps. 

Participants and recruitment 

Potentially eligible subjects were identified from the most updated census in the area (2010, 

updated in 2014). All males and females aged 18 years and over from the six selected villages, 

who were capable of understanding procedures, capable of providing informed consent and full-

time residents in the area were eligible. Individuals with a self-reported history of chronic kidney 

disease and heart disease who were undergoing treatment with digoxin were excluded from the 

study. 

Participant recruitment, as well as the initial assessment, was performed during the first four 

months of the study (April to July 2014). Individuals were contacted through home visits aiming 

to enrol all members of the household members of the villages who met the selection criteria.  

Randomization and blinding 

The selected villages were randomly assigned to one of the six sequences (one village = one 

cluster) for time cross-over from control to intervention. For this, a computer-generated list of 

random numbers was used and information was kept in a password-protected computer. The 

order of villages to be implemented was revealed one by one as required according to the nature 
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of the study. Due to the pragmatic nature of the intervention, the participants were not blinded; 

however, the primary study outcome was objectively measured using standardized techniques. A 

team of fieldworkers, differing from those involved with the implementation of the intervention, 

was responsible for periodic assessments of participants using automated devices to reduce 

observer bias. 

Intervention 

Applying social marketing strategies,37 a campaign was developed targeting women responsible 

of food preparation at home. The purpose of the marketing campaign was to introduce the salt 

substitute as a new product in the intervention villages and enhance its acceptance. Thus, the 

common salt (sodium chloride, NaCl) of enrolled households was retrieved and replaced, free of 

charge, with a salt substitute using a combination of 75% NaCl and 25% of potassium chloride 

(KCl) based on previous research.19 Iodine, in addition to fluorine, was also part to the salt 

substitute as part of Peruvian regulations.38 As the usual cost of a bag of 1 kg of common salt in 

the region was between 0.15-0.17 USD (about 0.50 PEN), we provided the salt substitute free of 

charge to the participants in their respective homes (the amounts of salt were estimated based on 

self-reported monthly household consumption).  

The time to provide a salt replacement was planned to occur over a period of five months in each 

village, however, there was a delay in salt substitute delivery of, on average, 15 days. The 

intervention considered the salt delivery to families, as well as to owners of small shops, bakeries 

and community kitchens,28 and food vendors including street vendors and restaurants. This 

approach was used to guarantee the full replacement of salt in the entire village. Additional salt 

substitute packs were also made freely available during the study period in case any household 

required additional salt.  

Outcomes and data collection 

The primary outcomes were SBP and DBP, assessed as continuous variables (in mm Hg) 

evaluated in the period between the end of each wedge and start of the next one. Blood pressure 

assessments were performed with the participants seated, after a 5-minute resting period, using 

an automated device (OMRON HEM-780, Illinois, US) that had been previously validated in 
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adult populations.39 Three different measurements, at least one minute apart, were carried out, 

and the average of the second and third measurements was used for the analyses. 

The secondary outcomes included progression toward hypertension (incidence) and, in a random 

sub-sample of participants, changes in levels of sodium and potassium excretion in 24-hour 

urine. Hypertension at baseline was defined as SBP ≥140 mm Hg, DBP ≥90 mm Hg, a self-

reported physician diagnosis or current treatment for hypertension.40 During follow-up, 

hypertension was defined based in two ways: considering only the study measurements (average 

of the second and third measurements, with the participant in seated position, after resting five 

minutes, and at least one minute apart between measures), taking advantage of their repeated 

assessment conducted every five months, as well as using the same definition as in the baseline.   

After providing consent, each participant was given a unique code. At baseline, detailed 

information regarding socio-demographics (e.g., age, sex, education, wealth index), lifestyle 

behaviours (smoking, alcohol consumption, and physical activity), self-reported personal 

medical history and medication (hypertension and type 2 diabetes mellitus), anthropometric 

measurements (height, weight, and blood pressure), and health-care utilization and expenditures 

was collected using paper-based formats. Follow-up assessments were conducted in all 

participants and included some lifestyle behaviours (smoking and alcohol consumption), 

anthropometric measurements (weight and blood pressure), and health-care utilization and 

expenditures. 

Urine samples were retrieved in a random sub-sample of 600 participants after baseline and in 

another randomly selected sub-sample of 600 participants at the end of the study. Only one 

participant per household was included in the urine assessments. Urine samples were collected 

over a 24-hour period, and all samples were assessed in a central laboratory facility. These 

samples were used to extract information about levels of creatinine, sodium and potassium. 

Sodium and potassium were assessed using the ion-selective electrode method, whereas 

creatinine was assessed with the compensated kinetic Jaffe method.  
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Statistical methods 

All statistical procedures were conducted using Stata for Windows v15.0 (StataCorp, College 

Station, TX, US) and R statistical software,41 and a per protocol intent-to-treat analysis was 

performed. A pre-specified linear mixed effects regression analysis was performed to model SBP 

and DBP using an identity link, an unstructured working correlation, including covariates for 

intervention status and time period which was considered as a factor, and random effects for 

village, family, and repeated observations of the same individual over time,42,43 and robust 

variances were computed. Thus, the following model was used:  

𝑌𝑖𝑗𝑘𝑙 = 𝜇 + 𝛼𝑖 + 𝛾𝑗 + 𝜑𝑘 + 𝛽𝑙 + 𝜃𝑋𝑘𝑙 + 𝜀𝑖𝑗𝑘𝑙 

where Yijkl is the SBP (or DBP) measured for individual i, in family j, at cluster k, in time l; μ is 

the mean outcome in the control group at baseline; αi is a random intercept of individual i; γj is a 

random intercept for family j; φk is a random intercept for cluster k;  is the effect of time l, Xil is 

an indicator of the treatment mode in village k at time l; and 𝜃  is the overall effect of the 

intervention.  

We also evaluated a priori, as a sensitivity analysis, whether there was evidence of a delayed 

effect, i.e., an interaction between duration of exposure and intervention,42 and estimated the 

effect of the intervention on SBP and DBP controlling by a priori defined possible confounders: 

age, sex, education, wealth index, and body mass index (BMI) at baseline. Furthermore, we 

conducted exploratory sub-group analyses by hypertension status and age group defined at 

baseline. 

For incidence calculations, Cox proportional hazard modelling on a calendar time axis to account 

for time trends with random effects that follow gamma distribution for village-level (shared 

frailty), was considered to compare the instantaneous risk of hypertension for both the 

intervention and controls.44 The Schoenfeld residuals were used to test for the non-proportional 

hazard without considering the frailty term.45 Time and cluster adjusted Cox models were 

constructed for the primary analysis, and fully adjusted models were generated to account for 

confounding variables such as age, sex, education, wealth index, and BMI at baseline. 

Calculations (i.e. Hazard ratios) were estimated taking into account the clustering of villages; 
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and in addition, a time-varying binary covariate tracking intervention status was fit using 

definitions of times-at-risk in each period described above. 

Finally, changes in the 24-hour urine concentrations of sodium and potassium were also 

evaluated (at the end of the study and after baseline). For the analysis, we included only 

individuals with a complete 24-hour urine sample, defined as a) at least 500 ml, and b) creatinine 

<4 mmol per day in women or <6 mmol per day in men.46,47 Comparisons were conducted using 

the t test for independent samples. 

Ethics 

This project was registered in clinicaltrials.gov (Identifier: NCT01960972). The protocol and 

informed consent forms used in this project were reviewed and approved by the institutional 

review boards of the Universidad Peruana Cayetano Heredia, Lima, Peru, and Johns Hopkins 

University, Baltimore, MD, USA. Given that the intervention was implemented at the village 

level but the outcome was measured at the individual level, we involved all the members of the 

recruited families in the study. For this, we initially engaged with authorities and leaders from 

the villages, and an initial presentation and explanation of the study at the village level was 

conducted before starting the research activities. Then, family members aged 18 years and over 

were contacted for individual informed consent. Since hypertension is not common among 

children, we did not include children and adolescents, i.e. any family member <18 years old, in 

the study. Participants with a history of terminal or severe chronic kidney disease (any form of 

dialysis) or those taking digoxin or potassium-sparing diuretics (for heart disease) with their 

families were excluded from this study. 
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FIGURES 

Figure 1: Flowchart diagram of participants in the stepped wedge trial 

LTFU = Lost to follow-up. Randomization of villages occurred after baseline assessment. 

Figure 2: Trends in mean SBP (A) and DBP (B) and their respective 95% 

confidence intervals by intervention and control group 

Time periods are 5-month analysis periods occurring before the initiation of the intervention in 

each wave (n = 2072). 

Figure 3: Structure and time framework of the stepped wedge cluster randomized 

trial 

* Assessment of participants included a short questionnaire and weight and blood pressure 

measurements. 
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TABLES 

Table 1: Description of the study population at baseline by control and 

intervention periods 

 

Variables 
Baseline 

Time in 

Control 

(person-years) 

Intervention 

(person-years) 

N=2376 

Sex    

Female 1197 

(50.4%) 
1335.2 1768.4 

Male 1179 

(49.6%) 
1212.0 1836.9 

Age     

Mean (SD) 43.3 (17.2)   

18-29 years 633 (26.6%) 595.6 703.0 

30-44 years 780 (32.8%) 880.2 1226.9 

45-64 years 656 (27.6%) 715.3 1129.2 

≥65 years 307 (12.9%) 356.1 546.3 

Wealth Index    

Bottom 689 (29.6%) 629.4 1137.8 

Middle 785 (33.7%) 866.5 1180.6 

Top 855 (36.7%) 1001.1 1232.5 

Education    

<7 years  836 (35.2%) 909.0 1281.0 

7-11 years 1090 1185.3 1636.6 
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(45.9%) 

≥12 years 450 (18.9%) 452.9 687.6 

Study Site (village)    

A 536 (22.6%) 1.7 1366.1 

B 447 (18.8%) 286.9 883.1 

C 329 (13.9%) 329.0 518.3 

D 414 (17.4%) 542.1 460.2 

E 328 (13.8%) 637.0 256.3 

F 322 (13.6%) 750.6 121.3 

BMI     

Mean (SD) 27.2 (4.6)   

Normal Weight 758 (32.7%) 762.3 1160.1 

Overweight 985 (42.5%) 1093.0 1492.2 

Obese 573 (24.7%) 629.1 887.0 

Blood Pressure     

SBP [mean (SD)] 113.1 (17.0)   

DBP [mean (SD)] 72 (10.1)   

Hypertension    

No 1914 

(81.7%) 
2038.0 2925.6 

Yes 428 (18.3%) 476.1 646.2 
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Table 2: Overall effect of the intervention on blood pressure levels  

 

 

Blood pressure levels 

Time and cluster adjusted 

estimates* 

Fully adjusted estimates** 

Coefficient  

(95% CI) 
p-value 

Coefficient  

(95% CI) 
p-value 

Main analysis     

Systolic BP -1.23 (-2.07; -0.38) 0.004 -1.29 (-2.17; -0.41) 0.004 

Diastolic BP -0.72 (-1.34; -0.10) 0.022 -0.76 (-1.39; -0.13) 0.017 

 

 

Linear mixed effects regression model were used for analyses (n = 2376 biologically 

independent individuals and 16632 samples in total).  

* Adjusted for time and clustering, as per study design. 

** Adjusted by time and clustering, but also by age, sex, education, wealth index, and 

body mass index.  
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Table 3: Effect of the salt substitute on blood pressure according hypertension 

status at baseline and age groups (sub-group analysis) 

 

Blood pressure levels 

Time and cluster adjusted 

estimates* 

Fully adjusted estimates** 

Coefficient  

(95% CI) 
p-value 

Coefficient  

(95% CI) 
p-value 

Hypertension*** 

Among individuals without hypertension  

Systolic BP -1.13 (-1.93;- 0.33) 0.006 -1.15 (-1.96; -0.34) 0.005 

Diastolic BP -0.62 (-1.23; 0.00) 0.051 -0.63 (-1.28; 0.01) 0.053 

Among individuals with hypertension  

Systolic BP -1.74 (-3.04; -0.44) 0.009 -1.92 (-3.29; -0.54) 0.006 

Diastolic BP -1.25 (-2.24; -0.27) 0.013 -1.18 (-2.29; -0.08) 0.036 

Age**** 

Among individuals <40 years     

Systolic BP -0.91 (-1.51; -0.31) 0.003 -0.94 (-1.54; -0.34) 0.002 

Diastolic BP -0.25 (-0.79; 0.30) 0.38 -0.27 (-0.80; 0.27) 0.33 

Among individuals 40-59 years    

Systolic BP -1.20 (-2.02; -0.38) 0.004 -1.17 (-1.98; -0.35) 0.005 
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Diastolic BP -1.04 (-1.70; -0.39) 0.002 -1.01 (-1.67; -0.36) 0.002 

Among individuals ≥60 years    

Systolic BP -1.95 (-3.44; -0.45) 0.01 -2.17 (-3.67; -0.68) 0.004 

Diastolic BP -1.13 (-2.09; -0.18) 0.02 -1.18 (-2.14; -0.22) 0.02 

 

Linear mixed effects regression model were used for analyses (n = 2376 biologically 

independent individuals and 16632 samples in total).  

* Adjusted for time and clustering, as per study design. 

** Adjusted by time and clustering, but also by age, sex, education, wealth index, and body 

mass index. Age was excluded as confounder when analyses were stratified by age. 

*** p-values for the interaction of hypertension status and intervention were 0.858 and 

0.951 for the systolic and diastolic BP models. 

**** p-values for the interaction of age groups and intervention were 0.211 and 0.279; and 

0.379 and 0.015 for the systolic and diastolic BP models. 
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Statistical analysis: SALT study 

1. Implementation of the intervention 

Salt replacement will be progressively implemented over six months in each village. The 

intervention will contemplate interactions with families as well as bakeries, community 

kitchens, food vendors including street vendors, and restaurants. Ideally, replacement will 

require a complete exchange of ordinary salt. The assessments of salt consumption will be 

carried out using questionnaires and weighing of salt containers at randomly selected 

households over time, and also by evaluating supply chain management indicators such as 

rate of delivery of the salt substitute to each family or food vendors. 

 

Table 1: Stepped wedge design 

 Time period 

Cluster 1 2 3 4 5 6 7 

Village 1 0 1 1 1 1 1 1 

Village 2 0 0 1 1 1 1 1 

Village 3 0 0 0 1 1 1 1 

Village 4 0 0 0 0 1 1 1 

Village 5 0 0 0 0 0 1 1 

Village 6 0 0 0 0 0 0 1 

 

2. Structure of the data 

Outcome variables: Systolic blood pressure (SBP), diastolic blood pressure (DBP), and body 

mass index (BMI) 

Time: Time at each visit and time according to the stage (0,…, 6) 

Intervention: Binary variable (intervention or control) 

Clusters: Village, family and individual 

3. Statistical Analysis 

3.1 Primary outcomes: Systolic and diastolic blood pressure 

 

We considered the following model 

 



 

 2 

                                              (1) 

Where: 

       be the systolic blood pressure measured of individual  , in family  , at cluster   in 

time    

   is the mean outcome in the control group at time     (baseline) 

    is a random intercept of individual   (          ) 

    is a random intercept for family   (          ) 

    is a random intercept of cluster   (          ) 

    is the fixed time effects corresponding to lag              

     is an indicator for the treatment mode in village   at time   

   is the overall effect of the intervention 

Stata code: 

mixed sbp i.intervencion i.time || codvilla: || codhogar: || codigo:, 

cov(uns) vce(cluster codvilla) 

As a sensitivity analysis, we will consider three scenarios 

a) To test whether the effect of the intervention is different for each lag as described by 

Hughes et. al (2015) 

                                                 (2)                    

Where        is equal to 1 if village   in time interval   has been in the intervention for   

intervals since the introduction of the intervention and 0 otherwise. 

Stata code: 

mixed sbp i.Lag i.time || codvilla:  || codhogar: || codigo: , cov(uns) 
vce(cluster codvilla) 
 

Then, we evaluated the hypothesis that the effect of the intervention is the same regardless of 

the number of lags post intervention (i.e. H0:               ).  This comparison did 

not consider the robust estimation of the variance.  

Stata code: 

mixed sbp i.Lag i.time || codvilla:  || codhogar: || codigo: , cov(uns)  
estimate store sA 
mixed sbp i.intervencion i.time || codvilla: || codhogar: || codigo:, 
cov(uns)  
estimate store sB 
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lrtest sA sB    // Hipotesis testing 
 

 

b) To adjust for other covariates 

To extend (1) by adjusting for sex, age, wealth index, education levels, and BMI at baseline  

Stata code:  

mixed sbp i.intervencion i.time sexo edad1 bmi0 i.eduacat i.xassets || 

codvilla:  || codhogar: || codigo: , cov(uns) vce(cluster codvilla) 

 

3.2. Secondary outcome: Time to hypertension 

Let   be the time to hypertension diagnostic, then the instantaneous risk of hypertension 

(hazard) is  

                          

where    is the village-level frailty and it is assumed to follow a gamma distribution,     is 

whether or not village   receive the intervention in interval   

Computing code 

keep if ht50 == 0      // Keep persons without hypertension at baseline 

stset dtime , id(codigo) failure(ht5) 

xi:stcox i.intervencion, share(codvilla) hr 
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Supplementary Table 1: Description of the study population at baseline by participating villages 
 

 

 

 Village A Village B Village C Village D Village E Village F 

 (n=534) (n=449) (n=329) (n=414) (n=328) (n=322) 

Sex       

Female 
245 (45.7%) 221 (49.4%) 167 (50.8%) 224 (54.1%) 171 (52.1%) 169 (52.5%) 

Age        

Mean (SD) 
44.5 (16.8) 44.8 (18.8) 42.6 (16.8) 38.9 (14.5) 48.8 (18.4) 40.0 (15.9) 

18-29 years 
120 (22.4%) 121 (27.1%) 90 (27.4%) 131 (31.6%) 61 (18.6%) 110 (34.2%) 

30-44 years 
174 (32.5%) 133 (29.8%) 109 (33.1%) 162 (39.1%) 95 (29.0%) 107 (33.2%) 

45-64 years 
173 (32.3%) 121 (27.1%) 90 (27.4%) 98 (23.7%) 98 (29.9%) 76 (23.6%) 

≥65 years 69 (12.9%) 72 (16.1%) 40 (12.2%) 23 (5.6%) 74 (22.6%) 29 (9.0%) 

Wealth Index       

Bottom 
185 (34.6%) 176 (40.7%) 111 (33.8%) 61 (15.2%) 84 (26.1%) 72 (23.1%) 



 

Middle 
177 (33.2%) 123 (28.5%) 123 (37.5%) 140 (34.8%) 113 (35.1%) 109 (35.1%) 

Top 
172 (32.2%) 133 (30.8%) 94 (28.7%) 201 (50.0%) 125 (38.8%) 130 (41.8%) 

Education       

<7 years  
191 (35.6%) 177 (39.6%) 108 (32.8%) 110 (26.6%) 136 (41.5%) 114 (35.4%) 

7-11 years 
238 (44.4%) 200 (44.7%) 155 (47.1%) 203 (49.0%) 132 (40.2%) 162 (50.3%) 

≥12 years 
107 (20.0%) 70 (15.6%) 66 (20.1%) 101 (24.4%) 60 (18.3%) 46 (14.3%) 

BMI        

Mean (SD) 
27.4 (4.9) 26.4 (4.3) 26.8 (4.5) 27.5 (4.4) 27.2 (4.9) 27.8 (4.6) 

Normal Weight 
173 (32.6%) 167 (38.5%) 115 (35.9%) 114 (28.1%) 104 (32.8%) 85 (27.5%) 

Overweight 
208 (39.3%) 189 (43.6%) 135 (42.2%) 182 (44.8%) 130 (41.0%) 141 (45.6%) 

Obese 
149 (28.1%) 78 (17.9%) 70 (21.9%) 110 (27.1%) 83 (26.2%) 83 (26.9%) 

SBP [mean (SD)] 
113.9 (15.7) 114.5 (15.9) 113.8 (18.4) 110.6 (16.2) 111.9 (19.3) 113.5 (17.2) 



 

DBP [mean (SD)] 
73.3 (9.8) 73.1 (9.5) 73.6 (9.9) 71.8 (9.8) 71.3 (10.8) 72.1 (11.2) 

Hypertension       

Yes 91 (17.1%) 90 (20.5%) 59 (18.2%) 56 (13.6%) 79 (24.8%) 53 (16.9%) 

Type 2 diabetes 
      

Yes 23 (4.3%) 10 (2.2%) 11 (3.3%) 13 (3.1%) 15 (4.6%) 15 (4.7%) 

 
 

* For comparison between villages (study sites).  



 

 

 

Supplementary Table 2: Effect of the intervention on blood pressure evaluating a lag 

(delayed) effect 

 

 

 

 Systolic blood pressure Diastolic blood pressure 

 Coefficient (95%CI
a
) p-value Coefficient (95%CI

a
) p-value 

Lag       

 1 -1.29 (-2.01; -0.57) <0.001 -0.82 (-1.37; -0.27) 0.004 

 2 -1.42 (-2.54; -0.31) 0.012 -0.65 (-1.39; 0.08) 0.081 

 3 -1.56 (-3.01; -0.04) 0.044 -0.95 (-1.83; -0.07) 0.034 

 4 -1.93 (-3.15; -0.04) 0.002 -0.95 (-1.71; -0.19) 0.014 

 5 -2.37 (-3.64; -1.10) <0.001 -1.27 (-2.17; -0.37) 0.006 

 6 -1.26 (-2.81; 0.29) 0.112 -0.68 (-1.72; 0.36) 0.200 

 

We evaluated the hypothesis that the effect of the intervention is the same regardless of the 

number of lags post intervention (i.e. H0: 𝜃1 = 𝜃2 = 𝜃3 = 𝜃4 = 𝜃5). 

a Robust: The standard error allow for intra-class correlation 

 

 



 

 

Supplementary Table 3: Effect of the intervention on hypertension incidence 

 

 Control period* Intervention period* 

Time and cluster 

adjusted model† 

Fully adjusted 

model†** 

HR (95% CI) HR (95% CI) 

Hypertension (new cases)1 79 102   

Time at risk 1983.3 person-years 2777.8 person-years   

Incidence rate 3.98 3.67   

Intervention   *** 0.41 (0.27 – 0.62) 

p-value   - < 0.001 

Hypertension (as in baseline)2 107 133   

Time at risk 1961.1 person-years 2712.3 person-years   

Incidence rate 5.46 4.90   

Intervention   0.49 (0.34 – 0.71) 0.45 (0.31 – 0.66) 

p-value   < 0.001 < 0.001 

Cox proportional hazard modeling on a calendar time axis to account for secular trends with gamma-distributed random 

effects for village-level shared frailty was conducted to compare the instantaneous risk of hypertension in those who 

received a salt substitute with that in the control period 

*Does not account for observations nested within households and villages 
†Only accounts for clustering at the village level 



 

 **Adjusted by age, sex, education, wealth index, and body mass index 

*** Non convergence of the optimization 
1 Hypertension was defined according to blood pressures measurements only. 
2 Hypertension was defined according to blood pressures measurements and considering the diagnosis of a physician and 

current treatment. 

 

 

 



 

 

 

Supplementary Table 4: Details 24-hour urine samples 

 

 

 Sample at baseline Sample at the end 

 (n = 602) (n = 605) 

Sex female (%) 334 (55.5%) 315 (52.1%) 

Age, in years (Mean ± SD) 45.5 (17.0) 47.5 (16.9) 

Village   

A 138 (22.9%) 124 (20.5%) 

B 123 (20.4%) 122 (20.2%) 

C 71 (11.8%) 75 (12.4%) 

D 91 (15.1%) 102 (16.9%) 

E 90 (15.0%) 97 (15.9%) 

F 89 (14.8%) 85 (14.1%) 

Sodium, in gr (Mean ± SD) 3.94 (1.86) 3.95 (1.83) 

Potassium, in gr (Mean ± SD) 1.97 (1.20) 2.60 (1.20) 

Creatinine, in mg (Mean ± SD) 1119.6 (442.5) 1255.4 (525.2) 
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