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ABSTRACT The INTERSALT Study is a standardized,
worldwide epidemiologic study of large sample size (n = 10 079
men and women aged 20-59 y from 32 countries) that tested both
within- and cross-population prior hypotheses on 24-h sodium
excretion and blood pressure. For individuals, a significant, posi-
tive, independent linear relation between 24-h sodium excretion
and systolic blood pressure (SBP) was found. With multivariate
adjustment for underestimation, the estimated effect of a sodium
intake higher by 100 mmol/d was higher SBP/DBP (diastolic
blood pressure) by =~3-6/0-3 mm Hg. This relation prevailed for
both men and women, for younger and older people, and for 8344
people without hypertension. In tests of prior cross-population
hypotheses (n = 52), significant, independent relations were found
between sample 24-h median urinary sodium excretion and sample
median SBP and DBP, prevalence rate of hypertension, and slope
of SBP and DBP from age 20 to 59 y (median sodium intake
greater by 100 mmol/d was associated with a 30-y increase in
SBP/DBP, ie, at the age of 55 y compared with 25 y, of 10-11/6
mm Hg. The INTERSALT results, which agree with findings from
other diverse studies, including data from clinical observations,
therapeutic interventions, randomized controlled trials, animal ex-
periments, physiologic investigations, evolutionary biology re-
search, anthropologic research, and epidemiologic studies, support
the judgment that habitual high salt intake is one of the quantita-
tively important, preventable mass exposures causing the unfavor-
able population-wide blood pressure pattern that is a major risk
factor for epidemic cardiovascular disease. Am J Clin Nutr
1997.65(suppl):626S—42S.
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BACKGROUND FINDINGS RELATED TO THE
INTERSALT STUDY AND TO ASSESSMENT OF ITS
RESULTS AND IMPLICATIONS

This report focuses on facts related to disease origins, not
mechanisms (1), that is, the many facts showing that habitual
high salt intake is one of several key mass exposures producing
adverse blood pressure in a majority of adults aged = 35y (2),
and particularly data from the international cooperative IN-
TERSALT Study. Because sound judgment on the role of
dietary salt in high blood pressure requires consideration of all
the evidence from all research methods, INTERSALT findings
are presented here in the context of key results from clinical,

animal-experimental, epidemiologic, evolutionary biological,
and anthropologic investigations.

The population-wide blood pressure problem

To grasp the importance of the relation of dietary salt to
blood pressure, one must first appreciate that the blood pres-
sure problem is virtually population-wide and not limited to the
minority of adults (43 000 000 Americans) with frank hyper-
tension [ie, systolic blood pressure (SBP) = 140 mm Hg,
diastolic blood pressure (DBP) =90 mm Hg, or receiving
antihypertensive drug treatment] (2-6). This is documented in
data from many large-scale, prospective epidemiologic studies
(6), as illustrated in Table 1 for data from a cohort of
=350 000 men aged 35-57 y in 1973-1975 when screened in
18 US cities in the recruitment effort of the Multiple Risk
Factor Intervention Trial (MRFIT). Only 18% had optimal
blood pressure at baseline. For every other blood pressure
stratum, risks of death from ischemic heart disease, stroke, and
all causes were progressively and significantly increased.
These relations of SBP/DBP to risk were manifest for both
nonsmokers and smokers, for men at all levels of serum cho-
lesterol concentrations, and for African American, Asian, His-
panic, and non-Hispanic white men (see references 5 and 6 for
similar findings on women). All these risk estimates are un-
derestimates quantitatively because they are based on blood
pressure measured at a single visit for each man, without
correction for regression-dilution bias (4). For less-educated
Americans the situation is even worse because they have even
higher SBP/DBP values (7-10). These findings indicate that
for research the primary problem requiring clarification is not
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TABLE 1
Baseline blood pressure, JNC-V strata, and mortality by cause for men screened for the Multiple Risk Factor Intervention Trial’
Ischemic heart disease mortality Stroke mortality All mortality
Blood pressure stratum Percentage® Relative risk’ Percentage’  Relative risk’  Percentage”  Relative risk”
%o % e
Optimal (n = 63 371: 18.2%) 1.4 1.00 0.10 1.00 6.1 1.00
Normal, not optimal (n = 85 273; 24.5%) 1.9 1.31° 0.19 1.73¢ 7.2 111
High normal (n = 77 248; 22.2%) 2.6 1.617 0.24 2.14° 8.4 1.237
High blood pressure
Stage 1 (n = 90 015; 25.9%) 4.1 2.33¢ 0.45 3.58% 1.4 1.65*
Stage 2 (n = 24 744; 7.1%) 6.3 3.20° 0.83 6.90" 16.2 2.047
Stage 3 (n = 5783; 1.7%) 9.3 4.64* 1.57 9.66” 22.8 277
Stage 4 (n = 1544; 0.4%) 12.6 6.88" 3.05 19.19¢ 295 3.837

’'n = 347 978 men free of myocardial infarction history at baseline. Blood pressure strata are as follows (SBP, systolic blood pressure; DBP. diastolic
blood pressure): optimal, SBP <120 and DBP <80; normal, not optimal, SBP 120-129/DBP <85 or SBP <130/DBP 80-84; high normal, SBP
130-139/DBP <90 or SBP <140/DBP 85-89; HBP stage 1, SBP 140-159/DBP <100 or SBP <160/DBP 90-99; HBP stage 2, SBP 160-179/DBP <110
or SBP <180/DBP 100-109; HBP stage 3, SBP 180-209/DBP <120 or SBP <210/DBP 110-119: HBP stage 4, SBP =210 or DBP =120 mm Hg. JNC-V,
Fifth Report of the Joint National Committee on the Detection, Evaluation, and Treatment of High Blood Pressure. From reference 7.

2 Cumulative percentage dying in 15 y; data from reference 6.

7 Relative risk adjusted by proportional-hazards regression model stratified by clinic and adjusted for baseline age. race. income, serum cholesterol.

cigarettes smoked/d, and use of medication for diabetes.
‘P < 0.001.

origins of hypertension, but rather origins of the generally
adverse SBP/DBP values throughout the population and causes
of the rarity of optimal SBP/DBP values in persons aged
=35y (11, 12).

Adverse SBP/DBP values in persons aged = 35 y result
from sizable upward slopes of SBP and DBP with age, from
youth through young adulthood and middle age (3, 13-17). For
example, for 48 of 52 population samples from around the
world in the INTERSALT Study (ie, for all samples except 4
remote ones with habitual low salt intake), slopes of both SBP
and DBP from the age of 20 y to 59 y were positive and
significant (14, 15). On average, for persons aged 55 y com-
pared with those aged 25 y, SBP/DBP was higher by 15/11 mm
Hg.

Data from long-term studies of cohorts followed prospec-
tively from youth into late middle age confirm that SBP/DBP
rises with age during adulthood (13). These data also show that,
although degree of change in blood pressure with age varies
among individuals, blood pressure does rise with age in most
persons, and < 20% do not register increases. Thus, an in-
crease in SBP/DBP with age is likely, but not inevitable.

Findings on salt and blood pressure from other studies

Clinical observations, clinical interventions, and randomized
controlled trials

About 4500 y ago, the following was noted in the Chinese
Yellow Emperor’s classic of internal medicine Nei Ching:
“Hence if too much salt is used for food, the pulse hardens. . .”
(18). A hard pulse is, of course, a sign of possible high blood
pressure. This was only a few millennia after mankind made
the transition from food gathering to food producing, and, as a
consequence, began adding salt to preserve food, thus shifting
from habitual low salt intake toward high salt intake.

Blood pressure measurement came only after Riva-Rocci’s
(19) invention of the indirect method, reported in 1896. Not
long after, in 1904, Ambard and Beaujard (20) in France

reported that treatment of hypertensive patients with a low-salt
diet reduced blood pressure. In the United States, Allen and
Sherrill (21) verified this finding in the early 1920s, followed
by Kempner (22) in the 1940s, then by many others. This
research culminated with the demonstration in the 1950s of the
antihypertensive efficacy of oral thiazide, a natriuretic.

Dietary therapy initially involved very low salt intakes for
patients with severe high blood pressure (20-22). Beginning in
the 1970s, trials were undertaken on the effects of moderate
dietary salt reduction in adults with less severe high blood
pressure or blood pressure in the nonhypertensive range. In the
1990s five overviews (meta-analyses) have been published on
results of salt reduction trials (23-27). Critical review of the
individual trials and of the overviews is beyond the scope of
this paper. Briefly, as to the individual trials, there are multiple
problems with many of them regarding design and methods
(23), eg, sample sizes (generally small), duration (generally
short), approaches to blinding (limited), information on possi-
ble confounding variables (limited), and assessment of degree
of sodium reduction achieved (limited). In many trials, esti-
mates of net decreases in sodium intake, based on urine col-
lection, may have been biased overestimates, reflecting the
difficulties of validly assessing adherence in free-living
participants.

As to the trial overviews, meta-analyses—Ilike other research
tools—have limitations and problems. A primary one is the
selection of trials to include in the analyses (28). Thus, one
overview dealt with 24 studies (23), another with 78 (25), and
the most recent with 56 (27). A second problem is the approach
taken to possible heterogeneity of findings across trials. If
present, why? And is it scientifically sound to pool data in a
single meta-analysis? Further, conclusions of questionable va-
lidity can result not only because of method flaws in meta-
analysis, but also because of unsound generalization unwar-
ranted by the findings (28-31). In this regard, sound judgments
on the pivotal issue, the etiologic significance of a relation such
as that between dietary salt and blood pressure, must be based
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on the totality of research findings from all investigative meth-
ods. Meta-analysis of trials is not a method that generates
results and conclusions that override or replace judgment on
the totality of the data.

As to results, several overviews consistently found signifi-
cant reductions in SBP in both nonhypertensive and hyperten-
sive (younger and older) adults because of a reduction in salt
intake by trial intervention groups (23-27, 29). Thus, these
findings are concordant with and not contrary to (27) findings
from several other studies leading to the conclusions that /)
habitual high salt intake adversely influences blood pressure of
adult populations and 2) recommendations for reduced salt
ingestion by the population, from postweaning on, are sound
public health policy.

In this regard, trial data on infants merit attention (32, 33). In
the Rotterdam trial of salt intake and blood pressure during the
first 6 mo of life, the group randomly assigned to higher salt
intake had significantly higher SBP by 2.1 mm Hg at 6 mo
compared with the group randomly assigned to lower salt
intake (32). Fifteen years later, the group fed more salt during
the first 6 mo of life had significantly higher SBP (adjusted for
confounders) by 3.6 mm Hg, even though there had been no
known intervention since infancy (33). These data indicate the
possibility of pathophysiologic conditioning by high salt intake
in infancy, with adverse effects on blood pressure for years.
They lend further support to the concept of the primary pre-
vention of blood pressure rise with age, and of adult adverse
blood pressure levels, by means of improved lifestyles, includ-
ing lower salt intake, from postweaning on (2).

The cited overviews (23-27) all dealt only with trials involv-
ing individual volunteers; they did not include results from the
few intervention studies involving whole communities. Find-
ings from the intervention studies in communities are summa-
rized and interpreted in the report by Staessen et al (34); critical
review of the separate community studies and of this overview
is beyond the scope of this paper. In this writer’s judgment,
reported results of one of the community trials particularly
merit attention because this trial recorded substantial reduc-
tions in salt intake in the intervention community (35). This
trial was done in Portugal, a country with high intakes of salt,
high blood pressure, and high stroke mortality. At years 1 and
2, SBP/DBP values were lower for both men and women in the
intervention group than for those in the control community: net
reductions were 10.2/7.2 (year 1) and 13.3/6.1 (year 2) mm Hg.

Animal-experimental and pathophysiologic research

Figure 1 gives results of an experiment in the 1950s on
feeding graded amounts of salt to rats (36, 37). As noted later
(37). “The experience with experimental forms of hypertension
is in keeping with the data from studies in humans. In an early
experiment, Meneely and colleagues fed rats different amounts
of salt in their diet for 12 months and found a linear variation
between sodium consumption and systolic blood pressure over
the entire range of intake.” These findings agree with those for
humans (38), as shown by the INTERSALT Study.

Rats are not the only species in which blood pressure rises in
response to increased dietary salt (39-41); in 1948 this result
was reported in chickens, and subsequently in other species.
Findings in chickens included aggravation of cholesterol-
induced coronary and aortic atherosclerosis when blood pres-
sure was raised by increased salt feeding (39), ie, the combined
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FIGURE 1. Relation of dietary salt to systolic blood pressure in rats.
From references 36 and 37. Reproduced with permission from WB
Saunders Company (36).

effect of major nutritional and metabolic risk factors, as re-
corded later in prospective human population studies.

In the intervening decades, investigators worldwide have
done thousands of experiments involving salt feeding to raise
blood pressure in animal models, including strains genetically
inbred to be sensitive or resistant to the blood pressure influ-
ence of salt. In learning from such studies, researchers need to
remember that humans as a species are like rats were before
inbreeding segregated the disparate strains (Figure 1), not like
the polarized strains, ie, blood pressure of most people is salt
sensitive in various degrees.

Much experimentation involving salt feeding and blood pres-
sure is concerned with mechanisms, the complex pathophysi-
ologic pathways leading to blood pressure rise with salt feed-
ing. Whatever the intricacies of mechanisms, regarding the
origin of the experimentally induced upward shifts in blood
pressure distribution (1), dietary salt is the primary causative
factor. The importance of this concept is underscored by results
of an experiment in chimpanzees reported in 1995 (41). When
salt was added to the usual low-sodium diet of chimpanzees
(the closest genetic relative of humans), the quantitative effect
on average blood pressure was substantial: with 5 g NaCl/d (86
mmol Na), SBP rose 12 mm Hg; with 15 g NaCl/d (259 mmol
Na), SBP rose 26 mm Hg; with cessation of added dietary salt,
the original low-normal blood pressure was restored.

Cross-population (ecologic) research and findings from
anthropology and evolutionary biology

In addition to his important animal experiments on salt and
blood pressure, Dahl (14, 42) made a key contribution to
epidemiologic research on relations between group mean salt
intake and prevalence of clinical hypertension in contrasting
populations around the world (Figure 2). In so doing > 30 y
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FIGURE 2. Average daily salt intake of population samples and prevalence of high blood pressure in studies by Dahl (42) and in the INTERSALT Study
(14). INTERSALT criteria for high blood pressure were systolic blood pressure = 140 mm Hg. diastolic blood pressure =90 mm Hg. or use of
antihypertensive medication. n = 52 in the INTERSALT Study: values are adjusted for age and sex. A portion of this figure is reproduced with permission

from Springer-Verlag (42).

ago, Dahl enhanced awareness among Western investigators of
the high salt intake in Japan, particularly in northern Japan, in
early post-World War II decades and the associated high rates
of hypertension and stroke (43). Subsequently, both Gleiber-
mann (44) and Froment et al (45) reported a linear relation
across populations between average salt intake and blood pres-
sure and high blood pressure. These analyses were limited
because they were based largely on published data from diverse
studies not standardized for methods of measurement of either
salt intake or blood pressure, and not controlled for possible
confounding variables. These limitations were important con-
siderations for the INTERSALT Study.

The analyses by Dahl, Gleiberman, and Froment included
data on remote populations that into the 20th century had not
adopted the practice of adding salt to food, and hence con-
sumed a diet habitually low in salt. Over decades. data were
amassed on several such populations. On average these popu-
lations experienced little or no blood pressure rise, even a
modest decline, from youth through middle age and maintained
optimal low-normal average SBP/DBP throughout adult life
(46). Such populations had several lifestyle characteristics in
addition to low salt intake: a low ratio of dietary sodium to
potassium (Na:K), leanness throughout life, daily or almost
daily physical activity, and little or no use of alcohol. It has
therefore been difficult to assess definitively the role of low salt
intake as distinct from other factors in the origin of the favor-
able blood pressure values in these populations. A few data sets
on remote populations shed light on these matters. For exam-
ple, findings on six Solomon Islands population samples
showed that only one of these, the Lau, had prevalent high
blood pressure (47). In contrast with the other five samples, all
of whom consumed low-salt diets, the Lau cooked their food in
brackish water from a Pacific inlet and hence had high salt
intake. Otherwise, lifestyles tended to be similar for these six
peoples. These and related data (48) support the inference that
low salt intake is a key factor in the origin of optimal blood
pressures of isolated populations.

Other studies of such peoples showed that their favorable
blood pressure patterns were not consequences of unusual

population genetics because with acculturation and lifestyle
changes blood pressure distributions shifted upward (46,
49-52). For blood pressure, as for many other physiologic
traits essential for life and hence under multigene influence,
the classic concept on the interplay between nature and
nurture applies: “Heredity [ie, genetics] loads the cannon
but obesity and other stresses [ie, environmental exposures]
pull the trigger” (53). This basic thesis needs to be remem-
bered when assessing the meaning of findings on genetic
polymorphisms influencing blood pressure of individuals
(54). Susceptibility loci (55) or predisposition loci (56)
(along with lifestyles) influence the place of individuals in
the distribution of blood pressure around population means;
those means and their patterns with age are determined
overwhelmingly by environmental, particularly nutritional,
factors.

The root reason for this lies in evolution; during 70
million years of mammalian and primate evolution and 4-15
million years of hominoid and hominid evolution leading to
Homo sapiens (40, 41, 56, 57-63), our predecessors had no
exposures to the several components of contemporary life-
styles now known to be related to present-day population
blood pressure patterns: habitual high salt intake from daily
addition of salt to foods, a fare with a high Na:K, alcohol
intake, or energy intake commonly exceeding expenditure,
leading to obesity. On the contrary, having evolved in the
warm climate of Africa, a salt-poor continent, on a fare low
in salt, the human species became exquisitely adapted for
the physiologic conservation of the limited salt naturally
present in foods, ie, for salt retention, not for excretion of a
chronically excessive intake, = 10-20 times physiologic
need (8-10 mmol/d) (57). Regular addition of salt to food
came late in human evolution, =~6000-8000 y ago or less, in
connection with the development of agriculture and animal
husbandry and their multiple consequences, including a
need for the first time to have a substantial reserve of food
and hence to preserve food (ie, to salt meat, fish, vegetables,
and dairy products). This new exposure came too late for
genetic adaptation by natural selection, particularly because
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its pathophysiologic consequences almost always take their
toll in cardiovascular disease (CVD) morbidity, disability,
and death after sexual reproduction.

Within-population epidemiologic studies on the relation
between salt intake and blood pressure of individuals:
method problems

When INTERSALT was undertaken in 1982-1985, data
available from within-population studies were limited (64);
such research was held back by method problems, particularly
the difficulty of validly characterizing salt intake of individuals
to order them correctly from relatively low to high. In most
populations everyone is exposed to added dietary salt as part of
daily eating. Contrast this with research on smoking and dis-
ease: at the height of the smoking epidemic there remained a
substantial minority of adults who had never smoked. The
exposed and those who were never exposed could be sharply
delineated and their comparative risks—of ischemic heart dis-
ease, CVD, lung cancer, etc—determined.

This problem for within-population studies of validly rank-
ing individuals by their level of exposure to dietary variables
(given that everyone is exposed) is particularly troublesome for
studies of salt because of several special difficulties: how
validly to measure salt added in commercial manufacture of
processed foods, salt added in kitchens of restaurants and
canteens, salt added in cooking by the homemaker, and salt
added at the table by the consumer. Although these last two
sources supply a good deal less than one-quarter of the total salt
consumed daily by individuals nowadays (=75% comes from
processed and manufactured foods) (57, 65-68), this propor-
tion varies from person to person and from day to day. There-
fore, assessing only salt present in foods as purchased reduces
validity in classification of individuals. These difficulties place
special limitations on dietary assessment methods, and drive
researchers to the alternative procedure of 24-h urine collec-
tion, also a method fraught with complexities (64).

Furthermore, individuals vary their intake of foods and nu-
trients daily. Intraindividual variation is generally much greater
than interindividual variation. In this circumstance, with use of
a 1-d diet record, attempts to correlate individual nutrients with
some other characteristic of an individual are likely to fail,
even though a highly important relation between the dietary
pattern and the characteristic in question may really exist (69).
This problem is illustrated in Table 2 (67, 70-76). Note the
contrasts in reliability between nutritional variables and other
variables, especially weight. For all nutrients, including salt
intake as estimated by either 24-h sodium excretion or 24-h
dietary recall, ratios of intra- to interindividual variability ex-
ceed 1.0. The consequence is that with only a single 1-d
measurement of salt intake per individual, misclassification is
considerable; regression coefficients for the sodium-blood
pressure relation are driven toward zero. Observed coefficients
are < 50%, even < 25%, of true coefficients; hence, signifi-
cant findings are detectable only with large sample sizes.

Most within-population studies on sodium and blood pres-
sure have had inadequate sample sizes (64). With measurement
of 4 d of salt intake per person, this problem is blunted;
observed regression coefficients are > 50% of true coefficients
(but still with considerable regression-dilution bias). However,
high-quality collection and analysis of four 24-h urine speci-
mens per person or four 24-h diet recalls on large population

TABLE 2

Ratio of intra- to interindividual variances and effects on observed
coefficient as a percentage of the true coefficient with one and four
measurements’

Observed coefficient as
percentage of true

Ratio, "
. coefficient?
intra- to
interindividual One Four

Study and variables variances measurement measurements

%
Peoples Gas
Weight 0.04 96.2 99.0
Serum cholesterol 0.38 72.5 91.3
Serum uric acid 0.38 72.5 91.3
1-h Post-load plasma
glucose 0.94 515 81.0
Systolic blood pressure 0.34 74.6 92.2
Diastolic blood pressure 0.47 68.0 89.5
Heart rate 0.47 68.0 89.5
International Harvester
24-h Urinary Na excretion 3.20 23.8 55.6
INTERSALT
24-h Urinary Na excretion 1.17 46.0 77.3
MRFIT?
Protein (% of energy) 38 21.0 51.5
Carbohydrate (% of
energy) 1.9 34.7 68.0
Fat (% of energy) 35 222 533
Cholesterol (mg/4184 kJ) 4.1 19.6 49.4
Alcohol (% of energy) 09 53.0 81.9
Na (mg/d) 34 22.7 54.0
K (mg/d) 1.8 35.7 68.9
Ca (mg/d) 1.9 34.1 67.4
Mg (mg/d) 1.6 37.8 70.8
Fiber (g/d) 2.6 27.9 60.7
Vitamin A (IU/d) 15.4 6.1 26.3
Vitamin C (mg/d) 34 22.7 54.3

! From references 14, 67, 73, and 75.

2 Observed regression coefficient as percentage of true regression coef-
ficient = [1/1+ (ratio/n)] X 100, where ratio is the ratio of intra- to
interindividual variance and n is the number of measurements; time inter-
vals between measurements were =1 y.

4 Multiple Risk Factor Intervention Trial.

samples is a major undertaking. Understandably, therefore,
studies in this area with adequate methods—Ilarge sample sizes
and valid approaches for measuring salt intake of individuals—
have been few. The INTERSALT Study was deliberately un-
dertaken with a design and methods to address these
challenges.

THE INTERSALT STUDY

Aims, design, and methods

The origins, aims, design, and methods of the INTERSALT
Study have been reported in detail (10, 14, 15, 67, 75-92). The
aim was to test two sets of prior hypotheses in a sample of
> 10 000 men and women aged 20-59 y from 52 diverse sites
in 32 countries worldwide.
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Within-population prior hypotheses

The hypotheses tested were that for the > 10 000 partici-
pants, SBP and DBP would be directly and independently
related to 24-h urinary sodium excretion, Na:K excreted, body
mass index (BMI), and alcohol use and inversely related to
24-h potassium excretion. One carefully collected 24-h urine
sample would be used to assess dietary sodium and potassium.
It was recognized that with only one urine sample collection
per person, observed coefficients would be considerably less
than true coefficients (regression-dilution bias). To assess this
and correct for it, the protocol provided for repeat 24-h urine
collection in a random sample of participants.

Cross-population (ecologic) prior hypotheses

The hypotheses tested were that for the 52 samples world-
wide, five blood pressure endpoints would be directly related to
sample median 24-h sodium and Na:K excretion, sample me-
dian BMI, and sample alcohol intake, and inversely related to
sample median 24-h potassium excretion; the five blood pres-
sure—dependent variables would be sample median SBP, sam-
ple median DBP, sample slope of SBP with age (20-59 y),
sample slope of DBP with age, and sample prevalence of high
blood pressure (SBP = 140 mm Hg, DBP =90 mm Hg, or
both, or receiving antihypertensive drugs). (Data were com-
puted with use of means as well as medians; results were
virtually identical.)

For tests of both sets of hypotheses, data would be collected
on several other variables to control for possible confounders,
including 24-h urinary magnesium and calcium, pulse, ethnic-
ity, education, physical activity, smoking, and medication use,
and for women, parity and menopausal status. Despite its
serious limitations, 24-h urinary creatinine could be used as a
crude guideline to completeness of collection, along with urine
volume and a careful interview with each participant. The
beginning and end of each urine collection would take place at
the local clinical research center to achieve maximal accuracy
in timing of the 24-h specimen. Prior criteria were stipulated
for rejection of a specimen as incomplete before any data
analyses and for recruitment of a randomly selected substitute
participant. At the first clinic visit, two standardized blood
pressure measurements would be made per person, with aver-
age SBP and DBP to be used in analyses.

To maximize data quality, the study would follow a single
protocol and manual of operations (77), with uniform standard-
ized supplies, equipment, and procedures for data collection
and processing, with key field staff trained and certified at
international regional training sessions. Biochemical analyses
of 24-h urine samples would be done in one central laboratory
(Leuven, Belgium) with standardized procedures for shipment
of properly preserved specimens serially from local centers to
this laboratory, deep-freezing of specimens before analysis,
and automated biochemical analytic methods, with ongoing
internal and external monitoring and control of laboratory
quality. All work would be jointly led and supervised by two
coordinating centers, in Chicago and London, the latter serving
as the statistical center. At each of the 52 centers, the effort
would be to collect data on population-based samples made up
of 200 men and women aged 20-59 y, with 25 persons in each
of eight sex-decade strata.

Statistical methods

To test prior within-population hypotheses (n =
= 10,000), linear regression of SBP and DBP of individ-
uals at each center would be done on their 24-h urinary
sodium excretion, controlled first for age and sex and then
for age, sex, BMI, alcohol use, and 24-h urinary potassium.
This analysis would be done for each of the 52 samples of
~200 people to yield two sets of 52 regression coefficients;
the 52 coefficients for SBP (and then for DBP) would be
pooled, with weighting by inverse of their variance, to
obtain the two overall regression coefficients of SBP and of
DBP on sodium for all 10 079 individual participants. Each
pooled regression coefficient would be adjusted for reliabil-
ity (originally based on a univariate model, subsequently
based on multivariate modeling) (14, 15, 75, 76). To test
cross-population (ecologic) prior hypotheses (n = 52), lin-
ear regression would be done across the 52 population
samples of each of the 5 sample blood pressure variables on
sample median (or mean) 24-h sodium excretion, first con-
trolled for age and sex, then controlled for age, sex, BMI,
and alcohol use.

INTERSALT results

Findings on INTERSALT prior within-population hypotheses

The univariate estimate for the reliability of sodium mea-
surement based on repeat measurement of 24-h sodium excre-
tion for the random subsample (8%) of participants was 0.460
(14); the multivariate estimate was 0.375 (75). As others have
reported (65), BMI and 24-h sodium excretion of individuals
were significantly correlated for both male and female INTER-
SALT participants (r = 0.209 for 5045 men and r = 0.225 for
5034 women). Therefore, inclusion of BMI in multiple-linear-
regression analyses on the sodium-blood pressure relation can
lead to overadjustment because some of the BMI-blood pres-
sure relation can be due to greater salt intake by persons with
greater BMIs (14, 15, 80, 85, 86). Also, inclusion in the same
multiple-linear-regression analysis of correlated variables mea-
sured with low and high reliability (ie, sodium and BMI) can
cause the relation of the trait with lower reliability to blood
pressure to be underestimated (75, 76, 83, 85, 86, 93). In
addition to regression-dilution bias, these are two other (among

TABLE 3

Twenty-four—hour urinary sodium excretion and blood pressure in the
INTERSALT Study: relation in persons with 100-mmol/d lower
excretion’

SBP DBP

Unadjusted for reliability (mm Hg) -1.0° -0.10

Initial univariate adjustment for reliability (mm Hg) -2.2° -0.06

Multivariate adjustment for reliability (mm Hg) -3.1° -0.10
Multivariate adjustment for reliability, without BMI

in model (mm Hg) -6.0° -25°

"n = 10074; of the total (10079 persons). five were not included
because of missing data on alcohol intake. All four analyses controlled for
age, sex, 24-h potassium excretion, and alcohol intake, and the first three
also controlled for BMI. SBP. systolic blood pressure; DBP, diastolic blood
pressure. From references 14, 76, 83, and 85.

2P < 0.001.

fP < 00l.
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seven) probable sources of biased underestimation of the
strength of the sodium-blood pressure relation for individuals.

INTERSALT results for the sodium-SBP and sodium-DBP
relations for individuals are summarized in Table 3. A signif-
icant independent relation was found between 24-h urinary
sodium excretion and SBP. On the basis of multivariate cor-
rection for reliability, with and without BMI in the analysis,
estimates of the size of the sodium-SBP/DBP relation were
3.1-6.0/0.1-2.5 mm Hg lower on average with 100-mmol/d
lower sodium intake (85). Analyses of sodium-blood pressure
relations also including 24-h urinary magnesium and calcium
in the model yielded similar results.

Further data for the INTERSALT tests of prior within-
population hypotheses are given in Table 4. BMI and heavy
use of alcohol (= 300 mL/wk) were directly and independently
related to SBP and DBP, as was 24-h Na:K excreted, and 24-h
potassium excretion was inversely related (14). The combina-
tion of more favorable sodium and potassium intakes is esti-
mated to be associated with average SBP/DBP values lower by
6.5/2.0 to 9.3/4.1 mm Hg. This estimate is quantitatively con-
cordant with results of the Rotterdam mineral salt trial of
combined lower dietary sodium and higher dietary potassium
for older hypertensive persons (94).

The INTERSALT estimates in Tables 3 and 4 (in four-factor
analyses with correction for three sources of bias) are probably
still underestimates of electrolyte-blood pressure relations be-
cause there are at least seven sources of bias leading to prob-
able underestimation (15, 64, 67, 85, 86): /) use of a single
24-h urine collection to quantify habitual sodium intake, a
weak method because of large individual day-to-day variability
that results in misclassification of individuals and thus biasing
of true associations toward zero, ie, the regression-dilution bias

TABLE 4
Coefficients for lifestyle traits and blood pressure in the INTERSALT
Study: analyses with five or four variables’

SBP DBP

Five-factor Four-factor Five-factor Four-factor
analyses analyses analyses analyses

24-h Urinary Na
excretion 100
mmol lower
(mm Hg)

24-h Urinary K
excretion 50
mmol higher
(mm Hg) -34° -3.3? -19 -1.6°

Alcohol intake 0
or 1-299 mL/
wk (mm Hg) -0.5 -0.6 -0.1 -0.2

Alcohol intake 0
or =300 mL/
wk (mm Hg) -3.52 -3.22

BMI 3 units
lower (mm Hg) -2.2° - -1.87 —

-3.1° -6.0° -0.1 -2.57

s

-2.17 - 1.8

"'n = 10 074; of the total (10 079 persons), 5 were not included because
of missing data on alcohol intake. Multivariate coefficients were adjusted
for regression-dilution bias. SBP, systolic blood pressure; DBP, diastolic
blood pressure. From references 76, 83, and 85.

2P < 0.001.

1Z = -1933.

problem; 2) in multiple-regression analyses of blood pressure
on sodium, a variable measured imprecisely in INTERSALT,
the effect of inclusion of confounders measured with high
reliability, eg, BMI; 3) in multiple-regression analyses of blood
pressure on sodium controlled for BMI, the possibility of
over-adjustment because part of the blood pressure-body mass
association may be due to the positive correlation of body mass
with sodium; 4) possible incompleteness of urine collection by
some participants, varying in degree; 5) prior reduction in salt
intake by some participants, varying in degree, biased toward
occurrence in people with higher blood pressures; 6) effects of
antihypertensive drugs on blood pressure; 7) lack of prospec-
tive data on long-term influences of salt on blood pressure, ie,
the cross-sectional nature of the study. Underestimates are
reported in other studies as well, for example, underestimation
of the sodium-blood pressure relation because of variable
incompleteness of 24-h urine collection was objectively shown
in the North London Study with use of oral p-aminobenzoic
acid to detect unreported incomplete collections (95).

Results on sodium and blood pressure in INTERSALT pre-
vailed for both younger (aged 20-39 y) and older (aged 40-59
y) participants, with coefficients about two to three times larger
for older than younger persons; results also prevailed for both
men and women, with coefficients larger for women (15, 85).
Analyses were also done of the best fit for the sodium-SBP
relation, ie, linear, exponential (log SBP), or asymptotic (log
Na or VNa). Linear and exponential fits were virtually iden-
tical in their multivariate adjusted Z score, which is used to
assess goodness of fit. In contrast, log Na and V/Na were
consistently smaller, indicating that these models were not the
best fits. These findings indicate that reported conjectures (96)
are incorrect that sodium intake > 100 or > 150 mmol/d has
little further influence in raising blood pressure. INTERSALT
data indicated that the sodium-blood pressure relation did not
differ significantly for individuals with lower (< 24.1, in kg/
m?) and higher (= 24.1) median BMIs (83).

Results similar to those for all INTERSALT participants
(Table 4) were also recorded in within-population analyses for
9343 individuals, not including those from four remote samples
with low sodium intake (14) (Table 5). These findings are

TABLE §
Coefficients for lifestyle traits and systolic blood pressure in the
INTERSALT Study: analyses with five or four variables’

Five-factor  Four-factor

analyses analyses

24-h Urinary Na excretion 100 mmol lower

(mm Hg) -3.2? -6.2°
24-h Urinary K excretion 50 mmol higher

(mm Hg) -4.3° -437
Alcohol intake 0 or 1-299 mL/wk (mm Hg) -0.5 -0.01
Alcohol intake 0 or =300 mL/wk (mm Hg) -3.6° -3.3?
BMI 3 units lower (mm Hg) -2.22 —

"'n = 9343; of all participants (10 079 persons), 731 were not included
from the four populations with low sodium intake (Kenya, Papua, Xingu,
and Yanomamo); 5 others were not included because of missing data on
alcohol intake. Multivariate coefficients were adjusted for regression-
dilution bias on the basis of reliability data for all 10 079 participants.

2P < 0.001.

1P < 00l.
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displayed here because of controversy surrounding them (97,
98).

INTERSALT within-population analyses also showed that
the inverse relation between educational attainment and blood
pressure (8, 9) prevails in many population samples worldwide
(10). INTERSALT was able to elucidate for the first time
reasons for this finding: the less the educational attainment of
individuals, the greater their 24-h sodium excretion, alcohol
intake, and BMI and the lower their 24-h potassium excretion.
These four lifestyle-related variables accounted for a signifi-
cant proportion of the inverse association between education
and blood pressure (10).

To explore whether the sodium-blood pressure relation in
INTERSALT was due largely to salt sensitivity among hyper-
tensive participants, analyses were repeated involving only
nonhypertensive persons (SBP < 140 mm Hg, DBP < 90 mm
Hg, and not receiving antihypertensive drugs) (Table 6) (89).
Coefficients for the Na-SBP and Na-DBP relations were sim-
ilar for the 8344 nonhypertensive individuals and all 10 079
participants. These findings indicate that salt sensitivity is
common throughout the population.

Findings on INTERSALT prior cross-population (ecologic)
hypotheses on sodium and blood pressure

Data for tests of the five prior hypotheses on relations of
sample median 24-h sodium excretion to five blood pressure
endpoints are given in Table 7 (14). With standardization for
age and sex, all coefficients were significant (P < 0.01 or <
0.001) and strong. Thus, with sample median sodium intake
lower by 100 mmol/d, the upward slope in sample SBP/DBP
from the age of 25 y to 55 y was estimated to be less by 9.0/6.3
mm Hg; the sample median SBP/DBP was estimated to be less
by 7.1/3.8 mm Hg; and the sample prevalence of hypertension
was estimated to be less by 6.2 percentage points (14, 43). With
further adjustment in ecologic analyses for BMI and alcohol
intake, four of five coefficients were significant (P < 0.05, <

TABLE 6

Coefficients for 24-h urinary sodium excretion and systolic blood
pressure in the INTERSALT Study: relation in nonhypertensive persons
with 100-mmol/d lower excretion compared with that for all
participants’

Nonhypertensive

participants All participant‘s
(n = 8344)? (n = 10074y
Unadjusted for reliability
(mm Hg) -1.0° -1.07
Multivariate adjusted for
reliability (mm Hg) -30° -3.1"
Multivariate adjusted for
reliability, without BMI in
model (mm Hg) -4.9° -6.0*

’ All three analyses were controlled for age, sex, 24-h potassium excre-
tion, and alcohol intake; the first two were also controlled for BMI. From
reference 89 and INTERSALT analyses.

2 Persons with systolic blood pressure <140 mm Hg and diastolic blood
pressure <90 mm Hg and not taking antihypertensive drugs.

4 Of the total (10 079 persons), 5 were not included because of missing
data on alcohol intake.

“P < 0.001.

SP <00l

0.01, or < 0.001) (Table 8) (14). All relations continued to be
strong.

In response to criticism of the linear-regression method used
to estimate slope of blood pressure with age, the INTERSALT
research group recently reported further analyses applying
three additional methods to assess blood pressure differences of
persons aged 55 compared with 25 y for each of the 52
samples, and relating sample median (and mean) 24-h sodium
excretion to these differences (Table 8) (85). All methods gave
similar highly significant estimates (P < 0.001): an increase of
10-11/6 mm Hg in SBP/DBP over 30 y with sodium excretion
higher by 100 mmol/d. These results were found with cross-
sample adjustment for BMI and alcohol use, and also in further
analyses with adjustment for blood pressure at age 20-29 y
(85). These INTERSALT findings indicate that much of the
total overall upward slope of SBP/DBP with age, eg, from the
age of 25 y to 55 y (averaging ~15/11 mm Hg for the 52
samples), could be attributable to high salt intake.

Findings in INTERSALT original post hoc ecologic analyses

On the basis of scattergrams from the original analyses (14),
three other sets of ecologic analyses were undertaken in the
INTERSALT Study before its first report. One used Spearman
rank-order correlation rather than linear regression to assess
consistency of results with the two methods (14). For all
samples, rank-order correlations were significant for sample
24-h median sodium and sample SBP slope with age (r =
0.451, P < 0.001), and for sample 24-h median sodium and
sample DBP slope with age (r = 0.537, P < 0.001). Other r
values were not significant.

A second set of post hoc ecologic analyses involved trunca-
tion of the data, by exclusion of findings for four remote
samples with low 24-h sodium excretion (14, 79) to evaluate
the influence on the overall results of data from these four
centers. With standardization by age, sex, BMI, and alcohol
intake, relations of 24-h median sodium excretion to slopes of
SBP and DBP with age were significant (P < 0.01), with
coefficients of 9.0 and 4.5 per 30 y per 100 mmol Na, respec-
tively. Other coefficients were not significant. For 48 samples,
analyses by four methods consistently gave significant results
for the relation of sample average sodium excretion to differ-
ence in blood pressure at the age of 55 y compared with 25 y
(85). Estimates were of an increase in SBP/DBP by 9-12/4-5
mm Hg with sodium excretion higher by 100 mmol/d; with
adjustment also for blood pressure at age 20-29 y, SBP/DBP
was greater by 9-11/3-4 mm Hg. In a third set of post hoc
ecologic analyses, INTERSALT researchers confirmed from
data for the four isolated samples observations that had been
repeatedly noted in previous reports that habitual low salt
intake is associated with low-normal SBP/DBP, little or no rise
in SBP/DBP with age. and little or no hypertension (14, 67,
79).

Controversial statements about INTERSALT findings

Repeated controversy may have tended to obscure INTER-
SALT findings. One example was referenced above (97, 98).
Others have emanated from the Salt Institute, a trade organi-
zation of commercial companies producing salt, eg, in a letter
from the institute to the Dietary Guidelines Advisory Commit-
tee of the US Department of Agriculture and the US Depart-
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ment of Health and Human Services (RL Hanneman, written
communication, 1995), to which I responded in detail (J
Stamler, written communication, 1995). Contrary to proposals
from the Salt Institute, the report of the Dietary Guidelines
Advisory Committee reaffirmed for the new (4th) edition of the
guidelines (99) the recommendation present in earlier editions
of lower salt intake for the general population. Further, the
committee advised that the guideline on salt be made more
explicit by citing the Nutrition Facts label listing of 2400 mg/d
(=100 mmol/d) for sodium as an upper limit (100).

A further recent example is a commentary by the Salt Insti-
tute in the British Medical Journal (101). The INTERSALT
Steering and Editorial Committee comprehensively refuted the
multiple statements made in this piece (102, 103), and other
colleagues also responded (104-106). In another journal, a UK
academic physician said that INTERSALT cross-population
findings on the relation of sample median 24-h sodium excre-
tion to slopes of SBP and DBP with age may be “an artifact of
retrospective sub-group analysis” (107). This statement should
be corrected because /) these analyses were not retrospective,
they were part and parcel of testing INTERSALT prior eco-
logic hypotheses, formulated early by INTERSALT at the
initiative of London INTERSALT colleagues (Paul Elliott and
Michael Marmot) before field data were available for analysis,
and 2) they were not subgroup analyses, they involved all 52
INTERSALT samples.

In a review on salt and blood pressure, two European
medical researchers summarized the INTERSALT within-
population findings by giving only separate results for individ-
uals at each of the 52 centers (96). They stated, “The relation
between sodium excretion and blood pressure was greatly
diminished when body mass index, alcohol consumption, and
potassium excretion were factored out. Positive correlations
decreased to eight centers for systolic blood pressure and no
centers for diastolic blood pressure” (96). This statement is

TABLE 7
Multiple-linear-regression coefficients for 24-h median sodium excretion
and blood pressure: tests of the INTERSALT prior ecologic hypotheses’

Adjusted  Adjusted for

Dependent variable for age age, sex, BMI,

and sex  and alcohol

SBP slope with age (mm Hg over 30 y with

100-mmol/d greater Na intake) 9.0° 10.2°
DBP slope with age (mm Hg over 30 y with

100-mmol/d greater Na intake) 6.3° 6.37
Median SBP (mm Hg with 100-mmol/d

greater Na intake) 7.1° 4.5°
Median DBP (mm Hg with 100-mmol/d

greater Na intake) 3.8° 2.3*
Hypertension prevalence with 100-mmol/d

greater Na intake® 6.2° 4.8°

"n = all 52 INTERSALT population samples. SBP, systolic blood
pressure; DBP, diastolic blood pressure. From reference 14.

2P < 0.001.

‘P <001

*P = 0.08.

* Hypertension is defined as SBP = 140 mm Hg, DBP = 90 mm Hg, or
receiving antihypertensive drugs. Units of prevalence are percentage
points.

%P <0.05.

incorrect in detail, in essence, and by omission. As to detail,
data in Table 1 of the 1988 INTERSALT paper show that the
multivariate-adjusted sodium-SBP coefficient had a positive
sign for 33 of 52 samples, not 8 (14). As to essence, these
sample-specific data were descriptive statistics, not tests of any
INTERSALT prior hypothesis. With sample sizes of = 200 at
each of the 52 INTERSALT field centers, statistical power was
completely lacking to test the sodium-blood pressure relation
sample by sample. From the beginning, the INTERSALT sta-
tistic for testing the within-population sodium-blood pressure
relation was the pooled coefficient for all 10 079 individuals
from all 52 samples (14). The cited review omits mention of
this pooled coefficient; its P value is < 0.001 (Tables 3 and 4).
Note that the first page of the cited review (96) states, “Pub-
lication costs were defrayed by educational grants from the
European Committee for the Study of Salt, Vienna and Paris;
and the Salt Institute, Washington, DC.”

Implications of INTERSALT and related findings

Significance of the sodium—blood pressure relation

The independent, significant positive relations found by
INTERSALT, in both its within-population analyses on = 10 000

TABLE 8

Estimated greater average difference in blood pressure (mm Hg) over
30 y (age 55 y minus age 25 y) with daily median urinary sodium
excretion higher by 100 mmol in INTERSALT cross-population
analyses’

SBP DBP
Difference Difference
Model greater by t greater by t
Linear 10.2 5.7% 6.3 6.6
Linear adjusted 10.1 5.52 6.2 6.3
Difference 10.7 5.1° 5.7 5.0°
“Best fit” 11.3 6.1° 6.4 6.7°

/ SBP, systolic blood pressure; DBP, diastolic blood pressure. The four
models used to estimate average blood pressure at age 55 y and at age 25 y,
and to estimate difference (age 55 y minus age 25 y) for each of the 52
samples, were as follows: linear, univariate linear regression of SBP and
DBP on age for each sample, as in reference 19; linear adjusted, linear
regression of SBP and DBP on age for each sample, with adjustment for
sex, 24-h urinary potassium excretion, BMI, and alcohol intake entered as
two 0-1 variables, 1-299 mL/wk and =300 mL/wk; difference, difference
in population sample median SBP (and DBP) at ages 50-59 and 20-29,
computed separately for men and for women, then average of these two
values; “best fit,” polynomial curve fitting of blood pressure on age, up to
the fifth order term, with use of root-mean-square error (the estimated
residual SD of blood pressure unexplained by the model) to determine
whether higher order terms of age improved the “fit” of regression of SBP
and DBP on age. Each blood pressure difference, obtained with each of the
four models. was entered as the dependent variable in a cross-population
(ecologic) analysis with the independent variable sample 24-h median or
mean sodium excretion, adjusted across the 52 population samples for
sample median BMI and alcohol intake (sample median alcohol intake/wk
of drinkers, and sample prevalence of alcohol drinking). The resultant
regression coefficients (data columns two and four of the table) estimate
the greater difference in SBP and in DBP over a 30-y period (age 25 y to
age 55 y) attributable to sample average sodium excretion higher by 100
mmol/d. Results were similar with use of median and mean 24-h sodium
excretion; those in the table are for the median as independent variable.
From reference 85.

2P < 0.001.
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people and its cross-population analyses on 52 samples, between
24-h sodium excretion and blood pressure agree with extensive
findings by all research methods. Thus, they strongly support the
judgments that habitual population-wide excess high salt intake is
a mass exposure playing an important causative role in the rise in
blood pressure with age during adulthood, the consequent popu-
lation-wide adverse blood pressure values from the age of 35 y on,
the high incidence and prevalence rates of frank hypertension, and
the high incidence and mortality rates from major CVDs that are
due to adverse blood pressure values (2, 7, 23-26, 36, 38, 41, 43,
57,99, 100, 104-106, 108-115). It is these judgments that under-
lie national and international public policy statements, developed
by expert groups, recommending moderation in salt intake by the
whole population: <6 g/d (< 100 mmol Na/d) or preferably
<45 g/d (<75 mmol/d) (2, 7, 57, 99, 100, 110-115). INTER-
SALT within-population findings are based on data for an overall
sample of = 10000 men and women aged 20-59 y, from 52
population samples in 32 countries worldwide. This broad base
lends weight to the judgment that the foregoing assessments are
robust and widely generalizable.

INTERSALT findings on the shape of the curve relating
24-h sodium excretion of individuals to their blood pressure
also have important implications. Linear and exponential
curves tested similarly as best fits, ie, the higher the sodium
intake of individuals, the greater their blood pressure on aver-
age. The asymptotic curve was a poorer fit, a result lending no
support to the hypothesis that in the range of sodium intake of
125-250 mmol/d, blood pressure on average levels off, with
little or no further rise with greater sodium intake. Therefore,
for many populations, with salt intake averaging ~10 g/d (172
mmol Na/d) and with sizable numbers of people consuming
= 12 g/d (= 207 mmol Na/d), a significant reduction in salt
intake to < 6 g/d (< 103 mmol Na/d) as recommended can be
expected to produce substantial reductions in blood pressure.

This inference is also supported by INTERSALT findings
for 8344 nonhypertensive participants. The similar significant
coefficients for the sodium-SBP relation for nonhypertensive
and all participants indicate that salt sensitivity of various
degrees is widespread. This inference is supported by data in
overviews of population-based observational studies and trials
(23-28, 64) but seems contrary to results from clinical studies
of salt sensitivity (116). However, there are problems with the
data from clinical studies, eg, they have not been population-
based, hence their generalizability is unclear; sample sizes have
been small; and arbitrary cutoff points have been used to define
acute blood pressure responsiveness to salt (ie, yes or no),
which is in fact continuously distributed (117). Furthermore,
only limited data are available on the meaning of results from
such salt-sensitivity studies (eg, relation of findings to risks of
blood pressure rise with age). Also, only limited findings have
been reported on reproducibility in individuals of acute blood
pressure response to salt loading or unloading. These indicate
that results of acute tests of salt sensitivity are of limited
reproducibility, eg, with the conservative criterion of a fall of
=10 mm Hg in mean arterial blood pressure with acute salt
depletion after intravenous salt loading, 17 of 28 participants
(60.7%) were positive at the first or second testing within 12 mo;
only 7 (25.0%) were positive at both (agreement on positive
response: 7/17 = 41.2%) (117). This was a small clinical study,
however, and the generalizability of its findings is not clear.

It seems likely that the considerable intraindividual variabil-
ity in response to salt-sensitivity testing is similar to that for
serum cholesterol response to dietary lipid loads (118) and for
glycemic response to oral glucose load (73, 119). Today’s
nonresponder is next month’s or next year’s responder. There-
fore, currently available estimates on prevalence of salt sensi-
tivity that are based on one-time studies are underestimates. If
the criterion is a decrease in mean arterial blood pressure of
= 10 mm Hg on one or both of two tests, most people, for
example, 61% of those in the cited study, are salt sensitive
(117). The proportion is even higher if the criterion is shifted
downward, for example, to a decrease of 6 or 8 mm Hg. Thus,
these clinical data agree with those from INTERSALT and
other population-based studies in indicating that salt sensitivity
in varying degrees is common throughout the population.

Size of the sodium—blood pressure relation

Best estimates from INTERSALT data on the size of its
significant sodium-blood relations are the following:

1) From within-population analyses, SBP/DBP is 3-6/0-3
mm Hg lower on average per 100-mmol/d lower 24-h
sodium excretion with and without BMI in the analyses,
with multivariate adjustment for reliability, and with con-
trol for age, sex, alcohol intake, and potassium (85); for
subgroups, SBP/DBP is 5/2 mm Hg lower for nonhyper-
tensive persons, 8/4 mm Hg lower for those aged 40-59
y, 4/1 mm Hg lower for those aged 20-39 y, 5/2 mm Hg
lower for men, and 8/3 mm Hg lower for women, without
BMI in the analyses. All these values for individuals are
almost certainly underestimates.

2) From estimates from cross-population analyses con-
trolled for age, sex, BMI, and alcohol intake, with pop-
ulation median sodium lower by 100 mmol/d, median
SBP/DBP is lower by 5/2 mm Hg; for persons aged
40-59 y, SBP/DBP is lower by 7/4 mm Hg; for those
aged 20-39 y, it is lower by 2/0.4 mm Hg. With sodium
lower by 100 mmol/d, the average difference in the
population sample SBP/DBP, age 55 y compared with
25y, is a decrease of 10-12/6-7 mm Hg (85).

These within-population and cross-population estimates gener-
ally agree with each other and with those from other analyses
(25, 64, 104).

The emphasis here on the etiologic significance of the salt—
blood pressure relation and on its strength, hence its impor-
tance, is in no way meant to underplay the known role of other
environmental exposures that also adversely influence blood
pressure, including inadequate dietary potassium, energy im-
balance with consequent obesity, heavy alcohol use, and phys-
ical inactivity (2, 7, 10, 14, 15, 57, 67, 70, 74, 76, 83-92, 99,
100, 102, 110-115). All the foregoing dietary variables plus
sodium were shown by INTERSALT to relate significantly,
sizably, and independently to blood pressure. Hence, improve-
ments in nutrition related to all of them, as components of
broad improvements in eating and drinking patterns to combat
chronic diseases (57), have great potential to prevent and control
adverse blood pressure. These appropriate multifactorial empha-
ses have nothing in common with the contention that obesity and
excess alcohol intake are more important risk factors for adverse
blood pressure than dietary salt, an assertion contrary to the
available data (82). It can be anticipated that research advances
over the next years will produce extended nutritional recommen-
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dations for improving population blood pressure values, possibly
regarding dietary magnesium, calcium, fiber, cholesterol, satu-
rated fat, and protein (74, 120, 121).

Effect of lower blood pressure on risks of major CVD and
all-cause mortality

Even small differences in population average blood pressure
relate importantly to CVD and all-cause mortality risks (46,
11, 12, 85, 86, 88, 89, 111, 122-127). Representative data
derived from multivariate analyses of 16-y prospective findings
for the MRFIT cohort are given in Table 9 (5, 6). The focus is
on estimated favorable effects of lower SBP because from
about the age of 40 y on, SBP is more strongly related to risks
than is DBP. Given the large size of this cohort, the large
numbers of deaths, and control for other risk factors, these are
highly precise estimates, albeit underestimates because they are
not corrected for regression-dilution bias. As is evident, even
SBP lower by 2 mm Hg is associated with significant and
meaningful benefit: lower ischemic heart disease and CVD
death rates by 4-5% and lower all-cause mortality by 3%. A
population average SBP lower by 2 mm Hg is consequential,
not inconsequential, assertions to the contrary notwithstanding
(128). Estimated effects of greater improvements in population
average SBP are considerably greater. For example, for the
above-cited INTERSALT estimates of SBP (lower overall by 6
mm Hg) with daily sodium intake lower by 100 mmol, isch-
emic heart disease and CVD death rates are lower by ~13%
and the all-cause death rate is lower by =~9% (Table 9). For
10-mm Hg lower SBP, estimated from INTERSALT ecologic
data on sodium and SBP slope with age, ischemic heart disease
and CVD mortality rates were lower by =~20-21% and the
all-cause death rate was lower by 14%. With SBP lower by 20
mm Hg on average, as observed in low-risk cohorts of men and
women with optimal status for all ischemic major ischemic
heart disease and CVD risk factors (122, 129, 130), even more
favorable effects can be anticipated.

TABLE 9
Relation of lower systolic blood pressure (SBP) to risks of mortality in
the Multiple Risk Factor Intervention Trial’

16-Year mortality lower by:

SBP lower Ischemic All cardiovascular
by: heart disease diseases All causes
%

2 mm Hg 44 4.6 3.0
3 mm Hg 6.5 6.8 4.4
4 mm Hg 8.6 9.0 5.8
6 mm Hg 12.6 13.2 8.6
8 mm Hg 16.5 17.2 11.3
10 mm Hg 20.1 21.0 13.9
20 mm Hg 36.2 37.6 25.9

! Cohort of 342 815 men free at baseline of history of hospitalization for
heart attack and drug-treated diabetes; data are based on coefficients for the
relation of baseline SBP to 16-y risk of ischemic heart disease, cardiovas-
cular diseases, and all causes of death, from multivariate proportional-
hazard regression analyses with baseline serum cholesterol, cigarettes
smoked/d, age, sex, income, and race also in the model. Coefficients were
as follows: for SBP-ischemic heart disease, 0.0225; for SBP—cardiovas-
cular diseases, 0.0236; and for SBP-all causes mortality, 0.0150. From
reference 6.

Possible increases in risk of other diseases with high
habitual salt intake

The foregoing estimates need to be weighed also in the
context of mounting research evidence that excess dietary salt
has possible adverse effects on population risks of several other
major threats to health. These include gastric cancer, asthma,
renal lithiasis, osteoporosis, cardiac left ventricular hypertro-
phy, left ventricular dysfunction during exercise by hyperten-
sive patients, and stroke (independent of blood pressure effects
on risks of these last three) (67, 131-141).

Safety of moderate reduction in salt intake

It was noted in the monograph Diet and Health that the
recommended salt intake (= 6 g/d) will have no detrimental
effect on the general population (57). This judgment is disputed
by some who allege that such moderate reduction in salt intake
may have unfavorable effects, for example, increase in blood
pressure, serum cholesterol, and glucose, and risk of heart
attack (27). Some of these alleged effects, for example, those
on plasma biochemical variables, are suggested on the basis of
extrapolations from reports of acute studies in subjects with
very low salt intakes (27, 142). Other suggested effects, for
example, that blood pressure increases in some people in
response to moderate salt intake, are from studies without
parallel control groups, and hence cannot validly account for
random blood pressure fluctuations in individuals (96). Con-
trolled data, available from the Australian trial of salt reduction
and the US Trial of Hypertension Prevention, show not only
lower average blood pressure values for the group with lower
salt intake, but also a smaller percentage of individuals in the
intervention than in the control group with an apparent rise
above baseline in blood pressure (24, 26, 143). These data
indicate that such apparent blood pressure increases are not
attributable to dietary salt reduction.

In MRFIT, for men randomly assigned into the two trial
groups, 24-h dietary recalls were done at baseline and repeat-
edly at subsequent annual visits (74). These data permit explo-
ration of questions about the safety of salt intake at the mod-
erate amounts recommended in public policy statements. With
four or five recalls per person, estimates of sodium intake are
reasonably reliable (Table 2). Mean values for plasma choles-
terol, glucose, and uric acid were similar across the quintiles of
sodium intake for both SI and UC groups (data available from
author on request). Also, changes from baseline in plasma
cholesterol, glucose, and uric acid were similar for all quintiles
of change in sodium intake for both groups (Table 10). Sub-
stantial lowering of sodium intake to moderate amounts (=70
mmol/d) did not induce increases in plasma cholesterol, glu-
cose, or uric acid. These findings do not support the hypothesis
that long-term, moderate reduction in salt intake is harmful for
the general population. Rather, they support the conclusion of
the National Academy of Science monograph that this level of
salt intake is associated with no detrimental effects. Nor is this
conclusion undermined by a recent report from a study on
treated hypertensive men suggesting that lower salt intake may
be associated with a greater rate of myocardial infarction in
such persons (144). A critique of this report is beyond the
scope of this paper; see the concurrent editorial on it, dealing
with its limitations (145). Given the extensive data on adverse
effects of habitual high salt intake on population blood pressure
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Quintiles of mean change in dietary sodium, trial years -6 minus baseline, and mean change in plasma cholesterol, glucose, and uric acid for men in

the Multiple Risk Factor Intervention Trial’

Quintile (Q) of mean
change in Na (mmol/d)

Mean plasma

cholesterol change

Mean plasma
glucose change

Mean plasma
uric acid change

mmol/L
(mg/dL)
Usual care group (n = 6159)
Ql: —112.5 (n = 1227) —0.18 (—6.9)
Q2: —32.0 (n = 1233) -0.17 (—6.4)
Q3: 1.6 (n = 1230) -0.15(=5.7)
Q4: 32.3 (n = 1240) —0.15(-5.8)
Q5: 87.1 (n = 1229) —0.16 (—6.0)
Special intervention group (n = 6196)
Ql: —131.4 (n = 1238) -0.32(-12.3)
Q2: —48.0 (n = 1234) -0.37 (-13.0)
Q3: —12.7 (n = 1246) —=0.29(-11.3)
Q4: 17.8 (n = 1240) —-0.30(-117)
QS5: 68.0 (n = 1238) =031 (-12.1)

mmol/L pmol/L
(mg/dL) (mg/dL)
0.17 (3.0) 0.0 (0.0)
0.11 (2.0) 0.0 (0.0)
0.14 (2.5) 0.0 (0.0)
0.12(2.1) 0.0 (0.0)
0.19(3.4) -59(-0.1)
0.06 (1.1) 11.9(0.2)
0.07(1.2) 5.9(0.1)
0.09 (1.6) 5.9(0.1)
0.16 (2.8) 5.9 .1
0.16 (2.9) 5.9(0.1)

’ Change data are based on one measurement per man at baseline and the mean of six annual plasma measurements per man during the trial; four and
five 24-h dietary recalls were collected at annual visits for men in the usual care and special intervention groups, respectively. Means are adjusted for age.
race, baseline diastolic blood pressure and cigarettes smoked/d, change in weight, change in energy consumed/d, change in percent of energy from dietary
saturated and polyunsaturated fatty acids and alcohol, change in dietary cholesterol (mg/4184 kJ), and year-6 antihypertensive medication status.

values and the lack of well-controlled confirmed evidence on
hypothesized adverse effects, expected benefits from a moder-
ate reduction in salt intake far outweigh putative risks.

It was stated here that the foregoing assessment is not well
founded because trials of salt reduction have had only blood
pressure (an intermediate variable) as the endpoint, not inci-
dence of major CVD or mortality. Without data from such
trials, it was averred, public policy recommending that the
general population reduce their salt intake to moderate levels is
inappropriate. This argument ignores the fact that there are data
showing adverse influences of high salt intake on cardiovas-
cular endpoints, as cited above (138-141). Moreover, this
assertion needs scrutiny for another reason: recent experience
with proposals for definitive large-scale, long-term, random-
ized controlled trials on the diet-heart issue casts light on the
realities and implications of this approach to the salt-health
issue. The diet-heart trial issue concerned the use of random-
ized controlled trials to assess primary preventive effects of
dietary lipid modification on ischemic heart disease and CVD
incidence and mortality and (possibly) on all-cause mortality in
people free of clinical ischemic heart disease and CVD. De-
velopments on this issue from the late 1950s to its resolution in
the early 1970s are well documented (146-148). For multiple
reasons, scientific and administrative, the policy decision was
made to not undertake such trials (148).

Any effort to mount a salt-health trial in nonhypertensive peo-
ple from the general population, with ischemic heart disease and
CVD incidence and mortality or all-cause mortality as the primary
endpoint, faces the formidable problems that confronted proposed
diet-heart trials. No investigative groups or funding agencies are
considering undertaking such salt-health trials. Therefore, it is
unrealistic to speak of data from such trials as prerequisites for
recommendations to the general population on moderating salt
intake to improve health. As with dietary lipids and health, advice
to the general population can and must go forward on the basis of

extensive evidence from several research disciplines short of de-
finitive, hard-endpoint trials.

Particularly in the mid-1990s, after celebration of the 30th
anniversary of the landmark report to the Surgeon General on
smoking and health (149), the lesson of this report merits atten-
tion. The expert group set up by the Surgeon General had the
explicit charge to set down its judgments on the etiologic signif-
icance of several sets of observational data, mainly epidemiologic,
showing associations between smoking and lung cancer, chronic
obstructive pulmonary disease, ischemic heart disease, etc, as a
basis for recommendations for population-wide public policy. No
data were available or pending from randomized controlled trials
with hard disease endpoints. The expert group systematically
addressed this assignment, disease by disease, aided by a set of
guidelines for evaluating the etiologic significance of epidemio-
logic associations (149). The result is history: productive recom-
mendations to the general population on improving lifestyles to
enhance health and longevity with health.

Those who reject present recommendations on salt intake,
for example, a salt intake < 6 g/d by Americans, are implicitly
endorsing the status quo as the best of all possible worlds
nutritionally, that is, endorsing the large amounts of salt added
to thousands of food products in food manufacturing and
processing (a source of = 75% of all ingested salt), including
many products that are generally recognized as undesirable for
multiple nutritional reasons. Silence means consent. It is also
argued that reducing population salt intake is controversial and
that experts disagree. In brief reply, national and international
recommendations, eg, to lower population mean salt intake to
4.5-6.0 g/d, have been made repeatedly on the basis of detailed
consideration of the evidence by responsible expert groups (2,
7, 57, 99, 100, 110-115, 150, 151). There is consensus, and
there has been for years.

Unanimity, the absence of controversy, has never been a
criterion for public policy and public action. Major advances in
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knowledge, of significance for medical care and public health,
have always been associated with controversy, eg, Harvey and
circulation of the blood, Darwin and evolution of species,
Pasteur and causation of disease by bacteria, Semmelweis and
puerperal fever, Lister and antisepsis, Goldberger and pellagra,
and in the present era dietary lipids and atherosclerotic disease,
and smoking and ischemic heart disease, chronic obstructive
pulmonary disease, lung cancer, etc. Such controversy is in-
herent in the social process of development of knowledge and
in the fact that knowledge never is, and by its very nature
cannot be, complete or final. Moreover, as the record docu-
ments, controversy also has its roots in special interests, in-
cluding entrenched academicians and commercial organiza-
tions. Application of knowledge for the safe improvement of
lifestyles, to prevent and control epidemic diseases afflicting
the population, cannot, and need not, wait on cessation of
controversy. Witness the important advances made in recent
decades in prevention and control of major CVDs through
reduction of saturated fat and cholesterol in the diet and in
percentage of smokers in the population (both still controver-
sial efforts according to some sectors of the food and tobacco
industries).

PERSPECTIVE: SOURCES OF THE HIGH INTAKE OF
SALT BY THE POPULATION

Contrary to some assertions, excess salt intake by popula-
tions can be moderated. The above-cited outcome of the Por-
tuguese community trial is one research-based experience.
There are also positive national public policy experiences.
Japan is one example: note the points for northern and southern
Japan on the Dahl curve (Figure 2): 448 mmol per person per
day for men and women in Akita (north) in 1954 and 241 mmol
in Hiroshima (south) for men in 1958. By the latter 1980s,
when INTERSALT studied three population samples in Japan,
median 24-h sodium excretion was 169-214 mmol for men,
still high but substantially reduced. This reflects a national
undertaking in Japan, to improve nutrition and treat high blood
pressure. It is a reasonable inference that the remarkable de-
cline of ~80% in stroke death rates for both men and women,
from rates that were the highest for any industrialized country,
has resulted from this effort (67, 123). Concomitantly, isch-
emic heart disease death rates, the lowest among industrialized
countries for decades, have declined so that life expectancies in
Japan are now the longest of any nation.

Belgium is a second example. Between October 1976 and
July 1978, by royal decree of the Ministry of Health, the high
salt content of bread was gradually reduced by 23%, from 15.6
to 12 g/kg (152). In the United States there was evidence of a
downturn of =~36% in purchase of table salt by the general
population from 1972 to 1985, from 2.2 to 1.4 1b per person per
year (67), evidently in response to repeated recommendations
by responsible public health agencies.

Regarding achieving an end to excess salt intake by the
population, one must first understand where most of the salt in
modern fare comes from: it is not from salt added in the kitchen
by the homemaker or at the table by the consumer, it is a result
of salting by food processors. Salt is a major food additive. In
1987, ~83% of ingested salt in British food came from pro-
cessed foods, =~7% from salt added in the kitchen, and ~10%

from salt added at the table (57, 65). Similar data are available
for Americans (6668, 153).

The concluding paragraph in the third of three British papers
on salt and blood pressure deals with the essence of this matter
(25): *“Advising the public to reduce consumption of salt is
important, but the widespread use of salt in food processing
limits what individual people can readily achieve. Labelling of
the salt content of foods and, above all, reduction in the amount
of salt added by manufacturers to processed food is a vital
public health objective. Such action by food manufacturers, as
well as people not adding salt to food. . . could reduce sodium
intake by 100 mmol/24 h.... Few measures in preventive
medicine are as simple and economical and yet can achieve so
much.”

For the United States, the strategic essentials, including the
possibilities for population-wide health progress, and the chal-
lenges, among them to the food industry, were set down in the
1993 National Heart, Lung and Blood Institute report on
primary prevention of hypertension (2). The recommenda-
tions of this landmark document, developed and approved
after months of deliberation by experts, merit comprehen-
sive implementation.
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