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epithelial Na* channels

food frequency questionnaire

FMD:
GAGs:

ICC:
IMT:

Na:
NaCl:
NO:
PWV:
RAAS:

RCTs:
ROS:
SBP:
SD:
SOD:
SQ:
SVD:
UMs:
WHO:

flow-mediated dilatation
glucose amino glycans
hydrogen

intraclass correlation coefficient
intimal-medial thickness
potassium

sodium

sodium chloride

nitric oxide

pulse wave velocity
renin-angiotensin-aldosterone
system

randomized clinical trials
reactive oxygen species
systolic blood pressure
standard deviation
superoxide dismutase

salt questions

subclinical vascular damage
urinary methods

World Health Organization
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Al. Sodium physiology & bioavailability

Sodium (Na) is the principal ion of the extracellular fluid of the human body and contributes to
a wide range of metabolic processes. These processes include the transmission of nerves
impulses across cell membranes; the extracellular fluid osmolarity regulation; the acid-base

balance regulation; the active transport of nutrients in the intestine cells (1, 2).

Sodium absorption by the intestinal mucosa
Four fundamental mechanisms for the intestinal absorption of Na* exist:

1. Cotransport with nutrients

These nutrients are usually glucose, amino acids, B-complex vitamins, etc. Na*-coupled
absorption occurs throughout jejunum and ileum of the small intestine and is mediated by
distinct cotransporters (e.g., the Na*/ glucose cotransporter SGLPT is responsible for the uptake
of glucose). This mechanism is the major one for the postprandial Na* absorption. After the
absorption in the intestine cell, Na* is extruded across the basolateral membrane through the
Na*-K* pump (Figure 1) (2, 3).

2. Electroneutral Na*™-H* exchange

This mechanism occurs in the jejunum and the duodenum of the small intestine. Luminal
alkalinity -which derives from simultaneous decreases in intracellular pH and increases in
luminal pH- stimulates Na* absorption across the apical membrane via the Na*-H* exchanger
(Figure 1) (3).

3. Parallel Na*-H* and CI—HCOj3 exchange
The absorption Na* and CI- occurs in both the small and large intestine and it is the major
mechanism of Na* absorption during the interdigestive -e.g., between meals- period. The uptake

of Na* and CI" occurs in parallel with H* and HCO3 exchange. (Figure 1) (2, 3).

4. Electrogenic Na* absorption via epithelial Na* channels

It mainly occurs in the distal colon of the large intestine. Na* enters the intestinal cell through
epithelial Na* channels (ENaC) and is extruded to extracellular fluid and blood through the
Na*-K* pumps. (Figure 1) (2, 3).
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A Na/GLUCOSE OR Na/AMINO ACID COTRANSPORTERS
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Figure 1: Modes of active Na absorption by the intestine. Adapted from Boron WB (3).
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After the absorption in the intestinal cells, Na* is released into the bloodstream. Na* blood levels

remain stable between 135-145mEq/L.

Sodium storage

About 65% of Na* is accumulated in extracellular fluid, while only 5-10% is found in the
intracellular fluid (4). The rest of it (25%) occurs in the surface of bone crystals. Although the
concept of tissue Na* was first suggested in the1970s (5), recent NaMRI techniques confirm
the storage of significant Na quantities in skin’s and muscles’ interstitium, without parallel
changes in plasma Na* concentration (6-12). Current data indicate that Na cations bond with
negatively charged disaccharides biopolymers called glucose amino glycans (GAGS) (7, 13),
found in interstitium of tissues. Several GAGs chains form a large proteoglycan via H* bonds
(14). Negatively charged GAGs are bonded to Na*, which presents the most abundant
extracellular cation, therefore indicating that high Na* concentrations are found in this micro-
environment (15). Thus, skin interstitium seems to be a major non-renal sodium balance

regulator.

Sodium excretion, retention & reabsorption

Most of the ingested Na* is absorbed, but the excess Na* is excreted through urine and sweat
by the kidneys and the skin respectively. In normal temperature conditions, the Na* losses in
sweat are small. Small losses of Na* are also detected in feaces. Urinary Na* excretion is highly
variable due to variability of dietary Na intake and the amount of reabsorption in the nephrons.
To maintain homeostasis, renal Na excretion, retention and reabsorption are hormone-
dependent processes, induced by the activation of sympathetic nervous system and stimulated
by the renin-angiotensin-aldosterone system (RAAS). In low Na* concentrations, renin is
secreted by the kidneys and converts angiotensinogen to angiotensin I, which is an inert
substance that will be rapidly converted to angiotensin Il by angiotensin I-converting enzyme.
Angiotensin Il stimulates aldosterone secretion. Aldosterone is an adrenal steroid hormone that
stimulates sodium reabsorption from cortical collecting ducts. At high Na* concentrations

aldosterone secretion is low and vice versa (16). Figure 2 presents the RAAS system.
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Figure 2: The renin-angiotensin-aldosterone system. Adapted from Vivian E & Mannebach C (17).

A2. Dietary sodium
Dietary sodium intake & food sources

The major dietary source of Na is salt, mainly in the form of sodium chloride (NaCl). The ionic
compound of NaCl consist of 40% Na and 60% CI. Food industry utilizes food additives based
on Na in most food products as taste enhancers or preservatives (sodium benzoate, sodium
nitrate etc.). Thus, processed food contains high amounts of Na and provides about 75% of total
Na intake per day in the western diets (2). Some of the high Na food product categories include
cold cuts, canned meat, sauces, ready-to-eat snacks, pickles, bakery products etc. Na also occurs
naturally in some foods (meat, milk, eggs, vegetables) (2), even though it does not provide more
than about 10% of the total daily dietary Na intake. Table 1 presents the Na content of certain

food categories.

Table 1: Na content from different food categories. Adapted from Kafatos A & Chasapidou M and the
USDA Nanutrient database (18, 19).

Food Na content (mg/ 100g)

Vegetables

Tomato 5

Lettuce 28
Cold cuts

Bacon 1298

Ham 939
Cheeses

Feta cheese 917

Mozzarella 650
Cereals

Bread 450-550

Breakfast cereals 300-600
Egg 80
Margarine 500
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Regardless of current recommendations, dietary Na intake globally tends to be almost double
[~ 3.7 to 4.0 g/day instead of 2 g of Na per day (or 9.25 to 10.0 g of salt per day)], while some
regions (e.g. Central and East Asia, high-income Asia Pacific and Eastern Europe) Na intakes
are more than twice compared to recommendations (>4 g/day) (20-22). Interestingly, this trend
is also observed in high-risk populations that are more often monitored by health workers and
advised to limit salt intake, such as hypertensive or diabetic patients (23-25). Continent-wise
distribution of dietary Na intake in most European countries is ~3.2-4.4 g/day, according to the
Survey on Members States’ Implementation of the EU Salt Reduction (26). Higher levels of Na
intake have been detected in Asia, Europe and USA compared to Sub-Saharan Africa and
Southern Latin America which present the lowest levels, but still above the recommendation
(20). In eastern countries, dietary Na derives from salt added during cooking and condiments
(i.e., soy sauce) which contribute to 88.4% of total Na intake, while manufactured food provides
only the 11.4% of total Na intake (27). On the contrary, the manufactured food is the dominant
source of dietary Na in the western diet, providing about % of total daily Na intake (28-30).

Dietary sodium intake recommendations and reference values

Based on strong quality of evidence derived from metanalyses of RCTs regarding the benefits
of dietary Na reduction in BP levels in hypertensive or normotensive populations (31-33),
dietary guidelines recommend a limited intake of Na (Table 2). According to the World Health
Organization (WHO) 2012 Guidelines, the European Society of Hypertension and the European
Society of Cardiology 2018 guidelines as well as the Dietary guidelines for Americans, Na
intake should not overpass the 2.0 or 2.3 g/day (which is equivalent to 5.0 or 5.75 g of salt
respectively) for the general population (34-36). A large-scale multicenter study including data
from 66 countries conducted by Mozaffarian et al., estimated that in 2010 around 1.65 million
deaths from CV causes occurred due to dietary Na intake above the recommended level of 2.0
g/day. The American Heart Association and the American College of Cardiology recommend
a stricter limitation of Na intake (<1.5 g/day) for adults who would benefit from BP lowering
(37). Despite its harmful effects on CV health at high levels of intake, dietary Na remains an
essential nutrient for human life. However, the adequacy in Na intake or the potential harmful
effect of very low daily Na intake is less investigated, and, thus less described in the available
guidelines. The most recently published Dietary Reference Intakes (DRIs) from the Institute of
Medicine (loM) defined the 1.5 g/day as an Adequate Intake (Al) for the general population
(38). On the other hand, the European Food Safety Authority (EFSA) set the 2.0 g/day as a safe
and adequate intake for the general European population including pregnant and lactating

women , in the context of reducing CV risk (39).
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Table 2: Dietary Na intake recommendations and reference values. Published in Journal of
Hypertension, 2021 (40).

Organization/Institution

Target group

Dietary recommendations

ESC/ESH 2018 (34)

USDA 2015-2020 (35)

AHA/ACC 2013 (37)

WHO 2012 (36)

Na intake Salt
equivalents
<2.0 <5.0
<2.3 <5.75

<24 <6.0
<1.5 for <3.75
greater BP

reduction

<2.0 <5.0

Dietary Reference Intakes/ Values

loM 2019 (38)

EFSA 2019 (39)

1.5 3.75
o <23 <5.75
2.0 5.0

For the general population and all hypertensive
patients.

For Americans older than 14 years of age, as
part of a healthy eating pattern.

For adults who would benefit even from BP
lowering

For greater BP reduction

All adults >16 years of age, with or without
hypertension (including pregnant or lactating
women), except for individuals with illnesses
or taking drug therapy that may lead to
hyponatremia or acute build-up of body water,
or require physician-supervised diets (e.g.,
patients with heart failure and those with type |
diabetes).

Adequate intake (Al) for the general adult
population (>19 years of age)

For the general population (>14 years of age)
to reduce chronic disease risk (cardiovascular
events and arterial hypertension).

Safe and adequate intake for the general
European population of adults including
pregnant and lactating women.

USDA: U.S. Department of Agriculture; AHA/ACC, American Heart Association/ American College of
Cardiology; EFSA, European Food Safety Authority; ESC/ESH, European Society of Cardiology/ European
Society of Hypertension; loM, Institute of Medicine; Na, sodium.
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Dietary sodium assessment methods

In large-scale epidemiological studies, the accurate estimation of dietary Na intake is important
for detecting actual consumption and for identifying food items, food patterns or dietary
behaviors related to Na intake and their association with diseases and treatments as well. In
clinical settings the assessment of Na intake is also crucial for evaluating patients’ adherence
to recommendations and guiding drug treatment decisions. A variety of urinary methods (UMSs)
and dietary methods (DMs) are available for the estimation of dietary Na intake; nevertheless
its accurate and precise quantification is still elusive (41).

Spot urine samples, overnight urine collections and 24-hour urine collections (24UC) represent
the UMs. Based on the knowledge that about 90% of Na consumed is excreted through urine
during a 24h period, the 24UC is regarded as the gold-standard method [7-9]. However, it is a
burdensome, time-consuming method and difficult to apply in large-scale studies as well as in
daily clinical practice of uncomplicated arterial hypertension management. In addition, an
important limitation of this method is the high rate of incomplete collections that have been
observed in previous studies (41), as well as the fact that most studies do not assess the
incomplete samples in order to exclude them from the analysis, leading to biased findings.
Furthermore, bias may occur due to the day-to-day variability in Na excretion because of
several confounding factors such as dietary intake and physical activity. Moreover, multiple
collections - which are even more time consuming - have been reported to be more accurate,

especially when evaluating individuals’ and not a group mean dietary Na intake (42).

Spot urine samples are more convenient to estimate 24h urine Na excretion (24UNa) via
specially designed equations (43-49) (Table 3), becoming a common alternative in research
studies investigating dietary Na. Nevertheless, this method has been observed to present poor
or moderate correlations with the 24UC (r=0.33-0.56) and to overestimate Na in higher levels
of intake and underestimate it in lower levels of intake (50-54). Of note, the differences
observed between the spot urine method and the gold standard 24UC, could be explained by a
significant number of confounding factors, such as body weight, age, gender, and urinary
creatinine excretion. As an example, although intra-individual creatinine excretion is
considered relatively stable, it is well established that protein intake and exercise have a
significant impact in creatinine excretion levels (55). Given that most of the available equations
for the conversion of spot Na to 24-hour Na are based on prediction of the 24-hour creatinine
excretion without taking into account parameters such as protein intake and exercise, important

bias potentially occurs.
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Table 3: Equations to estimate 24-hour urinary Na excretion from a single spot urine specimen. Published in Public Health Nutrition, 2022 (56).

Kawasaki (44)

Spot Na

x Predicted 24h urine Cr
Spot Cr

Estimated 24h Na = 16.3 xj

Males: Predicted 24h Cr = 12.63 x age + 15.12 x weight + 7.39 x height — 79.9

Estimated 24h Na, mmol/d
spot Na, mmol/L

spot Cr: mg/L

Predicted 24h Cr: mg/d

age, years
Females: Predicted 24h Cr = —4.72 x age + 8.58 x weight + 5.09 x height — 74.5 \A?eig)rl]t, kg
height, cm
Tanaka (46) Estimated 24h Na = 21.98 x Xy, %% Estimated 24h Na, mmol/d
spot Na, mmol/L
P Spot Na Predicted 24h C spot Cr: mg/dL
Na = oot Crx 10 cHete r Predicted 24h Cr: mg/d
age, years
Predicted 24 hour Cr = (—2.04 x age) + (14.89 x weight) + (16.14 x height) — 2244.45 weight, kg
height, cm
INTERSALT (49) With Spot K Estimated 24h Na, mmol/d
Males: Estimated 24h Na = 25.46 + (0.46 x spot Na) — (2.75 x spot Cr) — (0.13 x spot K) + (4.10 x BMI) + (0.26 x age) spot Na, mmol/L
Females: Estimated 24h Na = 5.07 + (0.34 x spot Na) — (2.16 x spot Cr) — (0.09 x spot K) + (2.39 x BMI) + (2.35 x age) — (0.03 x age?) spot Cr: mmol/L
spot K: mmol/L
Without Spot K BMI: kg/m?
Males: Estimated 24h Na = 23.51 + (0.45 x spot Na) — (3.09 x spot Cr) + (4.16 x BMI) + (0.22 x age) age, years
Females: Estimated 24h Na = 3.74 + (0.33 x spot Na) — (2.44 x spot Cr) + (2.42 x BMI) + (2.34 x age) — (10.03 x age?)
Toft (47) = spot Na + Predicted 24h Cr Estimated 24h Na, mmol/d
spot Cr spot Na, mmol/L
spot Cr: mg/dL
Males: Estimated 24h Na = 33.56 x Xy, **° Predicted 24h Cr: mg/d
Predicted 24h Cr (males) = (=7.54 x age) + (14.15 x weight) + (3.48 x height) + 423.15 age, years
Females: Estimated 24h Na = 52.65 x Xy,*'%¢ weight, kg
Predicted 24h Cr (females) = (—6.13 x age) + (9.97 x weight) + (2.45 x height) + 342.73 height, cm
Mage (45) Estimated 24h Na = spot Na Na x Predicted 24h Cr Estimated 24h Na, mmol/d
spot Cr spot Na, mmol/L

Males: Predicted Cr 24h = 0.00179 x (140 — age) x (weight'S x height®>) x (1 +0.18x A x (1.366 — 0.0159xBM1))
Females: Predicted Cr 24h = 0.00163 x (140 — age) x (weight'> x height®>) x (1 +0.18x Ax (1.429 — 0.0198xBM1))
A= African American or Black race = 1/ other race = 0

spot Cr: mg/dL
Predicted 24h Cr: mg/d
BMI: kg/m?

weight, kg

height, cm

Na: sodium; Cr: creatinine; K: potassium; d: day; BMI: Body Mass Index




On the other hand, the most common DMs for Na estimation include 24h dietary recalls
(24DR), food frequency questionnaires (FFQ) and diet records. These methods are commonly
used in population-based studies, as they are efficient to highlight food items rich in Na;
however, numerous methodological disadvantages exist (41). A major one is the inability of all
these methods to quantify the discretionary use of salt (table salt or use of salt during cooking),
which has been previously reported to contribute significantly to the total Na intake (29, 30,
57). They have the advantage of providing information regarding dietary Na sources and dietary
habits related to salt intake, which the urinary methods cannot. However, very low correlation
rates with the 24UC (r=0.15-0.50) have been reported as well as underreporting of the actual
Na intake even by 39% (30, 58-60). These high levels of underreporting derive from the
inability of these methods to quantify the discretionary use of salt (table salt or use of salt during
cooking), which contributes significantly to total Na intake, especially in eastern countries

(~75% in eastern countries, ~10-15% in western countries).

Taken altogether, this evidence suggests that the use of all these methods as alternatives of the
24UC, even though convenient, leads to inaccurate Na intake recording. Therefore, they
introduce not only a major cause of heterogeneity but also bias regarding outcome estimation.

Several efforts have been made to develop an optimal diet-based tool for the estimation of mean
Na intake on group level, with the majority of them focusing on short FFQs (61-64) which are
brief, easily completed and estimate Na intake through larger time periods compared to other
DMs. 24DR and food records are also suitable to cover a longer period if they are repeated.
Nevertheless, usually FFQs are developed for particular population groups and designed
according to their culture, dietary habits and traditional recipes, thus they may not be accurately

applied to other populations.

Table 4 presents all the available methods for Na estimation, a brief description of them and

their strengths and limitations.



Table 4: Methods for assessing sodium intake. Adapted from Colin-Remirez E et al. (58).

Method

Description

Strengths

Limitations

Urinary methods
24h urine collection (65, 66)

Overnight urine collection (67-69)

Single spot urine collection (67, 70, 71)

Dietary methods

Food record (weighed or estimated)(72,
73)

24-h food recall(72)

Food frequency
questionnaires(62, 74-76)

Urine voided is collected over a 24-hour period. The
urine container must be kept cool during this time until
it is returned to the lab for analysis. 24-hour sodium
excretion is estimated based on sodium concentration
and urine volume.

Urine voided overnight is collected for a timed period
(usually 8 or 12 hours). The volume collected and
sodium concentration are calculated so that sodium
excretion may be estimated.

A single voiding is collected and sodium concentration
is measured in the laboratory. If time since last voiding
and volume are known, then excretion rate may be
calculated. Prediction equations may be used to
estimate 24-hour sodium excretion.

A detailed description of food and beverages consumed
are recorded in a booklet. Participants describe portion
size or the weight of the food and drinks eaten for a
prescribed number of days. Information about the
weight of food may be obtained either by weighing the
food (weighted food record) or describing portions of
food in terms of household measures, pictures, food
models, or pack sizes. Information gathered in the food
records needs to be entered into a nutritional analysis
software for energy and nutrient intake estimation.

Participants are asked to report what they ate (food and
drinks) the previous day. The actual foods consumed
are described, and information on portion sizes or
weights is obtained. Description of type of foods,
cooking method and ingredients (including salt and
salty condiments) needs to be provided.

Questionnaires for the assessment of habitual food
intake based on a predefined checklist of foods
consumed over a set time period. Additional data on
portion sizes may be collected by asking how often
foods are used in terms of a specified unit/portion size
(semiquantitative questionnaire).

In a healthy individual, urine is the major route of sodium
excretion. In temperate climates, it is assumed that skin
losses of sodium are insignificant. Typically, 24- hour
urine sodium excretion can account for 95% to 98% of
dietary sodium intake. It is not subject to reporting bias.

Moderate participant burden compared to 24-hour
collection. It interferes less with daily activities.
Overnight excretion correlates well (r =0.72) with 24-
hour excretion in healthy individuals.

Low participant burden compared to 24-hour or
overnight sample. VVoiding can be made at clinic. Can be
incorporated relatively easily into population-based
studies.

It is a prospective method. Multiple-day food record
allows evaluation of within subject variation. Useful to
identify the key sources of excess sodium in the diet,
measure overall diet quality, and guide dietary
counselling based on current patients’ dietary practices.

It has the advantage of its speed and ease of
administration. Low participant burden. The 24-hour
recall is appropriate for measuring current diet in groups
of subjects and is therefore well suited to studies where
differences between group means will be assessed. The
24-hour recall may be administered by telephone, by
face-to-face interview, or web-based.

Relatively easily administered. Assess habitual intake
over a longer period, as compared to other dietary
methods, which reduces problems associated with the
high day-to-day variability of intake. Emerging sodium
screening tools may provide quick estimates of sodium
in clinical practice.

Participant burden is high, and rates of participation and
complete collection might be low. Urine collection may
interfere with daily activities. Risk of under-or over
collection resulting in biased estimates. Incomplete
collections need to be repeated, making the process more
complex. Loop diuretics may confound the use of 24-hour
urine collections in HF.

Collection must be complete and accurately timed. Assumes
that the ratio of daytime to overnight excretion is constant.

Concentration is dependent not only on sodium consumed,
but also on fluid ingested. Depends on time of day. Highest
concentrations are with first void in the morning. Formula
conversion to 24hour not well validated in diseased
populations. Uncertain validity in estimating individual
sodium intakes.

Participants may change their behaviour when collecting
dietary information. High degree of motivation required.
Misreporting of foods and portion sizes consumed is
common. The sodium content in processed and home-cooked
foods is highly variable, and discretionary use of salt (in
cooking or at the table, including salty condiments) is
difficult to quantify. Subject to reporting and observer errors.
Sodium intake tends to be underestimated by this method.

Retrospective method. Subject to memory bias resulting in
under-reporting and interpretation errors. It does not provide
a reliable estimation of intake because of day-to-day
variation. Interviewers must be adequately trained in the
technique to obtain complete information.

Precise quantification of daily intake is extremely difficult.
Pre-defined questions may not capture all the significant
sources of sodium and may be regionally specific, and not
applicable to all dietary patterns (i.e., ethnic diets). Generally
have a reduced ability to discriminate between food
preparation methods or the form of foods (pre-prepared or
frozen versus homemade), which may underestimate dietary
sodium.
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A3. Dietary sodium and cardiovascular morbidity/ mortality

Strong evidence has established a positive association between high levels of dietary Na intake and CVD
and mortality (77, 78). However, in the last decade there is growing controversial evidence of a J-shaped
association between Na intake and/ or excretion and CV events or deaths, suggesting that low or very

low dietary Na intake may lead to increased CV risk (79-85).

Observational data on dietary Na and cardiovascular morbidity/ mortality: the J shape phenomenon

The last decades important evidence has been accumulated and established the notion that high levels
of Na intake are associated with increased incidence of fatal and non-fatal CV events (21, 86-90).
Nevertheless, a metanalysis of prospective cohort studies has reported non-significant associations
between Na intake and incident fatal and non-fatal CVD, coronary heart disease and all-cause mortality
(31). Additionally, the last decade a significant number of studies (82, 83, 85, 91-102) showed that not
only high but also low levels of dietary Na intake are associated with increased CV risk. These studies
(82, 83, 85, 91-102) suggested the presence of a J-shaped or inverse linear association between daily
Na intake and CV mortality (82, 83, 85, 91-102), verifying early findings of the Alderman et al. study
(103). The major studies that implicated low levels of dietary Na intake in CV morbidity/ mortality
raising are presented in Figure 3. Two large meta-analyses published in 2014 and 2016 confirmed the
J-shape hypothesis and suggested a safe range of Na intake between ~3.0-5.0 g/day (or 7.5-12.5 g of
salt/ day), as intakes below or above this level raised the mortality level of about 1.12-1.34 times (79,
104).
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Figure 3: Major studies (light blue color) and metanalyses (dark blue color) showing J-shape or inverse association
between Na intake and cardiovascular morbidity/mortality as well as all-cause mortality (79, 82, 83, 85, 91-104).
Bars present the ranges showing lower risk, above and below which the risk increases. Arrows present the cut-offs
above which the risk is lower. 1 gr of Na is equivalent to 2.5gr of salt. Published in Journal of Hypertension (40).
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However, even among these studies, inconsistencies regarding the optimal range of Na intake are easily
observed (Figure 3). All - but one (103) — of the above studies suggest that the J-shape curve starts at
an unexpectedly “high” Na intake level, i.e. that CV risk increases even at daily Na intake above 3 or
even 4 g/day (>7.5 or 10.0g of salt/ day). Of note, a careful dissection of several observational cohorts
supporting the mainstream notion of the linear positive association between Na intake and CV mortality
reveals that the range of dietary Na intake that have been compared are very high (exceeding the 5.5-6
g/day) versus moderate rather than low levels (e.g. <3-4 g/day) of Na intake (88, 90). It is also important
to note that in all the available observational studies, only a very small amount of the sample present Na
intake below the recommended level of 2g per day. According to the Prospective Urban Rural
Epidemiology (PURE) study, which is a large epidemiological cohort that collected data from 664
communities, mean Na intake was 4.77g/ day with a range from 3.22g to 7.52 g per day, while in
communities from China 80% presented intakes >5g/day (98). Finally, great heterogeneity exists
between different cultures and communities since for the same e.g. low level of Na intake huge (even 3
fold) differences in CV events have been described (98), clearly suggesting that other major confounding
factors (dietary or not; cultural or not) are present.

Taken all together this evidence raises several concerns about the optimal range of daily Na intake and

the J-shape hypothesis cannot be disregarded.

Despite all the above presented evidence supportive of a J-shape or inverse association, current
guidelines do not take them into consideration, as they only recommend a highest level of intake and
not a lowest safety level for daily Na intake. This is in part due to the fact that a more careful analysis
of all these studies reveals several issues regarding their methodology that they could possibly explain
the inconsistencies regarding the optimal daily Na intake range. Indeed, according to the recent report
of the Institute of Medicine on Na DRIs “...the paradoxical J- and U-shaped relationships of sodium
intake and cardiovascular disease and mortality are likely observed because of methodological
limitations of the individual observational studies...” (38). Studies reporting a J-shape trend between Na
intake and CV events are characterized by high risk of bias according to the same organization (38). A
state-of-the-art recording of all the methodological considerations regarding dietary Na and CVD has
been conducted by Cobb et al. in 2014 (105). In the following paragraphs we will address some major

limitations.

i) Observational findings on Na intake and CVD morbidity/ mortality derive from studies applying
heterogeneous Na assessment methods, as presented in Figure 4. Moreover, as previously discussed the
reliability of all Na assessment methods is questionable, due to low correlation rates and high levels of
under- or over- recording. The analysis of He et al. in 2.974 participated in Trials of Hypertension
Prevention (TOHP) could be a typical example (106). The authors evaluated the relationship between
dietary Na and mortality via multiple 24UC and spot urine collections in the same sample. For the spot
urine collection, they used the three most common equations (Tanaka, INTERSALT, Kawasaki) (44,

46, 49). The multiple 24UC led to a linear relationship between Na and mortality, suggesting that higher
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Na intake increase risk of death. However, the use of spot urine equations altered the linear relationship
to a J- or U- shaped curve, indicating that even the low intakes of Na increase the risk of death. Even
though the results of this study should be confirmed by others, it strongly indicates the potential bias

that is introduced in the association of mortality with Na intake due to measurement unreliability.
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However, a close look in the schematic representation of these studies as labeled per Na methodology
(Figure 4), reveals interesting information. At least 6 studies that applied at least 1 (85, 93, 94, 102) or
even multiple (92, 101) assessments by the gold-standard 24UC methodology showed that lower Na
excretion is associated with higher CV morbidity (92) and CV (85, 93) or all-cause (94, 102) mortality
rates. It is therefore very likely that the bias introduction due to inaccurate Na assessment methodology

cannot explain all the evidence in favor of a J-shape association.

ii) Another major limitation is related to the high heterogeneity of populations’ characteristics included
in the studies so far. Indeed, a significant number of those studies showing inverse or J-shape
associations between Na intake and CV morbidity/mortality raising, included non-healthy volunteers
(79, 82, 92-94) (Figure 5). Thus, a reverse-causality effect should be considered and could possibly

explain the J-shaped curves. Strict medical or dietary advice in these high CV risk groups of people
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could have led to reduced dietary Na intake. However, it must be highlighted that the majority of the

data supporting the J-shape association derive from studies from healthy populations.
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Summing up the aforementioned methodological considerations, the two metanalyses supporting the J-
shape curve between Na intake and CV morbidity/mortality (79, 104) - which represent the most robust
evidence of the J-shape curve — present: a) heterogeneous or inaccurate Na assessment methods: Graudal
et al. metanalysis, combined studies that used heterogeneous methods for dietary Na assessment to
provide the J-shaped finding (104), while in Mente et al. meta-analysis (79) all studies used the spot
urine method which is unreliable for dietary Na recording; b) high risk participants: both meta-analyses
including high risk participants (79) or mixed healthy and non-healthy subjects (104). However, in a
close review of figures 2 and 3, after excluding studies that applied methods other than the 24UC, and

included non-healthy or high-risk participants, only three (85, 101, 102) remain to implicate low Na
intakes in risk raising.

iii) Finally, none of the above-mentioned studies has addressed the potential confounding effect of salt
sensitivity. This quite complex to define (107, 108) “physiological trait” (109) is accentuated in several
specific population groups, including black race, hypertensives, older adults, chronic renal disease

patients, women with preeclampsia history, or individuals with low weight at birth. Moreover, in a
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setting of low potassium intake, even greater effect of salt on BP has been reported (110, 111).
Therefore, the random inclusion of high such populations (92, 102) in observational studies, could
modulate outcomes e.g. enhance the reverse-causality theory. Until now, no generally accepted method
or easy to apply diagnostic tool for salt-sensitivity assessment exists, and despite its importance on

studies evaluating the role of Na in health and disease, it has never been considered.

Prospective randomized clinical trials on dietary Na and cardiovascular morbidity/ mortality

Large scale well-designed prospective RCTs are known to be hierarchically more robust types of studies,
having the ability to provide a state-of-the-art design and to overcome high risk of bias from which
observational studies suffer. Thus, dietary guidelines are mainly based on strong evidence derived from
metanalyses of prospective RCTs to avoid errors related to methods used, population selected and the
reverse causality effect, although high quality prospective cohort studies are also usually included. The
relationship between dietary Na and CV morbidity/mortality has been previously investigated in such
studies that use gold-standard methodology for Na assessment (e.g. 24UC) and are conducted in low to
medium CV risk - non acutely ill and apparently healthy - populations (e.g. older adults or hypertensive
participants, without established CVD or chronic kidney disease etc.) (86, 112-115). Interventions in
these studies include dietary Na reduction with long-term follow-up periods sufficient to provide fatal
or non-fatal CV events (2.5-12 years) (86, 112-115).

A metanalysis of these studies conducted by the Agency for Healthcare Research and Quality for the
IoM 2019 Dietary Reference Intakes for Na (38) found a 28% lower risk [95% CI: 0.59, 0.89] for
incidence of CVD events after dietary Na reduction interventions, including 5 prospective RCTs (86,
112-115). The European Society of Hypertension and the European Society of Cardiology 2018
guidelines for the management of arterial hypertension (34), included two metanalyses of prospective
RCTs investigating the association between dietary Na and CV morbidity, CV mortality or all-cause
mortality (31, 116). The first one, by Taylor et al. (81) included 7 RCTs with a follow up period of at
least 6 months; 3 conducted in normotensives (113, 117-120), 2 in hypertensives (121, 122), 1 in mixed
normo- and hypertensives (114) and 1 in heart failure patients which were analyzed separately (123).
When the longer-term RCTs were used for the metanalysis (113, 118, 120, 122), there was no strong
evidence of benefit neither in mortality rates nor in CV morbidity in the reduced salt group relative to
controls, for both normotensives (RR=0.90 for all-cause mortality, p>0.05; RR=0.71 for CV morbidity)
and hypertensives (RR=0.96 for all-cause mortality, p>0.05; RR=0.84 for CV morbidity, p>0.05) (116).
Indeed, most current guidelines and dietary reference values, agree that the relationship between dietary
Na reduction and CV morbidity/mortality remains unclear because of a low or moderate evidence of

benefit of such strategies to reduce CV risk or all-cause mortality (34, 36-38).

However, a major parameter to be considered is not only the effect of dietary Na reduction on CV events

(fatal or non-fatal) but also the levels of Na reduction associated with the outcomes of interest.
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According to the American Heart Association and the American College of Cardiology 2013 Guidelines,
there is low strength evidence supporting that an approximately 1000mg reduction in Na intake per day
decreases about 30% CV events (37). This evidence derives from three prospective RCTs. Chang et al.
(79) studied 1981 older men; they reduced Na intake in the intervention group from 5200mg/day to
3800mg/day via substitution of Na with a potassium-enriched salt for 31 months. CV events decreased
by 41% compared to the control group (114). A study conducted by Appel et al. (77) in 975 older
hypertensive participants (TONE) showed a non-statistically significant reduction of CV events in the
intervention versus the control group (36 versus 46 events), after reducing Na intake by 1000mg/day for
29 months (112). The observational follow-up of the prospective RCT TOHP study (3126 participants)
concluded to a 30% reduction in relative risk for CV events in prehypertensive participants who reduced
their dietary Na intake (~ - 800 mg/day after the initial intervention) during the 12-15 years of follow-
up (113). Moreover, the WHO Guidelines for dietary Na intake in adults and children clearly addressed
research questions to investigate the effects of different Na levels on adverse health outcomes. Three
ranges of Na intake were evaluated: (i) less than 2g/day; (ii) 1.2-2 g/day; (iii) less than 1.2 g/day (36).
However, the working group reported wide ranges of Na intake across the quartiles used in each study,
with some studies with “some consuming as little as 1.4 g/day in the lowest group and 2.6 g/day in the
highest group, and others consuming as much as 4 g/day in the lowest group and 6.6 g/day in the highest
group.” (36). It is important to note that very low levels of Na intake (about less than 1.5g/day) are
difficult or even impossible to be achieved with the current dietary patterns and these observations of
very low Na intakes possibly derive from biased methods or underreporting of Na intake. Moreover,
limited data from RCTs were available and the metanalysis conducted lead to inconclusive findings
(36). Indeed, despite the large body of evidence on RCTs comparing the effect of different levels of
dietary Na on BP (112, 124-129), data for CV events and all-cause mortality remain limited and

insufficient to address the specific question of the optimal daily Na intake range.

33



A4. Subclinical vascular damage

Subclinical vascular damage (SVD) -functional and structural- precedes the development of
clinical symptoms and overt disease for several decades. Atheromatosis (arterial plaque
formation), arteriosclerosis (arterial stiffening), endothelial dysfunction and arterial remodeling, are
the major types of arterial damage leading to CVD. Although they share common risk factors,
each one constitutes of a completely different pathology (130, 131). The early detection of SVD
through appropriate diagnostic tools, methods, and biomarkers significantly contributes to primary and

secondary CVD prevention. Table 5 presents the most significant and widely used methods and non-

invasive markers for SVD detection according to European Society of Cardiology (130).

Table 5: Usefulness of vascular biomarkers for primary and secondary cardiovascular disease prevention.
Adapted from Vlachopoulos C et al. (130).

Recommendation  Level of Comments
evidence
Carotid ultrasonography ITa A Moderate usefulness
cIMT for risk stratification.
plaque presence Concomitant
identification of plaque
presence.
Ankle-brachial Index (ABI) Ila A Useful for risk
stratification, especially
women.
Avrterial Stiffness
cfPWV JIE:] A Useful for risk
baPWV b B stratification
Central haemodynamics/ Wave b B
reflections
Endothelial function
FMD Il B Requires skilled,
trained operator.
Reactive hyperaemia is
stressful.
Methodological
problems are not
resolved. Added value
is not proven.
Endothelial peripheral arterial Il C Reactive hyperaemia is
tonometry stressful. Added value

is not proven.
Circulating biomarkers related to
vascular wall biology
High sensitivity CRP b B

cIMT: carotid intima-media thickness; cfPWV: carotid-to-femoral pulse wave velocity; FMD: flow-
mediated dilatation; CRP: C-reactive protein
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Arterial remodeling

Remodeling is a complex process of the vessels in order to adapt in different pressure and flow stimuli
and maintain the optimal blood flow and organ perfusion. Arterial remodeling processes include cell
growth-death-migration, and the extracellular matrix synthesis and degradation as well (132). Arterial
remodeling presents in distinct forms: (i) hypertrophic (increase in the cross-sectional area of the wall
arteries); (ii) eutrophic (no changes in the cross-sectional area of the arteries); (iii) hypotrophic (decrease
in the cross-sectional area of the arteries) (Figure 6).
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Figure 6: Arterial remodeling. Adapted from Carretero OA (133).

Moreover, all these changes can occur with concomitant increase or decrease of the lumen diameter
respectively (134). In studies and in clinical practice as well, the alterations of the arterial wall are
evaluated with intimal-medial thickness (IMT) of the common carotid artery. This biomarker is
measured via ultrasonography and reflects alterations of artery wall thickness (130), while being
independent risk factor for CVD.
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Arterial Stiffness and pressure wave reflections

In normal conditions, the arterial wall expands and then passively returns to the initial condition in
response to changes in blood pressure (BP) levels; this property is depending on arterial wall's
characteristics (e.g. the elastin-to-collagen ratio) (135). Arterial stiffening is used to describe the
decreased ability of the arterial wall to accommodate volume for a given BP level. It is usually assessed
by the pulse wave velocity (PWV) between the carotid and the femoral artery (cfPWV) (Figure 7). This
vascular biomarker is a useful tool for the early detection and prognosis of CVD (130) and its
measurement is based usually on tonometry method, by estimating non-invasively the ratio of the

distance between these two arterial sites and the time needed for the pulse wave to travel (Figure 7).

Except from the cfPWV, tonometry is also used for the measurement of the Augmentation Index (AlXx).
Alx is defined as the difference between the first (P1) and second (P2) peaks of the central arterial
waveform (136) and it is expressed as the percentage of arterial augmentation from total pulse pressure
(137) (Figure 7). Higher aortic Alx values are an indirect index of increased magnitude of pressure
wave reflection from periphery or quicker return of the reflected pressure wave at the aortic level.
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Figure 7: Carotid-femoral pulse wave velocity (cfPWV) and central arterial waveform assessment using arterial
applanation tonometry. Adapted from Coutinho T (138).
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Ab. Dietary sodium and subclinical vascular damage

It has been proposed that high Na intake impairs vascular function and induces atheromatosis (139, 140)
as well as arteriosclerosis (141-147). However, there are limited yet intriguing inconsistencies indicating
the presence of inverse associations between Na intake and arterial damage not only in human studies
(148, 149), but particularly in animal studies, showing acceleration of atheromatosis in low salt diet
(150-154). The detrimental effects of excess Na intake in CV system and specifically in vascular
function and structure, occur through complex mechanisms, indirectly -e.g., as a result of increased BP-
or even with direct action to the arterial structure and function. Below the relationship and possible

mechanisms between major types of vascular damage and dietary Na are presented.

Several observational and/or interventional studies have tested the association of Na intake with types
of SVD, but there are still many contradictory results and questions to be addressed (149, 155). Most
data derive from studies investigating the relationship between Na and arterial stiffness or hypertrophy,
suggesting that higher levels of Na intake are positively associated with these types of SVD (144, 156-
159), although this has not been seen consistently (149, 160, 161). Studies regarding dietary Na and

atheromatosis are scarce and are limited by major methodological issues (139, 140).

Sodium and endothelial dysfunction

Endothelial dysfunction has been linked to pathogenesis of atherosclerosis, being also a predictive factor
of CVD (162). High dietary Na intake leads to important for the endothelium consequences, which are
described below.

The high extracellular Na* concentrations reduce NO synthesis, leading to endothelial disjunction (163).
Furthermore, high extracellular Na* concentrations increase ENaC, GAGS’ network loses its regulatory
effect, and endothelial glycocalyx is impaired. Thus, endothelial Na* uptake is facilitated stiffening the
endothelial cytoskeleton (15, 162). Therefore, ENaC abundance determines endothelial glycocalyx’s

mechanical properties (Figures 8, 9, 10).
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Na*: sodium; EnNaC: epithelial Na* channels; eGC: endothelial Na*: sodium; EnNaC: epithelial Na* channels; eGC:

glycocalyx. endothelial glycocalyx; VSMC: vascular smooth muscle
cell.
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Another consequence of high salt intake in endothelial function is the increased oxidative stress
which contributes to endothelial dysfunction (162). Under high Na* concentrations, vessels lose
their antioxidant capacity, due to superoxide dismutase (SOD) reduction which in normal
conditions binds superoxide (166, 167). Superoxide anions are increased and reduce NO
bioavailability (162, 168-170), therefore impairing endothelial function.

Regarding clinical trials assessing endothelial function, they suggest that either high dietary Na
intake reduces FMD (171-174), or dietary Na restriction improves endothelial function (175-
177). However, there are also a few reports indicating no association between Na intake and
FMD (178) (Table 6).

Sodium and arterial remodeling

Evidence regarding dietary Na and arterial remodeling, as assessed by IMT, derives mostly
from observational studies. A cross-sectional study conducted in 258 overweight and obese
adults found that higher Na excretion through urine was associated with higher IMT values,
after adjustment for age, gender, race and SBP (159). Moreover, in agreement with the
previously mentioned findings, a cross-sectional analysis in 3290 subjects 40-75 years of age,
showed that higher urine Na and Na/K ratio were associated with increased IMT (139).
However, another study concluded to a J-shaped curve between Na (and K) intake and IMT
(148), indicating that even very low Na levels could cause arterial wall remodeling. It is also
important to note that findings remain conflicting, because of studies reporting no associations
between dietary Na and IMT (179). More research is needed in this field to verify this

relationship and explain possible mechanisms behind it.

Sodium and arterial stiffness

Anrterial stiffness has been widely studied regarding dietary Na, not only in observational studies
but in acute and chronic intervention studies too. Previous cross-sectional data reported that
low Na intake is associated with lower PWV and therefore arterial stiffening, independent of
BP (147). Most recent studies on hypertensives, found that dietary Na intake is positively
associated with arterial stiffness (143, 146, 180), while an increase in Na intake for up to 6
weeks does not alter PWV on normotensives (161, 176, 181). However, in the case of

normotensives, long-term effects of high levels of Na intake on PWYV are not yet known (182).
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Unmet Needs
Overall, the available evidence has failed to address the following issues:
(i) regarding dietary Na and SVD:

o the association between dietary Na intake and different types of SVD, especially for

atheromatosis.
(i) regarding dietary Na estimation:

o the development of an easy-to-use and simultaneously reliable tool for dietary Na
estimation.
o the accurate quantification of discretionary Na intake.

o the estimation of dietary Na in a Greek population sample via different methods.
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B. CLINICAL & EXPERIMENTAL DATA
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B1. Objectives

The aims of this thesis are:

(i) record and quantification of dietary Na intake through all the available assessment methods;

(ii) comparison of all the examined Na assessment methods regarding their accuracy versus the gold-
standard 24UC;

(iii) design and development of a new more accurate dietary tool to record Na intake in questionnaire
form (NaFFQ) and improvement of the existing DMs;

(iv) investigation of the association between dietary Na intake and major types of SVD in our cohort
study and

(v) investigation of the above-mentioned association through a systematic literature review.

More specifically, the aims of this thesis are to:

(i) quantify the amount of dietary Na consumed in a Greek sample consisted of medium-to-high CVD
risk individuals through different DMs (e.g., multiple 24hDR and FFQ) and UMs (e.g. spot urine
samples using different formulas 24UC];

(i) correlate these methods with the gold-standard 24UC and improve the existing DMs in order to

be more accurate in estimating the mean Na intake in population level;

(iii) design and develop a more accurate DM to record Na intake based on a previously validated
FFQ, and to improve the existing dietary methods by trying to quantify the discretionary Na, which

is not recorded in the existing methods;

(iv) test -by using very low dietary Na intake as reference group- if a moderate dietary Na intake is
associated with lower prevalence of subclinical atheromatosis and decreased arterial stiffness, in

a cohort of patients at increased CV risk under long-term medical guidance and free of CVD.

(v) evaluate —through a systematic literature review- data from observational and interventional
studies in humans, investigating associations between dietary Na intake and SVD as well as the

effect of Na intake on SVD-related changes.

42



B2. Methods

The present thesis consists of two distinct cohort studies, conducted in different periods. Methods are

presented for each cohort study separately in the following sections.

B2.1 Methods for Cohort A

Study design and population

This is a cross-sectional analysis of data collected in a cohort study which was conducted from 2010
to 2016 at the Cardiovascular Research Laboratory, Medical School, Athens, Greece in consecutively
consenting patients. The study population consisted of adults at moderate-to-high CV risk (suspected
or established/ treated or untreated/ hypertension, diabetes mellitus, dyslipidemia, and/or chronic
inflammatory diseases) (183). To focus on early stages of SVD, patients with established CVD were
excluded (preexisting coronary artery disease, stroke, peripheral arterial disease, and/or documented
arterial stenosis >50%). The study followed the World Medical Association Declaration of Helsinki
and was approved by the ethical/scientific committee of “Laiko” Hospital. All participants gave

written informed consent for their participation.

Assessment of anthropometric parameters

Weight was measured without shoes or heavy clothes to the nearest 0.1kg (Tanita Body Composition
Analyzer, BC-418). Height was measured without shoes, with the participants standing with their
shoulders relaxed, their arms hanging freely and their head in Frankfurt horizontal plane (SECA 213).

Body mass index (BMI) was calculated as weight/ (height)? (kg/m?).
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Figure 11: Tanita Body Composition Analyzer BC-418 & stadiometer 213 SECA
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Assessment of vascular and hemodynamic parameters

All participants were asked to refrain from food and any vasoactive substance or medication at least
3 hours before the vascular tests (184). Subclinical atheromatosis was defined as the presence of a
plaque in either the carotid or the femoral artery in the absence of lumen stenosis >50%. High
resolution B-mode ultrasound (Vivid 7 Pro, GE Healthcare, Chicago, Illinois, USA) with a 14-MHz
multi-frequency linear transducer was used for the detection of plaques in 8 arterial sites (left and
right common carotid artery, carotid bulb, internal carotid artery and femoral arteries). Atheromatic
plaque was defined as local increase of the intima-media thickness of more than 50% compared to
the adjacent vessel wall or more than 1.5 mm (130). All segments were identified in the transverse
and/or longitudinal planes and scanned from multiple angles to optimize the detection of non-
obstructive plaques. In the present analysis, carotid atheromatosis was defined as the presence of
plague in at least one out of the six overall measured carotid sites. Femoral atheromatosis was defined

as the presence of at least one plaque either left or right.

Figure 12: High resolution B-mode ultrasound Vivid 7 Pro, GE Healthcare

Avrterial stiffness was assessed by means of cfPWV using a common, validated tonometric method
(Sphygmocor device; Atcor Medical, Sydney, Australia). The exact methodology has been previously
described elsewhere (185). In brief, after at least 5 minutes of rest in the supine position, two different
pulse waveforms were obtained, one at the right common carotid artery and the second at the right
femoral artery using a high-fidelity handheld tonometer (SPT-301, Millar Instruments Inc. Houston,
TX, USA). Carotid and femoral pulse wave sequences were synchronized by using the simultaneously
recorded ECG. Pulse transit time from the carotid to the femoral artery was estimated by the tangential
method, implemented by the SphygmoCor device. The cfPWV was calculated by the ratio of the

distance traveled by the recorded pressure waves to the pulse transit time (in m/sec). The distance
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was determined as the length from the suprasternal notch to femoral artery minus the length from
carotid artery to the suprasternal notch. At least two repeated measurements of cfPWV were
performed and their average value was used in the analysis in accordance with previous

recommendations. Arteriosclerosis was defined as cfPWV values greater than 10 m/s (186).

Figure 13: Sphygmocor device; Atcor Medical, Sydney, Australia

Assessment of dietary Na intake

Well-trained dietitians conducted two 24DR to all the participants by telephone interview, using the
US Department of Agriculture multiple pass method (187). Participants were asked to report all the
foods and beverages they consumed and their quantities in the previous 24 hours. Two 24DR were
collected regarding one weekday and one weekend day, with at least 7-days interval between them.
Collected dietary data were analyzed in macro- and micronutrients using appropriate software
(Nutritionist Pro, version 5.2, Axxya Systems-Nutritionist Pro, Stafford, TX, USA). The Nutritionist

Pro food database was expanded by adding analyses of traditional Greek foods and recipes.

Total daily Na intake was calculated using several procedures. Information from the 24DR was used
to estimate Na intake from foods (processed foods and naturally occurring in unprocessed foods).
Discretionary Na intake (i.e., added salt during cooking and table salt), which cannot be estimated by
24DR, was derived from literature review. In specific, major studies suggest that the discretionary
salt represents around 15% of total salt intake in Europe and USA (29, 30, 57). Based on these
published data we calculated the discretionary Na hypothesizing that Na from cooking and table is
15% of the total Na intake for our population. Finally, the total daily Na intake was derived as: the

estimated Na intake from foods plus the discretionary Na. The overall statistical analysis was
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performed using the total Na intake and then it was repeated using only the Na intake from foods (i.e.,

without adding the discretionary Na) to verify all the findings.

Foods from the 24DR were also grouped according to food equivalents -with further division
if needed- (Table 6), and the servings consumed were recorded. Serving sizes derived from
the food-based dietary guidelines for Greece to reflect portion sizes used by Greek population

(188).

Table 6: Food groups and portion sizes.

Food groups Food products Portions
Dairy products
Low fat dairy products  Milk, skimmed or semi-skimmed

1 glass (250ml)

Full fat dairy products

Evaporated milk, light
Soy milk
Yogurt, 0-2%

Cow milk, full fat
Evaporated milk, full fat
Goat milk

Kefir

1 cup (180g)

1 glass (250ml)

Yogurt, full fat 1 cup (180g)
Vegetables Vegetables, raw 1 for medium-sized
vegetables
>2  for smaller-sized
vegetables
Vegetables, cooked (boiled) Y5 cup
Legumes Legumes, cooked & drained Y5 cup
Potatoes Potatoes, boiled 1 small
Potatoes, roasted 1 small (5-6 pieces)
Potatoes, fried 4-5 pieces
Potato purée Y2 cup
Fruits

Fruits and fresh juices

All fruits, raw & dried

Depends on fruit size
(e.g., 1 cup of
strawberries, 2 cup of
berries)

Fresh juices Y2 cup
Processed juices  All types V5 cup
Grains
Refined grains  Bread 1 slice, thin
Pita bread Y2 piece
Pasta or rice, cooked Y5 cup
Cereals Y2 cup
Whole meal grains  Bread, whole grain 1 slice, thin
Pita bread, whole grain V5 piece
Pasta or rice, whole grain, cooked V5 cup
Breakfast cereals/oat, whole grain Y2 cup
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Food groups Food products Portions
Puff pastry All kinds of sweet and savory puff pastry products 1 piece
Meat
White meat  Chicken 60g
Turkey
Duck
Rabbit
Red meat Beef 60g
Pork
Lamb
Goat
Cold cuts All kinds of cold cuts 20-30g
Cheese
Low fat cheese  Cottage, 0-4.5% fat 30g
All cheeses <20% fat 30g
Full fat cheese  All cheeses >20% fat 30g
Fish
Fish  All kinds of fresh and refrigerated fish 60g
Seafood  All kinds of seafood 609
Egg Egg, boiled or fried 1 small
Omelette Y restaurant portion
Fats
Olive oil  Olive oil, raw Times per day
Other unsaturated fats  Margarine 1 teaspoon
Tahini
Peanut butter
Other vegetable butters from seeds or nuts
Saturated fat  Butter 1 teaspoon
Olives  All kind of olives 5 large or 10 small

Sauces & Dressings
Low fat dressings

High fat dressings

Nuts

Beverages
Tea
Coffee
Sweetened soft drinks
Unsweetened soft drinks

Sweets/Desserts
No fat sweets

High fat-high sugar sweets

Ketchup
Mustard

Carbonara
One thousand islands
Bechamel

All kinds of nuts

All types of tea

All types of coffee

All types of soft drinks with sugar
All types of soft drinks without sugar

Ice cream, 0%
Sorbet

Fruit jelly
Stewed fruit compote
Spoon sweets

Ice cream, full fat
Syrup sweets
Chocolate, all kinds
Chocolate beverage
Bakery/pastry desserts
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1 tablespoon

1 tablespoon

30g

1cup
1cup
1 glass (250ml)
1 glass (250 ml)

1 piece

1cup
Y2 cup
1 teaspoon

1 piece

1 small piece
6 squares

1 cup

1 small piece



Food groups Food products Portions
Sugar  All types (white, brown, black) 1 teaspoon
Other sweeteners  Fructose 1 teaspoon
Honey
Sugar substitutes
Savory snacks Potato chips 1cup
Crackers
Pop corn
Alcohol
High alcohol drinks  All kinds of high alcohol drinks 30 ml

Low alcohol drinks  Bottled low alcohol drinks 1 bottle 330ml

Wine  All types (including sparkling wine) 1 glass of wine 125ml

Fast food Burger 1 medium-sized piece
Hot dog
Pizza 1 small piece

Assessment and definition of cardiovascular disease risk factors

Hypertension was defined as the use of antihypertensive drugs and/or office BP measurement higher
than 139 and/or 89 mmHg (average of three sequential readings with 1-min interval in the supine
position after at least 10 min of rest; appropriate cuff size use; Microlife WatchBP Office, Microlife

AG, Widnau, Switzerland).

Figure 14: Microlife WatchBP Pro

Dyslipidemia was defined as the use of lipid-modifying drugs and/or low-density lipoprotein
cholesterol level higher than 160 mg/dl. Diabetes was defined as glucose higher than 126 mg/dl or
HbA1c higher than 6.5% and/or glucose-lowering treatment. Smoking was defined using at least one

cigarette per day, each day of the week.
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Statistical analysis

Statistical analysis was performed using the SPSS statistical package (IBM Corp. Released 2017,
Armonk, NY: IBM Corp.). Distribution normality of the variables was tested using the Kolmogorov-
Smirnov test and histograms. Given the fact that non-linear association between Na intake and CV
mortality is suggested by the literature (79, 80, 82, 85, 93) we used a non-linear statistical approach
to test our hypothesis. The possible interaction between quartiles of total Na intake and sex with
atheromatosis (total plaques, carotid plagues, femoral plaques) and arterial stiffness [PWV>10m/s,
based on the international guidelines (186)] was tested; due to missing values in plagues and PWV
the quartiles were calculated separately for each end point. Multiple logistic regression analysis was
performed to determine the relationship of total Na intake quartiles (defined separately for each sex)
with atheromatosis and arterial stiffness, while adjusting for potential covariates. The adjustments for
confounding factors are described in the following models: model 1: age, sex; model 2: model 1 plus
BMI, presence of hypertension, smoking, diabetes, dyslipidemia; model 3a: model 2 plus energy
intake (kcal); model 3b: model 2 plus potassium intake; model 4: model 2 plus energy and potassium
intake. Other potential confounders such as hypertension drugs, dyslipidemia drugs, diabetes drugs,
antiplatelet drugs, cortisone, and chronic inflammatory diseases duration were also tested in separate
models in addition to the previous models. The results are presented as Exp. B (95% confidence
intervals - CI). The level of statistical significance was set at p<0.05. Sensitivity analyses were
performed by repeating all the above analysis: (i) using quartiles for the estimated Na intake derived
from foods (processed foods and naturally occurring Na in unprocessed foods), instead of the total
Na intake, (ii) for the subgroup of the population free of any chronic inflammatory disease, (iii) for
the subgroup of the population who probably had not taken strict guidance for Na restriction (subjects

not taking cortisone and subjects without hypertension diagnosed for more than 1 year).
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B2.2 Methods for Cohort B

Study design and population

A cross-sectional study was performed from January 2017 until October 2018. The study population
consisted of consecutive and consenting to participate individuals at high CVD risk due to the
presence of CVD risk factors (suspected or established treated or untreated hypertension,
dyslipidemia, diabetes mellitus, and/or chronic inflammatory diseases). In order to detect a minimum
difference of 500 mg in daily Na intake between each Na estimation method and the 24UNa
(alpha=0.05, power=0.80), the minimum sample size for each pair of methods was calculated (n=60)
(189, 190). To account for attrition (non-participation, missing data or incomplete 24UC), which was
estimated to be 50%, 120 individuals were invited to participate. The study was approved by the
ethical/scientific committee. All participants provided informed consent and underwent dietary and

urinary assessment simultaneously, which was completed within one month.

Assessment of dietary Na intake

Dietary Na intake was assessed by DMs, improved DMs, and UMs, as described below.

24h urine collection: Participants were asked to keep one 24UC following written and verbal

instructions and a standardized protocol. The instructions were to carry out the collections from
Sunday awakening and for the next 24 hours, discarding the first morning void without a) missing
voids and b) any changes in their diet or medicine (the past 1 month). To verify completeness,
sensitivity analyses were conducted after applying all available criteria for 24h urine completeness
(43, 191-193) (Statistical analysis section). Na derived from the 24UC was calculated using the

following equation:

24UNa (mg/day) = 24h Na concentration (mmol/L) x 24h urine volume (L) x molecular weight of Na (23 mg/mmol)

50




Spot urine: Participants were also asked to keep a single spot urine sample of the first morning void
in a proper bottle. To estimate the 24UNa from spot urine specimens the most common conversion

equations were applied (44-47, 49) (Table 3).

24h dietary recalls: Three 24DR using multiple-pass method were conducted (two weekdays and one

weekend day with a 7-day interval) by well-trained dietitians via telephone or face-to-face interviews.
Participants were asked to report all the foods and beverages they consumed and their quantities in
the previous 24 hours. With the use of relevant nutrient analysis software (Nutritionist Pro, version
5.2, Axxya Systems-Nutritionist Pro, Stafford, TX, USA), food data from the 24DR were analyzed
in terms of macronutrient and micronutrient intake. The average Na intake of the three days was used.

If less than three 24DR were available, the average of the rest was used.

Food frequency questionnaire: The 1% week of the dietary assessment, all participants were asked to

complete a semi-quantitative FFQ which is repeatable and valid for nutritional assessment regarding
energy and macronutrients (194). The FFQ consisted of a list of 69 main food groups (i.e., cereals
and starchy foods, fruits, vegetables, dairy products, meat, fish, legumes, added fats, sweets, alcoholic
beverages) as well as questions related to dietary behaviors and habits (194). Participants were asked
to report the frequency of the consumption of these food groups in the last month on a 6-grade scale
(from never/rarely to more than 2 times per day) in pre-specified amounts of food expressed in grams,
mL or other common measures. More details for FFQ development have been previously described
(194, 195).

Daily food consumption was calculated as:

Daily food consumption = serving size x consumption frequency

, where consumption frequency was: never = 0; 1-3 times/month=0.07; 1-2 times/week=0.21; 3-6

times/week= 0.64; 1 time/day=1; >2 times/day=2.
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The Na estimation for each food group was calculated as:

Daily consumption of food x Na content of food

derived from United States Department of Agriculture (USDA) and local food composition tables

(18, 19, 196).

Improved 24h dietary recalls: 24DR plus discretionary salt questions (24DR+SQ): To estimate

discretionary salt, participants were asked to answer two salt-related questions separately for

breakfast, lunch and dinner for each one of the 24DR:

Question 1: How much salt did you use during the preparation of your meal?
a=none, b=a little, c=moderate, d=a lot

Question 2: Did you add extra salt on your plate (table salt)?
a=no, b=yes.

For Question 1, the following Na quantities were applied for each answer: a = none = 0 mg of Na, b
=a little = 50 mg of Na per 100 gr of food, ¢ = moderate = 350 mg of Na per 100 gr of food, d = a lot
=600 mg of Na per 100 gr of food. These estimations were based on relevant statements/assessments
from the Hellenic Food Authority (EFET) (197): “If a food contains more than 0.6g of sodium (or
1.5¢ of salt) per 100g, then it is high in sodium/ salt. If a food contains 0.1g of sodium or less per
100g then it is low in sodium/salt. If the amount of salt per 100g is between these values, then the
food contains a medium level of salt”. Portion sizes from the 24DR were calculated in grams based

on food equivalents and local food composition tables (196).

For question 2, the answer “yes” was defined as 2 dashes of salt, which are equivalent to 775mg of
Na (19) and when the answer was "no", no Na (0 mg) was added. The mean Na derived from questions

1 and 2 was then added to the Na derived from the 24DR and was calculated as:

24DR+SQ = Na from the 24DR + mean Na from breakfast (question 1) + mean Na from lunch (question 1) + mean Na
from dinner (question 1) + mean Na from breakfast (question 2) + mean Na from lunch (question 2) + mean Na from

dinner (question 2)

The Na of the meals (breakfast, lunch, dinner) was calculated based on the estimations of Na intake

from questions 1 and 2 (average from the three 24DR).
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Improved 24h dietary recalls 24DR plus 15% (24DR+15%): An alternative way to estimate

discretionary use of salt was applied. We calculated the discretionary Na based on the assumption
that Na from cooking and table is 15% of the total Na intake for our population), as previously

reported (29, 30, 57). In specific, total Na intake was then calculated as:

24DR+15% = Na from the 24DR+ (15% of Na from the 24DR)

New sodium assessment tool: Sodium Food Frequency Questionnaire (NaFFQ): In order to improve

Na estimation, the food list of the previously mentioned FFQ was extended with food items rich in
Na and questions regarding dietary behaviors related to discretionary use of salt (NaFFQ). The added
food groups and questions are presented in Table 7. The foods items added were salted butter and
margarine, several rich in Na cheeses (e.g. roquefort, parmesan, edam, gouda, gruyere etc.), salty

crackers/biscuits, canned fish/seafood and refined tomato juice.

53




Table 7: Food Items and questions added in the existing FFQ. Published in Public Health Nutrition, 2022

(56).

Food items added
In cheese food group:
roquefort, blue cheese, 30 g

parmesan, 30 g
edam, gouda, 30 g

gruyere, 30 g
cream cheese full fat, 30 g

feta cheese and goat cheese, 30 g
mozzarella, 30g
anthotiro (traditional Greek white cheese), 30 g

In cereals and starchy foods food group:
salty crackers and biscuits, 2 thin pieces (20 g)

In meat food group:
gyros pork, 150 g

In fish food group:
canned or corned fish, 30 g
canned seafood, 30 g

In nuts and seeds food group:
salted nuts and seeds, 1 coffee cup (50 g)

In margarine food group:
salted margarine, 1 tsp (5 g)

In butter food group:
salted butter, 1 tsp (5 g)

In cooked meals usually prepared with tomato juice,
refined tomato juice

4 tablespoons (60 g) for:

pasta/ pearl barley 1 cup (140 g)

whole meal pasta 1 cup (140 g)

veal (1509)

petit pois (peas), green beans, okra, artichoke (200 g)

2 tablespoons (30 g) for:
pastitsio/ mousakas/ papoutsakia (
Traditional greek dishes), 1 portion (140 g)

Consumption Frequency

never/ rarely, 1-3 t/mo, 1-2 t/wk, 3-6 t/wk, 1 t/d, >2 t/d
never/ rarely, 1-3 t/mo, 1-2 t/wk, 3-6 t/wk, 1 t/d, >2 t/d
never/ rarely, 1-3 t/mo, 1-2 t/wk, 3-6 t/wk, 1 t/d, >2 t/d
never/ rarely, 1-3 t/mo, 1-2 t/wk, 3-6 t/wk, 1 t/d, >2 t/d
never/ rarely, 1-3 t/mo, 1-2 t/wk, 3-6 t/wk, 1 t/d, >2 t/d
never/ rarely, 1-3 t/mo, 1-2 t/wk, 3-6 t/wk, 1 t/d, >2 t/d
never/ rarely, 1-3 t/mo, 1-2 t/wk, 3-6 t/wk, 1 t/d, >2 t/d
never/ rarely, 1-3 t/mo, 1-2 t/wk, 3-6 t/wk, 1 t/d, >2 t/d

never/ rarely, 1-3 t/mo, 1-2 t/wk, 3-6 t/wk, 1 t/d, >2
t/d

never/ rarely, 1-3 t/mo, 1-2 t/wk, 3-6 t/wk, 1 t/d, >2 t/d

never/ rarely, 1-3 t/mo, 1-2 t/wk, 3-6 t/wk, 1 t/d, >2 t/d
never/ rarely, 1-3 t/mo, 1-2 t/wk, 3-6 t/wk, 1 t/d, >2 t/d

never/ rarely, 1-3 t/mo, 1-2 t/wk, 3-6 t/wk, 1 t/d, >2 t/d

never/ rarely, 1-3 t/mo, 1-2 t/wk, 3-6 t/wk, 1 t/d, >2 t/d

never/ rarely, 1-3 t/mo, 1-2 t/wk, 3-6 t/wk, 1 t/d, >2 t/d

added in the recipe

Dietary behaviors related to salt

a) Which kind of salt do you use?

b) How much salt do you use in your cooked meals and
salads?

¢) How often do you use table salt in your meals?

d) Do you believe that salt can cause health problems?

e) The amount of salt you eat in your cooked meals is:

f) The amount of salt you eat in your salads is:

Do you check food labels for salt content?

h) Do you buy foods indicating in their package “with less
salt”?

i) Do you take any measures to control salt intake?

j) Do you know if there are recommendations regarding
upper limits of daily salt intake?

none, a little, moderate amount, much, very much

never, rarely, often, always

yes, no, [ don’t know

I don consume any salt, a little, moderate, a lot
I don consume any salt, a little, moderate, a lot
yes, no

yes, no

yes, no
yes, no, [ don’t know

g: grams; t: times; mo: month; wk;: week; d: day; tsp: teaspoon
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To estimate Na added in cooked meals and salads, Question b of the NaFFQ (How much salt do you
use in your cooked meals and salads?, Table 7) was used, according to Hellenic Food Authority
(EFET) (197) as mentioned above. Participants’ answers were calculated as: none=0Omg Na, a
little=50mg Na/100g of food, moderate amount=350mg Na/ 100g of food, much=600mg Na/100g of
food, very much=900mg Na/100g of food. Then the quantified Na derived from participants’ response
in Question b was added to each cooked meal and salad per 100gr of food of the NaFFQ. Na was then

calculated as:

NaFFQ = Na from the existing FFQ + Na from food items added rich in Na + Na added in cooked meals and salads

Cooked meals included rice, potatoes, red and white meat, fish & seafood, legumes, traditional dishes,

and home-made pies. Salads included all vegetables, raw or boiled.

Assessment of anthropometric parameters

Protocol as described for Cohort A.

Assessment and definition of CVD risk factors

Protocol as described for Cohort A.

Statistical analysis

All the analyses were conducted using SPSS version 25 (IBM Corp. Released 2017, Armonk, NY:
IBM Corp.). Continuous variables are presented as mean + one standard deviation (SD) and
categorical variables as absolute frequency and percentage (%). Significance levels were set at p-
value < 0.05. Distribution normality of the variables was tested using the Kolmogorov-Smirnov test
and histograms. The differences between methods (bias of mean values) were calculated as 24UNa
minus the Na measures of the other DMs and UMs. Paired samples t-test and Wilcoxon test, when
appropriate, were used to determine the significance of differences of mean values of Na. To assess

the correlation between 24UC and the other Na estimation methods, the Pearson’s correlation
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coefficient (for normally distributed variables) and Spearman correlation coefficient (for variables
not normally distributed) were applied. Consistency between different methods of Na estimation was
also assessed with the intraclass correlation coefficient (ICC) (198). It is generally accepted that there
is no absolute interpretation of ICC values. However, in the present study we used the
recommendation of Koo and Li (199); accordingly ICC values less than 0.5 are indicative of poor
reliability, ICC between 0.5 and 0.75 indicate moderate reliability, ICC between 0.75 and 0.9 indicate

good reliability, and ICC values greater than 0.90 indicate excellent reliability.

Bland-Altman plots were used to evaluate differences between Na estimation methods and the 24UC
and evaluate the agreement between them (200, 201). The upper and lower limits of agreement
between two different estimates of Na were calculated by the mean difference + 1.96 x SD of
differences. Linear regression analysis was used to evaluate associations in difference and mean
(between 24UC and each Na estimation method). The analyses regarding correlations between 24UC
and each Na estimation method and ICCs as well, were repeated after excluding all subjects having
incomplete 24UC (sensitivity analysis). The exclusion criteria for incomplete 24UC were set

according to international bibliography (43, 191-193) and are presented in Table 8.

Table 8: Exclusion criteria for incomplete 24h urine collections. Published in Public Health Nutrition, 2022
(56).

Incomplete 24h urine collection if:
1. Urine volume <500mL
2. Urine creatinine <6mmol/day plus 24h urine volume <1000mL or urine creatinine <mmol/day (191)

urine creatinine (ﬂ)

day
3 e weeni i < 10807 > 252 (193)

urine creatinine (—g) urine creatinine (—g)

4. Males; —————— % < 14 or > 26, Females: - 49" <11 0r > 20 (192)
body weight (kg) body weight (kg)

urine creatinine (ﬂ) urine creatinine (ﬂ)

. day . day
5. Males: Tanbody welght (o) < 0.6, Females: Tnbody weight (o) < 0.6 (43)
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B2.3 Methods for the systematic literature review

The present systematic review was prepared and reported in accordance with Preferred Reporting
Items for Systematic Reviews and Meta-Analyses (PRISMA) statement (202) (Table 9).

Table 9: PRISMA checklist.

TITLE Pages
Title 1 Identify the report as a systematic review, meta-analysis, or both. Available in
the published
paper
ABSTRACT
Structured 2 Provide a structured summary including, as applicable: background; Available in
summary objectives; data sources; study eligibility criteria, participants, and the published
interventions; study appraisal and synthesis methods; results; limitations; paper
conclusions and implications of key findings; systematic review
registration number.
INTRODUCTION
Rationale 3 Describe the rationale for the review in the context of what is already Auvailable in
known. the published
paper
Objectives 4 Provide an explicit statement of questions being addressed with reference 41
to participants, interventions, comparisons, outcomes, and study design
(P1COS).
METHODS
Protocol and 5 Indicate if a review protocol exists, if and where it can be accessed (e.g., Not applicable
registration web address), and, if available, provide registration information including
registration number.
Eligibility criteria 6  Specify study characteristics (e.g., PICOS, length of follow-up) and report 57,58
characteristics (e.g., years considered, language, publication status) used
as criteria for eligibility, giving rationale.
Information 7  Describe all information sources (e.g., databases with dates of coverage, 57
sources contact with study authors to identify additional studies) in the search and
date last searched.
Search 8  Present full electronic search strategy for at least one database, including 57,58
any limits used, such that it could be repeated.
Study selection 9  State the process for selecting studies (i.e., screening, eligibility, included 57, 58
in systematic review, and, if applicable, included in the meta-analysis).
Data collection 10 Describe method of data extraction from reports (e.g., piloted forms, 57, 58
process independently, in duplicate) and any processes for obtaining and
confirming data from investigators.
Data items 11 Listand define all variables for which data were sought (e.g., PICOS, 57, 58
funding sources) and any assumptions and simplifications made.
Risk of bias in 12  Describe methods used for assessing risk of bias of individual studies Not applicable
individual studies (including specification of whether this was done at the study or outcome
level), and how this information is to be used in any data synthesis.
Summary 13  State the principal summary measures (e.g., risk ratio, difference in -
measures means).
Synthesis of 14 Describe the methods of handling data and combining results of studies, if ~ Not applicable
results done, including measures of consistency (e.g., 1?) for each meta-analysis.
Risk of bias 15 Specify any assessment of risk of bias that may affect the cumulative Not applicable
across studies evidence (e.g., publication bias, selective reporting within studies).
Additional 16  Describe methods of additional analyses (e.qg., sensitivity or subgroup Not applicable
analyses analyses, meta-regression), if done, indicating which were pre-specified.
RESULTS
Study selection 17  Give numbers of studies screened, assessed for eligibility, and included in 73

the review, with reasons for exclusions at each stage, ideally with a flow
diagram.
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Study 18 For each study, present characteristics for which data were extracted (e.g., 74-83

characteristics study size, PICOS, follow-up period) and provide the citations.
Risk of bias 19 Present data on risk of bias of each study and, if available, any outcome Not applicable
within studies level assessment (see item 12).
Results of 20 For all outcomes considered (benefits or harms), present, for each study: Not applicable
individual studies (a) simple summary data for each intervention group (b) effect estimates
and confidence intervals, ideally with a forest plot.
Synthesis of 21 Present results of each meta-analysis done, including confidence intervals ~ Not applicable
results and measures of consistency.
Risk of bias 22 Present results of any assessment of risk of bias across studies (see Item Not applicable
across studies 15).
Additional 23 Give results of additional analyses, if done (e.g., sensitivity or subgroup Not applicable
analysis analyses, meta-regression [see ltem 16]).
DISCUSSION
Summary of 24 Summarize the main findings including the strength of evidence for each 98
evidence main outcome; consider their relevance to key groups (e.g., healthcare
providers, users, and policy makers).
Limitations 25 Discuss limitations at study and outcome level (e.g., risk of bias), and at 101
review-level (e.g., incomplete retrieval of identified research, reporting
bias).
Conclusions 26  Provide a general interpretation of the results in the context of other 102, 103
evidence, and implications for future research.
FUNDING
Funding 27 Describe sources of funding for the systematic review and other support 5

(e.g., supply of data); role of funders for the systematic review.

Search Strategy

A systematic search of potentially relevant studies was performed through July 2019 by two separate
reviewers on the PUBMED and SCOPUS databases. Search terms applied were: ((“sodium intake”
or “na intake” or “na+ intake” or “sodium excretion” or “na excretion” or ‘“na+ excretion” or “dietary
sodium” or “dietary na” or “dietary na+” or “urinary sodium” or “urinary na” or “urinary na+”)) and
(““arterial function” or “vascular function” or “arterial structure” or “vascular structure” or plaque or
atheroma or “atheromatic plaque” or “atherosclerotic plaque” or atheromatosis or atherosclerosis or
arteriosclerosis or “arterial remodeling” or “carotid plaque” or “femoral plaque” or “arterial stiffness”
or “arterial stiffening” or “pulse wave velocity” or pwv or “intimal medial thickness” or “intima media
thickness” or IMT or “wall to lumen ratio”). Studies were limited to the English language and human

studies. Reference lists of included articles were also examined for additional relevant articles.

Inclusion and Exclusion Criteria

The following inclusion criteria were applied: relevant epidemiological studies or clinical trials,
English language, human studies, males and/or females of any age regardless of diseases (chronic or
acute), clearly described outcome defined as: association between Na intake and/or excretion with
atheromatosis (presence of plaques), arteriosclerosis (any accepted biomarker of arterial stiffening at
any arterial segment) or arterial remodeling (arterial hypertrophy (IMT) or artery lumen diameters).
The following exclusion criteria were applied: epidemiological studies with a sample <100 subjects,
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animal studies, reviews, systematic reviews, meta-analyses, comments/letters, studies using the

assessment of Na intake and/or excretion of biomarkers other than Na (e.g., the ratio Na/K).

Selection of Studies and Data Extraction

Two reviewers screened the available titles, abstracts, and keywords of all the available articles.
Discrepancies were resolved after discussion. After agreement, full text screening was carried out.
Qualitative and quantitative data from all included articles were extracted by both reviewers. The
extracted data included specific details for study design, population characteristics, Na estimation
method and outcomes related to Na and vascular damage. All units of Na are presented as mg

(converted from mmol to mg, if necessary). Predefined variables were extracted.
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B3. Results

B3.1 Results from Cohort A

The following results have been published in Hellenic Journal of Cardiology, 2021 (203).

Investigation of the association between dietary Na and subclinical vascular damage

A total population of 901 adults (407 men and 494 women) with dietary and atheromatosis data was
analyzed. However, data for the arterial stiffness analysis were available for 886 participants (386
men and 500 women) and therefore separate Na intake quartiles were generated for the arterial

stiffness dataset.

Regarding the atheromatosis analysis, a significant interaction between sex and quartiles of total Na
intake was observed (p<0.001 for carotid and/or femoral plaques, p=0.002 for carotid plaques, and
p<0.001 for femoral plaques). Consequently, the results are presented separately for males and
females. No interaction between total Na intake quartiles and sex regarding their association with
arterial stiffness was revealed (p=0.522) and the results for this specific analysis are presented for the

total population.

Descriptive characteristics of study population are presented by sex regarding the analysis for

atheromatosis and for the total population regarding the analysis for arterial stiffness (Table 10).
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Table 10: Descriptive characteristics of participants. Published in Hellenic Journal of Cardiology, 2021 (203).

MALES

FEMALES

Quatrtiles of total Na intake

Quartiles of total Na intake

1 P i st rd
Popula’uor;1 t\?::st:]():/g(ljeslzle data for Total 15t ond 3rd 4t Total . 01i s ond 1783 ;154 ] 4t
(n=407) 1088.1£277.8 mg | 1823.5£235.1 mg | 2596.1+264.3 mg | 4281.1+1074.3 mg (n=494) ‘mg ’ 1239.3+£128.3 mg 'mg ' 2731.0£631.9 mg
(n=101) (n=104) (n=101) (n=101) (n=123) (n=124) (n=124) (n=123)
Mean + S.D. Mean = S.D. Mean % S.D. Mean + S.D. Mean % S.D. Mean % S.D. Mean + S.D. Mean + S.D. Mean + S.D. Mean + S.D.
Age, years 50.6+13.1 54.1+12.6 52.9+13.4 49.0+13.8 46.3+£11.2 53.9+14.2 55.0+14.2 55.4+15.2 54.7+13.3 50.5+13.7
Weight, kg 85.6t£15.4 84.2+13.4 86.5+13.5 85.3+18.4 87.7+15.7 71.7£16.4 71.8£14.6 71.8£19.0 72.6£15.7 70.6+16.2
Height, m 1.76+0.07 1.74+0.06 1.75+0.06 1.75+0.07 1.78+0.07 1.60£0.07 1.59+0.07 1.59+0.07 1.60+0.06 1.61+0.06
BMI, kg/m? 27.9+4.7 27.8+4.1 28.3+4.0 27.8+5.8 27.7+4.7 28.0+6.1 28.3£5.6 28.3+6.8 28.4+6.0 27.1+6.1
Na intake from foods?, mg/day 2076.2+1119.9 924.9+236.1 1550.0+£199.9 2206.7+224.7 3638.9+913.2 1373.4+689.0 638.3+183.2 1053.4+109.1 1482.3+131.4 2321.4+537.1
Discretionary Na intake®, mg/day 366.4+197.6 163.2+41.7 273.5+35.3 389.4+39.7 642.2+161.2 242.4+121.6 112.6+32.3 185.9+19.2 261.6+23.2 409.7494.8
Total Na intake®, mg/day 2442.6+1317.5 1088.1+£277.8 1823.5+235.1 2596.1+264.3 4281.1+1074.3 1615.8+810.6 751.0+215.5 1239.3+£128.3 1743.9+£154.6 2731.0+631.9
Smoking, % (n) 42.0 (171) 38.6 (39) 38.5 (40) 455 (46) 45.5 (46) 30.4 (150) 28.5 (35) 30.6 (38) 28.2 (35) 34.1 (42)
Diabetes type 1, % (n) 6.1 (25) 3.0(3) 8.7 (9) 9.9 (10) 3.0(3) 9.3 (46) 5.7 (7) 5.6 (7) 14.5 (18) 11.4 (14)
Diabetes type 2, % (n) 10.6 (43) 16.8 (17) 12.5 (13) 5.9 (6) 6.9 (7) 12.6 (62) 13.0 (16) 13.7 (17) 13.7 (17) 9.8 (12)
Diabetes disease duration, years 12.7+10.0 11.6+8.4 13.249.7 14.0+13.4 12.0+8.5 12.449.6 11.749.2 11.149.0 11.149.6 16.4+10.2
Dyslipidemia, % (n) 36.1 (147) 38.6 (39) 47.1 (49) 29.7 (30) 28.7 (29) 37.4 (185) 415 (51) 435 (54) 34.7 (43) 30.1 (37)
Dyslipidemia disease duration, years 5.0+5.1 5.7+6.0 4.6+4.1 5.0+4.7 5.0£6.0 5.6£6.0 6.5+6.5 4.8+5.7 5.3+6.3 5.7+£5.2
Hypertension, % (n) 45.2 (184) 535 (54) 53.8 (56) 41.6 (42) 31.7 (32) 44.9 (222) 48.0 (59) 49.2 (61) 45.2 (56) 37.4 (46)
Hypertension disease duration, years 6.3+£7.2 6.5+6.8 7.6£7.3 5.4+7.5 4.9+7.0 7.9+7.6 7.6+£7.4 8.849.1 6.7+6.8 8.9+6.7
Chronic inflammatory disease, % (n) 41.3 (168) 43.6 (44) 35.6 (37) 43.6 (44) 42.6 (43) 52.6 (260) 50.4 (62) 57.3 (71) 56.5 (70) 46.3 (57)
5:;;”": inflammatory diseases duration, 11.7£10.3 12.6+11.6 11.7£11.2 125498 9.0+8.8 121493 12249.1 12.4£10.3 11.348.6 12.8+9.4
Diabetes drugs, % (n) 15.7 (64) 19.8 (20) 18.3 (19) 15.8 (16) 8.9 (9) 20.4 (101) 17.1 (21) 185 (23) 25.8 (32) 20.3(25)
Dyslipidemia drugs, % (n) 29.0 (118) 32.7 (33) 38.5 (40) 22.8 (23) 21.8 (22) 27.9 (138) 33.3 (41) 33.1 (41) 21.8 (27) 23.6 (29)
Hypertension drugs, % (n) 36.6 (149) 40.6 (41) 48.1 (50) 32.7 (33) 24.8 (25) 40.3 (199) 40.7 (50) 44.4 (55) 40.3 (50) 35.8 (44)
Antiplatelet drugs, % (n) 115 (47) 12.9 (13) 14.4 (15) 10.9 (11) 7.9 (8) 16.6 (82) 22.8 (28) 16.9 (21) 16.9 (21) 9.8 (12)
Carotid and/or Femoral Plagues, % (n) 57.2 (233) 64.4 (65) 62.5 (65) 56.4 (57) 455 (46) 44.1 (218) 52.0 (64) 49.2 (61) 41.9 (52) 33.3 (41)
Carotid Plaques, % (n) 38.8 (158) 44.6 (45) 43.3 (45) 36.6 (37) 30.7 (31) 36.6 (181) 43.9 (54) 42.7 (53) 33.1(41) 26.8 (33)
Femoral Plaques, % (n) 46.9 (191) 53.5 (54) 51.0 (53) 46.5 (47) 36.6 (37) 28.3 (140) 38.2 (47) 30.6 (38) 26.6 (33) 17.9 (22)
TOTAL POPULATION
Sex-specific quartiles of total Na intake
1st an 3rd 4th

Population with available data for
arterial stiffness

Males: 1086.4+282.8 mg
Females: 751.0+216.1 mg

Males: 1826.24237.2 mg
Females: 1244.2+128.8 mg

Males: 2605.9+271.4 mg
Females: 1750.1+155.6 mg

Males: 4289.2+1068.1 mg
Females: 2749.5+638.6 mg

(n=221) (n=222) (n=222) (n=221)

Mean + S.D. Mean + S.D. Mean + S.D. Mean + S.D.
cf-PWVY, m/s 8.5+2.0 8.5+2.2 8.4+2.1 7.8+1.4
Increased arterial stiffness (cf-PWV>10 145 (32) 19.4 (43) 1622 (36) 8.1(18)

m/sec), % (n)

Na: sodium; BMI: body mass index; S.D: standard deviation
2 Na derived from foods: Na in processed foods and Na naturally occurring in unprocessed foods; ° Discretionary Na: Na derived from added salt during cooking and table salt; ¢ Total Na: estimated plus discretionary Na; ¢ cf-PWV: carotid to femoral pulse wave

velocity
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Table 11 presents the associations derived from multivariate logistic regression analysis between
total Na intake quartiles and atheromatic plaques (total plaques, carotid plaques and femoral plagques)
for each sex. Females at the 3" (1743.9+154.6 mg/day) and the 4" (2731.0+631.9 mg/day) quartile
of total Na intake had significantly lower probability to present plagues at the femoral arteries
comparing to those at 1% quartile (751.0+215.5 mg/day) (p=0.04 and 0.008 respectively). This
association remained significant after extensive adjustment for all potential confounders in all -but
one- models [0.462 (0.229-0.935), p=0.032 for the 3" quartile and 0.274 (0.118-0.638), p=0.003 for
the 4™ quartile in the fully adjusted model (model 4)]. Additional adjustments for hypertension drugs,
dyslipidemia drugs, diabetes drugs, antiplatelet drugs, cortisone, and chronic inflammatory diseases
duration did not change the mentioned findings. A similar but marginally significant trend was
observed for the 2" quartile of total Na intake in all models [0.538 (0.276-1.046), p=0.068 (model
4)] (Table 11). Similar findings were observed regarding carotid plaques as well as total plaques, but
although marginal they did not reach statistical significance. On the contrary, no associations between

total Na intake and total, carotid or femoral plaques were observed in male participants (Table 11).

62



Table 11: Multivariate logistic regression analysis between total Na intake quartiles and atheromatosis (plaques). The 1% quartile of total Na intake was used as reference. Published in Hellenic

Journal of Cardiology, 2021 (203).

Models

Quartiles of total
Na intake in males

MALES

Carotid and/or Femoral
plaques Exp.B (95% CI)

Carotid plaques
Exp.B (95% ClI)

Femoral plaques
Exp.B (95% ClI)

Quartiles of total
Na intake in
females

FEMALES

Carotid and/or Femoral
plaques Exp.B (95% CI)

Carotid plaques
Exp.B (95% ClI)

Femoral plaques
Exp.B (95% ClI)

Model 1
Age

an

1.033 (0.528-2.021)

1.022 (0.552-1.893)

0.980 (0.515-1.864)

an

0.790 (0.425-1.468)

0.860 (0.471-1.568)

0.572 (0.309-1.058)

3rd

1.133 (0.578-2.221)

1.008 (0.534-1.902)

1.179 (0.612-2.269)

3rd

0.573 (0.313-1.048)

0.561 (0.309-1.020)

*0.526 (0.285-0.971)

4th

0.873 (0.452-1.688)

1.001 (0.523-1.915)

0.991 (0.514-1.911)

4th

0.551 (0.2977-1.023)

0.576 (0.311-1.068)

*0.412 (0.213-0.797)

Model 2
Age
Hypertension
Smoking
Diabetes
Dyslipidemia
BMI

an

1.019 (0.494-2.103)

1.007 (0.526-1.927)

0.836 (0.401-1.745)

an

0.813 (0.422-1.565)

0.901 (0.485-1.676)

0.565 (0.292-1.092)

3rd

1.049 (0.514-2.143)

1.073 (0.555-2.074)

0.957 (0.463-1.977)

3rd

0.611 (0.321-1.164)

0.609 (0.328-1.132)

0.550 (0.284-1.064)

4th

0.851 (0.424-1.710)

1.009 (0.515-1.976)

0.912 (0.436-1.904)

4th

0530 (0.274-1.024)

0.571 (0.301-1.082)

*0.384 (0.190-0.778)

Model 3a
Age
Hypertension
Smoking
Diabetes
Dyslipidemia
BMI

Energy intake

1.111 (0.531-2.322)

1.098 (0.565-2.137)

0.908 (0.427-1.931)

0.881 (0.453-1.710)

1.000 (0.532-1.878)

0529 (0.272-1.031)

3rd

1.232 (0.574-2.646)

1.249 (0.615-2.536)

1.097 (0.502-2.399)

3rd

0.731 (0.371-1.440)

0.775 (0.403-1.491)

*0.460 (0.228-0.930)

4th

1.161 (0.487-2.767)

1.346 (0.587-3.085)

1.173 (0.472-2.911)

4th

0.758 (0.346-1.659)

0.904 (0.424-1.928)

*0.271 (0.117-0.631)

Model 3b

Age
Hypertension
Smoking
Diabetes
Dyslipidemia
BMI

Potassium intake

1.060 (0.512-2.197)

1.042 (0.543-2.000)

0.846 (0.404-1.773)

0.827 (0.428-1.595)

0.914 (0.490-1.704)

0.559 (0.289-1.080)

3rd

1.128 (0.545-2.333)

1.145 (0.587-2.231)

0.974 (0.467-2.032)

3rd

0.642 (0.335-1.232)

0.638 (0.341-1.194)

*0.505 (0.258-0.989)

4th

0.979 (0.471-2.034)

1.156 (0.572-2.334)

0.946 (0.435-2.057)

4th

0.585 (0.296-1.158)

0.627 (0.322-1.220)

*0.326 (0.155-0.684)

Model 4

Age
Hypertension
Smoking
Diabetes
Dyslipidemia
BMI

Energy intake
Potassium intake

2nd

1.101 (0.525-2.306)

1.080 (0.554-2.105)

0.911 (0.428-1.938)

an

0.879 (0.452-1.708)

1.002 (0.533-1.882)

0.538 (0.276-1.046)

Srd

1.209 (0.561-2.604)

1.217 (0.598-2.478)

1.108 (0.505-2.429)

3rd

0.729 (0.370-1.438)

0.777 (0.404-1.494)

*0.462 (0.229-0.935)

4th

1.119 (0.468-2.678)

1.294 (0.562-2.979)

1.186 (0.476-2.957)

4th

0.755 (0.345-1.653)

0.906 (0.425-1.932)

*0.274 (0.118-0.638)

* p<0.05; Na: sodium; BMI: body mass index; kcal: kilocalories. Males’ quartiles of total Na intake (min-max): 1% (403.2-1469.5), 2" (1483.7-2193.1), 3" (2202.7-3108.5), 4™ (3125.2-8935.1). Females’ quartiles of total Na intake (min-max): 1%
(80.4-1027.1), 2™ (1029.4-1489.3), 3 (1496.0-2043.0), 4" (2045.4-6286.9). After further adjustment for hypertension drugs, dyslipidemia drugs, diabetes drugs, antiplatelet drugs, cortisone and chronic inflammatory diseases duration no substantial
changes were observed.
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Table 12 presents the association between total Na intake quartiles and arterial stiffness. Subjects at
3" quartile of total Na intake (2605.9+271.4 mg/day for males, 1750.1£155.6 mg/day for females)
had significantly higher probability to have high arterial stiffness (cfPWV>10 m/sec) compared to
those at 1% quartile (1086.4+282.8 mg for males, 751.0+216.1 mg for females) in models 2 and 3b
[1.915(1.015-3.611), p=0.045 for model 2 and 1.991(1.047-3.785), p=0.036 for model 3b]. This
association marginally lost its significance in the other models. In further adjustment for drug
categories (hypertension drugs, dyslipidemia drugs, diabetes drugs, antiplatelet drugs, cortisone) and
chronic inflammatory diseases duration similar results were observed. We also repeated all the arterial
stiffness analysis using 1) the definition of arterial stiffness according to age reference groups and 2)

the cfPWV as a continuous variable and no associations were observed (data not shown).

Table 12: Multivariate logistic regression analysis between total Na intake quartiles and arterial stiffness
(pulse wave velocity). The 1% quartile of total Na intake was used as reference. Published in Hellenic Journal
of Cardiology, 2021 (203).

Models Sex-specific quartiles of TOTAL POPULATION
total Na intake Arterial stiffness (cfPWV>10m/s) Exp.B (95% CI)
Model 1 ond 1.284 (0.730-2.257)
Age
Gender 30 1.563 (0.872-2.804)
4t 0.863 (0.437-1.701)
Model 2 o
Age 2 1.248 (0.678-2.297)
Gender
Hypertension
Smoking 31 *1.915 (1.015-3.611)
Diab_et_es ]
gﬁ:'p'dem'a 4 0.991 (0.472-2.078)
Model 3a
Age 2nd 1.246 (0.669-2.321)
Gender
Hypertension
Smoking 3rd 1.909 (0.959-3.801)
Diabetes
Dyslipidemia
BMI 4 0.987 (0.430-2.266)
Energy intake
Model 3b
Age 2nd 1.262 (0.684-2.328)
Gender
Hypertension
Smoking 31 *1.991 (1.047-3.785)
Diabetes
Dyslipidemia
BMI 4 1.063 (0.497-2.278)
Potassium intake
Model 4
Age nd _
Gonder 2 1.224 (0.655-2.286)
Hypertension
Smoking
Diabetes 3rd 1.869 (0.937-3.728)
Dyslipidemia
BMI
Energy intake 4t 0.978 (0.425-2.252)
Potassium intake
*p<0.05; Na: sodium; cfPWV: carotid to femoral pulse wave velocity; BMI: body mass index; kcal: kilocalories.
Males’ quartiles of total Na intake (min-max): 1% (403.2-1469.5), 2" (1481.1-3110.3), 3" (2202.7-3108.5), 4" (3125.2-8935.1).
Females’ quartiles of total Na intake (min-max): 1% (80.4-1027.1), 2" (1029.4-1489.3), 3" (1496.0-2043.0), 4™ (2045.4-6286.9).
After further adjustment for hypertension drugs, dyslipidemia drugs, diabetes drugs, antiplatelet drugs, cortisone and chronic
inflammatory diseases duration no statistical significant differences between quartiles of total Na intake were observed.
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To better investigate these findings, a sensitivity analysis was conducted. All the analyses were
repeated for the Na intake from foods only instead of total Na intake. Similar results were found (data
not shown). Moreover, after excluding all patients with chronic inflammatory diseases (n=464)
similar findings were observed. Finally, after excluding all patients who probably had taken guidance
for Na restriction (subjects taking cortisone and subjects with hypertension diagnosed for more than

one year) we observed similar results to those of the main analyses.

B3.2 Results from Cohort B

The following results have been published in Public Health Nutrition, 2022 (56).

Comparison of sodium assessment methods/ Design of a new tool for sodium assessment

One hundred and twenty-two (122) participants with available 24UC data were used for the
analyses (56.0+£12.6 years; 55.7% males) (Table 13). The available sample size for UMs and
DMs was: Spot UMs, n=71; 24DR=119; FFQ, n=87; NaFFQ, n=60 (Table 13). Descriptive
characteristics of study population are presented in Table 13. Incomplete collections

represented 7.4% of participants (Table 13).

65



Table 13: Descriptive characteristics of the study population for the total sample and each Na estimation method. Published in Public Health Nutrition, 2022 (56).

Urinary methods Dietary methods
24UC Spot Urine 24DR FFQ NaFFQ
N=122 N=71 N=119 N=87 N=60
(Mean+ S.D.) (Mean+ S.D.) (Mean+ S.D.) (Mean+ S.D.) (Mean+ S.D.)
Age, years 56.0+12.6 56.2+11.9 559+12.6 56.1+13.1 56.4+12.3
Weight, kg 80.7+18.0 81.4+18.9 80.4+18.1 80.3+18.7 80.1+£18.9
Height, cm 169.9+11.3 170.7 £11.3 1699+114 1703 £11.6 170.8 £11.9
BMI, kg/m? 279+5.6 279+6.0 279 £5.6 27.6+£5.2 273+5.1
Energy, kgallday e I 19928£)i;6i§.53/ RIS 2238.7+713.7 2210.7+695.5
W xisting +15% +
Na derived from food, mg/day 1633.8+£763.6 1633.8+£763.6 1633.8+£763.6 1704.3£800.0 1793.5+£873.5

Na derived from table salt, mg/day

Na derived from cooking salt, mg/day

.

288.3+134.8*

58.6+£90.3

7

\\\\\\\\\\\\\\\\\\\\\\\\\\\\Q

§

1197.4+1047.2*

(%) (%) (%)
Males 55.7 56.3 55.5 57.5 60.0
Smoking,

Current (cigarette/ e-cigarette) 405 43.6 415 40.7 38.8

Ex smoking 20.7 225 20.3 19.8 23.3

Never 38.8 3338 38.1 39.5 38.3

CvD 10.7 7.1 11.0 115 10.0

TiDM 1.6 1.4 1.7 2.3 1.7

T2DM 8.2 11.3 8.4 8.0 10.0

DMS drugs 5.7 7.0 5.9 6.9 6.7

Hypertension 64.8 60.6 63.9 65.5 58.3

Hypertension drugs 46.7 42.3 454 48.3 433

Dyslipidemia 65.6 64.8 65.5 66.7 68.3

Dyslipidemia drugs 33.6 324 33.6 31.0 25.0

Autoimmune/inflammatory disease 13.2 15.5 12.7 11.5 133

Infectious disease 30.6 324 30.5 29.9 31.7
Incomplete 24UC 74 - @ 9 9 @

24UC: 24h urine collection; 24DR: 24h dietary recalls (three 24DR were performed); 24DRNa+15%: 24h dietary recalls Na plus 15% (discretionary Na); 24hDRNa+SQ: 24h dietary recalls Na plus
discretionary salt questions FFQ: food frequency questionnaire; S.D.: standard deviation; BMI: body mass index; CVD: cardiovascular disease; TLDM: type 1 diabetes mellitus; T2DM: type 2 diabetes

mellitus.

* Na derived from table and cooking salt
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Table 14 presents Na intake or excretion for all the available UMs and DMs applied, as well as the
significance of the differences between 24UNa and each one of the other Na estimation methods.
Mean 24UNa was 2810.4+1303.9 mg/day. Regarding spot urine methods, all of them overestimated
24UNa (mean bias range: -1780.9 to -492.0 mg) with the INTERSALT without spot K equation
presenting the smallest bias (-492.0+£1223.2 mg) (table 4). Regarding the existing DMs, both
underestimated 24UNa (mean bias range: 876.6 to 1211.6 mg). From the improved DMs, 24DR+15%
and 24DR+SQ underestimated 24UNa (876.6+ 1342.6 and 923.3+ 1345.8 mg respectively, p<0.001)
but the NaFFQ marginally overestimated 24UNa showing the smallest bias from all DMs and UMs

(-290.2 + 1336.2 mg) (Table 14).

Table 14: Na intake/excretion for each dietary and urinary Na estimation method, bias of mean values and
comparisons with the 24-hour urine collection. Published in Public Health Nutrition, 2022 (56).

Na intake or excretion Bias
N Mean + S.D. (24U_Na n_winus each Na D
estimation method)
Mean + S.D.
Urinary methods
24UC, mg/day 122 2810.4 +£1303.9 - -
Kawasaki, mg/day 71 4523.0£1331.0 -1780.9 £ 1235.2 <0.001
Tanaka, mg/day 71 4862.1 £10633.2 -894.8 £ 1154.1 <0.001
INTERSALT with spot K, mg/day 67 3209.4 +869.0 -599.0 £ 1140.0 <0.001
INTERSALT without spot K, mg/ day 71 3207.8 +843.1 -492.0 £1223.2 0.001
Mage, mg/day 71 3438.8 £2494.8 -722.6 +2050.6 0.016
Toft, mg/day 71 3852.8 £955.7 -1136.6 = 1165.6 <0.001
Dietary methods
Existing dietary methods
24DR, mg/day 119 1633.8 £763.6 1211.6 £1298.8 <0.001
FFQ, mg/day 87 1704.3 £ 800.0 1058.7 = 1335.7 <0.001
Improved dietary methods
24DR+15%, mg/day 119 1922.2 +898.3 923.3+£1345.8 <0.001
24DR+SQ, mg/day 119 1968.9 £917.0 876.6 £1342.6 <0.001
NaFFQ, mg/day 60 2990.9 +1397.5 -290.2 £ 1336.2 0.098

S.D.: standard deviation; Na: sodium; 24UC: 24h urine collection; 24UNa: 24h urine Na; 24DRNa:24h dietary
recalls Na; 24DRNa+15%: 24h dietary recalls Na plus 15% (discretionary Na); 24hDRNa+SQ: 24h dietary recalls
Na plus discretionary salt questions; FFQ: food frequency questionnaire

Table 15 presents Pearson’s and Spearman’s correlation tests as well as the ICCs between 24UC and
each one of the UMs and DMs. Regarding spot urine methods, Mage equation exhibited the strongest
correlation with 24UC (r=0.596, p<0.001) and all other equations presented moderate reliability

(ICCs range: 0.59-0.74). From the existing DMs, both weakly correlated to 24UC (r=0.232-0.263,
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p<0.05). Regarding the improved DMs, 24DR+15% and 24DR+SQ were weakly correlated to 24UC
(r=0.263-0.296, p<0.01) and presented poor reliability (ICCs range: 0.42-0.44), but NaFFQ exhibited
the strongest correlation with 24UC (r=0.497, p<0.01) and was moderately reliable [ICC(95%CI):

0.66(0.43-0.80)].

Table 15: Pearson’s and Spearman correlations & intraclass correlation coefficients between 24 hour urine

collection and the other Na estimation methods. Published in Public Health Nutrition, 2022 (56).

Na estimation methods Total sample
r 0.583**
Kawasaki ICC (95% CI) 0.74 (0.58-0.84)
N 71
r 0.542**
Tanaka ICC (95% CI) 0.66 (0.46-0.79)
N 71
§ r 0.492**
£ INTERSALT with spot K ICC (95% ClI) 0.63 (0.40-0.77)
E N 67
£ r 0.469**
g INTERSALT without spot K ICC (95% CI) 0.59 (0.35-0.75)
& N 71
r 0.596**
Mage ICC (95% CI) 0.65 (0.44-0.78)
N 71
r 0.570**
Toft ICC (95% CI) 0.68 (0.48-0.80)
N 71
r 0.263**
g 24DR ICC (95% CI) 0.40 (0.14-0.58)
28 N 119
23 r 0.232*
g € FFRQ ICC (95% CI) 0.39 (0.06-0.60)
é w N 87
< r 0.296**
£ 24DR+SQ ICC (95% CI) 0.44 (0.20-0.61)
g 2 N 119
% g P r 0.263**
© 2 24DR+15% ICC (95% CI) 0.42 (0.17-0.60)
3 2 N 119
g r 0.497**
- NaFFQ ICC (95% CI) 0.66 (0.43-0.80)
N 60

* p<0.05; ** p<0.01

ICC: intraclass correlation coefficient; Cl: confidence interval; Na: sodium; 24UNa: 24h urine Na; 24DRNa:24h
dietary recalls Na; 24DRNa+15%: 24h dietary recalls Na plus 15% (discretionary Na); 24hDRNa+SQ: 24h dietary
recalls Na plus discretionary salt questions; FFQ: food frequency questionnaire
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In subgroup analysis (Table 16): a) 4 out of the 5 subgroups agreed that Mage equation exhibited the
strongest correlation with the 24UC (r=0.625-0.700, p<0.001); b) 3 out of the 5 agreed that Kawasaki
equation was the only method presenting good reliability (ICCs range: 0.76-0.80) and all the 5
subgroups agreed that regarding the existing and the improved DMs, NaFFQ was the only method
presenting moderate reliability (ICCs range: 0.44-0.51), while all the other DMs presented poor

reliability (ICCs range: 0.20-0.32).

Bland-Altman plots for all the spot urine methods, existing DMs and improved DMs are presented in
Figures 15, 16 and 17 respectively. Regarding spot urine methods, the use of equations of Toft,
Tanaka, INTERSALT with spot K and INTERSALT without spot K resulted in underestimation at
lower levels and overestimation at higher levels of Na excretion in Bland-Altman plots (Figure 15).
On the contrary, Mage equation was the only method providing the opposite finding, presenting
overestimation at low levels of Na excretion and underestimation at higher levels. Finally, the
Kawasaki equation exhibited a homogeneous variation as Na excretion levels increase (Figure 15).
All methods presented wide ranges of agreement (Kawasaki: -4201.8 to 640.0; Mage: -4741.7 to
3296.6; Toft -3421.2 to 1148.0; INTERSALT without spot K: -2889.4 to 1905.4; INTERSALT with
spot K: -2833.3 to 1635.4; Tanaka: -3156.9 to 1367.3) (Figure 15). Linear regression analysis
revealed statistically significant associations between the difference and the mean of 24UC and all

the spot urine methods, except for the Kawasaki equation ($=0.028, p=0.818) (Figure 15).
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Table 16: Pearson’s and Spearman correlations & intraclass correlation coefficients between 24h urinary sodium excretion and the other sodium estimation methods in the subgroup

of participants after applying the exclusion criteria for incomplete 24h urine collections. Published in Public Health Nutrition, 2022 (56).

Na estimation methods

Subgroups

of sample after applying the exclusion criteria for incomplete 24h urine collections (sensitivity analysis)

Exclusion criterion 1

Exclusion criterion 2

Exclusion criterion 3

Exclusion criterion 4

Exclusion criterion 5

r 0.610** 0.613** 0.663** 0.588** 0.595%*
Kawasaki ICC (95% CI) 0.758 (0.603-0.852) 0.760 (0.604-0.854) 0.796 (0.641-0.884) 0.740 (0.584-0.838) 0.746 (0.507-0.869)
N 65 64 50 71 37
r 0.582** 0.581** 0.620** 0.554** 0.532%*
Tanaka ICC (95% CI) 0.693 (0.497-0.813) 0.695 (0.498-0.815) 0.735 (0.534-0.850) 0.669 (0.469-0.794) 0.654 (0.329-0.822)
N 65 64 50 71 37
8 r 0.496** 0.464** 0.533** 0.477*%* 0.629**
£ INTERSALT with spot K ICC (95% CI) 0.633 (0.391-0.779) 0.606 (0.343-0.764) 0.677 (0.424-0.819) 0.615 (0.375-0.762) 0.736 (0.477-0.867)
E N 62 61 48 68 35
£ r 0.481** 0.444%* 0.509** 0.466** 0.606**
g INTERSALT without spot K ICC (95% CI) 0.603 (0.349-0.758) 0.570 (0.293-0.739) 0.644 (0.372-0.798) 0.588 (0.339-0.743) 0.704 (0.425-0.848)
& N 65 64 50 71 37
r 0.655** 0.649%* 0.700** 0.625%* 0.662**
Mage ICC (95% CI) 0.681 (0.476-0.805) 0.663 (0.445-0.795) 0.698 (0.468-0.829) 0.671 (0.473-0.795) 0.741 (0.498-0.867)
N 65 64 50 71 37
r 0.577** 0.580** 0.670** 0.554** 0.695**
Toft ICC (95% CI) 0.680 (0.475-0.805) 0.680 (0.474-0.806) 0.757 (0.571-0.862) 0.659 (0.454-0.788) 0.787 (0.586-0.890)
N 65 64 50 71 37
o r 0.254** 0.217* 0.293** 0.270%* 0.295*
g " 24DR ICC (95% CI) 0.359 (0.062-0.562) 0.345 (0.034-0.556) 0.408 (0.099-0.612) 0.389 (0.112-0.580) 0.370 (-0.029-0.614)
= § N 108 104 89 112 66
.§’ ‘aE: r 0.197 0.267* 0.266* 0.267* 0.321*
2 FFQ ICC (95% CI) 0.367 (0.007-0.596) 0.431 (0.096-0.642) 0.440 (0.079-0.660) 0.404 (0.076-0.616) 0.468 (0.044-0.704)
8 - N 78 74 64 82 47
£ " r 0.296** 0.237* 0.295** 0.299%* 0.283*
= 3 24DR+SQ ICC (95% CI) 0.403 (0.126-0.592) 0.373 (0.075-0.575) 0.431 (0.134-0.627) 0.425 (0.164-0.605) 0.376 (-0.019-0.618)
§ ’uE‘» N 108 104 89 112 66
a > r 0.254** 0.217* 0.293** 0.270%* 0.295*
5 24DR+15% ICC (95% CI) 0.379 (0.091-0.575) 0.363 (0.061-0.568) 0.428 (0.129-0.624) 0.411 (0.145-0.595) 0.389 (0.001-0.626)
2 N 108 104 89 112 66
2 r 0.511** 0.442%* 0.459** 0.491** 0.452%*
‘g NaFFQ ICC (95% CI) 0.667 (0.429-0.806) 0.612 (0.331-0.775) 0.627 (0.334-0.791) 0.657 (0.423-0.796) 0.623 (0.260-0.808)
= N 55 54 48 59

* p<0.05; ** p<0.01. ICC: intraclass correlation coefficient; Cl: confidence interval; Na: sodium; 24UNa: 24h urine Na; 24DRNa:24h dietary recalls Na; 24DRNa+15%: 24h dietary recalls Na plus 15% (discretionary Na);
24hDRNa+SQ: 24h dietary recalls Na plus discretionary salt questions; FFQ: food frequency questionnaire.
Exclusion criteria for incomplete 24h urine collections: Exclusion criterion 1: Urine volume <500mL; Exclusion criterion 2: Urine creatinine <6mmol/day plus 24h urine volume <1000mL or urine creatinine <smmol/day (191);
Exclusion criterion 3: (urine creatinine (mg/day))/(body weight (kg))<10.8 or>25.2 (193); Exclusion criterion 4: Males: (urine creatinine (mg/day))/(body weight (kg))<14 or>26, Females: (urine creatinine (mg/day))/(body

weight (kg))<11 or>20 (192) Exclusion criterion 5: Males: (urine creatinine (mg/day))/(24 x body weight (kg))<0.6, Females: (urine creatinine (mg/day))/(21 x body weight (kg))<0.6 (43)
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Figure 15: Bland-Altman plots comparing 24-hour urinary Na excretion with Na estimated by spot urine equations. Solid line is the mean difference between methods and dashed

lines are the 95% confidence intervals of the difference between methods. Limits of agreement of the two Na assessment methods, defined as mean difference + 1.96 x SD of

differences. 24UNa: Na estimated by 24-hour urine collection. Published in Public Health Nutrition, 2022 (56).
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A (24UNa - 24DRNa)

Regarding the existing DMs (Figure 16), both of them presented consistent bias in Bland-
Altman plots, underestimating the 24UNa in low levels of Na intake and overestimating in high
levels of Na intake, while presenting wide ranges of agreement in Bland-Altman plots (24DR:
-1334.1 to 3757.4; FFQ: -1559.2 to 3676.7) (Figure 16). Linear regression analysis revealed
statistically significant association between the difference and the mean of 24UC and all the
DMs (Figure 16). Regarding the improved DMs, the NaFFQ was the only one showing a) a
homogeneous variation as the mean Na intake increases in Bland-Altman plots, however
presenting wide ranges of agreement (-2909.2 to 2328.8) and b) not statistically significant
association between the difference and the mean of 24UC and improved DMs in linear
regression analysis (b=0.142, p=0.354) (Figure 17). The other two improved DMs (24DR+15%
& 24DR+SQ) underestimated the 24UNa at low levels of Na intake and overestimated at high
levels of Na intake, presenting wide ranges of agreement (24DR+SQ: -1334.1 to 3508.1;

24DR+15%: -1714.5 to 3561.2) (Figure 17).

£=0.780 $=0.749
P = 0,001 P <0.001
pper*limit = 3757,
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, fpp.u “””f T 4 o Upper limit = 3676.7
s
o . g o da s 3
Yty s . Bigs=1211.6 & DTN . Bias = 10587
. ’. v 3 . % bd ] v L
S g .4
LI 1 4 * b
TN . B R o * Lower limit = -1559.2
T | Lower limit = -1334.} s -
Mean (24hUNa - 24hDRNa) Mean EZ‘UN.’_FFQ’)" o

Figure 16: Bland-Altman plots comparing 24-hour urinary Na excretion with Na estimated by
existing dietary methods. Solid line is the mean difference between methods and dashed lines are the
95% confidence intervals of the difference between methods. Limits of agreement of the two Na
assessment methods, defined as mean difference + 1.96 x SD of differences. 24UNa: Na estimated
by 24-hour urine collection; 24hDRNa: Na estimated by 24 hour dietary recalls; FFQ: food frequency
questionnaire. Published in Public Health Nutrition, 2022 (56).

All the analyses were repeated using 1 dash of salt instead of 2 in question 2 of the improved
24DR (24DR+SQ) and similar findings were observed (data not shown).
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Figure 17: Bland-Altman plots comparing 24 hour urinary Na excretion with Na estimated by improved
dietary methods. Solid line is the mean difference between methods and dashed lines are the 95%
confidence intervals of the difference between methods. Limits of agreement of the two Na assessment
methods, defined as mean difference + 1.96 x SD of differences. 24UNa: sodium estimated by 24 hour
urine collection; 24hDRNa+SQ: Na estimated by 24 hour dietary recalls plus salt-related questions;
NaFFQ: Na food frequency questionnaire. Published in Public Health Nutrition, 2022 (56).
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B3.3 Results from systematic review

The following results have been published in Nutrients, 2019 (204).
Number of studies screened and selected

Eight hundred and twenty-five (825) citations were identified through a systematic search—of which,
782 were excluded based on title/abstract. The most common exclusion criteria were: language (42),
duplicates—same cohort (27), different research subject (516), not original articles (191), sample size
<100 subjects for observational studies only (6). Forty-three (43) articles were then assessed for
eligibility and five were excluded due to irrelevant research subject and two due to different studying
parameter (Na/K ratio). As a result, the number of articles that met the inclusion criteria and were

included in this study was 36 (Figure 18).

R
Records identified through Additional records identified
E database searching through other sources
s (n=289) (n=536)
=
=
=
o
2 | I
=
\ Records after duplicates removed
(n=798)
—
Records excluded
u (n=753)
E y language (n=42)
g Records screened - <100 subj ects for observational
& (n=798) *  studies (n=6)
not nriginal articles (n=191)
different research subject (n =516)
| S—
I
h
2 . ) Full-text articles excluded, (n=7)
B Full-text “rt_lc_l“”." ."l“”""”"‘"’t'd | different research subject (n=5)
B for eligibility Ul different studying parameter
= (n=43) (n=2)
[—
I
¥
- Studies included in
o . . .
-] qualitative synthesis
E; (n=36)
S

Figure 18. PRISMA flow diagram. Published in Nutrients, 2019 (204).

Of a total of 36 studies included, 18 were observational and 18 were interventional studies. Detailed
descriptive data for both observational and interventional studies are provided in Tables 17, 18, 19,20
and 21.
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Table 17. Descriptive characteristics of observational studies regarding arteriosclerosis. Published in Nutrients, 2019 (204).

ARTERIOSCLEROSIS

cfPWV
1. Observational Cross-Sectional Studies
Study Population FU Age Na - Vascular
Author (Year) Country Design Description (Years) Sex  Race N (Years, Estimation  Na Intake/Excretion (mg/d) Assessment Results
Mean + SD) Method
essential HT,
recent stroke, or
Polonia, J. (2006) (156) Portugal c-sect healthy - M/F  Mixed 426 50+£22 24UC Total: 4646 + 1472 tonometry + **
university
students
Garcia-Ortiz, L. (2012) (148) Spain c-sect patients aged - M/F N/AV 351 548+11.7 FFQ 82_’ 2650 2 200 tonometry J-shaped curve
30-80 Q3: 3440 £270
(@) low Na-low RAAS: 913.1
(747.5-1035) i
(b) low Na-high RAAS: 690 +
. . essential HT, (602.6-740.6)
Kotliar, C. (2014) (205) Argentina  c-sect aged 30 to 70 - M/F N/AV 300 48.7+14.6 24UC (©) High-Na-low RAAS: tonometry
2610.5 (1745.7-3604.1) i
(d) high-Na-high RAAS: 2898 +
(2035.5-3588) *
7.2
Polonia, J. (2016) (180) Portugal retrosp HT adults (0.5- M/F  White 608 54.1+14.3 24UC 47932+ 1821.6 tonometry +*
11.1)
South total + **
Strauss, M. (2018) (145) Africa prosp NT adults - M/F  Mixed 693 24.8+3.01 24UC 2967 (984.4-7613) tonometry black +*
white *
True HT: 3348.8 (2251.7—
untreated HT— 4595.4)
Triantafyllou, A. (2018) (206) Greece c-sect healthy - M/F  White 197 43.7+12.1 24UC Intermediated HT phenotypes: tonometry #
individuals 3128 (1902.1-4312.5)

NT: 2732.4 (1630.7-4312.5)
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Table 17 Cont.

2. Observational Studies with Follow Up (>1 Time Points)

. Na .
Author Study Population FU Age T Na Intake/Excretion Vascular
(Year) Country Design Description (Years) Sex Race N (Years, Mean + SD) Eiﬂt'gﬁggn (mg/d) Assessment Results
Spot urine cfPWV (at both time points)
collections Na <2300 mg +**
Nerbass, . and Nerbass . Na >2300 mg +
F.B. (2015) UK prosp adu!sttsélré g’KD 1 M/F  N/AV 1607 72.6+£9.0 equation to fgﬁzevlfue' ,22559796277852 oscillometry AcfPWV
(207) 9 estimate p: Unchanged Na #
24h Na Decreased Na #
excretion Increased Na +*
Aortic PWV Other than cfPWV
Morning NT + **
. spot urine
Siriopol, D. . HT and NT ) . .
(2018) (208) Romania  prosp Romanian adults M/F  White 1599 473+17.1 sample + 4816.2 = 1550.2 oscillometry HT 4w
Kawasaki
equation
baPWV
1. Observational Cross-Sectional Studies
(ggr;g;i ?1:1_'4) Japan c-sect healthy subjects - M/F  Asian 911 61.3+8.5 24UC 720 + 200 (mg /day/10 kg) oscillometry + **
Second
morning
Lee. SK non-HT subjects, tertile 1: 52.1 +£5.5 void and
(2015‘) ('1 4'9) Korea c-sect  with no use of anti- - M/F  Asian 1586 tertile 2: 53.0 £ 6.0 Tanaka's 3588 +£782 plethysmography —**
HT drugs tertile 3: 52.6 £5.5 equation to
convert to
24UC
newly diagnosed
HT, untreated HT
or patients with a 1- . Total: 3507.5 £ 1577.8
- Group A:59.3 + 134
Sun, N. . ’ to-5-year history of ) ; Group A: 1807.8 £411.7 . -
(2015) (157) China c-sect HT who had M/F N/AV 341 ggﬂp E: 553261; : iig 24UC Group B: 3374.1 £ 618.7 oscillometry +
stopped taking anti- pL-sf. ' Group C: 5858.1 +961.4
HT drugs for 1
month
. Na .
Author Country Stu_dy Popul_atl_on FU Sex Race N Ag (Years, Mean + Estimation Na Intake/Excretion Vascular Results
(year) Design Description (years) SD) Method (mg/d) Assessment
Total: 3831.8 £ 1.610
Group A: 54.5+12.9 . ’
Han, W. China c-sect HT adults - M/F N/AV 431  GroupB:52.9+12.6 24UC Group A: 1768.7 4 464.6 oscillometry +*

(2017) (209)

Group C: 509+ 11.4

Group B: 3371.8 + 650.9
Group C: 5947.8 £ 1069.5
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Table 17 Cont.

2. Observational Studies with Follow Up (>1 Time Points)

baPWV
Na‘ **
baseline *
Na average
of three + **
Visits
AbaPWV
Na‘ **
baseline *
Na average
of three + **
Visits

FFQ and 3-
prosp adultsaged >40 5.3x1.0 M/F Mixed 2145 59.9+09.1 day diet 2538 £ 1416 oscillometry
record

South

Jung, S. (2019) (185) )0

Common Carotid Arterial Elasticity (Young’s Elastic Modulus, Stiffness Index, and Arterial Compliance)

Young’s
elastic + **
modulus
B-mode US stiffness
index
arterial
compliance

1. FFQ Na intake/d: 5520 =290
Ferreira-Sae, M.C. . 2. 24h recall FFQ: 1450 + 180
(2011) (158) Brazil oot HT adults - MFONAV 134 ShE 3.discretionary 24h recall: 940 + 70
Na intake' Discretionary Na: 3130 + 190

#

+

The mmol of Na intake/excretion values were converted to mg. If available, results presented come from adjusted models. Abbreviations: Na: sodium; 24UC: 24h urine collection; cfPWV: carotid—femoral pulse wave
velocity; baPWV: brachial-ankle pulse wave velocity; HT: hypertensives; NT: normotensives; anti-HT: antihypertensive; c-sect: cross-sectional; prosp: prospective; retrosp: retrospective; FFQ: food frequency
questionnaire; FU: follow up; M/F: males and females; N/AV: not available; RAAS: renin—angiotensin—aldosterone system; CKD: chronic kidney disease; US: ultrasonography; +: positive association; -: negative

association; #: no statistically significant association; *: p < 0.05; **: p <0.01. ' number of 1 kg packages of salt consumed/month/person.
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Table 18: Descriptive characteristics of interventional studies regarding arteriosclerosis. Published in Nutrients, 2019 (204).

ARTERIOSCLEROSIS

78

cfPWV
Population Age Intt_erven Na ) Vascul Results
Author Count Stu_d Y Descriptio Sex Race N (Years, Mean + tion Type of Diet Estimation Na Intake/Excretion ar Intervention cfPWV
ry Design n sD) Duration Method (mg/d) Assess G Change
(Weeks) ment roups (m/s)
postmeno
nggf::] Urinary Na excretion
=50 year’s 24UC & Preint_restr: 2852 4+ 1058
Seals, DR. (2001)  ;spo  ReT  high F Mixed 17 65+ 10 13 LS < 2400 mg food Postintn_restr:1978 £736 ;g LS vs. —0.24%*
(210) Dietary Na intake baseline
normal records . )
SBP or Preint_restr: 2685 £+ 559
Postint_restr:1421 £ 512
Stage 1 -
HTN
Urinary method
4(2 Usual Na diet: 3450 Thrge-day Baseline 35335
. Cross- OW/OB, weighed 1568.6 .
Dickinson, K.M. Austra over mildHT  M/E  N/AV 29 527460 weeks x mg Na/d vs. food 35040 1 oscillo LS vs. Usual +
(2009) (176) lia RCT adults dtievyt(;) LS dlelt\:I al/cljso mg records & Usual Na 13041 metry Na
24UC LS 14743 £
949.9
3013 + From Na to placebo
Total
1150 Total —0.40 **
. 9 Na tablets (X230
Cross- All: 50 £ 11 3036 + o
He, F.J. (2009) over . Blacks: 50+ 9 mg)/d & Blacks 1058 tonom Blacks ~0.50
o UK HT adults M/F  Mixed 169 L 12 9 placebo tablets/d. 24UC
(146) dbRC Whites: 52 + 12 - S - 2921 + etry .
T (remained on LS diet: Whites Whites #
T Asians: 47 £ 10 1173
2000 mg Na/d)
Asians 3174 + Asians #
1311
resistant .
2(1 LS diet: 1495 mg .
. cross-  HT adults Baseline: 4478.1 = 1577.8
leentEsliGE().)(ZOOQ) USA over onastable M/F Mixed 12 555+94 va?}; * HS diei\'lzlt? VIS' >5750 24UC LS diet: 1060.3 = 616.4 vs. t(;rg;)m From I—;S LS
RCT  anti-HT i - SUPP’. HS diet: 5800.6 + 1485.8 y
drug iets) mg Na/d
Na intake Bvs. A +0.39 **
. 2607 + .
Cross- PHT or (500 mL tomato juice ~ Morning Usual diet 1289 Cvs. A +035
New HT, NOB + LS diet/day) spot urine 1254 +
Todd, A.S. (2010) Zealan OV adultsor  M/F  Mixed 33 51.8+7.6 12 (A)0+1380mg (B) samples & A 397 tonom
(143) sbRC - - etry
d T on anti- 2070 + 1380 mg dietary B 1357+ Bvs. C
HT drugs (C) 3220 + 1380 mg recalls 486 vs. a
c 1306 =
335



Table 18 Cont.

Pre-baseline: 2410.4 Bvs. A +
After intervention
- . (Na intake + Na tomato
New  cross- (502 Tlé é?gt]/a;z yj)UICE s';J/IoOtrlrJ]:?r?e juice) Cvs. A #
Todd, A.S. (2012)  Zealan  over NT, NOB ME  N/AV 23 437 (24-61) 12 (A) 0 + 1380 mg samples & A 0+ tonom
(161) d/Aust  sbRC adults di 1232.8 etry
ralia T (B) 2070 + 1380 mg ietary 2070 +
(C) 3220 + 1380 mg recalls B
1207.5 Bvs. C "
c 3220 + '
1140.8
cross-  HT adults, 4(2 HS d'ﬁ:éﬁg/%'%w
McMahon, E.J. Austra  over  with stage weeks x LS: 1725 (1334-2576) vs. ~ tonom
(2013) (211) lia doRC  30r4 MF NAV 20 68511 WO ogerngosso ¢ Hs: 3864 (3358 5037) ety o V&S #
T CKD diets) let: 13801840
mg Na/d
Dickinson, K.M Austra Cész?_ OWor - dIEt:\zl 00 mo/d baseline: 2761 + 1031 tonom
(2014) ('212') ' lia SbRC OB M/F  N/AV 25 N/AV 6 Usual Na d.iet' 3600 24UC Usual Na diet: 1729 + 627 ofr LS vs. US #
A subjects e LS diet: 1799 + 497 y
untreated .
.. the Cross- . Baseline: 3535.1
G'JSber(Sz'lLS')(ZOlS) Nether  over a(F;LHLB, M/F  White 36 658 (47-80) 4 Na S‘igp"lggggomg’ 4 24UC  Nasuppl.: 4666.7 £ 1260.4 fonom Na Sigggt')o vS. "
lands RCT % 20 P vs. Placebo: 2417.3 +913.1 y P
. Cross- 12 (6
. United 9 Na tablets (x230 . .
Suckling, F.J. - over untreated . weeks x Na diet: 3797.3 £ 207 vs. tonom Na diet vs.
(2016) (214) Kingd  4ooc HTaduls MWF Mixed 46 ShE wo  MoVdvs 9placebo - 24UC Placebo: 26818 £218.5  etry placebo 7
om - tablets/d.
T diets)
women .
with NT pregr:gr;cy history
history of .g P
van der Graaf, A.M the cross- - preeclamp LS diet: 1150 mg/d Hléssggg i ?igz tonom LS vs. HS (in
(2016) (21‘5)' " Nether  over sia or F N/AV 36 365 2 vs. HS diet: 4600 24UC Preeclém tic preananc otr either. roup) *
lands RCT history of mg/d hi pHc p g. y y group
healthy istory group:
former LS: 1035 +£529
HS: 5934 £ 1978
pregnancy
* LS diet (young & middle
Cross- Young: 27+ 1 aged): 690 middle aged +0.60 **
Muth, B.J. (2017) USA over healthy, ME  N/AV 85 Middle-aged: 52 2 LS dle_t: 4.160 mg/d vs. 24UC HS diet (you_ng & middle-  tonom
(141) RCT NT adults 1 HS diet:6900 mg/d aged): 5405 etry oun +
* Approximately from young
diagram
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Aortic PWV (other than cfPWV)

Results
Interven Na . Vascular
Population Age . o Na Intake/Excretion PWV
Author Country Study Design o Sex Race N tion Type of Diet Estimation Assessm Intervention
Description (Years, Mean + SD) . (mg/d) Change
Duration Method ent groups
(%)
Group 1: Control: Group 1 leg -11.2*
10.8+£1.9 24.8+2. Group 2 —21.8**
) LS:104+2.5 5 Na excretion: aortic arm -10.7*
Avolio 24UC &
healthy NT Group 2: Control: months . Control group: N/AV . leg -13.3*
AP. ) diet oscillom
Australia RCT adults and M/F  N/AV 114 394+1.7 8 N/AV . Group 1: 1564
(1986) . questionn etry
children LS:39.8+1.6 months ) Group 2: 943
(147) aire Group 3 —22.7*
Group 3: Control: to5 Group 3: 506 )
aortic leg —22.3*
522+35 years)
LS:54.5+42
hfPWV
LS DASH HS vs. LS
diet: 2320 mg SS +4%*
Rhee .
Na/d LS diet: 2320 SR #
MY. NT and HT
Korea RCT M/F  N/AV 101 46.0 £ 16.6 2 VS. N/AV Vs. us HT +
(2016) adults .
HS DASH HS diet: 7000
(142) .
diet: 7000 mg NT #
Na/d
baPWV
LS diet: LS vs. HS #
Wang _ 3(1
dietary . 1179.9 mg/d plethys SSvs SR
Y. . . mild HT week x _
China intervention M/F  N/AV 49 49.0+7.9 & 24UC 3999.7+£1543.3 mograp Baseline +2.3*
(2015) adults three )
study ) HS diet: hy After LS +1.5*
(216) diets)
7079.4 mg/d After HS +2.0*

80



Table 18 Cont.

Avrterial Elasticity (arterial compliance)

A Interven N Results
e a
Count  Study Population 9 tion Na intake/Excretion Vascular Vascular
Author . o Sex Race N (Years, . Type of Diet Estimation Intervention
ry Design  Description Duratio (mg/d) Assessment Change
Mean + SD) Method Groups
n (mm/mmHg)
LS diet: 230 mg diastolic
Cross- Na/d LS: 253 + 46 blood
Creager MA. N/A
USA over NT men M 17 30+ 2 years 10 days Vs, 24UC Vs, pressure LS vs. HS *
(1991) (217) \% ) .
RCT HS diet: 4600 HS: 4117 £207 time decay
mg Na/d method
LS diet: ) LS +0.04 *
cross-  stage 1 HT . Na excretion
. men: 631 1196+92 3 day dietary .
Gates PE. over adults, Whit Baseline: 3105 B-mode
USA M/F 12 women: 8 weeks & records &
(2004) (218) dbRC  older than e . LS: 1380 us Normal #
6444 Normal Na diet: 24UC
T 50 Normal Na: 3450
1311423

The mmol of Na intake/excretion values were converted to mg. If available, results presented come from adjusted models. Abbreviations: Na: sodium; 24UC: 24h urine collection; cfPWV: carotid—femoral pulse wave

velocity; baPWV: brachial-ankle pulse wave velocity; hfPWV: heart-femoral pulse wave velocity; HT: hypertensives; NT: normotensives; PHT: pre-hypertensives; HTN: hypertension; SBP: systolic blood pressure; anti-

HT: antihypertensive; OW: overweight; OB: obese; NOB: non-obese; suppl: supplementation; HS: high sodium; LS: low sodium; SS: salt sensitive; SR: salt resistant; RCT: randomized controlled trial; SoRCT: single-

blind RCT; dbRCT: double-blind RCT; M/F: males & females; F: females; M: males; N/AV: not available; CKD: chronic kidney disease; US: ultrasonography; #: no statistically significant association; *: p < 0.05; **:

p <0.01.
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Table 19. Descriptive characteristics of observational studies regarding arterial remodeling. Published in Nutrients, 2019 (204).

Arterial Remodeling

cIMT

1. Observational Cross-Sectional Studies

Study Population FU Age (Years, Mean + Na Estimation Na Intake/Excretion Vascular
Author (Year) Country Design Description (Years) Sex Race N SD) Method (mg/d) Assessment Results
Na intake/d: 5520 +
290
1. FFQ
. FFQ: 1450 + 180
Ferreira-Sae, M.C. . 2. 24h recall ; -
(2011) (158) Brazil c-sect HT adults - M/F N/AV 134 58+1 3 discretionary 24h re7cgll. 940 + B-mode US +
] 1
Na intake Discretionary Na:
3130 + 190
Total: 38.5+5.8 Total:1104-9545
Nioroge. J.N OW or OB, Q1:393+5.6 Q1: 1104-3289
(50119; (150) USA c-sect physically - M/F Mixed 258 Q2:38.7+5.2 24UC Q2: 33124117 B-mode US +*
inactive adults Q3:37.6+6.2 Q3: 4140-5152
Q4:382+6 Q4: 5175-9545
primary care Total: 54.8 +11.7 Total: 3180 + 1250
Garcia-Ortiz, L. . - QLl:57.6+12.1 Q1:1800 + 390
(2012) (148) Spain c-sect patlggisggged - M/F N/AV 351 Q2: 559+ 113 FFQ Q2: 2650 = 200 B-mode US J-shaped
Q3:54.7+10.5 Q3:3440£270
non-HT . second morning
- - tertile 1: 52.1 5.5 .
Lee SK. Korea csect  subjects, with - MIF Asian 1586 tertile 2: 53.0 6.0 void & 35884782 B-mode US —
(2015) (149) no use of anti- o Tanaka’s
tertile 3: 52.6 £ 5.5 .
HT drugs equation
Na excretion <1955
mg/day: 47.7 £ 10.6 <1955 mg/day:
>1955 mg/day: 49.7 3220 + 69 >1955
ambulatory +11.0 mg/day: 3220 + 69
USt“”d?g'lg’)' (2015)  Tyrkey csect  adult patients, in - M/F N/AV 193 Mean IMT 24UC Mean IMT <0.750  B-mode US o
stage 2-4 CKD <0.750 mm: 45.1 + mm: 3220 £+ 46
12.2 Mean IMT > 0.750
>0.750 mm: 52.3 £ mm: 3220 + 69
8.3
Asian adults, Dietary Na intake: common ”
. via subject . Q1: 833 £394 cIMT
Dai, X(.l/;lé)(2016) China c-sect referral and - M/F Asian 3290 '\F/l 5692 41f 56 57 FFQ Q2: 864 £ 507 B-mode US carotid
community T ’ Q3:825+41 bifurcatio +*
advertisement Q4: 828 + 395 nIMT
adults aged >65,
not suffering 24h dietary
Mazza(,llib)(2018) Italy c-sect from any - F White 108 70+4 recall + 7-day 1476 £ 618 B-mode US +*
debilitating food record
diseases
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2. Observational Studies with Follow up (>1 Time Points)

Jung, S. (2019)
(155)

adults aged >40

54+
1.0

M/F

Mixed

2494

60.2+9.0

FFQ + 3 day
diet record

2644 + 1573

B-mode US

cIMT
Na
baseline
Na
averageof
three
visits
AcIMT
Na
baseline
Na
average of
three
Visits

The mmol of Na intake/excretion values were converted to mg. If available, results presented come from adjusted models. Abbreviations: Na: sodium; 24UC: 24h urine collection; cIMT: carotid Intima Media Thickness; HT:

hypertensives; anti-HT: antihypertensive; OW: overweight; OB: obese; c-sect: cross-sectional; prosp: prospective; FFQ: food frequency questionnaire; FU: follow up; M/F: males & females; F: females; N/AV: not available;

CKD: chronic kidney disease; US: ultrasonography; +: positive association; -: negative association; #: no statistically significant association; *: p < 0.05; **: p <0.01. ! number of 1 kg packages of salt consumed/month/person.

Table 20: Descriptive characteristics of interventional studies regarding arterial remodeling. Published in Nutrients, 2019 (204).

Arterial Remodeling

Right Branchial Artery and Common Carotid Artery Diameter

Age Interventi
Population (Year on . _Na . Na intake/Excretion Vascular
Author Descriotion Sex Race N S, Duration Type of Diet Estimation (mg/d) Assessme Results
P Mean Week Method 9 nt
+sp)  (Weeks)
Group 1 and Group 2: BrLa?:r:ji:t vs. NS diet
. . Normal Na diet (NS .
actively working, - : Baseline: 3979 =299 ) artery +0.67m **
Benetos, A. (1992) mild to moderate  M/F NJAV 20 413 8 diet, Na capsules): 24UC  LSdiet: 1955+2208 MO Giameter
(220) HT adults 24 1400 mg and fow-Na NS diet: 3749 + 305.9 us common
diet (LS diet), lactose ’ ’ -
capsules c_arotld #
diameter

The mmol of Na intake/excretion values were converted to mg. If available, results presented come from adjusted models. Abbreviations: sodium; 24UC: 24h urine collection; HT: hypertensives; LS: low sodium; dbRCT:

double-blind RCT; M/F: males & females; N/AV: not available; US: ultrasonography; #: no statistically significant association; **: p < 0.01.
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Table 21. Descriptive characteristics of observational studies regarding atheromatosis. Published in Nutrients, 2019 (204).

Atheromatosis

Carotid Plaques

FU Al
Study o Na Estimation Vascular
Author (Year) Country . Population Description (Years Sex Race N (Years, Mean + Na Intake/Excretion (mg/d) Results
Design Method Assessment
) SD)
Dietary Na intake:
Asian adults, via subject Asi M:62.1+6.7 Q1:833+£394
Sla
Dai, X.W. (2016) (139) China c-sect  referral and community - M/F 3290 F:59.4+5.5 FFQ Q2: 864 +507 B-mode US #
n
advertisement Q3:825+41
Q4: 828 £395
. 1476 + 618
Adults aged >65, not . 24h dietary . .
) Whit Tertile I: 780-900 Tertile I11 vs.
Mazza, E. (2018) (140) Italy c-sect suffering from any - F 108 70 £4 recall + 7-day . B-mode US .
e Tertile I1: 1330-1430 Tertile | +*

debilitating diseases

food record

Tertile 111: 2050-2330

The mmol of Na intake/excretion values were converted to mg. If available, results presented come from adjusted models. Abbreviations: Na: sodium; c-sect: cross-sectional; FFQ: food frequency

questionnaire; FU: follow up; M/F: males & females; F: females; US: ultrasonography; +: positive association; #: no statistically significant association; *: p < 0.05.
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Population description and exclusion criteria are reported in Table 22.

Table 22: Population Description and Exclusion Criteria of Selected Studies. Published in Nutrients,
2019 (204).

Arteriosclerosis—Observational Studies

cfPWV

1. Observational Cross-Sectional Studies

Author (year) Population Description Exclusion Criteria

essential hypertensives, recent
Polénia, J. (2006) stroke, or healthy university urine sample not meeting the required quality criteria
students
Garcia-Ortiz, L. (2012) primary care patients aged 30-80  cardiovascular and/or cerebrovascular disease
abnormal renal function; volume or electrolyte alterations;
diabetes mellitus; history of renal disease, ischemic heart

essential hypertensives, aged 30 disease, stroke; loss of data; counter indication for the drug

Kotliar, C. (2014)

70 washout; use of corticoids or nonsteroidal anti-
inflammatory drugs during the study
secondary hypertension, previous cardiovascular events
Polonia, J. (2016) hypertensive adults history; estimated glomerular filtration rate >50
mL/min/1.73
previously diagnosed chronic illness (self-reported); use of
Strauss, M. (2018) normotensive adults anti-hypertensive drugs or other chronic diseases; diabetes

mellitus; HIV infected; microalbuminuria>30 mg/mL;
pregnancy or lactation
newly diagnosed & never-treated  previously treated with anti-hypertensive drugs; use of any

. hypertensives—health kind of drugs; other known health problems; secondal
Triantafyliou, A. (2018) indivi):i%als admitted for reéular causes of hygpertension; other comorb?dities (e.g., diabetg
check-up mellitus, CVD)
2. Observational Studies with Follow up (>1 Time Points)
Nerbass, F.B. (2015) adults in CKD stage 3 solid organ transplant or terminally illness
Aortic PWV Other Than cfPWV
Siriopol, D. (2018) hypertensive & normotensive use_of diuret_ic treatment; CKD; missing values for the
Romanian adults variables of interest
baPWV

1. Observational Cross-Sectional Studies

Sonoda, H. (2012) healthy subjects Egiir;htfe?:allu;:t’e r\)/la(lj\ilsuelz;eheart disease; atrial fibrillation;

age >70 years; preexisting CVD including significant

valvular heart diseases and arrhythmia; chronic renal

non-hypertensive subjects, with disease or a serum creatinine level >1.5 mg/dL; unavailable

no use of anti-hypertensive drugs  urinary Na data, inadequate data of tissue Doppler
echocardiography, carotid ultrasound, or baPWV; ejection
fraction of <55% after echocardiography

Lee, S.K. (2015)

newly diagnosed hypertensives,
untreated hypertensives or
patients with a 1-to-5-year history
of hypertensives who had stopped
taking anti-hypertensive drugs for
1 month

use of anti-hypertensive drugs; secondary hypertension;
hypertensive emergency; hypertensive urgency; acute
coronary syndrome; severe arrhythmias; DM; stroke; CKD

Sun, N. (2015)

any secondary cause of hypertension; hypertension
emergencies; serious arrhythmia; peripheral arterial

Han, W. (2017) hypertensive adults disease; heart failure; impaired renal function with plasma
creatinine >150 upmol/L; rheumatic & autoimmune
diseases; malignancies

2. Observational Studies with Follow up (>1 Time Points)

history of heart disease, stroke, and/or cancer; anti-
hypertensive drugs; diabetes mellitus; dyslipidemia;

Jung, S. (2019) adults aged >40 implausible dietary intake reported (< 500 or > 4000
kcal/day); missing general characteristic data from the
baseline visit

Common Carotid Arterial Elasticity (Young’s Elastic Modulus, Stiffness Index, Arterial Compliance)

Ferreira-Sae, M.C.

(2011) hypertensive adults age <18 years; neoplastic disease; secondary hypertension
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Arteriosclerosis—Interventional studies

cfPWV

Seals, D.R. (2001)

Dickinson, K.M. (2009)

He, F.J. (2009)

Pimenta, E. (2009)

Todd, A.S. (2010)

Todd, A.S. (2012)

McMahon, E.J. (2013)

Dickinson, K.M. (2014)

Gijsbers, L. (2015)

Suckling, F.J. (2016)

van der Graaf, A.M.
(2016)

Muth, B.J. (2017)

postmenopausal women, >50
years, high normal SBP or Stage
1 hypertension

anti-hypertensive drugs; other chronic disease; low-Na diet
or regular exercise during the preceding 2 years; smoking

metabolic disease; CVD; SBP >160 mm Hg at screening;
significant weight loss in the preceding 6 months (>2 kg);
BMI < 27 or > 40; use of anti-hypertensive drugs
anti-hypertensive drugs; secondary cause of hypertension;
impaired renal function; previous stroke; ischemic heart
disease; heart failure; diabetes mellitus; malignancy; liver
disease; pregnancy or lactation or on oral contraceptive
pills

history of atherosclerotic disease (in the previous 6
months); congestive heart failure; diabetes mellitus on
insulin treatment; office blood pressure > 160/100 mm Hg

overweight/obese, mild
hypertensive adults

hypertensive adults

resistant hypertensive adults on
stable anti-hypertensive drugs

Pre-hypertensive or hypertensive,
non-obese adults or in anti-
hypertensive drugs

age >65; smoking; history of CVD or diabetes mellitus or
renal disease

age >65; antihypertensive medication; smoking; history of
cardiovascular disease or diabetes mellitus or renal disease
salt-wasting CKD, pregnant or breastfeeding, current
prescription of medications providing 0.20 mmol sodium
per day, life expectancy,6 months, current involvement in
another intervention study, or insufficient mental or
physical capacity to adhere to the study protocol.
diabetes mellitus; dyslipidemia; inflammatory bowel
disease; pulmonary disease or vasculitis
smoking; diabetes mellitus, CVD; gastrointestinal, liver or
renal diseases; BMI > 40; use of drugs known to affect the
untreated prehypertensives, aged  cardiovascular system; use of nutritional supplements, an
40-80 energy-restricted or medically prescribed diet; unstable
body weight in past 2 months; alcohol use over 21 (women)
or 28 (men) consumptions/week; pregnancy or lactation
any secondary causes of hypertension, impaired renal
function (plasma creatinine >150 umol), uncontrolled heart
failure, ischemic heart disease, previous stroke, active
malignancy or liver disease, pregnancy, breast feeding, or
oral contraceptive drugs
renal disease; diabetes mellitus or a history of gestational
diabetes; obesity; use of anti-hypertensive drugs;
pregnancy; lactation; postmenopausal status; use of oral
contraceptives
history of hypertension; CVD; malignancy; diabetes
mellitus; renal impairment; obesity; smoking

normotensives, non-obese adults

hypertensive adult patients with

stage 3 or 4 CKD (GFR 15-59
mL/min per 1.73 m?), non-
dialyzed, non-transplanted

overweight or obese subjects

untreated hypertensive adults
with diet-controlled type 2
diabetes mellitus or impaired
glucose tolerance

women with history of
preeclampsia or history of healthy
former pregnancy

healthy, normotensive adults

Aortic PWV (Other than cfPWV)

Avolio, A.P. (1986)

healthy normotensive adults & N/AV
children

hfPWV

Rhee, M.Y. (2016)

stage 2 and 3 hypertension; secondary hypertension; angina
pectoris; myocardial infarction; congestive cardiac failure;
stroke; diabetes mellitus; CKD

normotensive & hypertensive
adults

baPWV

Wang, Y. (2015)

stage 2 hypertension; history of clinical CVD; CKD;
diabetes mellitus; use of anti-hypertensive drugs; high
alcohol intake

mild hypertensive adults

Arterial Elasticity (Arterial Compliance)

Creager, M.A. (1991)

normotensive men hematologic, renal, or hepatic dysfunction

Gates, P.E. (2004)

use of anti-hypertensive drugs; abnormal blood chemistry;
positive ECG-monitored exercise test; ankle—brachial
index > 0.9; presence of plaque on ultrasound interrogation
of the carotid and femoral arteries; smoking for previous 2
years; BMI < 35; consumption of a low-Na diet; not in
postmenopausal if female (amenorrheic for at least 2 years)

hypertensive adults (stage 1),
older than 50
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Avrterial Remodeling—Observational Studies
cIMT
1. Observational Cross-Sectional Studies

Ferrena—oslale), MC. hypertensive adults age <18 years; neoplastic disease; secondary hypertension
diabetes mellitus; anti-hypertensive drugs or average
overweight or obese, physically baseline SBP of >140 or DBP > 90 mmHg; cholesterol
inactive adults lowering or anti-psychotic or vasoactive drugs; use of
vasoactive devices; pregnancy or lactation
Garcia-Ortiz, L. (2012) primary care patients aged 30-80  cardiovascular and/or cerebrovascular disease
age >70 years; preexisting CVD including significant
valvular heart diseases and arrhythmia; chronic renal
disease or a serum creatinine level > 1.5 mg/dL;
unavailable urinary Na data, inadequate data of tissue
Doppler echocardiography, carotid ultrasound, or baPWV;
ejection fraction of <55% after echocardiography
BMI < 35 kg/m2; diabetes mellitus; salt-losing
nephropathy or history of malignancy or cardio-
cerebrovascular disease or any acute disease
Asian adults, via subject referral  hospital-confirmed diabetes mellitus; CVD; renal failure;
and community advertisement CKD; cancer
history of CVD or thyroid dysfunction or excessive alcohol
consumption; use of dietary supplements & psychotropic
drugs
2. Observational studies with follow up (>1 time points)
history of heart disease, stroke, and/or cancer; anti-
hypertensive drugs; diabetes mellitus; dyslipidemia;

Njoroge, J.N. (2011)

non-hypertensive individuals,
Lee, S.K. (2015) with no use of anti-hypertensive
drugs

ambulatory adult patients, in
Ustundag, S. (2015) Stagé 4 CPKD

Dai, X.W. (2016)

adults aged >65, not suffering

Mazza, E. (2018) from any debilitating diseases

Jung, S. (2019) adults aged >40 implausible dietary intake reported (< 500 or > 4000
kcal/day); missing general characteristic data from the
baseline visit

Arterial Remodeling—Interventional Studies
Right Branchial Artery & Common Carotid Artery Diameter
actively working, mild to cardiac, neurologic or renal involvement or arteriosclerosis
moderate hypertensive adults obliterans of the lower limbs
Atheromatosis—Observational Studies
Carotid Plaques
Asian adults, via subject referral ~ hospital-confirmed diabetes mellitus; CVD; renal failure;
and community advertisement CKD; cancer
history of CVD or thyroid dysfunction or excessive alcohol
consumption; use of dietary supplements & psychotropic
drugs

Benetos, A. (1992)

Dai, X.W. (2016)

adults aged >65, not suffering

Mazza, E. (2018) from any debilitating diseases

Abbreviations: CKD: chronic kidney disease; CVD: cardiovascular disease; BMI: body mass index; Na: Sodium; N/AV:
not available.

Studies Investigating Arteriosclerosis (Arterial Stiffness)

Thirty-one (31) studies examining arteriosclerosis were identified—of which, 14 were
observational (144, 145, 148, 149, 155-158, 180, 205-209) and 17 were interventional (141-
143, 146, 147, 160, 161, 176, 181, 210, 211, 213-218).

Observational Studies

From the observational studies investigating arteriosclerosis, 11 out of 14 found a positive
association between arterial stiffness biomarkers and dietary Na (144, 145, 155-158, 180, 205,
207-209), one out of 14 found a J-shaped association (148), one out of 14 found an inverse

association (149) and one out of 14 found no association (206) (Table 17). From the above 11
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studies showing a positive association, nine of them measured vascular parameters at one time
point (144, 145, 156-158, 180, 205, 208, 209) and the remaining two studies evaluated arterial
stiffness at two different time points (155, 207).

Heterogeneity in the assessment of arterial stiffness existed in the above 11 studies (144, 145,
155-158, 180, 205, 207-209) due to: (a) various arterial stiffness biomarkers using different
methodologies (four applanation tonometry (145, 156, 180, 205), six oscillometry (144, 155,
157, 207-209) and one b-mode ultrasonography (158)) at different arterial segments using
various arterial stiffness biomarkers (five cfPWV studies (144, 160, 207-209), one aortic PWV
other than cfPWV (208), four baPWV (144, 155, 157, 209) and one common carotid artery
elasticity (Young’s elastic modulus, stiffness index, arterial compliance) (158)) (Table 17); (b)
various Na assessment methods (seven studies used 24UC (144, 145, 156, 157, 180, 205, 209),
two spot urine collections (207, 208) and two a combination of dietary methods (155, 158));
(c) different populations (five hypertensives (157, 158, 180, 205, 209), one normotensive (145),
one chronic kidney disease patient (207), three mixed populations (155, 156, 208) and one
healthy subjects (144) (Table 17).

Moreover, one out of the 11 studies showed that high Na excretion (mean: 2898 mg/day, range
2035.5-3588) is associated with cfPWV only when high Na excretion was combined with high
RAAS activity but not in the other groups (i.e., those with high Na and low RAAS, low Na and
low RAAS, as well as low Na and high RAAS) (205).

Only seven out of these 11 studies adjusted the results for BP level (144, 145, 156-158, 180,
209) and only three of them persistently showed a positive association between arterial stiffness
and Na after the adjustment (156, 157, 209).

In the one study that showed an inverse association between arterial stiffness and Na, the result

persisted after adjustment for BP level (149).

Finally, salt sensitivity assessment was not conducted in any of the above 14 observational

studies.

Interventional Studies

From the 17 interventional studies investigating the association between arteriosclerosis (141-
143, 146, 147, 160, 161, 176, 181, 210, 211, 213-218), seven of them showed statistically

significant changes in arterial stiffness biomarkers after Na intake intervention (141-143, 146,
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147, 210, 218). On the contrary, 10 out of the 17 interventional studies found no changes in
arterial stiffness biomarkers with various levels of Na intake during the intervention (160, 161,
176, 181, 211, 213-217) (Table 18).

In detail, three out of seven that found significant changes showed that increases in dietary Na
were associated with an increase in arterial stiffness biomarkers (141-143) and four out of the
seven showed that a reduction in dietary Na intake was associated with a decrease in arterial
stiffness biomarkers (146, 147, 210) or even an increase in arterial elasticity biomarkers (218)
(Table 18). Three of these seven studies found statistically significant changes only in specific
intervention groups (141, 142, 146, 147) (one study found that reduced Na excretion was
associated with a decrease in cfPWV only in blacks, but not in whites and Asians (146); one
study found that high Na intake was associated with increased hfPWV only in salt-sensitive but
not in salt-resistant participants (142); one study found that a high-salt diet was associated with

increased cfPWV only in middle-aged participants and not in young participants (141).

In those seven studies finding statistically significant changes in PWV after high or low-Na
diets (141-143, 146, 147, 210, 218), heterogeneity existed, regarding: (a) different
methodologies used for arterial stiffness assessment (three b-mode ultrasonography (142, 210,
218), one oscillometry (147) and three tonometry (141, 143, 146) and different arterial stiffness
biomarkers assessed (four cfPWV (141, 143, 146, 210), one aortic PWV other than cfPWV
(147), one heart-femoral (hfPWV) (142) and one arterial compliance (218)); (b) various
methodologies used for Na assessment (four combination of dietary and urinary methods (143,
147, 210, 218), two 24UC (141, 146) and one not available data (142); (c) different duration of
intervention period and (d) different populations (four in hypertensives or subjects with high
normal BP (143, 146, 210, 218), two in normotensives (141, 147) and one in mixed populations
(hypertensives and normotensives) (142) (Table 18).

Of note, out of the seven studies that found statistically significant associations between Na and
arterial stiffness biomarkers (141-143, 146, 147, 210, 218), only three studies adjusted the
results for BP level (141, 142, 210). One out of the three studies found that the statistically
significant association between high-Na diet (6900 mg/day) and cfPWV in middle-aged adults
was lost after correcting for the mean BP level (141). Other two studies found that their findings

were independent from mean BP level (142, 210).

In the 10 studies that found no statistically significant changes in arterial stiffness biomarkers
after different levels of Na intake (160, 161, 176, 181, 211, 213-217), heterogeneity existed,
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regarding: (a) different methodologies used for arterial stiffness assessment (seven tonometry
(160, 161, 181, 211, 213-215), one oscillometry (176), one plethysmography (216) and one
diastolic blood pressure (DBP) time decay method (217)) using similar arterial stiffness
biomarkers assessed (eight cfPWV (160, 161, 176, 181, 211, 213-215), one baPWV (216) and
one arterial compliance (217)); (b) various methodologies used for Na assessment (eight 24UC
(160, 181, 211, 213-217) and two combination of dietary and urinary methods (161, 176)); (c)
different duration of intervention period and (d) different population samples (six in
hypertensives (160, 176, 211, 213, 214, 216) (one in overweight or obese hypertensives (176),
one in hypertensives with chronic kidney disease patients (211), three in hypertensives (160,
214, 216), one in prehypertensives (213)), two in normotensives (161, 217), one in overweight
or obese subjects (181) and one in women with preeclampsia or healthy pregnancy in the past
(215) (Table 18).

Finally, only two out of the 17 conducted salt sensitivity assessment (142, 216). One out of the
two studies revealed that the result was not statistically significant in the salt-resistant group,
but only in the salt-sensitive group (142). On the contrary, in the other study no significant
differences between Na interventions and PWV were revealed for both salt-sensitive and salt-
resistant participants, but salt-sensitive participants had higher baPWV at each time point of the
intervention (baseline, low-Na diet, high-Na diet) (216).

Studies Investigating Arterial Remodeling

Nine studies examining arterial remodeling were identified (139, 140, 148, 149, 155, 158, 159,
219, 220)—of which, eight were observational (139, 140, 148, 149, 155, 158, 159, 219) (Table
19) and one was interventional (220) (Table 20).

Observational Studies

Out of the eight observational studies, six found positive (139, 140, 155, 158, 159, 219), one
inverse (149) and one J-shaped associations (148) between cIMT and Na intake or excretion
(Table 19). Out of the eight observational studies, seven measured the outcome at one time
point (cross-sectional) (139, 140, 148, 149, 158, 159, 219) and one study measured the outcome
at two time points and examined the association between the change of cIMT and Na intake
(prospective) as well (155) (Table 19). In the prospective study, although the cIMT was
positively associated with Na intake, the change of cIMT during follow up was negatively
associated with Na intake (155) (Table 19). Four out of the six studies that found positive
associations between cIMT and Na adjusted their results for BP level (84, 106, 158, 159): in

two of them, the result was no more statistically significant after adjustment for BP (158, 159),
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in one of the studies, the result was marginally not significant after BP adjustment (219) and in
the remaining one, the result was independent from BP (139). The remaining two studies did
not adjust their results for BP level (140, 155). Finally, one out of the six studies that found a
positive association implied a statistically significant correlation only with IMT at the carotid
bifurcation but not at the common carotid artery (139).

Heterogeneity in the assessment of arterial remodeling existed in the above six studies due to:
(2) different Na assessment methods (four dietary (one (139)) or a combination of dietary (three
(240, 155, 158)) methods, two 24UC (159, 219)) and (b) different studied populations (chronic
diseases, age, comorbidities). All studies assessed cIMT as arterial remodeling biomarker via
b-mode ultrasonography excluding from the measurement arterial segments with atheromatic
plaques (Table 19).

The only study showing an inverse association was the only one conducted in purely
normotensives as well as the only one using spot urine specimens for Na assessment (149).
Adjustment for BP was performed in this study and the result was independent from BP level
(149). The only study which showed a J-shaped association did not adjust the results for BP
level (148).

Salt sensitivity assessment was not conducted in any of the eight studies.

Interventional Studies

The only interventional study that investigated the association between Na intake and arterial
remodeling (Table 20) used brachial and carotid artery diameter as end point (220). The
brachial artery lumen increased after 8 weeks of a low-Na diet (mean + SD: 1955 + 220.8
mg/day) but no changes in the common carotid diameter were revealed. The findings were

adjusted for BP levels (220). Salt sensitivity assessment was not conducted (220) (Table 20).

Studies Investigating Atheromatosis

Only two observational studies examining atheromatosis were identified, showing conflicting
results (139, 140) (Table 21). One study showed that higher Na intake (2050-2330 mg/day vs.
780-900 mg/day) is positively associated with the prevalence off carotid plaques (140), while
the other study did not find a statistically significant association (139). The two studies assessed
Na via different ways (dietary and urinary) and used different populations (elderly females
(140) as well as a general population (139)). Both studies examined carotid plaques via B-mode
ultrasonography. One out of the two studies adjusted their results for BP levels and the result

was independent from BP (139). No study assessed salt sensitivity.
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B4. Discussion

B4.1 Discussion for Cohort A
Investigation of the association between dietary Na and subclinical vascular damage

We investigated for the first time in a large sample of participants free of overt CVD, the
association between dietary Na intake with two different types of subclinical arterial damage
that were simultaneously measured. We observed a major and novel finding. The association
of dietary Na intake with each type of subclinical vascular damage was different and rather
diverging, implying that very low dietary Na intake has detrimental effects in atheromatosis but
not arterial stiffness.

Recent data support a J-shaped association between Na intake and cardiovascular mortality (79,
80, 82, 85, 93). This association contrasts with the current guidelines, that suggest only an upper
level of intake (2 g/day) that should not be overpassed (221, 222). However, a recent update on
dietary Na reference values from the European Food Safety Authority, suggested that 2 g/day
IS “a safe and adequate intake for the general European population of adults . Indeed, studies
investigating the role of Na in CV morbidity/ mortality in populations with chronic CV risk
factors -like our study population- support the increased CV mortality when Na intake is very
low (85, 93). A review of more than 360.000 volunteers revealed a “safe” range of Na intake
of around 2500 to 6000 mg/day, above and below which the CV risk raises (84). In the present
analysis the reference group had Na intake below 1g, i.e. substantial lower than the thresholds
of the J-shaped curves (79-85). In line with the mortality outcome data mentioned above the
present results imply that very low daily Na intake may have detrimental effects on the arterial
wall by accelerating atheromatosis and thus provide a potential mechanism that may lead to

increased mortality.

To our knowledge there are only two studies examining the association between daily Na
intake/excretion and presence of atheromatic plaques (139, 140). Dai et al. studied 3.290
apparently healthy adults, using spot urine specimens and a food frequency questionnaire to
estimate the excreted and dietary Na. They found positive association between Na excretion
and carotid atheromatosis (139). However, they used the Na/creatinine ratio in their analysis,
therefore their data are not informative regarding the actual level of Na intake. A second very
small study in just 108 but elderly (mean age 70+4 years) females by Mazza et al., showed
higher prevalence of carotid plaques in those individuals with higher versus those with lower
Na intake (2050-2330 VS 780-900 mg Na/day) (140). There are major differences that may
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explain the inconsistency between these studies and our data, including population
heterogeneity, sample and age differences, data reporting and applied methodology. Most
importantly the two studies (139, 140) measured only carotid atheromatosis. On the contrary,
the present study investigated -for the first time- femoral atheromatosis too. Screening of the
femoral arteries provides additive value for the evaluation of subclinical atherosclerosis and
prediction of CV risk (223-228). The potential effect of Na on femoral plaque formation
supports previous investigations showing that specific factors like smoking and impaired
metabolism accelerate atheromatosis predominately at the femoral rather than the carotid
arteries (228). More investigation on the potential arterial site-specific impact of Na is
necessary and, it is essential to determine pathophysiological process in different sites of the

arterial wall.

Given the fact that there are major sex-specific differences in the pathophysiology of arterial
function (229), we tested and found interaction between sex and Na intake, regarding their
association with subclinical arterial damage. One of our major findings was that only women
(but not men) with moderate Na intake had significantly lower probability to present femoral
plaques compared to those with very low Na intake. Sex-specific differences in CV (229) and
more specifically in vascular (230-242) function and dysfunction have been well described
previously. Sex hormones lead to different stimulation of renin-angiotensin-aldosterone
system, catecholamines and endothelin levels, nitric oxide production and vasodilation (243-
248). Although data regarding a sex-specific effect of Na on vascular function on young humans
do exist, showing that endothelial dysfunction —i.e. the origin of atheromatosis - is modulated
by dietary Na intake level mainly in men but not in women (249), data on middle-aged post-
menopausal women (the target population of our study) are lacking. Likewise very limited data
from female animal models exist, showing that the protective effects of estrogen apart from the
increase in BP were only manifested in the setting of a chronic high Na diet and suggest that
the underlying Na status may have an important influence on the overall effect of reduced
estrogen (250).

It was rather surprising that —even though arterial stiffness and atheromatosis share common
risk factors- our results indicated a diverging association between the level of daily Na intake
and each type of vascular damage, implying that very low intake has detrimental effects in
atheromatosis but not arterial stiffness. However, aortic PWV and plaque burden have been
previously described to be weekly correlated, suggesting that arterial stiffening and
atheromatosis are “pathologically distinct and should be considered as separate disease
processes” (131). The association between Na intake/excretion and arterial stiffness has been

widely investigated in cross sectional studies (144, 145, 148, 149, 212) and randomized
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controlled trials (141-143, 146, 147, 161, 213, 216) with conflicting results. As a summary of
the available data, a recent meta-analysis of 11 randomized controlled trials concluded that a
restriction of about 2000 mg of Na/day reduces arterial stiffness (251). In an updated systematic
review from our group on this topic, a positive trend between Na intake and arterial stiffness -
in agreement with the herein presented data - was verified, however the current evidence does
not support a clinically meaningful and independent from BP effect of dietary Na on arterial
wall (204). Therefore our findings are in accordance with the majority of the studies mentioned
above (142-146); nevertheless, it still remains in controversy whether high Na intake affects

arterial stiffening in non-hypertensive populations (141, 161).

Our study cannot provide insight into the underlying molecular pathways activated in the
presence of low Na intake in each arterial pathology. However, it is now very well known that
the two types of vascular disease have distinct pathologies and even CV risk factors (130, 131).
This is particularly true in the early steps of each pathology, i.e., before the development of
arterial wall calcifications which is the case for the present population free of any clinical CVD
(252). Most importantly, several studies in animals have provided compelling evidence that
low salt diet is associated with accelerated atheromatosis (150-153, 253-255). Most of these
studies implicate (i) activation of the renin-angiotensin-aldosterone system, (ii) increased
inflammation and (iii) increased intracellular calcium, in the acceleration of atheromatosis,
regardless of BP lowering (150-152, 253, 256, 257). On the other hand, animal studies show
that high salt diet is associated with increased BP suggesting an explanation for the acceleration
of arterial stiffness (153). Whether these mechanisms can be extrapolated in humans has to be

extensively investigated.

The findings of the present study should be evaluated within the context of the particularities,
advantages, and disadvantages of this cohort. Firstly, this is a cross-sectional study that does
not allow to establish a cause-effect relationship; therefore, we cannot totally exclude the
possibility that the observed associations represent a reverse causality phenomenon, i.e.
increased subclinical arterial damage in the very low sodium intake due to very strict dietary
consultation (45.1% were hypertensives, 16.4% used corticosteroids). However, that fact that
we investigated simultaneously both the atheromatosis and the arterial stiffness with diverging
results is against the reverse causality explanation because in this case we would expect similar
findings in both vascular end points. Furthermore, when we excluded the participants who
probably took strict guidance for Na restriction (hypertensives and cortisone users) similar
findings were observed. Similarly, to all observational studies, uncontrolled confounding
factors could have affected the results even though extensive and meticulous adjustments have

been performed for all known and available confounders. Another limitation of this study is
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that Na intake was assessed by 24DR even though 24UC is reported to be the most accurate
method to assess population’s Na intake. However, the correction of estimated Na derived from
processed and unprocessed foods to total Na derived from foods, table salt and added during
cooking salt, approaches better true dietary Na intake. In any case similar findings were
observed when total or estimated Na intake was used in each statistical analysis. Finally, this
was a large observational study regarding Greek population that allowed to test multiple
vascular biomarkers at the same time. However, the upper limit of Na intake in the present
study (2442.6+1317.5 mg for males and 1615.8+£810.6 mg for females) was not high enough to

allow the detection of J-shaped curve with atheromatosis.

B4.2 Discussion for Cohort B
Comparison of sodium assessment methods/ Design of a hew sodium assessment tool

This study aimed to assess and compare the most used in population studies UMs and DMs for
mean Na intake and develop a new accurate and easy to use clinical tool for Na estimation in
high CVD risk populations. The main findings of this study are: (i) the existing DMs tend to
underestimate and spot urine methods tend to overestimate the true Na intake; (ii) all the
existing DMs are weakly correlated and present poor agreement with the 24UC and all the spot
urine methods are moderately correlated and present moderate agreement with the 24UC; (iii)
the new NaFFQ is the only method that performed better in the analysis, having simultaneously:
the smallest bias in mean differences, the strongest correlation with the 24UC regarding DMs
and a homogeneous variation as the mean Na intake increases in Bland-Altman plots, but still

wide limits of agreement.

Spot urine collection is an easily applicable alternative in estimating dietary Na intake.
Increasing studies aim to reveal the most accurate formula for converting spot Na to 24UNa,
comparing not only those commonly used (50-52, 258-260) but also those newly designed (261,
262) against the gold-standard 24UC. The most studied formulas are the INTERSALT
equation, the Tanaka equation and the Kawasaki equation. Despite some controversies (262),
a large number of studies support that among the existing equations, the INTERSALT performs
better in estimating the 24UNa showing the least bias (258, 259, 261, 263, 264). In our findings,
the INTERSALT equation presented the lowest bias among all the other equations; however, it
was moderately correlated with 24UNa and presented consistent bias in Bland-Altman plots by
underestimating Na intake at low levels of Na excretion and overestimating at high levels of

Na excretion. However it is important to note that the studies supporting the use of
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INTERSALT equation as the best alternative of 24UC for Na estimation, have all been
conducted in general populations (258, 259, 261, 263, 264), which is in contrast to our high
CVD risk population. Indeed, the evidence is not supportive of the use of the INTERSALT
equation in high-risk patients, having chronic diseases such as chronic kidney disease or
hypertension (260, 265). Dougher C.E. et al, compared commonly used equations for Na
estimation in 129 chronic kidney disease patients (265). According to their findings, the authors
conclude that spot urine equations do not accurately estimate dietary Na intake in this group of
people. Similarly, when Ma W. et al, assessed Na intake by the INTERSALT, the Tanaka and
the Kawasaki equations in 365 high risk of stroke patients, they found poor correlations (r=0.35-
0.38), poor reliability (ICCs=0.31-0.38) and significant biases among all the three methods
compared to the 24UC (260). These findings agree not only with our study, but with a
significant number of studies, which do not recommend the use of spot equations for dietary
Na estimation (50-54). It is important to note that Na excretion presents a circadian variability,
which potentially could influence the estimations derived from spot urine collections. A
systematic review of studies comparing the 24UC and spot urine collections for estimating salt
intake, conducted by Ji C. et al. included 20 studies and 1.380.130 participants, concluded that
although it is of great interest to replace the 24UC as a method for Na intake estimation, the
best alternative UM remains uncertain as a wide range of correlations (r=0.17-0.94) between
24UC and the other methods presented in their work (70). Also, a systematic review and meta-
analysis in 10.414 participants from 34 countries, showed that “estimates based upon spot urine
samples have excellent sensitivity (97%) and specificity (100%) at classifying mean population
salt intake above or below the World Health Organization maximum target of 5 g/day but
underestimate intake at high levels of consumption and overestimate at lower levels of
consumption” (22). Even more interestingly, in a recent analysis of TOHP (Trials of
Hypertension Prevention) study follow-up data, conducted by He FJ et al., estimated values of
Na excretion (using the Kawasaki, INTERSALT with spot K and Tanaka equations) —
examining the same population sample- altered the linear association between 24UNa and
mortality to J- or U- shaped (106). The authors concluded that these urinary Na estimation
methods “were systematically biased with overestimation at lower levels and underestimation
at higher levels”, indicating that estimation of Na through spot urine specimens is inaccurate
(106). All these findings are consistent to a WHO/PAHO statement in the protocol for
population level Na determination in 24h urine sample (266), declaring that “the use of spot-
urine is discouraged as a method to determine Na, potassium or iodine intake because of the

limitations and uncertainty inherent in the method” .
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As regards the existing DMs for Na estimation, although it is useful and efficient to highlight
food items rich in Na, several methodological disadvantages have been raised. The most
commonly discussed include: the difficulty or even inability to assess and quantify
discretionary Na; deviated estimations of Na due to high variability in Na content in recipes of
homemade and manufactured food; the absence of Na derived from medicines and dietary
supplements and participant-related issues (under-reporting and difficulty to recall all the food
and beverages consumed; socially desired answers, dietary behavior modification) (41). A
small number of studies suggest that DMs, such as food diaries or multiple 24DR can be used
for Na estimation, having the ability to predict over 90% of 24UNa (30, 267). However, most
of the available studies, have reported that Na estimation based on DMs tend to underestimate
24UNa (levels of underreporting 15-40%) and correlates weakly or moderately with 24UNa
(r=0.15-0.50) (30, 58, 59, 268-271). This is in line with our findings, showing weak
correlations, poor reliability, and high levels of bias, suggesting that the existing DMs for Na
estimation are inaccurate. In a recent meta-analysis including 28 studies, McLean et al.
compared 24DR with 24UC (60). 24DR underestimated mean Na intake by 607 mg/ day, but
high quality 24DR improved accuracy. The authors concluded that 24UC remains the most
accurate method to assess population Na intake, however high quality 24DR (use of multiple
pass methods, accurate food composition databases and quantification of discretionary salt)
could be used if 24UC is not feasible (60).

To our knowledge, studies comparing different DMs and UMs simultaneously for Na intake
estimation are scarce. A recent study compared the spot urine collection (using the
INTERSALT equation) vs the 24DR (without quantifying the discretionary use of table salt) in
a large sample of adults in New Zealand, consisting of 3321 participants (272). The authors
observed poor agreement between estimated Na intake from spot urine collection and those
from 24DR (272). In another study a plethora of different DMs and UMs were compared with
a PABA-validated 24UC (273). The assessment of Na intake included a FFQ, a modified 24DR
and three equations to convert the spot Na to 24UNa (INTERSALT, Tanaka and Kawasaki). In
this study neither DMs nor UMs provided accurate estimations at individual level but for group
means, the DMs and some of the UMs may be useful for Na estimation (273). However, the

method for the quantification of Na intake has not been clearly described (273).

FFQs are commonly used in dietary Na assessment in population-based studies, having the
ability to bypass problems related to day-to-day variability of Na intake and cover larger time
periods of intake. The last four decades several FFQs have been designed for the estimation of

Na (or salt) intake (61, 62, 64, 75, 274-276). However, most of them present weak correlations
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with the 24UC, ranging from 0.19 to 0.35 (61, 62, 75, 275). Furthermore, the available FFQs
for Na assessment have been designed for ethnic groups (62, 63, 75, 275, 276). To our
knowledge only two of them have been developed for hypertensive subjects (61, 63) but until
now, there was no FFQ for Na estimation in other high CV risk groups, such as patients with
dyslipidemia, diabetes mellitus, infectious or autoimmune diseases. Recently, McLean et al.
published a systematic review of the literature, regarding the assessment of dietary Na intake
using FFQs and 24UC (59). This work revealed a poor agreement between estimates of Na
from FFQ and 24UC (59), indicating that the Na FFQs until now are inadequate to estimate the

true intake.

The novel NaFFQ was created to accurately estimate Na intake in high CVD risk populations,
calculating not only Na derived from food content, but table and cooking Na as well. Our aim
was to cover the need of an easily applicable in epidemiological studies and reliable tool for
group means of Na intake, which could lead to a better management of high CVD risk
populations. According to our findings, this tool presented the best correlation with- and the
lowest bias from- the 24UC compared to all the existing DMs, even when attempts to further
improve the accuracy of 24DR were applied. However, despite these promising findings
regarding NaFFQ, it provided very wide limits of agreement in Bland-Altman plots, reaching
~3000mg/day, indicating that future improvements must be addressed. A limitation of our study
is the use of a single 24UC. Due to the day-to-day variability in Na intake and excretion,
multiple 24UC are recommended either for assessing accurately usual individual Na intake or
for a more reliable record of dietary Na in studies investigating its relationship with health or
disease (277, 278). In our study, our aim was to estimate Na intake in group means and not in
individual level, so the use of single 24UC, which is very common in epidemiological studies,
was reasonable. Indeed, the use of a single 24UC versus three to seven 24UC have been
reported to provide similar mean levels of Na excretion at the population level (279). Secondly,
an important limitation to be mentioned is the method used for the quantification of
discretionary salt. In our study, the use of dashes of salt as well as the cut-offs which were
designed for processed food, may lead to several concerns and systematic bias. However, until
today, the estimation of discretionary salt in studies remains a challenge for the investigators
and there is no generally accepted protocol to be applied in dietary surveys (280). Moreover,
the NaFFQ is population specific and has not been externally validated in other populations.
However, the methodology used here could be used to adapt other FFQs, designed for other

population groups, to estimate Na intake more accurately.
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B4.3 Discussion for the systematic literature review
Current data on dietary sodium, arterial structure, and function

We performed a systematic review of the literature to investigate the relationship between
dietary Na intake with arterial function and structure using gold-standard non-invasive vascular
biomarkers to measure arteriosclerosis, arterial remodeling and atheromatosis. The results of
this systematic review indicate that: (i) although several studies have investigated the
association of dietary Na with arterial stiffness, the evidence does not clearly support a
clinically meaningful, direct and independent from BP effect of Na on the arterial wall to
increase arterial stiffness; (ii) data regarding the association between dietary Na and arterial
remodeling are limited, mostly suggesting a positive trend between dietary Na and arterial
hypertrophy, but still inconclusive; (iii) data regarding the association between dietary Na and

atheromatosis are scarce and the available studies present high heterogeneity.

Dietary sodium and arteriosclerosis

Although 31 human studies have investigated the association between dietary Na and
arteriosclerosis, the current data are inconclusive regarding a potential direct effect of Na on
the arterial wall properties that accelerate the arterial stiffening process. Indeed, the majority of
the studies (observational 11/14 and interventional 7/17) do imply the presence of a harmful
effect of high Na intake (141-145, 155-158, 180, 205, 207-209) or even benefits of low Na
intake on arterial stiffening parameters (146, 147, 210, 218) (18 out of 31, 11 observational and
seven interventional), in various populations (145, 147, 156, 208, 210), involving several
different segments of the arterial tree (142, 144, 156, 158, 208, 218), independently of the
applied methodology, technology used (156, 158, 208, 210). However, most of these positive
studies do not take into consideration the well-known effect of Na on BP increase (143, 146,
147, 155, 205, 207, 208). Overall, only 1/3 of the studies included in our analysis, and only 10
out of the 17 positive studies adjusted their findings for BP levels (141, 142, 144, 145, 156-
158, 180, 209, 210). Even more interestingly, in more than half of them (six out of 10), the
association between Na and indices of arteriosclerosis was lost after correcting for BP (141,
144, 145, 158, 180, 210). Moreover, although salt sensitivity is a major factor modulating the
effect of Na on BP (and therefore to arterial stiffness), only two (142, 216) out of the 31 studies
evaluated this parameter and showed conflicting results. Indeed, there is evidence suggesting
that a high-salt diet would increase BP in 17% of the subjects (salt sensitives), reduce BP in
11% (inverse salt sensitive) and not significantly affect BP in the remaining salt-resistant

subjects (281). Finally, just one study (148) showed a J-shaped association between Na and
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arteriosclerosis, mirroring the recent epidemiological data on the J-shaped association between

Na and mortality.

A recent meta-analysis of randomized controlled trials, conducted by D’ Elia and colleagues
(251), being the first and the only one available on this topic so far, included 14 cohorts (all of
them included in our work) and showed a statistically significant decrease by 2.84% in cfPWV
after an average reduction of approximately 2 g (89.3 mmol) per day in Na intake independently
from BP. In this meta-analysis, the authors excluded all the studies measuring other than the
cfPWV, whereas we extended our systematic review to include all valid non-invasive indices
of arterial stiffness including other segments of the arterial bed (such as the carotid artery and
the lower limbs). Although our study is not applying a synthesis of quantitative data (as a meta-
analysis) but uses only the qualitative characteristics of the selected studies, it is important to
consider that the result of D’ Elia et al. suggest poor, if any, clinical effects of Na on arterial
stiffness. A reduction of PWV by 2.84% may not offer additional benefit in overall vascular
health.

Taken all together, these data suggest that arterial stiffness can be reduced with a dietary
intervention aiming at the reduction of dietary Na intake, but: (a) this reduction is modest (e.g.,
aortic stiffness of 10 m/s considered the high CVD risk cut-off level will be reduced to 9.8 m/s
after a major reduction of Na by 2g/day) with debatable clinical effect and (b) it is not
established whether this lowering effect is mediated only by BP reduction or mediated by a
direct effect on the arterial wall (162, 282).

Moreover, major questions seek suitable answers, since poor data regarding the role of salt
sensitivity, the RAAS, age and race exist. The hypothesis that hyperactive RAAS leads to BP
elevation and consequently arterial stiffening, because of BP rising in salt-sensitive subjects,
cannot yet be rejected. In a single study, Kotliar et al. indicate a significant positive association
between Na and PWYV only in the group of participants who had high RAAS activity. However,
the group with high Na and low RAAS activity did not show a significant association with
PWYV (205). One of the studies suggested that only middle-aged and not young participants
presented increased PWV after a high-salt diet (141). However, in the study by Avolio et al.,
all of the age groups (children, young adults and middle-aged adults) decreased their PWV after
reducing Na intake (147). Finally, even though race has been shown to play a significant role
in BP levels and salt sensitivity, indirectly affecting arterial stiffening, just one study addressed
this issue and showed significant increases in PWV after Na supplementation only in black

participants.
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Dietary sodium and arterial remodeling

Nine studies—all of them using B-mode ultrasonography—investigating the association
between dietary Na and arterial remodeling were identified (eight observational (139, 140, 148,
149, 155, 158, 159, 219, 220) and one interventional (220)). The majority of them (six out of
the nine) implied a detrimental effect after high Na intake (139, 140, 155, 158, 159, 219) or
even a beneficial effect after low Na intake on arterial remodeling parameters (CIMT or artery
diameters) independently of different methods used for Na assessment and various population
groups (different diseases and comorbidities, age groups, etc.). In most cases, higher dietary Na
intake was associated with higher cIMT in plaque-free arterial segments, mostly at the common

carotid, suggesting arterial hypertrophy, but also carotid bulb (139) and brachial artery (220).

However, only three out of the nine studies included large population samples (>1500
participants) (139, 149, 155) and their results were conflicting, since one of them found an
inverse and BP-independent association between Na and cIMT but was the only one conducted
in purely normotensives and assessed Na through spot urine specimens as well (149). Probably,
the best available study so far, the only interventional study published by Benetos et al., showed
that independently from BP, increased Na intake only induced arterial remodeling in a muscular
artery (brachial artery) but not in an elastic one (carotid artery), suggesting a diverging effect
of Na in different arterial beds (220).

Most importantly, once more, the effect of potential confounding BP on arterial remodeling
was not taken into consideration in 1/3 of the studies (three out of nine) (140, 148, 155). Further,
in two other studies (158, 159), the end point was mediated by BP increase. In conclusion, data
on the association between dietary Na and arterial remodeling are limited, mostly suggesting a
positive trend between dietary Na and arterial hypertrophy, but this is still inconclusive and

conflicting. No study assessed salt sensitivity.
To our knowledge, the association between Na and arterial remodeling has not previously been

subject to meta-analysis, and despite positive trends observed in most studies, there is

insufficient data to conclusively establish the relationship.

Dietary sodium and atheromatosis

According to our systematic research, there is extremely limited data on the association between
dietary Na and atheromatosis. Only two studies examined this association (139, 140). Mazza et

al., in a very small study (140), found that high dietary Na is associated with the increased
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prevalence of carotid plaques, whereas Dai et al., in a substantially larger study (139), suggested
a non-significant association between dietary Na intake and carotid plaques. However, these
studies presented heterogeneity in population samples (elderly females (140) and general
population (139)), sample size (108 (140) and 3290 (139) participants) and Na assessment
method (24DR and 7 day food record (140) and FFQ (139)). Moreover, the available studies
regarding dietary Na and atheromatosis have not investigated the association between very low
and very high levels of Na, and that might explain why a J-shaped trend has not been observed.
Furthermore, beyond carotid arteries, plague formation in other arterial segments that might
offer an additive value in CVD prevention—such as the femoral arteries—has not been assessed
in any of the available studies. In conclusion, there is not enough evidence to support a positive,
negative or J-shaped association between dietary Na and arterial plaques and more studies
investigating the association between larger ranges of Na intake/excretion and arterial plaques

are needed.

Major strengths of our study are: (i) the novel concept of investigating the effect of dietary Na
on SVD, including all the major pathogenetic mechanisms (arteriosclerosis, arterial remodeling
& atheromatosis); (ii) the systematic nature of this review in order to compare and dispose all
the available international literature on this specific topic; (iii) the design of our study, including
clinical trials and evidence from observational studies in order to investigate the short- and
long-term effects of different levels of Na intake on SVD. A limitation of our study is the
absence of a quantitative analysis of the extracted data (meta-analysis), which could lead to a

clearer view of the topic.
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B5. Conclusions

This is the first large observational study examining simultaneously the association between
dietary Na intake and two different types of arterial damage. Overall, the present data suggest
that very low Na intake is associated with: a) accelerated atheromatosis, verifying findings from
animal models, providing a possible explanation of the modern epidemiology, and b) lower
arterial stiffness, which is in line with previous human and animal findings, therefore
suggesting a diverging effect of Na in the two major arterial pathologies. However, there is not
yet enough evidence to support a direct and causal association between Na and each of the
major types of SVD, even in the most widely studied case of arteriosclerosis (arterial
stiffening). The available data derive mostly from small, heterogeneous, not well-designed
studies. Especially in the case of arterial remodeling and atheromatosis, both common and
clinically relevant types of structural arterial damage have scarcely been investigated in relation
to Na intake or excretion. Many studies included in our analysis do not address the cardinal
effect of Na on BP and almost all of them neglect the role of salt-sensitivity. Future studies
using novel diagnostic tests for individuals’ salt sensitivity assessment are needed to clarify the
role of dietary Na to SVD (109). One of the dominant issues is the heterogeneity of the studies
in the Na assessment method. Precise quantification of Na intake is difficult and even though
only the 24UC is regarded as a gold standard, based on the knowledge that approximately 90%
of Na intake is excreted through urine, other dietary or spot urinary methods are commonly
used in studies. Several disadvantages of the above-mentioned studies have been described,
such as underreporting, equations suitable only for specific population groups, different recipes,
etc., leading to inaccurate measurements. Our findings suggested that the available DMs and
spot urine methods present poor accuracy compared to the gold-standard 24UC. The new FFQ
-specifically designed for Na estimation- is a promising method to detect a mean Na intake at
population level in high CVD risk people, even though future validation of this tool in larger
populations is needed to verify its accuracy and/or provide evidence for further amelioration,
making it a reliable and easy to use clinical tool for Na quantification, in population-based
studies. More well-designed interventional studies are needed to resolve all the remaining

controversies.
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B6. Perspectives

The safe range of dietary Na intake remains unclear. There are systematic methodological errors
in observational studies conducted around this topic and the “J-shape hypothesis” cannot be
neither neglected nor verified. Moreover, despite the large body of evidence from RCTs,
suitable data remain limited and insufficient to address the specific question of the optimal daily
Na intake range which is associated with the lower CV risk. However, the evidence regarding
the high Na intake and CVD risk is clear: excessive dietary Na raises the risk. Thus, future
actions should focus on reduction of high levels of Na intake, especially in high CVD risk
population groups. According to a recent WHO report (283), that would be the most cost-
effective and life-saving strategy for the public health. Such strategies include the following
actions: a) high Na food products reformulations by the food industries; b) implementation of
front-of-package nutritional labelling (FOPNL) systems to inform the consumer about the Na
content in food; c) population’s dietary behavior improvement around salt intake through
educative massive campaigns and d) national policies regarding Na content on food served or
sold. Undoubtedly, there is a great need for an accurate and easily applicable dietary Na
assessment tool, which would be universally applied in research studies, providing the ability
to compare findings from different studies. We suggest that a hybrid approach combining the
methodology of validated and easy to apply questionnaires specially designed for Na intake
estimation with that of an improved spot urine equation, should be tested as an alternative
option. Moreover, the incorporation of genetic or environmental factors associated with salt-
sensitivity are needed to further clear this field. Finally, it is important to conduct prospective
RCTs that will examine the long-term effects of dietary Na intake on CV morbidity/mortality,
including at least three levels of daily Na intakes (very low, “normal”, and high)  since very
low dietary Na diets have been suggested to associate with subclinical vascular damage in both
human (203) and animal studies (150, 151, 253, 255). Moreover, considering the large variety
of potentially confounding factors related to dietary intake and cardiovascular parameters,
future studies should ensure that all of them are well-controlled and reliably assessed. Given
the fact that large-scale, long-term, and high quality RCTs are needed to be conducted in healthy
populations, as well as the high cost of these studies and the poor adherence of participants to
low salt intake for long-term follow-up periods, it is important to note that the question will not
be settled soon. Therefore, surrogate non-invasive vascular biomarkers might be incorporated
in such future large clinical trials (130). Future perspectives could include innovative
approaches in studies’ methodology to bypass the above-mentioned issues. Until then, the
clinical consultation for daily Na reduction should be primarily focused on high salt consumers

and the recommendations should provide ranges of safe Na intakes which can be adopted easily,
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rather than a higher cut off value. Until all the afore-mentioned issues are addressed, the J-shape

hypothesis will remain an open challenge.
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Abstract

Subclinical vascular damage (SVD) [arteriosclerosis (arterial stiffening), arterial remodeling
and atheromatosis (arterial plaques)] pre-exists decades before cardiovascular disease (CVD)
onset and represents a non-invasive method to evaluate CVD risk. Worldwide, sodium (Na)
intake is almost double than international recommendations and has been linked with CVD and
death, although sometimes in a J-shape manner. Until today, the available data on humans
regarding SVD and dietary Na remain limited, especially for particular types of SVD like
atheromatosis. Moreover, accurate and easy to use methods for dietary Na assessment in

population level are lacking.

The present study was conducted in medium-to-high CVD risk Greek populations (arterial
hypertension, diabetes mellitus, chronic inflammatory/ autoimmune diseases, HIV) to:

(i) record and quantify dietary Na intake through all the available assessment methods [dietary
methods (e.g., multiple 24h dietary recalls (24DR) and food frequency questionnaires (FFQ)
and urinary methods (e.g., spot urine samples using different formulas and 24h urine collection
(24UC)];

(ii) compare all the examined Na assessment methods regarding their accuracy versus the gold-
standard 24UC,;

(iii) design and develop a new more accurate dietary tool to record Na intake (FFQ, food items
rich in Na and salt-related questions were added in a standard questionnaire (NaFFQ)) and to
improve the existing dietary methods (discretionary Na quantification using salt-related
guestions or adding extra 15% in total Na intake);

(iv) investigate the association between dietary Na intake and major types of SVD in our cohort
study, using state-of-the-art methods to record SVD biomarkers (tonometry to assess arterial
stiffness using the cfPWYV and b-mode ultrasonography to detect arterial plaques);

(v) as well as to investigate this association through a systematic literature review according to

PRISMA criteria on 36 interventional and observational studies.

The present study led to the following findings:

(i) In 901 individuals (age: 52.4+13.8 years, 45.2% males) [Cohort A], mean dietary Na intake,
recorded from two 24h dietary recalls was 2442.6+1317.5 mg/day for men and 1615.8+810.6
mg/day for women. In regard to the other Na assessment methods, in 122 high cardiovascular
risk subjects (56.0£12.6 years; 55.7% males) [Cohort B], mean 24h Na excretion was
2810+1304 mg/day.

(ii) Spot urine methods overestimated the 24h Na excretion (bias range: -1781 to -492 mg) and
were moderately correlated to 24UC (r=0.469-0.596, p<0.01). Dietary methods underestimated
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the 24h Na excretion (bias range: 877 to 1212mg) and were weakly correlated with 24UC. The
improved dietary methods underestimated the 24h Na excretion (bias range: 877 to 923mg).
(iii) The new NaFFQ presented the smallest bias (-290+1336mg) and the strongest correlation
with 24UC (r=0.497, p<0.01), but wide limits of agreement in Bland-Altman plots (-2909mg;
2329mg), like all the other methods did.

(iv) Regarding the association between arterial pathologies and dietary Na, females -but not
males- at 3rd and 4th quartile of total Na intake (derived from food and discretionary salt) had
significantly lower probability to present femoral plagques compared to those at 1st quartile
(751.0£215.5 mg/day), even in the full-adjusted model [0.462(0.229-0.935), p=0.032 3rd
quartile; 0.274(0.118-0.638), p=0.003 4th quartile] (Cohort A). On the contrary, male and
female individuals at 3rd quartile had significantly higher probability to present arteriosclerosis
(PWV>10 m/sec) compared to those at 1st quartile [1.991(1.047-3.785), p=0.036] (Cohort A).
(v) The systematic literature review led to the following observations regarding Na and SVD:
(a) Although several studies exist, the evidence does not clearly support a clinically meaningful
and direct (independent from blood pressure) effect of Na on arterial wall stiffening; (b) data
regarding the association of dietary Na with arterial remodeling are limited, mostly suggesting
a positive trend between dietary Na and arterial hypertrophy but still inconclusive; (c) as regards
to atheromatosis, data are scarce and the available studies present high heterogeneity.

Overall, the present study indicates that very low Na intake is associated with: i) accelerated
atheromatosis, verifying findings from animal models, providing a possible explanation of the
modern epidemiology, and ii) lower arteriosclerosis, which is in line with previous human
findings, therefore suggesting a diverging effect of Na in the two major arterial pathologies.
Regarding dietary Na assessment, the present analysis found out that the existing methods
exhibit poor accuracy. Further improvement of the newly developed NaFFQ could be
promising for more accurate estimation of mean dietary Na intake in epidemiological studies.
Further state-of-the-art studies must address the remaining controversies and gaps in knowledge

as well.
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Mepidnqyn

H vroxkAwvikn ayyeioxn PAGPn [aptnprookinpoven (avénuévn aptmpilokn okAnpia), opTnploky
avadopudpemacn, adnpoudtoon (abnpopatikéc mAdkeg)] mponysitol okoOun Kot SeKAETIEG NG
EKONA®ONG KOPOLOYYEIOKNG VOGOL Kal a&lomoleital mg un enepPatikdc tpomog a&lohdynong
TOV Kopdtayyslakod kwvdvuvov. Tlaykooping, 1 nuepnole TpocAnyn vatpiov teivel vo gival
SmAAoLL TG GUVIGTANEVTG aTto TiG d1eBveig odnyies. H vymAn mpdoinyn vatpiov £xel cuvdebel
pe TV Kopdloyyelokn voonpotnta kol BvnoudtTo, oV Kol GE OPIGUEVES TEPIMTMGELG LE T
oxéon ovt va gpeavifel kapmOAn oyuotog J, vTodNAmdvoviag 0Tt €KTOG Ao TOL LVYNAL
emineda, axopn Kot o yopnAd emimeda mpocAnyg avidvovv tov kivéuvo. ‘Emg todpa, tao
SLBECILO EMGTNHOVIKG OEGOUEVA OVOPOPLKE LE TN GYEGT] TOVL TPOCAAUPAVOLEVOL VATPIOL LE
TNV VIOKAVIKT] 0yYELOKT| PAGPN Topapévouy TePLopioUeVa, EI0TKA Y10 GUYKEKPLUEVOVG TOTOVG
ayyewkng PAapng omog n abnpopdtoon. Emmiéov, axdun koi onpepa dgv vmapyovv
a&10moTEG KOl GUVAMO €UKOAEG OTNV €PApUoyn Tovg péBodol Yoo TV KOTAypoey] TOL

TPOCAUUPAVOLEVOD 1] KOl OTEKKPIVOLEVOL VaTPiov.

H mopodoa perém d1e&nydn oe mAnBucopodc pétplov Emg avénpuévon Kapdtayyelokoh Kivovvou
(apmplokn LVEEPTOOT), GAKYAPDONG OPNTNG, YPOVIO EAEYLOVAOST)/ OGUTOAVOGO, VOGTLLOTO,
HIV) ue ot6y0:

(i) mv Kotoypoen TOGOTIKOTOINGN TOL vaTpiov NG diatTag He TV eQOpUoy OAMV TV
dwbéopov  uedddov  [datpoepikég pébodor  (my. TOAAAmAEC  avokAncels  24dpov,
EPOTNUATOAOYI0 GLYVOTNTOG Katavilwong tpoeipmv (FFQ)) kot pébodol ovpav (Gulioyn
delypartog 00POV-GIOT UE YPNOT SUPOPETIKMDV EEICADCEMVY Kol 24mPT GLAAOYT 0VP®V,

(ii) T obykpion OA®V TV ueBOdOV KOTAYPUPTG TOV VATPIOL ®C TPOg TNV a&lomeTio TOVG
CULYKPIVOUEVEG HE TNV 24®p1 GLALOYT 0Vp®V,

(iii) To oxedaoud kot TNV avanTvén EVOg VEOL TEPLEGOTEPO AEIOMIGTOV -GE GUYKPION LE TIG
VIapyovces peBOO0VG- EPYOAEIOL KOTAYPOPNG TOV TPOSAUUPUVOUEVOL VOTPIOV LE TN HLOPON|
gpotnuatoroyiov FFQ, (NaFFQ) kot ) Bedtioon tv vmapyovodv Sotpoikdv uedddmv
UEC® TOGOTIKOTOINOTG TOL TPOSTIEUEVOL AANTOG OTIG AVOKANGELS 24Dpov,

(iv) T diepedvnon g 6YEGTG TOL VATPIOL TG SlONTAG LLE TOVG KVPLOTEPOLS THTOVG VITOKAIVIKNG
ayyewokng PAGPng otov mAnbuvoud g mapovoog perétng, epopudlovrag state-of-the-art
uebddoug yio v a&loAdynon TV ayyelok®dv Plodeiktdv [tovopeTpia yio TV a&loAdynon g
KOpOTIS0-Unploiog toyvtntag oeuykov kopatog (Cf-PWV) kat vepnyotopoypagio yio tnv
KOTOYpopn TV 0ONpOUATIKOV TAAK®V],

(V) xabdg kot T diepehvnon Tng TOPATAV® GYEONS UECH GLGTNUOTIKNG avaokKOmnong 36
UEAETAOV TOPEUPACTC KOl TapaTHPNonG, cOueova pe ta kprmplae PRISMA.

H mopovoa perétn odnynoce oto TopakaT® EVPTLOTA:
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(i) Xe 901 dropa (52.4+13.8 £, 45.2% Gvopec), n puéon [[IAnBvoudc A, n péon datpo@ikn
TPOGANYT VATPIOL, OTTMG OLTI KOTOYPAOTKE Ao dVO avakAncelg 24mpov NTav 2442.6+1317.5
mg/muépa yo. Toug avopeg ko 1615.8+810.6 mg/muépa yio t1g yovaikec. Avagopikad pe Tig
voromeg peBdd0LE aEI0AGYNONG TOL VATPIoL, e 122 GUUUETEXOVTEG DYNAOD KAPSLOYYELKOD
Kwdvvou (56.0+12.6 étn; 55.7% dvdpeg) [TTAnbuopog B, n péon 24mpn anékkpion votpiov
froav 2810+1304 mg/ nuépo.

(if) H pébodog delypatog ovpwv (6mot) pe T xpNomn SpopeTikdv e£lodcE®Y 01 yNGE O
vrepektipmon g 24wpng anékkplong varpiov (evpog oedipatog:-1781 éwg -492 mg) kot
euEavice pétplo ovoyétion pe v 24mpn oviloyn ovpwv (r=0.469-0.596, p<0.01). Ot
Satpoikéc péBodotl avtibeta, odNynoav g LIOEKTIUNGN TG 240PNG ATEKKPIONG VOTPioL
(ebpog opdApatog: 877 £mg 1212mg) kot epeavicoy adOVOUES GLGYETIOELS e TNV 24mpn
cvAloyn obpav. Ot BeAtiopéveg doTpoPicés HéBodol vroekTiunooy TV 24mpn OTEKKPLION
vatpiov (evpog opdipartoc: 877 éwg 923mg).

(iii) To véo epyaieio mov avoamtdyOnke pe ™ poper epotnuoatoroyiov (NaFFQ) tapovsioce
10 HKpoOTEPO SQaAua (-290+£1336mMQ) kot TV 1LPITEPT CLOYETION UE TV 24mPT GLAAOYT
ovpav (r=0.497, p<0.01), av kot Ta. 6pro. supeoviag ote Bland-Altman plots fjtav dievpopuéva
(-2909mg, 2329mgQ), omwc axpPdc Kot cuvEPT Kot pe Tig viroroureg ueboddoug.

(iv) Zyetikd pe T S1epehvon TG GLGYETIONG TOV AYYELK®Y PAOBOV e TO VATPL0, Ol YUVOIKEG
-0yl OU®G KOl Ol Avdpec- oL aviKay oTo 3° kot 4° TeTapTnuoplo mPOGANYNG vATpiov
(mpoepyouevo amd TV TPOEN Kol T0 TPOGHETO OAATL) EUPAVICOV GNUAVTIKG yOuUnAdTEPN
mOavoTTo Vo Tepovstdlovy abNpOUATIKEC TAAKES OTIG UNPLOIEG apTNPIEG CLUYKPIVOUEVEG UE
T1G Yuvaikeg Tov 1°° tetaptnuoptov (751.0£215.5 mgmuépa), akéun ko énerto and d16pbwon
ywo. 6hovg tovg mbavovg cuyyvtikovg mapdyovieg [0.462(0.229-0.935), p=0.032 ywo to 3°
tetaptnuopo 0.274(0.118-0.638), p=0.003 ywa 10 4° tetaptnuopo] (ITAnBvoudg A).
AvTiBétmg, ot Gvdpeg Kol Ol yuvaikeg mOv avikay oto 3° TETAPTNUOPIO €OV ONUOVTIKA
vymAdTEPN TOavoTO Vo Tapovstdlovv aptnplockinpouven (PWV>10 m/sec) cuykpriikd pe
6o0vg avikav 6to 1° tetapmudpro [1.991(1.047-3.785), p=0.036]. Avapopikd pe Tig peddd0vg
a&lohdynong tov varpiov, og 122 dropa vynAoy Kopdiayyelkod kvovvov (56.0£12.6 &n;
55.7% avdpeg), n uéon 24wpn anékkpion vatpiov Nrav 28101304 mg/muépa (ITAnbvopodg A).
(V) H ovotnpoatikn avackonnon g Bipioypoaeicg 0dNynoe oTig mTOPUKAT® TOPOTNPNOELS
OYETIKA HE TO VATPLO KOl TNV LIOKAWIKY ayyelokn PAAPN: (o) av Ko VITaPYovLV OPKETEG
peAéteg, ol gvoeilelg dev vmootpilovv pe Eexdbapo tpdmo pia dueon (ave&dptnn omd v
apTNPIOKN TECT) Kol KAVIKG G1LOVTIKY EMIOPACT] TOL VATPIOL GTI GKATPUVGT| TOV AyYEL0KOD
toryopatog, (B) ta epevvnTikd dedouéva OYETIKA UE TO VATPLO KOl TNV  OYYEOKY
avVadIOUOPPMOOT) OV KOl EIVOL TEPLOPIGUEVE, KOl KATOIES POPES OVTIPATIKA, GTNV TAEIOYN Pl

TOVG TPOTEIVOLV pia BeTIKN TAon avaueoa 6Tig 600 OVTEG TOPOUETPOVS, (V) AVOPOPIKE UE TNV
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afnpopdtoon, ta dwwbéoiua epevvnTiKG dedopéva eivar eSonpeticd AT Kot ot PEAETEG

TOPOVGLALOVV GNUAVTIKT ETEPOYEVELX.

YUVOAIKA, 1 TAPOoHG LEAETN VITOONADVEL OTL 1] TOAD YOUNAY TPpdSAnyM vatpiov cvuoyetiletan
ue: (i) emroyvvopevn abnpoudTmot, eTBEBUIOVOVTOC TO EVPNUATE TOV LEAETOV TOV EXOVV
dielaybel oe Cowd povtéha, war (i) younidtepn ovyvoOTNTO  APTNPLOCKATPUVONG,
CULPOVAOVTOG LLE TNV TAELOYNGia TOV S1aBEGIL®V HEAETOV Gg avBpmdmovs. Me avtd tov Tpdmo
npotelvetal  pio  SwpopeTikn otov  kdBe tOmo ayyswkng PAAPng emidpacm  TOL
mpocrapPavopevov vatpiov. Emmiéov, avapopikd pe tig pebddovg a&lordynong tov vatpiov
g olottag, M mapodoo ovdivon odnynce o6to cvumépocpa 6Tt ot dabéolueg péBodot
Tapovctdlovv ety aSlomiotio GUYKPIVOUEVES e TNV 24mp1 GLALOYT 0Vpwv. Me mepattépm
Bedtioomn Kot EXKOP®ON TNG EYKVPOTNTOG KOl TNG EXAVOANYILOTNTAS TOV GE SLOPOPETIKESG
onadec mAnBuoumv, 1o véo gpyoireio mov avamtdyOnkKe ota mAaica TG TapovGas SATPIPNS
(NaFFQ) 6o pmopovoe vo. omotehécel pio. vrooyopevn uébodo yuo omdn kot a&dmot
KOToy poupn} tng HEGTG TPOGA YN G VoTpiov o emdnuioloyikég ueétec. leprocdtepeg State-of-
the-art upeléteg Oo mpémer va devbethicovy TIC epevvNTIKEG avTimopouBicel; Kol Ta

evamopeivavta Keva otn yvaon yopm and to OEua.
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ABSTRACT

Background: Recent epidemiological evidence suggests a J-shaped, rather than the classical linear, as-
sociation between dietary sodium (Na) intake and cardiovascular (CV) disease. Numerous animal studies
have shown the acceleration of atheromatosis in a low-salt diet but data in humans are scarce. Our aim
was to test the hypothesis that in a cohort of patients who are CV-free, yet at increased CV risk, moderate
Na intake is associated with lower prevalence of atheromatosis and arterial stiffening than those at very
low Na intake.
Methods: Two 24-h dietary recalls were conducted to estimate Na intake. Atheromatosis (carotid and
femoral plaques) was assessed by B-mode ultrasonography and arterial stiffness through tonometry
(carotid-to-femoral pulse wave velocity, cf-PWV).
Results: In 901 individuals (age: 52.4 + 13.8 years, 45.2% males), only females at 3rd and 4th quartile of
total Na intake (derived from food and discretionary salt) had significantly lower probability to present
femoral plaques than those at 1st quartile (751.0 + 215.5 mg/day), even in the full-adjusted model
[0.462(0.229-0.935) and p = 0.032 3rd quartile; 0.274(0.118-0.638) and p = 0.003 4th quartile]. On the
contrary, male and female individuals at 3rd quartile had significantly higher probability to present
arterial stiffness (PWV >10 m/s) than those at 1st quartile [1.991(1.047-3.785) and p = 0.036].
Conclusions: Overall, the present data suggest that very low Na intake is associated with: a) accelerated
atheromatosis, verifying findings from animal models, and providing a possible explanation of the
modern epidemiology and b) lower arterial stiffness, which is in line with previous human findings,
therefore suggesting a diverging effect of Na in the two major arterial pathologies.
© 2021 Hellenic Society of Cardiology. Publishing services by Elsevier B.V. This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

mortality. > Based on a large number of studies supporting CV
benefits from salt-lowering strategies, international guidelines

High sodium (Na) intake and/or excretion has been repeatedly suggest the restriction of daily total Na intake up to 1500 mg/day

5

associated with a great risk for cardiovascular (CV) disease and/or for adults who would benefit from blood pressure lowering” or up

to 2000 mg/day for the general population.® However, in the last
decade, there was growing controversial evidence of a J-shaped
association between Na intake and/or excretion and CV events or

Abbrevations: Na, sodium; CV, cardiovascular; cf-PWV, carotid-to-femoral pulse deaths, suggesting that low or very low dietary Na intake may lead

wave velocity.

to increased CV risk.” "> The underlying arterial pathology that
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might explain the association between low Na intake and increased
CV risk remains obscure.

Subclinical functional and structural arterial damage precedes
the development of clinical symptoms and overt disease for several

1109-9666/© 2021 Hellenic Society of Cardiology. Publishing services by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.

org/licenses/by-nc-nd/4.0/).



C. Tsirimiagkou, K. Karatzi, A. Argyris et al.

decades. Atheromatosis (arterial plaque formation) and arterial
stiffness are the major types of arterial damage that lead to CV
disease. Although they share some common risk factors, each one
constitutes a completely different pathology.'*!> The presence of
carotid artery plaque or femoral plaque and the carotid-femoral
pulse wave velocity (cf-PWV) are the best available vascular bio-
markers to study early steps in atheromatosis and arterial stiff-
ening, respectively.'#!°

High Na intake is suggested to impair vascular function and
induce atheromatosis'”'® as well as arterial stiffness.'” 2> However,
there are limited yet intriguing inconsistencies indicating the
presence of inverse associations between Na intake and arterial
damage not only in human studies,”®?” but particularly in animal
studies, showing the acceleration of atheromatosis in a low-salt
diet.?8 2 Therefore, it is evident that there are important gaps in
knowledge as well as scarce data investigating simultaneously the
association between dietary Na and the two types of arterial
damage. Moreover, no studies have examined the aforementioned
association in arterial beds beyond the carotid artery, e.g., the
femoral arteries that provide additional value in the prediction of
CV risk.>3—38

Taking into consideration all the information above, our work-
ing hypothesis was that very low Na intake might be associated
with impaired subclinical arterial function and structure. Therefore,
the aim of the present study was to test — by using very low dietary
Na intake as reference group — if a moderate dietary Na intake is
associated with lower prevalence of subclinical atheromatosis
(assessed by carotid and femoral plaques) and decreased arterial
stiffness [assessed by cf-PWV], in a cohort of patients at increased
CV risk under long-term medical guidance and free of CV disease.
Given the fact that there are major sex-specific differences in the
pathophysiology of arterial function,>® we also tested for the
presence of potential interaction between sex and Na intake, with
regard to their association with subclinical arterial damage.

2. Methods
2.1. Study design and Population

In the present analysis, we used data from our cohort study that
started in 2010 at the Cardiovascular Research Laboratory of our
department, in adults who are at moderate-to-high CV risk. The
study population consisted of all consecutively consenting patients
(between 2010 and 2016) with CV risk factors (suspected or
established, treated or untreated hypertension, diabetes mellitus,
dyslipidemia, and/or chronic inflammatory diseases).*’ Patients
with established CV disease (defined as preexisting coronary artery
disease, stroke, peripheral arterial disease, and/or documented
arterial stenosis >50%) were excluded from the analysis to focus on
a population with early vascular impairment. All subjects under-
went CV risk assessment as well as vascular and dietary assess-
ment. The study was approved by the ethical/scientific committee
of “Laiko” Hospital. The study was conducted according to the
World Medical Association Declaration of Helsinki and all partici-
pants provided written informed consent.

2.2. Assessment of dietary Na intake

Well-trained dietitians conducted two 24-h dietary recalls to all
the participants by telephone interview, using the US Department
of Agriculture's multiple pass method.*! Participants were asked to
report all the foods and beverages they consumed and their
quantities of the previous 24 h. Two 24-h dietary recalls were
collected on one weekday and one weekend day, with at least a 7-
day interval between them. Collected dietary data were analyzed in

440

Hellenic Journal of Cardiology 62 (2021) 439—446

macro- and micronutrients using appropriate software (Nutri-
tionist Pro, version 5.2, Axxya Systems-Nutritionist Pro, Stafford,
TX, USA). The Nutritionist Pro food database was expanded by
adding analyses of traditional Greek foods and recipes.

Total daily Na intake was calculated using several procedures.
Information from the 24-h dietary recalls was used to estimate Na
intake from foods (processed foods and naturally occurring in un-
processed foods). Discretionary Na intake (i.e., added salt during
cooking and table salt), which cannot be estimated by dietary re-
calls, was derived from literature review. In specific, major studies
suggest that the discretionary salt represents around 15% of total
salt intake in Europe and USA.*> %4 Based on these published data,
we calculated the discretionary Na hypothesizing that Na from
cooking and table is 15% of the total Na intake for our population.
Finally, the total daily Na intake was derived as: the estimated Na
intake from foods plus the discretionary Na. The overall statistical
analysis was performed using the total Na intake and then it was
repeated using only the Na intake from foods (i.e., without adding
the discretionary Na) to verify all the findings.

2.3. Assessment of vascular and hemodynamic parameters

All participants were asked to refrain from food and any vaso-
active substance or medication at least 3 hours before the vascular
tests. Subclinical atheromatosis and arterial stiffening were
assessed and defined as previously discussed'#*>~4’ (extensive
description in the supplement).

2.4. Assessment of anthropometric parameters

Weight was measured without shoes or heavy clothes to the
nearest 0.1 kg. Height was measured without shoes, with the par-
ticipants standing with their shoulders relaxed, their arms hanging
freely, and their head in Frankfurt horizontal plane. Body mass
index (BMI) was calculated as weight/(height)? (kg/m?).

2.5. Assessment and definition of CV disease risk factors

Hypertension was defined as the use of antihypertensive drugs
and/or office blood pressure measurement higher than 139 and/or
89 mmHg (average of three sequential readings with 1-min interval
in the supine position after at least 10 min of rest and appropriate
cuff size use; Microlife WatchBP Office, Microlife AG, Widnau,
Switzerland). Dyslipidemia was defined as the use of lipid-
modifying drugs and/or low-density lipoprotein cholesterol level
higher than 160 mg/dl. Diabetes was defined as glucose higher than
126 mg/dl or HbA1c higher than 6.5% and/or glucose-lowering
treatment. Smoking was defined by the use of at least one ciga-
rette per day, each day of the week.

2.6. Statistical analysis

Statistical analysis was performed using the SPSS statistical
package (IBM Corp. Released 2017, Armonk, NY: IBM Corp.). Dis-
tribution normality of the variables was tested using the
Kolmogorov-Smirnov test and histograms. Given the fact that
nonlinear association between Na intake and CV mortality is sug-
gested by the literature,”®!%134% we used a nonlinear statistical
approach to test our hypothesis. The possible interaction between
quartiles of total Na intake and sex with atheromatosis (total pla-
ques, carotid plaques, and femoral plaques) and arterial stiffness
(PWV >10 m/s, based on the international guidelines*’) was tested;
because of missing values in plaques and PWV, the quartiles were
calculated separately for each end point. Multiple logistic regres-
sion analysis was performed to determine the relationship of total
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Na intake quartiles (defined separately for each sex) with athero-
matosis and arterial stiffness, while adjusting for potential cova-
riates. The adjustments for confounding factors are described in the
following models; model 1: age, sex; model 2: model 1 plus BMI,
presence of hypertension, smoking, diabetes, and dyslipidemia;
model 3a: model 2 plus energy intake (kcal); model 3b: model 2
plus potassium intake; model 4: model 2 plus energy and potas-
sium intake. Other potential confounders such as hypertension
drugs, dyslipidemia drugs, diabetes drugs, antiplatelet drugs,
cortisone, and chronic inflammatory diseases duration were also
tested in separate models in addition to the previous models. The
results are presented as Exp. B (95% confidence intervals - CI). The
level of statistical significance was set at p<0.05. Sensitivity ana-
lyses were performed by repeating all the above analysis: (i) using
quartiles for the estimated Na intake derived from foods (processed
foods and naturally occurring Na in unprocessed foods) instead of
the total Na intake, (ii) for the subgroup of the population free of
any chronic inflammatory disease, and (iii) for the subgroup of the
population who probably had not taken strict guidance for Na re-
striction (subjects not taking cortisone and subjects without hy-
pertension diagnosed for more than 1 year).

3. Results

A total population of 901 adults (407 men and 494 women) with
dietary and atheromatosis data was analyzed. However, data for the
arterial stiffness analysis were available for 886 participants (386
men and 500 women), and therefore separate Na intake quartiles
were generated for the arterial stiffness dataset.

Regarding the atheromatosis analysis, a significant interaction
between sex and quartiles of total Na intake was observed (p<0.001
for carotid and/or femoral plaques, p = 0.002 for carotid plaques,
and p<0.001 for femoral plaques). Consequently, the results are
presented separately for males and females. No interaction be-
tween total Na intake quartiles and sex with regard to their asso-
ciation with arterial stiffness was revealed (p = 0.522), and the
results for this specific analysis are presented for the total
population.

Descriptive characteristics of the study population are pre-
sented for each sex separately with regard to the analysis of athe-
romatosis and for the total population with regard to the analysis of
arterial stiffness (Table 1).

Table 2 presents the associations derived from multivariate lo-
gistic regression analysis between total Na intake quartiles and
atheromatic plaques (total plaques, carotid plaques, and femoral
plaques) for each sex. Females at the 3rd (1743.9 + 154.6 mg/day)
and the 4th (2731.0 + 631.9 mg/day) quartiles of total Na intake had
significantly lower probability to present plaques at the femoral
arteries than those at the 1st quartile (751.0 + 215.5 mg/day)
(p = 0.04 and 0.008, respectively). This association remained sig-
nificant after extensive adjustment for all potential confounders in
all — but one — models [0.462 (0.229-0.935), p = 0.032 for the 3rd
quartile and 0.274 (0.118-0.638), p = 0.003 for the 4th quartile in
the fully adjusted model (model 4)]. Additional adjustments for
hypertension drugs, dyslipidemia drugs, diabetes drugs, anti-
platelet drugs, cortisone, and chronic inflammatory diseases
duration did not change the mentioned findings. A similar but
marginally significant trend was observed for the 2nd quartile of
total Na intake in all models [0.538 (0.276-1.046) and p = 0.068
(model 4)] (Table 2). Similar findings were observed with regard to
carotid plaques as well as total plaques, but although marginal they
did not reach statistical significance. On the contrary, no associa-
tions between total Na intake and total carotid or femoral plaques
were observed in male participants (Table 2).
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Table 3 presents the association between total Na intake quar-
tiles and arterial stiffness. Subjects at the 3rd quartile of total Na
intake (2605.9 + 271.4 mg/day for male and 1750.1 + 155.6 mg/day
for female patients) had significantly higher probability to have
high arterial stiffness (cf-PWV>10 m/s) than those at 1st quartile
(1086.4 + 282.8 mg for male and 751.0 + 216.1 mg for female pa-
tients) in models 2 and 3b [1.915(1.015-3.611), p = 0.045 for model
2 and 1.991(1.047-3.785), p = 0.036 for model 3b]. This association
marginally lost its significance in the other models. In further
adjustment for drug categories (hypertension drugs, dyslipidemia
drugs, diabetes drugs, antiplatelet drugs, and cortisone) and
chronic inflammatory disease duration, similar results were
observed. We also repeated all the arterial stiffness analysis using
1) the definition of arterial stiffness according to age reference
groups and 2) the cf-PWV as a continuous variable and no associ-
ations were observed (data not shown).

3.1. Sensitivity analyses

All the analyses were repeated for the Na intake from foods only
instead of total Na intake. Similar results were found (data not
shown).

After excluding all patients with chronic inflammatory diseases
(n = 464), similar findings were observed.

After excluding all patients who probably had taken guidance
for Na restriction (subjects who take cortisone and subjects with
hypertension diagnosed for more than one year), we observed
similar results in those of the main analyses.

4. Discussion

In the present study, we investigated for the first time in a large
sample of participants free of overt CV disease, the association
between dietary Na intake with two different types of subclinical
arterial damage that were simultaneously measured. We observed
a major and novel finding. The association of dietary Na intake with
each type of subclinical vascular damage was different and rather
diverging, implying that very low dietary Na intake has detrimental
effects in atheromatosis but not arterial stiffness.

Recent data support a J-shaped association between Na intake
and CV mortality.”%!%1348 This association contrasts with the cur-
rent guidelines that suggest only an upper level of intake (2 g/day),
which should not be overpassed.*>>° However, a recent update on
dietary Na reference values from the European Food Safety Au-
thority suggested that 2 g/day is “a safe and adequate intake for the
general European population of adults.” Indeed, studies that inves-
tigate the role of Na in CV morbidity/mortality in populations with
chronic CV risk factors — like our study population — support the
increased CV mortality when Na intake is very low.">*® A review of
more than 360000 volunteers revealed a “safe” range of Na intake
of approximately 2500 - 6000 mg/day, above and below which the
CV risk increases.'? In the present analysis, the reference group had
Na intake below 1 g, i.e., substantially lower than the thresholds of
the J-shaped curves.” '3 In line with the mortality outcome data
mentioned above, the present results imply that very low daily Na
intake may have detrimental effects on the arterial wall by the
acceleration of atheromatosis and thus provide a potential mech-
anism that may lead to increased mortality.

To our knowledge, there are only two studies that examine the
association between daily Na intake/excretion and the presence of
atheromatic plaques.”'® Dai et al. studied 3290 apparently healthy
adults, using spot urine specimens and a food frequency ques-
tionnaire to estimate the excreted and dietary Na. They found a
positive association between Na excretion and carotid atheroma-
tosis.!” However, they used the Na/creatinine ratio in their analysis,
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Table 1
Descriptive characteristics of participants

Population with available MALES

data for atheromatosis

FEMALES

Total (n = 407) Quartiles of total Na intake

Total (n = 494) Quartiles of total Na intake

1 st 2nd 3rd 4th 1st 2nd 3rd 4th

1088.1 + 277.8 mg 1823.5 + 235.1 mg 2596.1 + 264.3 mg 4281.1 + 1074.3 mg 751.0 + 215.5 1239.3 + 1283 mg 1743.9 + 154.6 mg 2731.0 + 631.9 mg

(n=101) (n=104) (n=101) (n=101) mg(n=123) (n=124) (n=124) (n=123)

Mean + S.D. Mean + S.D. Mean + S.D. Mean + S.D. Mean =+ S.D. Mean + S.D. Mean + S.D. Mean + S.D. Mean + S.D. Mean + S.D.

Age, years 50.6 + 13.1 54.1 +12.6 529 + 134 49.0 + 13.8 463 +11.2 539 + 14.2 55.0 + 14.2 554 + 15.2 547 + 133 50.5 + 13.7
Weight, kg 85.6 + 154 842 + 134 86.5 + 13.5 853 + 184 87.7 + 15.7 71.7 + 164 718 +146 71.8 +19.0 72.6 +15.7 70.6 + 16.2
Height, m 1.76 + 0.07 1.74 + 0.06 1.75 + 0.06 1.75 + 0.07 1.78 + 0.07 1.60 + 0.07 1.59 + 0.07 1.59 + 0.07 1.60 + 0.06 1.61 + 0.06
BMI, kg/m? 279 +4.7 278 +4.1 283 +4.0 278 £5.8 277 + 4.7 28.0+6.1 283 +5.6 283 +6.8 284 + 6.0 27.1 +6.1

Na intake from foods?,

mg/day

Discretionary Na intake®,

mg/day

Total Na intake®, mg/day

2076.2 + 1119.9

366.4 + 197.6

24426 + 1317.5

924.9 + 236.1

163.2 +41.7

1088.1 + 277.8

1550.0 + 199.9

273.5+ 353

1823.5 + 235.1

2206.7 + 224.7

389.4 +39.7

2596.1 + 264.3

3638.9 + 913.2

642.2 + 161.2

4281.1 + 10743

1373.4 + 689.0 638.3 + 183.2
2424 +121.6 1126 +32.3

1615.8 + 810.6 751.0 = 215.5

1053.4 + 109.1

1859 + 19.2

1239.3 + 1283

1482.3 + 1314

261.6 + 23.2

1743.9 + 154.6

23214 +537.1
409.7 + 94.8

2731.0 £ 631.9

Smoking, % (n) 42.0 (171) 38.6 (39) 38.5 (40) 45.5 (46) 45.5 (46) 30.4 (150) 28.5(35) 30.6 (38) 28.2 (35) 34.1 (42)
Diabetes type 1, % (n) 6.1 (25) 3.0(3) 8.7 (9) 9.9 (10) 3.0(3) 9.3 (46) 5.7 (7) 5.6 (7) 14.5 (18) 11.4 (14)
Diabetes type 2, % (n) 10.6 (43) 16.8 (17) 12.5 (13) 5.9 (6) 6.9 (7) 12.6 (62) 13.0 (16) 13.7 (17) 13.7 (17) 9.8 (12)
Diabetes disease 12.7 + 10.0 116 + 84 132 +9.7 140 + 134 120+ 8.5 124 + 9.6 11.7 £ 9.2 11.1 £9.0 11.1 £ 9.6 16.4 + 10.2
duration, years
Dyslipidemia, % (n) 36.1(147) 38.6 (39) 47.1 (49) 29.7 (30) 28.7 (29) 37.4 (185) 41.5 (51) 43,5 (54) 34.7 (43) 30.1 (37)
Dyslipidemia disease 50+5.1 5.7+ 6.0 4.6 + 4.1 5.0+ 47 5.0+ 6.0 56 +6.0 6.5+ 6.5 48 +£5.7 53+63 57 +52
duration, years
Hypertension, % (n) 45.2 (184) 53.5 (54) 53.8 (56) 41.6 (42) 31.7 (32) 449 (222) 48.0 (59) 49.2 (61) 45.2 (56) 37.4 (46)
Hypertension disease 63 +72 6.5+ 6.8 76+73 54+75 49+70 79 +7.6 76+74 88 +9.1 6.7 + 6.8 89 + 6.7
duration, years
Chronic inflammatory ~ 41.3 (168) 43.6 (44) 35.6 (37) 43.6 (44) 42.6 (43) 52.6 (260) 504 (62) 57.3(71) 56.5 (70) 46.3 (57)
disease, % (n)
Chronic inflammatory 11.7 + 103 126 +11.6 11.7 £ 11.2 125+ 9.8 99+ 88 12.1+93 122 + 9.1 124 +10.3 113 + 8.6 128 + 94
diseases duration,
years
Diabetes drugs, % (n) 15.7 (64) 19.8 (20) 18.3 (19) 15.8 (16) 8.9(9) 20.4 (101) 17.1 (21) 18.5 (23) 25.8 (32) 20.3(25)
Dyslipidemia drugs, % (n) 29.0 (118) 32.7 (33) 38.5 (40) 22.8 (23) 21.8(22) 27.9 (138) 33.3(41) 33.1(41) 21.8 (27) 23.6 (29)
Hypertension drugs, % (n) 36.6 (149) 40.6 (41) 48.1 (50) 32.7 (33) 24.8 (25) 40.3 (199) 40.7 (50) 44.4 (55) 40.3 (50) 35.8 (44)
Antiplatelet drugs, % (n) 11.5 (47) 12.9 (13) 14.4 (15) 109 (11) 7.9 (8) 16.6 (82) 22.8 (28) 16.9 (21) 16.9 (21) 9.8 (12)
Carotid and/or femoral  57.2 (233) 64.4 (65) 62.5 (65) 56.4 (57) 45.5 (46) 44.1 (218) 52.0 (64) 49.2 (61) 41.9 (52) 33.3(41)
plaques, % (n)
Carotid plaques, % (n) 38.8 (158) 44.6 (45) 43.3 (45) 36.6 (37) 30.7 (31) 36.6 (181) 43.9 (54) 42.7 (53) 33.1(41) 26.8 (33)
Femoral plaques, % (n)  46.9 (191) 53.5 (54) 51.0 (53) 46.5 (47) 36.6 (37) 28.3 (140) 38.2 (47) 30.6 (38) 26.6 (33) 17.9 (22)
Population with available data for arterial stiffness TOTAL POPULATION
Sex-specific quartiles of total Na intake
-lst an 3rd 4th
Males: 1086.4 + 282.8 mg Males: 1826.2 + 237.2 mg Males: 2605.9 + 271.4 mg Males: 4289.2 + 1068.1 mg

Females: 751.0 + 216.1 mg (n = 221)

Females: 1244.2 + 128.8 mg (n = 222)

Females: 1750.1 + 155.6 mg (n = 222)

Females: 2749.5 + 638.6 mg (n = 221)

1D 32 SUASLY "y 1ZIDIDY Y NONSDIULIST )

Mean + S.D. Mean + S.D. Mean =+ S.D. Mean + S.D.
cf-PWVY, m/s 8.5+20 8.5 +22 84 +2.1 78 + 1.4
Increased arterial stiffness (cf-PWV>10 m/s), % (n) 14.5 (32) 19.4 (43) 16.2 (36) 8.1(18)

Na: sodium; BMI: body mass index; and S.D: standard deviation  Na derived from foods: Na in processed foods and Na naturally occurring in unprocessed foods; ® Discretionary Na: Na derived from added salt during cooking
and table salt; “Total Na: estimated plus discretionary Na; ¢ cf-PWV: carotid to femoral pulse wave velocity.
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Table 2
Multivariate logistic regression analysis between total Na intake quartiles and atheromatosis (plaques). The 1st quartile of total Na intake was used as a reference
Models Quartiles of total Na MALES Quartiles FEMALES
intake in males Carotid and/or Femoral Carotid Femoral ;f tgttall Carotid and/or Carotid Femoral
plaques Exp.B (95% CI) plaques plaques ina intake Femoral plaques plaques plaques
Exp.B Exp.B females Exp.B (95% CI) Exp.B Exp.B
(95% CI) (95% CI) (95% CI) (95% CI)
Model 1 2nd 1.033 (0.528-2.021) 1.022 0.980 2nd 0.790 (0.425-1.468) 0.860 0.572 (0.309-
Age (0.552- (0.515- (0.471- 1.058)
1.893) 1.864) 1.568)
3rd 1.133 (0.578-2.221) 1.008 1.179 3rd 0.573 (0.313-1.048) 0.561 *0.526
(0.534- (0.612- (0.309- (0.285-0.971)
1.902) 2.269) 1.020)
4t 0.873 (0.452-1.688) 1.001 0.991 4th 0.551 (0.2977-1.023) 0.576 %0.412
(0.523- (0.514- (0311- (0.213-0.797)
1.915) 1.911) 1.068)
Model 2 2nd 1.019 (0.494-2.103) 1.007 0.836 2nd 0.813 (0.422-1.565) 0.901 0.565 (0.292-
Age (0.526- (0.401- (0.485- 1.092)
Hypertension 1.927) 1.745) 1.676)
Smoking 3rd 1.049 (0.514-2.143) 1.073 0.957 3rd 0.611 (0.321-1.164) 0.609 0.550 (0.284-
Diabetes (0.555- (0.463- (0.328- 1.064)
Dyslipidemia 2.074) 1.977) 1.132)
BMI 4th 0.851 (0.424-1.710) 1.009 0.912 4th 0.530 (0.274-1.024) 0.571 *0.384
(0.515- (0.436- (0.301- (0.190-0.778)
1.976) 1.904) 1.082)
Model 3a 2nd 1.111 (0.531-2.322) 1.098 0.908 2nd 0.881 (0.453-1.710) 1.000 0.529 (0.272-
Age (0.565- (0.427- (0.532- 1.031)
Hypertension 2.137) 1.931) 1.878)
Smoking 3rd 1.232 (0.574-2.646) 1.249 1.097 3rd 0.731 (0.371-1.440) 0.775 *0.460
Diabetes (0.615- (0.502- (0.403- (0.228-0.930)
Dyslipidemia 2.536) 2.399) 1.491)
BMI 4th 1.161 (0.487-2.767) 1.346 1.173 4th 0.758 (0.346-1.659) 0.904 *0.271
Energy intake (0.587- (0.472- (0.424- (0.117-0.631)
3.085) 2911) 1.928)
Model 3b ond 1.060 (0.512-2.197) 1.042 0.846 ond 0.827 (0.428-1.595) 0.914 0.559 (0.289-
Age (0.543- (0.404- (0.490- 1.080)
Hypertension 2.000) 1.773) 1.704)
Smoking 3rd 1.128 (0.545-2.333) 1.145 0.974 3rd 0.642 (0.335-1.232) 0.638 *0.505
Diabetes (0.587- (0.467- (0.341- (0.258-0.989)
Dyslipidemia 2.231) 2.032) 1.194)
BMI 4th 0.979 (0.471-2.034) 1.156 0.946 4th 0.585 (0.296-1.158) 0.627 *0.326
Potassium intake (0.572- (0.435- (0.322- (0.155-0.684)
2.334) 2.057) 1.220)
Model 4 2nd 1.101 (0.525-2.306) 1.080 0.911 2nd 0.879 (0.452-1.708) 1.002 0.538 (0.276-
Age (0.554- (0.428- (0.533- 1.046)
Hypertension 2.105) 1.938) 1.882)
Smoking 3rd 1.209 (0.561-2.604) 1.217 1.108 3rd 0.729 (0.370-1.438) 0.777 *0.462
Diabetes (0.598- (0.505- (0.404- (0.229-0.935)
Dyslipidemia 2.478) 2.429) 1.494)
BMI 4th 1.119 (0.468-2.678) 1.294 1.186 4th 0.755 (0.345-1.653) 0.906 *0.274
Energy intake (0.562- (0.476- (0.425- (0.118-0.638)
Potassium intake 2.979) 2.957) 1.932)

*p<0.05; Na: sodium; BMI: body mass index; and kcal: kilocalories. Male quartiles of total Na intake (min-max): 1st (403.2-1469.5), 2nd (1483.7-2193.1), 3rd (2202.7-3108.5),
and 4th (3125.2-8935.1). Female quartiles of total Na intake (min-max): 1st (80.4-1027.1), 2nd (1029.4-1489.3), 3rd (1496.0-2043.0), and 4th (2045.4-6286.9). After further
adjustment for hypertension drugs, dyslipidemia drugs, diabetes drugs, antiplatelet drugs, cortisone, and chronic inflammatory diseases duration no substantial changes were

observed.

therefore their data are not informative with regard to the actual
level of Na intake. A second very small study in just 108 but elderly
(mean age 70 + 4 years) female subjects by Mazza et al., showed a
higher prevalence of carotid plaques in those individuals with
higher versus those with lower Na intake (2050-2330 vs 780-
900 mg Na/day).'® There are major differences that may explain the
inconsistency between these studies and our data, including pop-
ulation heterogeneity, sample and age differences, data reporting,
and applied methodology. Most importantly, the two aforemen-
tioned studies'”'® measured only carotid atheromatosis. On the
contrary, the present study investigated — for the first time — the
femoral atheromatosis too. To screen the femoral arteries provides
additive value for the evaluation of subclinical atherosclerosis and
prediction of CV risk.>>>® The potential effect of Na on femoral

443

plaque formation supports previous investigations showing that
specific factors like smoking and impaired metabolism accelerate
atheromatosis predominantly at the femoral rather than the carotid
arteries.>® More investigation on the potential arterial site-specific
impact of Na is necessary and also, it is essential to determine the
pathophysiological process in different sites of the arterial wall.
Given the fact that there are major sex-specific differences in the
pathophysiology of arterial function,’® we tested and found an
interaction between sex and Na intake with regard to their asso-
ciation with subclinical arterial damage. One of our major findings
was that only women (but not men) with moderate Na intake had
significantly lower probability to present femoral plaques than
those with very low Na intake. Sex-specific differences in CvV>° and
more specifically in vascular’’ % function and dysfunction have
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Table 3

Multivariate logistic regression analysis between total Na intake quartiles and
arterial stiffness (pulse wave velocity). The 1st quartile of total Na intake was used as
a reference.

Models Sex-specific TOTAL POPULATION
:l(;ltaa;t;\l]zsig{ake Arterial stiffness

(cf-PWV >10 m/s)
Exp.B (95% CI)

Model 1 2nd 1.284 (0.730-2.257)

Age 3rd 1.563 (0.872-2.804)

Gender 4th 0.863 (0.437-1.701)

Model 2 2nd 1.248 (0.678-2.297)

Age 3rd *1.915 (1.015-3.611)

Gender 4th 0.991 (0.472-2.078)

Hypertension

Smoking

Diabetes

Dyslipidemia

BMI

Model 3a 2nd 1.246 (0.669-2.321)

Age 3rd 1.909 (0.959-3.801)

Gender 4th 0.987 (0.430-2.266)

Hypertension

Smoking

Diabetes

Dyslipidemia

BMI

Energy intake

Model 3b 2nd 1.262 (0.684-2.328)

Age 3rd *1.991 (1.047-3.785)

Gender 4th 1.063 (0.497-2.278)

Hypertension

Smoking

Diabetes

Dyslipidemia

BMI

Potassium intake

Model 4 2nd 1.224 (0.655-2.286)

Age 3rd 1.869 (0.937-3.728)

Gender 4th 0.978 (0.425-2.252)

Hypertension

Smoking

Diabetes

Dyslipidemia

BMI

Energy intake
Potassium intake

*p<0.05.

Na: sodium; cf-PWV: carotid to femoral pulse wave velocity; BMI: body mass index;
and kcal: kilocalories.

Male quartiles of total Na intake (min-max): 1st (403.2-1469.5), 2nd (1481.1-
3110.3), 3rd (2202.7-3108.5), and 4th (3125.2-8935.1).

Female quartiles of total Na intake (min-max): 1st (80.4-1027.1), 2nd (1029.4-
1489.3), 3rd (1496.0-2043.0), and 4th (2045.4-6286.9).

After further adjustment for hypertension drugs, dyslipidemia drugs, diabetes
drugs, antiplatelet drugs, cortisone, and chronic inflammatory diseases duration no
statistically significant differences between quartiles of total Na intake were
observed.

been well described previously. Sex hormones lead to different
stimulations of renin-angiotensin-aldosterone system, catechol-
amines and endothelin levels, nitric oxide production, and vaso-
dilation.?~%9 Although data regarding a sex-specific effect of Na on
vascular function of young humans do exist, showing that endo-
thelial dysfunction — i.e., the origin of atheromatosis — is modu-
lated by dietary Na intake level mainly in men but not in women,”®
data on middle-aged postmenopausal women (the target popula-
tion of our study) are lacking. Likewise, extremely limited data from
female animal models exist, showing that the protective effects of
estrogen apart from the increase in blood pressure were only
manifested in the setting of a chronic high Na diet and suggest that
the underlying Na status may have an important influence on the
overall effect of reduced estrogen.”’
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It was rather surprising that — even though arterial stiffness and
atheromatosis share common risk factors — our results indicated a
diverging association between the level of daily Na intake and each
type of vascular damage, implying that very low intake has detri-
mental effects in atheromatosis but not arterial stiffness. However,
aortic PWV and plaque burden have been previously described to
be weekly correlated, suggesting that arterial stiffening and athe-
romatosis are “pathologically distinct and should be considered as
separate disease processes”.'> The association between Na intake/
excretion and arterial stiffness has been widely investigated in
cross sectional studies’>?>*%2772 and randomized controlled
trials'9~21:242573-75 with conflicting results. As a summary of the
available data, a recent meta-analysis of 11 randomized controlled
trials concluded that a restriction of about 2000 mg of Na/day re-
duces arterial stiffness.”® In an updated systematic review from our
group on this topic, a positive trend between Na intake and arterial
stiffness — in agreement with the herein presented data — was
verified; however, the current evidence does not support a clini-
cally meaningful and independent from blood pressure effect of
dietary Na on arterial wall.”” Therefore, our findings are in accor-
dance with the majority of the studies mentioned above?’—2%;
nevertheless, it still remains in controversy whether high Na intake
affects arterial stiffening in nonhypertensive populations.'*’*

Our study cannot provide insight in the underlying molecular
pathways activated in the presence of low Na intake in each arterial
pathology. However, it is now very well known that the two types
of vascular disease have distinct pathologies and even CV risk fac-
tors."*!° This is particularly true in the early steps of each pathol-
ogy, i.e., before the development of arterial wall calcifications,
which is the case for the present population free of any clinical CV
disease.”® Most importantly, several studies in animals have pro-
vided compelling evidence that a low-salt diet is associated with
accelerated atheromatosis.”®>79=81 Most of these studies impli-
cate (i) the activation of the renin-angiotensin-aldosterone system,
(ii) increased inflammation, and (iii) increased intracellular cal-
cium, in the acceleration of atheromatosis, regardless of blood
pressure lowering.?30798283 On the other hand, animal studies
show that a high-salt diet is associated with increased blood
pressure that suggests an explanation for the acceleration of arte-
rial stiffness.>! Whether these mechanisms can be extrapolated in
humans has to be extensively investigated.

The findings of the present study should be evaluated within the
context of the particularities, advantages, and disadvantages of this
cohort. First, this is a cross-sectional study that does not allow to
establish a cause-effect relationship; therefore, we cannot totally
exclude the possibility that the observed associations represent a
reverse causality phenomenon, i.e., increased subclinical arterial
damage in the very low Na intake due to very strict dietary
consultation (45.1% were hypertensives and 16.4% used cortico-
steroids). However, the fact that we investigated simultaneously
both the atheromatosis and the arterial stiffness with diverging
results is against the reverse causality explanation because in this
case, we would expect similar findings in both vascular end points.
Furthermore, when we excluded the participants who probably
took strict guidance for Na restriction (hypertensives and cortisone
users), similar findings were observed. Similar to all observational
studies, uncontrolled confounding factors could have affected the
results, even though extensive and meticulous adjustments have
been performed for all known and available confounders. Another
limitation of this study is that Na intake was assessed by dietary
recalls despite the fact that 24-h urine collection is reported to be
the most accurate method to assess the population's Na intake.
However, the correction of estimated Na derived from processed
and unprocessed foods to total Na derived from foods, table salt,
and added during cooking salt, approaches better true dietary Na
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intake. In any case, similar findings were observed when total or
estimated Na intake was used in each statistical analysis. Finally,
this was a large observational study with regard to the Greek
population that allowed to test multiple vascular biomarkers at the
same time. However, the upper limit of Na intake in the present
study (2442.6 + 1317.5 mg for males and 1615.8 + 810.6 mg for
females) was not high enough to allow the detection of J-shaped
curve with atheromatosis.

5. Conclusion

This is the first large observational study that examines simul-

taneously the association between dietary Na intake and two
different types of arterial damage. Overall, the present data suggest
that very low Na intake is associated with: a) accelerated athero-
matosis, verifying findings from animal models, providing a
possible explanation of the modern epidemiology, and b) lower
arterial stiffness, which is in line with previous human and animal
findings, therefore suggesting a diverging effect of Na in the two
major arterial pathologies.
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Abstract

Objective: Accurate and easy to use methods for dietary Na intake estimation in
population level are lacking. We aimed at (i) estimating the mean Na intake in
the group level using a variety of dietary methods (DM) and urinary methods
(UM) and correlating them with 24-h urine collection (24UCol) and (i) improving
the accuracy of the existing DM.

Design: The most common DM (three 24-h dietary recalls (24DR) and FFQ) and UM
(24UCol and spot urine collection using common equations) were applied.
To improve the existing: (i) 24DR, discretionary Na was quantified using
salt-related questions or adding extra 15 % in total Na intake and (i) FFQ, food
items rich in Na and salt-related questions were added in the standard question-
naire (NaFFQ).

Setting: National and Kapodistrian University of Athens, Greece.

Participants: Totally, 122 high cardiovascular risk subjects (56-0 £ 12:6 years;
55-7 % males).

Results: Mean 24 h Na excretion (24UNa) was 2810 + 1304 mg/d. Spot urine
methods overestimated the 24UNa (bias range: —1781 to —492 mg) and were
moderately correlated to 24UCol (r=0-469-0-596, P < 0-01). DM underestimated
the 24UNa (bias range: 877 to 1212 mg) and were weakly correlated with 24UCol.
The improved DM underestimated the 24UNa (bias range: 877 to 923 mg). The
NaFFQ presented the smallest bias (—=290 + 1336 mg) and the strongest correlation
with 24UCol (r=0-497, P<0-01), but wide limits of agreement in Bland-Altman
plots (=2909 mg; 2329 mg), like all the other methods did.

Conclusions: The existing methods exhibit poor accuracy. Further improvement of
the newly developed NaFFQ could be promising for more accurate estimation of
mean dietary Na intake in epidemiological studies. Additional validation studies
are needed.

Keywords

Dietary Na assessment
24-h urine collection
Spot urine collection
24-h dietary recall
FFQ

High Na intake is an important contributor to elevated
blood pressure’, increasing CVD risk and mortality>.
Although international organisations recommend a
maximum daily Na intake of 2000 mg®, globally it is esti-
mated to be almost double, reaching 3950 mg/d®’. In large-
scale epidemiological studies, the accurate estimation of
dietary Na intake is important for detecting actual
consumption and for identifying food items, food patterns

*Corresponding author: Email aprotog@med.uoa.gr

or dietary behaviours related to Na intake and their associ-
ation with diseases and treatments as well. In clinical
settings also the assessment of Na intake is crucial for evalu-
ating patients’ adherence to recommendations and guiding
drug treatment decisions. A variety of urinary methods
(UM) and dietary methods (DM) are available for the esti-
mation of dietary Na intake; nevertheless, its accurate and
precise quantification is still elusive®.
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Spot urine samples, overnight urine collections and 24-h
urine collections (24UCol) represent the UM. Based on the
knowledge that about 90 % of Na consumed is excreted
through urine during a 24-h period, the 24UCol is regarded
as the gold-standard method”. However, it is a burden-
some, time-consuming method and difficult to be applied
in large-scale studies as well as in daily clinical practice of
uncomplicated arterial hypertension management. Spot
urine samples are more convenient to estimate 24-h
urine Na excretion (24UNa) via specially designed
equations'%1® (Table 1), which have been evaluated in
several population groups7-19,

On the other hand, the most common DM for Na estima-
tion include 24-h dietary recalls (24DR), FFQ and diet
records. These methods are commonly used in
population-based studies, as they are efficient to highlight
food items rich in Na; however, numerous methodological
disadvantages exist®. A major one is the inability of all
these methods to quantify the discretionary use of salt
(table salt or use of salt during cooking), which has been
previously reported to contribute significantly to the total
Na intake?0-22),

Several efforts have been made to develop an optimal
diet-based tool for the estimation of mean Na intake on
group level, with the majority of them focusing on short
FFQ®?320 which are brief, easily completed and estimate
Na intake through larger time periods compared with other
DM. 24-h dietary recalls and food records are also suitable
to cover a longer time periods if they are repeated.
Nevertheless, usually FFQ are developed for particular
population groups and designed according to their culture,
dietary habits and traditional recipes, thus they may not be
accurately applied to other populations.

To our knowledge, studies evaluating simultaneously
the accuracy of different UM and DM for Na estimation with
the gold-standard 24UCol are scarce. Moreover, there are
no accurate DM for the quantification of discretionary salt,
designed specifically for high CVD risk populations, for
whom the identification of Na intake is essential. Taking
into consideration all these issues, the aim of the present
study is to (a) estimate the mean Na intake of population
using a variety of DM and UM; (b) correlate these methods
with the gold-standard 24UCol and (¢) improve the existing
DM in order to be more accurate in estimating the mean Na
intake in population level.

Methods

Study design and population

A cross-sectional study was performed from January 2017
until October 2018. The study population consisted of
consecutive and consenting to participate individuals at
high CVD risk due to the presence of CVD risk factors
(suspected or established treated or untreated hyperten-
sion, dyslipidaemia, diabetes mellitus and/or chronic

0.1017/51368980021004390 Published online by Cambridge University Press
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inflammatory diseases). In order to detect a minimum
difference of 500 mg in daily Na intake between
each Na estimation method and the 24UNa (a=0-05,
power = 0-80), the minimum sample size for each pair of
methods was calculated (12 60)?7?®, To account for attrition
(non-participation, missing data or incomplete 24UCol),
which was estimated to be 50%, 120 individuals were
invited to participate. The study was approved by the
ethical/scientific committee. All participants provided
informed consent and underwent dietary and urinary assess-
ment simultaneously, which was completed within 1 month.

Assessment of dietary sodium intake using urinary
methods

Twenty-four hour urine collection. Participants were asked
to keep one 24UCol following written and verbal instruc-
tions and a standardised protocol. The instructions were
to carry out the collections from Sunday awakening and
for the next 24 h, discarding the first morning void without:
(a) missing voids and (b) any changes in their diet or medi-
cine (the past 1 month). To verify completeness, sensitivity
analyses were conducted after applying all available
criteria for 24-h urine completeness!%%-3D (Statistical
analysis section). Na derived from the 24UCol was calcu-
lated using the following equation:

24UNa (mg/d) = 24-h Na concentration(mmol/1)
x 24-hurine volume (1)

x molecular weight of Na (23 mg/mmol)

Spot urine. Participants were also asked to keep a single
spot urine sample of the first morning void in proper bottle.
In order to estimate the 24-h Na excretion from spot urine
specimens, the most common conversion equations were
applied-1319 (Table 1).

Assessment of dietary sodium intake using existing
dietary methods

Twenty-four bour dietary recalls. Three 24DR using
multiple-pass method were conducted (2 weekdays
and 1 weekend day with a 7-d interval) by well-trained
dietitians via telephone or face-to-face interviews.
Participants were asked to report all the foods and bever-
ages they consumed and their quantities the previous 24 h.
With the use of a relevant nutrient analysis software
(Nutritionist Pro, version 5.2, Axxya Systems-Nutritionist
Pro, Stafford, TX, USA), food data from the 24DR were
analysed in terms of macronutrient and micronutrient
intake. The average of Na intake of the 3 d was used. If less
than three 24DR were available, the average of the rest
was used.

Food frequency questionnaire. In the first week of the
dietary assessment, all participants were asked to complete
a semi-quantitative FFQ, which is repeatable and valid for
nutritional assessment regarding energy and macronu-
trients®?. The FFQ consisted of a list of sixty-nine main
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Table 1 Equations used to estimate 24-h urinary Na excretion from a single spot urine specimen

Kawasaki(®

Tanaka('?

INTERSALT(3)

Toft(M

Mage®)

Spot Na

x Predicted 24 h urine Cr
Spot Cr

Estimated 24 hNa =16-3 x

Males : Predicted 24 h Cr= 12-63 x age+15-12 x weight+7-39 x height —79-9
Females : Predicted 24 hCr= —4-72 x age+8-58 x weight+5-09 x height —74-5

Estimated 24 h = 21-98 x Xy,%3%

Spot Na
Xna = _opotha % Predicted 24 h Cr
Spot Cr x 10

Predicted 24 h Cr = (—2-04 x age) + (14 -89 weight) + (16 - 14 x height) — 2244 - 45

With Spot K

Males : Estimated 24 h Na =25-46 4 (0-46 x spotNa) — (275 x spotCr) — (0-13 X spotK) + (4-10 x BMI)+ (0-26 x age)
Females : Estimated 24 h Na =5-07+ (0-34 x spotNa) —(2-16 x spot Cr) — (0-09 x spotK)+ (2-39 x BMI)+(2-35 x age) — (0-03 x age?)

Without Spot K

Males : Estimated 24 h Na =23 -51+ (0-45 x spot Na) — (3-09 X spotCr)+ (4-16 x BMI)+ (0-22 x age)

Females : Estimated 24 h Na =3-74+(0-33 x spot Na) — (2-44 x spotCr)+(2-42 x BMI)+(2-34 x age) — (10-03 x age?)

__spot Na

= X Predicted 24 h Cr
spot Cr

Na

Males: Estimated 24 h Na = 33-56 x Xy,*3% Preited 24 h Cr (males) = (—7-54 x age) + (14-15 x weight) + (3-48 x height) 4+ 42315
Females: Estimated 24 h Na=52-65 x Xy,%1% Predicted 24 h Cr (females) = (—6-13 x age) + (9-97 x weight) + (2-45 x height) + 342 - 73

Estimated 24 h Na = spot Na
spot Cr
Males : Predicted Cr 24 h = 0- 00179 x (140 — age) x (weight!® x height®®)
Females : Predicted Cr24 h = 0- 00163 x (140 — age) x (weight!® x height®®
A = African American or Black race = 1/other race =0

X Predicted 24 h Cr

X
)

(1+0-18 x A x (1-366—0-0159 x BMI))
x (14+0-18 x A x (1-429—0-0198 x BMI))

Estimated 24 h Na, mmol/d
spot Na, mmol/l

spot Cr: mg/I

Predicted 24 h Cr: mg/d
age, years

weight, kg

height, cm

Estimated 24 h Na, mmol/d
spot Na, mmol/l

spot Cr: mg/dl

Predicted 24 h Cr: mg/d
age, years

weight, kg

height, cm

Estimated 24 h Na, mmol/d
spot Na, mmol/I

spot Cr: mmol/I

spot K: mmol/l

BMI: kg/m?

age, years

Estimated 24 h Na, mmol/d
spot Na, mmol/I

spot Cr: mg/dl

Predicted 24 h Cr: mg/d
age, years

weight, kg

height, cm

Estimated 24 h Na, mmol/d
spot Na, mmol/l

spot Cr: mg/dl

Predicted 24 h Cr: mg/d
BMI: kg/m?

weight, kg

height, cm
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food groups (i.e. cereals and starchy foods, fruits, vegeta-
bles, dairy products, meat, fish, legumes, added fats, sweets
and alcoholic beverages) as well as questions related to
dietary behaviours and habits®?. Participants were asked
to report the frequency of the consumption of these food
groups the last month on a six-grade scale (from never/
rarely to more than 2 times/d) in pre-specified amounts
of food expressed in grams, ml or other common
measures®®. More details for FFQ development have been
previously described®23%
Daily food consumption was calculated as

Daily food consumption = serving size

x consumption frequency

where consumption frequency was: never = 0; 1-3 times/
month =0:07; 1-2 times/week =0-21; 3-6 times/week =
0-64; 1 time/d = 1; > 2 times/d = 2.

The Na estimation for each food group was calculated as

Daily consumption of food x Na content of food

derived from United States Department of Agriculture
(USDA) and local food composition tables®>37,

Assessment of dietary sodium intake using improved
dietary methods

24DR plus discretionary salt questions. In order to estimate
discretionary salt, participants were asked to answer two
salt-related questions separately for breakfast, lunch and
dinner for each one of the 24DR:

Question 1: How much salt did you use during the
preparation of your meal?
a = none, b = a little, ¢ = moderate, d = a lot

Question 2: Did you add extra salt on your plate (table salt)?
a =no, b = yes.

For question 1, the following Na quantities were applied
for each answer: a = none = 0 mg of Na, b =a little = 50 mg
of Na per 100 g of food, ¢ = moderate = 350 mg of Na per
100 g of food, d =a lot = 600 mg of Na per 100 g of food.
These estimations were based on relevant statements/
assessments from the Hellenic Food Authority (EFET)®®:
If a food contains more than 0-6 g of sodium
(or 1-5 g of salt) per 100 g, then it is bigh in sodium/ salt.
If a food contains 0-1 g of sodium or less per 100 g then it is
low in sodiumysalt. If the amount of salt per 100 g is
between these values, then the food contains a medium
level of salt’. Portion sizes from the 24DR were calculated
in grams based on food equivalents and local food
composition tables®®,

For question 2, the answer ‘yes’ was defined as 2 dashes
of salt, which are equivalent to 775 mg of Na®> and when
the answer was ‘no’, no Na (0 mg) was added. The mean Na

0.1017/51368980021004390 Published online by Cambridge University Press
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derived from questions 1 and 2 was then added to the Na
derived from the 24DR and was calculated as

24DR + SQ = Na from the 24DR
+ mean Na from breakfast (question 1)
+ mean Na from lunch (question 1)
+ mean Na from dinner (question 1)
+ mean Na from breakfast (question 2)
+ mean Na from lunch (question 2)

+ mean Na from dinner (question 2)

The Na of the meals (breakfast, lunch and dinner)
was calculated based on the estimations of Na intake from
questions 1 and 2 (average from the three 24DR).

24DR plus 15%. An alternative way to estimate
discretionary use of salt was applied. We calculated the
discretionary Na based on the assumption that Na from
cooking and table is 15% of the total Na intake for our
population, as previously reported®-2?_ In specific, total
Na intake was then calculated as

24DR + 15% = Na from the 24DR
+ (15% of Nafrom the 24DR)

Sodium FFQ. In order to improve Na estimation, the food
list of the previously mentioned FFQ was extended with food
items rich in Na and questions regarding dietary behaviours
related to discretionary use of salt (NaFFQ). The added food
groups and questions are presented in the Supplement (see
online Supplemental Table 1). The foods items added were
salted butter and margarine, several rich in Na cheeses (e.g.
roquefort, parmesan, edam, gouda, gruyere, etc.), salty
crackers/biscuits, canned fish/seafood and refined tomato
juice. To estimate Na added in cooked meals and salads,
Question b of the NaFFQ (How much salt do you use in your
cooked meals and salads? see online Supplemental Table 1)
was used, according to Hellenic Food Authority (EFET)®® as
mentioned above. Participants’ answers were calculated as
none = 0 mg Na, a little = 50 mg Na/100 g of food, moderate
amount = 350 mg Na/100 g of food, much = 600 mg Na/100
g of food, very much =900 mg Na/100 g of food. Then the
quantified Na derived from participants’ response in
Question b was added to each cooked meal and salad per
100 g of food of the NaFFQ. Na was then calculated as

NaFFQ = Na from the existing FFQ
+ Na from food items added rich in Na

+ Na added in cooked meals and salads

Cooked meals included rice, potatoes, red and white meat,
fish & seafood, legumes, traditional dishes and home-made
pies. Salads included all vegetables, raw or boiled.
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Assessment of anthropometric parameters
Participants’ weight was measured without shoes or heavy
clothes to the nearest 0-1 kg (Tanita Body Composition
Analyzer, BC-418). Height was measured without shoes,
with the participants standing with their shoulders relaxed,
their arms hanging freely and their head in Frankfurt
horizontal plane (SECA 213). BMI was calculated as
weight/(height)? (kg/m?).

Assessment and definition of CVD risk factors
Hypertension was defined as the use of antihyper-
tensive drugs and/or office blood pressure measurement
>139/89 mmHg (average of three sequential readings with
1-min interval in the supine position after at least 10 min of
rest; Microlife WatchBP Office, Microlife AG, Widnau,
Switzerland)®®. Dyslipidaemia was defined as the use
of lipid-lowering drugs and/or LDL-cholesterol level
>160 mg/dl. Diabetes mellitus was defined as fasting
glucose higher than 126 mg/dl or HbAlc >6-5% and/or
glucose-lowering treatment. Smoking or vaping was
defined by the use of at least one cigarette/d each day of
the week or the use of e-cigarette.

Statistical analysis
All the analyses were conducted using SPSS version
25 (IBM Corp. Released 2017, IBM Corp.). Continuous
variables are presented as mean + sp and categorical
variables as absolute frequency and percentage (%).
Significance levels were set at P-value < 0-05. Distribution
normality of the variables was tested using the
Kolmogorov—Smirnov test and histograms. The differences
between methods (bias of mean values) were calculated as
24UNa minus the Na measures of the other DM and UM.
Paired samples #-test and Wilcoxon test, when appropriate,
were used to determine the significance of differences of
mean values of Na. To assess the correlation between
24UCol and the other Na estimation methods, the
Pearson’s correlation coefficient (for normally distributed
variables) and Spearman correlation coefficient (for varia-
bles not normally distributed) were applied. Consistency
between different methods of Na estimation was also
assessed with the
(ICC)“O. 1t is generally accepted that there is no absolute
interpretation of ICC values. However, in the present study,
we used the recommendation of Koo and Li“Y; accord-
ingly, ICC values <0-5 are indicative of poor reliability,
ICC between 0-5 and 0-75 indicate moderate reliability,
ICC between 0-75 and 0-9 indicate good reliability, and
ICC values greater than 0-90 indicate excellent reliability.
Bland-Altman plots were used to evaluate
differences between Na estimation methods and the
24UCol and evaluate the agreement between them 243,
The upper and lower limits of agreement between two
different estimates of Na were calculated by the mean
difference + 196 x sp of differences. Linear regression

intraclass correlation coefficient
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analysis was used to evaluate associations in difference
and mean (between 24UCol and each Na estimation
method). The analyses regarding correlations between
24UCol and each Na estimation method and ICC as well
were repeated after excluding all subjects having incom-
plete 24UCol (sensitivity analysis) and they are presented
in the supplement. The exclusion criteria for incomplete
24UCol were set according to international bibliog-
raphy1%®-3 and are presented in the supplemental
material (see online Supplemental Table 2).

Results

One hundred and twenty-two (122) participants with avail-
able 24UCol data were used for the analyses (56-0 £ 12:6
years; 55-7 % males) (Table 2). The available sample size
for UM and DM was Spot UM, n 71; 24DR =119; FFQ,
n 87; NaFFQ, n 60 (Table 2). Descriptive characteristics
of study population are presented in Table 2. Incomplete
collections presented the 7-4 % of participants (Table 2).

Table 3 presents mean Na intake or excretion for all the
available UM and DM applied, as well as the significance of
the differences between 24UNa and each one of the other
Na estimation methods. Mean 24UNa was 28104+
1303-9 mg/d. Regarding spot urine methods, all of them
overestimated 24UNa (mean bias range: —1780:9 to
—492.0 mg) with the INTERSALT without spot K equation
presenting the smallest bias (—492-0+1223-2 mg)
(Table 4). Regarding the existing DM, both of them under-
estimated 24UNa (mean bias range: 876-6 to 1211-6 mg).
From the improved DM, 24DR+ 15% and 24DR+ SQ
underestimated 24UNa  (876-6+1342:6 and 923:3+
1345-8 mg, respectively, P < 0-001), but the NaFFQ margin-
ally overestimated 24UNa showing the smallest bias from
all DM and UM (—290-2 £ 1336-2 mg) (Table 3).

Table 4 presents Pearson’s and Spearman’s correlation
tests as well as the ICC between 24UCol and each one of
the UM and DM. Regarding spot urine methods, Mage
equation exhibited the strongest correlation with 24UCol
(r=0-596, P<0-001), and all other equations presented
moderate reliability (ICCs range: 0-59-0-74). From the
existing DM, both of them weakly correlated to 24UCol
(r=0-232-0-263, P<0-05). Regarding the improved DM,
24DR 4+ 15 % and 24DR + SQ were weakly correlated to
24UCol (r=0-263-0-296, P < 0-01) and presented poor reli-
ability (ICC range: 0-42-0-44), but NaFFQ exhibited the
strongest correlation with 24UCol (r=0-497, P<0-01)
and was moderately reliable (ICC 0-66 (95% CI 0-43,
0-80)). In subgroup analysis (data presented in the
Supplement — see online Supplemental Table 3): (a) four
out of the five subgroups agreed that Mage equation
exhibited the strongest correlation with the 24UCol
(r=0-625-0-700, P<0:001) and (b) three out of the five
agreed that Kawasaki equation was the only method
presenting good reliability (ICC range: 0-76-0-80) and all
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Table 2 Descriptive characteristics of the study population for the total sample and each Na estimation method

Urinary methods Dietary methods
24UCol n 122 Spot urine n 71 24DR n 119 FFQ n 87 NaFFQ n 60
Mean SD Mean SD Mean SD Mean SD Mean SD
Age, years 56-0 126 56-2 119 55-9 12:6 56-1 131 56-4 12.3
Weight, kg 807 180 814 189 80-4 181 80-3 187 80-1 189
Height, cm 169-9 11.3 1707 11.3 169-9 11-4 170-3 116 170-8 119
BMI, kg/m? 279 5-6 27-9 6-0 27-9 5-6 27-6 52 27-3 51
Energy, kcal/d - - - - 1998-8 668-3 2238-7 713- 2210-7 695-
Existing 24DR 24DR+ 15 % 24DR+ SQ
Na derived from food, mg/d - - - - 1633-8 763-6 1633-8 763-6 1633-8 763-6 1704-3 800-0 17935 873-5
Na derived from table salt, mg/d - - - - - - 288-3 134.8* 58-6 90-3 - - 11974 1047-2*
Na derived from cooking salt, mg/da - - - - - - 276-4 261-6 - -
(%) (%) (%) (%) (%)

Males 55.7 56-3 55.5 57-5 60-0
Smoking

Current (cigarette/e-cigarette) 40-5 43-6 41.5 40-7 38-8

Ex smoking 20-7 225 20-3 198 233

Never 38-8 338 38-1 395 38-3
CVvD 10-7 71 11.0 11.5 10.0
T1DM 1.6 1-4 1.7 23 1.7
T2DM 82 11.3 84 8.0 10-0
DMS drugs 5.7 7-0 5.9 6-9 6-7
Hypertension 64-8 60-6 63-9 655 58-3
Hypertension drugs 46-7 42.3 45.4 48-3 43-3
Dyslipidaemia 65-6 64-8 65-5 66-7 68-3
Dyslipidaemia drugs 336 324 336 31-0 25.0
Autoimmune/inflammatory disease 132 15.5 12.7 115 133
Infectious disease 30-6 32- 30-5 299 31.7
Incomplete 24 h UCol 74

24UCol, 24-h urine collection; 24DR, 24-h dietary recalls (three 24DR were performed); 24 DR + 15 %, 24-h dietary recalls Na plus 15 % (discretionary Na); 24 DR + SQ, 24-h dietary recalls Na plus discretionary salt questions; T1DM, type 1
diabetes mellitus; T2DM, type 2 diabetes mellitus.
*Na derived from table and cooking salt.
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Table 3 Na intake/excretion for each dietary and urinary Na estimation method, bias of mean values and comparisons with the 24-h urine
collection

Na intake or excretion Bias (24UNa minus each Na estimation
n mean SD method) mean SD P
Urinary methods
24UCol, mg/d 122 2810-4 1303-9 - -
Kawasaki, mg/d 71 45230 1331-0 —-1780-9 1235-2 <0-001
Tanaka, mg/d 71 4862-1 10 633-2 -894.8 1154.1 <0-001
INTERSALT with spot K, 67 3209-4 869-0 -599.0 1140-0 <0-001
mg/d
INTERSALT without spot K, 71 3207-8 843-1 —-492.0 1223-.2  0-001
mg/d
Mage, mg/d 71 3438-8 2494.8 -722-6 2050-6 0-016
Toft, mg/d 71 3852-8 955.7 -1136-6 1165-6 <0-001
Dietary methods

Existing dietary methods

24 DR, mg/d 119 1633-8 763-6 12116 1298-8 <0-001

FFQ, mg/d 87 1704-3 800-0 1058-7 1335-7 <0-001
Improved dietary methods

24 DR + 15 %, mg/d 119 1922.2 898-3 923-3 1345-8 <0-001

24 DR +SQ, mg/d 119 1968-9 917.0 876-6 1342.6 <0-001

NaFFQ, mg/d 60 2990-9 13975 —290-2 13362 0-098

24UCol, 24-h urine collection; 24UNa, 24-h urine Na; 24 DRNa, 24-h dietary recalls Na; 24 DR + 15 %, 24-h dietary recalls Na plus 15 % (discretionary Na); 24 DR + SQ, 24-h
dietary recalls Na plus discretionary salt questions.

Table 4 Pearson’s and spearman correlations & intraclass correlation coefficients between 24-h urine collection and the other Na estimation
methods

Na estimation methods Total sample 95 % Cl
) ) r 0-583**
Spot urine methods Kawasaki IcC 0.74 0.58, 0-84
n 71
Tanaka r 0-542**
ICC 0-66 0-46, 0-79
n 71
INTERSALT with spot K r 0-492**
ICC 0-63 0-40, 0-77
n 67
INTERSALT without spot K r 0-469**
ICC 0-59 0-35, 0-75
n 71
Mage r 0-596™*
ICC 0-65 0-44, 0-78
n 71
Toft r 0-570**
ICC 0-68 0-48, 0-80
n 71
Dietary methods Existing dietary methods 24DR r 0-263**
ICC 0-40 0-14, 0-58
n 119
FFQ r 0-232¢
ICC 0-39 0-06, 0-60
n 87
Improved dietary methods 24DR +SQ r 0-296**
ICC 0-44 0-20, 0-61
n 119
24DR+15% r 0-263**
ICC 0-42 0-17, 0-60
n 119
NaFFQ r 0-497**
ICC 0-66 0-43, 0-80
n 60

ICC, intraclass correlation coefficient; 24UNa, 24-h urine Na; 24 DRNa, 24-h dietary recalls Na; 24DRNa + 15 %, 24-h dietary recalls Na plus 15 % (discretionary Na);
24-h DRNa + SQ, 24-h dietary recalls Na plus discretionary salt questions.

*P<0-05.

*P<0-01.
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the five subgroups agreed that regarding the existing and
the improved DM, NaFFQ was the only method presenting
moderate reliability (ICCs range: 0-44-0-51), while all the
other DM presented poor reliability (ICC range: 0-20-0-32).

Bland-Altman plots for all the spot urine methods,
existing DM, and improved DM are presented in
Figs 1, 2, and 3, respectively. Regarding spot urine
methods, the use of equations of Toft, INTERSALT with
spot K and INTERSALT without spot K resulted in underes-
timation at lower levels and overestimation at higher levels
of Na excretion in Bland-Altman plots (Fig. 1). On the
contrary, Mage equation was the only method providing
the opposite finding, presenting overestimation at low
levels of Na excretion and underestimation at higher levels.
Finally, the Kawasaki equation exhibited a homogeneous

873

variation as Na excretion levels increase (Fig. 1). All
methods presented wide ranges of agreement (Kawasaki:
—4201-8 to 640-0; Mage: —4741-7 to 3296-6; Toft: —3421-2
to 1148-0; INTERSALT without spot K: —2889-4 to 1905-4;
INTERSALT with spot K: —2833-3 to 1635-4; Tanaka:
—3156:9 to 1367-3) (Fig. 1). Linear regression analysis
revealed statistically significant associations between the
difference and the mean of 24UCol and all the spot urine
methods, except from the Kawasaki equation (= 0-028,
P=0-818) (Fig. 1. Regarding the existing DM (Fig. 2), both
of them presented consistent bias in Bland-Altman plots,
underestimating the 24UNa in low levels of Na intake
and overestimating in high levels of Na intake, while
presenting wide ranges of agreement in Bland-Altman
plots (24DR: —1334-1 to 3757-4; FFQ: —1559-2 to 3676-7)
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Fig.1 (colouronline) Bland—Altman plots comparing 24-h urinary Na excretion with Na estimated by spot urine equations. Solid line is the
mean difference between methods and dashed lines are the 95 % CI of the difference between methods. Limits of agreement of the two
Na assessment methods, defined as mean difference + 1-96 x sb of differences. 24UNa, Na estimated by 24-h urine collection
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Fig. 2 (colour online) Bland—Altman plots comparing 24-h urinary Na excretion with Na estimated by existing DM. Solid line is the
mean difference between methods, and dashed lines are the 95 % CI of the difference between methods. Limits of agreement of the
two Na assessment methods, defined as mean difference + 1-96 x sp of differences. 24UNa, Na estimated by 24-h urine collection;
24-h DRNa, Na estimated by 24-h dietary recalls
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Fig. 3 (colour online) Bland—Altman plots comparing 24-h urinary Na excretion with Na estimated by improved DM. Solid line is the
mean difference between methods and dashed lines are the 95 % CI of the difference between methods. Limits of agreement
of the two Na assessment methods, defined as mean difference + 1.96 x sp of differences. 24UNa, sodium estimated by 24-h urine
collection; 24-h DRNa + SQ, Na estimated by 24-h dietary recalls plus salt-related questions

(Fig. 2). Linear regression analysis revealed statistically
significant association between the difference and the
mean of 24UCol and all the DM (Fig. 2). Regarding the
improved DM, the NaFFQ was the only one showing:
(a) a homogeneous variation as the mean Na intake
increases in Bland-Altman plots, however, presenting
wide ranges of agreement (—2909-2 to 2328-8) and
(b) not statistically significant association between the differ-
ence and the mean of 24UCol and improved DM in linear
regression analysis (f=0-142, P=0-354) (Fig. 3). The
other two improved DM (24DR+15% & 24DR+ SQ)
underestimated the 24UNa at low levels of Na intake and
overestimated at high levels of Na intake, presenting
wide ranges of agreement (24DR + SQ: —1334-1 to 35081,
24DR 4+ 15 %: —1714-5 to 3561-2) (Fig. 3).

All the analyses were repeated using 1 dash of salt instead of
2in the question 2 of the improved dietary recalls (24DR + SQ),
and similar findings were observed (data not shown).

Discussion

This study aimed to assess and compare the most
commonly used in population studies UM and DM for
mean Na intake and develop a new accurate and easy to
use clinical tool for Na estimation in high CVD risk

9/10.1017/51368980021004390 Published online by Cambridge University Press

populations. The main findings of this study are (i) the
existing DM tend to underestimate and spot urine methods
tend to overestimate the true Na intake; (iD) all the existing
DM are weakly correlated and present poor agreement
with the 24UCol, and all the spot urine methods are moder-
ately correlated and present moderate agreement with the
24UCol and (i) the new NaFFQ is the only method that
performed better in the analysis, having simultaneously
the smallest bias in mean differences, the strongest corre-
lation with the 24UCol regarding DM and a homogeneous
variation as the mean Na intake increases in Bland—Altman
plots, but still wide limits of agreement.

Spot urine collection is an easily applicable alternative in
estimating dietary Na intake. Increasing studies aim to
reveal the most accurate formula for converting spot
Na to 24UNa, comparing not only those commonly
used 74448 byt also those newly designed®>% against
the gold-standard 24UCol. The mostly studied formulas
are the INTERSALT equation, the Tanaka equation and
the Kawasaki equation. Despite some controversies®?,
a large number of studies support that among the existing
equations, the INTERSALT performs better in estimating the
24UNa showing the least bias“+*>#51,52 In our findings,
the INTERSALT equation presented the lowest bias among
all the other equations; however, it was moderately corre-
lated with 24UNa and also presented consistent bias in
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Bland-Altman plots by underestimating Na intake at low
levels of Na excretion and overestimating at high levels
of Na excretion. However, it is important to note that the
studies supporting the use of INTERSALT equation as the
best alternative of 24UCol for Na estimation have all been
conducted in general populations®#54951,52) which is in
contrast to our high CVD risk population. Indeed, the
evidence is not supportive of the use of the INTERSALT
equation in high-risk patients, having chronic diseases such
as chronic kidney disease or hypertension“>>®. Dougher
et al. compared commonly used equations for Na estima-
tion in 129 chronic kidney disease patients®®. According to
their findings, the authors conclude that spot urine equa-
tions do not estimate accurately dietary Na intake in this
group of people. Similarly, when Ma ef al. assessed
Na intake by the INTERSALT, the Tanaka and the
Kawasaki equations in 365 high-risk stroke patients, they
found poor correlations (r=0-35-0-38), poor reliability
(ICCs =0-31-0-38) and significant biases among all the
three methods compared with the 24UCol“?. These find-
ings are in agreement not only with our study but also with
a significant number of studies, which do not recommend
the use of spot equations for dietary Na estima-
tion174748:545% 1t is important to note that Na excretion
presents a circadian variability, which potentially could
influence the estimations derived from spot urine collec-
tions. A systematic review of studies comparing the
24UCol and spot urine collections for estimating salt intake,
conducted by Ji et al., included twenty studies and
1-380-130 participants, concluded that although it is of great
interest to replace the 24UCol as a method for Na intake
estimation, the best alternative UM remains uncertain as
a wide range of correlations (r=0-17-0-94) between
24UCol and the other methods presented in their work®® .
Also, a systematic review and meta-analysis in 10-414
participants from thirty-four countries showed that
‘estimates based upon spot urine samples bhave excellent
sensitivity (97 %) and specificity (100 %) at classifying
mean population salt intake above or below the World
Health Organization maximum target of 5 g/d but under-
estimate intake at high levels of consumption and overesti-
mate at lower levels of consumption>”. Even more
interestingly, in a recent analysis of TOHP (Trials of
Hypertension Prevention) study follow-up data, conducted
by He et al., estimated values of Na excretion (using the
Kawasaki, INTERSALT with spot K and Tanaka equations) —
examining the same population sample — altered the linear
association between 24UNa and mortality to J- or
U-shaped®®. The authors concluded that these urinary
Na estimation methods ‘were systematically biased with
overestimation at lower levels and underestimation at
higher levels’, indicating that estimation of Na through spot
urine specimens is inaccurate®®. All these findings are
consistent to a WHO/PAHO statement in the protocol for
population level Na determination in 24-h urine sample,
declaring that ‘the use of spot-urine is discouraged as a
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method 1o determine Na, potassium or iodine intake
because of the limitations and uncertainty inberent in the
method..

As regard to the existing DM for Na estimation, although
it is useful and efficient to highlight food items rich in Na,
several methodological disadvantages have been raised.
The most commonly discussed include the difficulty or
even inability to assess and quantify discretionary Na; devi-
ated estimations of Na due to high variability in Na content
in recipes of homemade and manufactured food; the
absence of Na derived from medicines and dietary supple-
ments and participant-related issues (underreporting and
difficulty to recall all the food and beverages consumed,
socially desired answers and dietary behaviour modifica-
tion)@. A small number of studies suggest that DM, such
as food diaries or multiple 24DRs, can be used for Na esti-
mation, having the ability to predict over 90% of
24UNa®*> . However, the majority of the available studies
have reported that Na estimation based on DM tends to
underestimate 24UNa (levels of underreporting 15-40 %)
and correlates weakly or moderately with 24UNa
(r~0-15-0-50)2%00-6_ This is in line with our findings,
showing weak correlations, poor reliability and high levels
of bias, suggesting that the existing DM for Na estimation
are inaccurate. In a recent meta-analysis including
twenty-eight studies, McLean et al. compared 24DR with
24UCol®. 24DR underestimated mean Na intake by
607 mg/d, but high quality 24DR improved accuracy.
The authors concluded that 24UCol remains the most accu-
rate method to assess population Na intake; however, high-
quality 24DR (use of multiple pass methods, accurate food
composition databases and quantification of discretionary
salt) could be used if 24UCol is not feasible®?.

To our knowledge, studies comparing different DM and
UM simultaneously for Na intake estimation are scarce.
A recent study compared the spot urine collection (using
the INTERSALT equation) v. the 24DR (without quantifying
the discretionary use of table salt) in a large sample of
adults in New Zealand, consisting of 3321 participants®”.
The authors observed poor agreement between estimated
Na intake from spot urine collection and those from
24DR”. In another study, a plethora of different
DM and UM were compared with a PABA-validated
24UCol"9. The assessment of Na intake included an
FFQ, a modified 24DR and three equations to convert
the spot Na to 24UNa (INTERSALT, Tanaka and
Kawasaki). In this study neither DM nor UM provided accu-
rate estimations at individual level, but for group means,
the DM and some of the UM may be useful for Na estima-
tion™”. However, the method for the quantification of Na
intake has not been clearly described®.

FFQ are commonly used in dietary Na assessment in
population-based studies, having the ability to bypass
problems related to day-to-day variability of Na intake
and cover larger time periods of intake. The last four
decades several FFQ have been designed for the estimation
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of Na (or salt) intake®2%087D However, most of them
present weak correlations with the 24UCol, ranging from
019 to 0-35%324097D  Fyurthermore, the available FFQ for
Na assessment have been designed for particular ethnic
groups 22970 To our knowledge, only two of them
have been developed for hypertensive subjects?»?> but
until now, there was no FFQ for Na estimation in other high
CV risk groups, such as patients with dyslipidaemia,
diabetes mellitus, infectious or autoimmune diseases.
Recently, McLean et al. published a systematic review of
the literature, regarding the assessment of dietary Na intake
using FFQ and 24UCol®”. This work revealed a poor
agreement between estimates of Na from FFQ and
24UCol® | indicating that the Na FFQ until now are inad-
equate to estimate the true intake.

The novel NaFFQ was created to accurately estimate
Na intake in high CVD risk populations, calculating not
only Na derived from food content, but table and cooking
Na as well. Our aim was to cover the need of an easily
applicable in epidemiological studies and reliable tool
for group means of Na intake, which could lead to a better
management of high CVD-risk populations. According to
our findings, this tool presented the best correlation
with — and the lowest bias from — the 24UCol compared
with all the existing DM, even when attempts to further
improve the accuracy of 24DR were applied. However,
despite these promising findings regarding NaFFQ, it
provided very wide limits of agreement in Bland-
Altman plots, reaching ~3000 mg/d, indicating that future
improvements have to be addressed. A limitation of our
study is the use of a single 24UCol. Due to the day-to-
day wvariability in Na intake and excretion, multiple
24UCol are recommended either for assessing accurately
usual individual Na intake or for a more reliable record of
dietary Na in studies investigating its relationship with
health or disease>7®. In our study, our aim was to esti-
mate Na intake in group means and not in individual
level, so the use of single 24UCol, which is very common
in epidemiological studies, was reasonable. Indeed, the
use of a single 24UCol v. three to seven 24UCol have been
reported to provide similar mean levels of Na excretion at
the population level7®. Second, an important limitation
to be mentioned is the method used for the quantification
of discretionary salt. In our study, the use of dashes of salt,
as well as the cut-offs that were designed for processed
food, may lead to several concerns and systematic bias.
However, until today, the estimation of discretionary salt
in studies remains a challenge for the investigators, and
there is no generally accepted protocol to be applied in
dietary surveys”>. Moreover, the NaFFQ is population
specific and has not been externally validated in other
populations. Nevertheless, the methodology used here
could be used to adapt other FFQ, designed for other
population groups, in order to more accurately estimate
Na intake.
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In conclusion, the available DM and spot urine methods
present poor accuracy compared with the gold-standard
24UCol. The new FFQ - specifically designed for Na esti-
mation — is a promising method to detect a mean Na intake
at population level in high CVD-risk people. Future valida-
tion of this tool in larger populations would verify its accu-
racy and/or provide evidence for further amelioration,
making it a reliable and easy to use clinical tool for Na quan-
tification, in population-based studies. Similar approaches
might be useful for other populations.
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Abstract: Background: Subclinical arterial damage (SAD) (arteriosclerosis, arterial remodeling and
atheromatosis) pre-exists decades before cardiovascular disease (CVD) onset. Worldwide, sodium
(Na) intake is almost double international recommendations and has been linked with CVD and
death, although in a J-shape manner. Studies regarding dietary Na and major types of SAD may
provide pathophysiological insight into the association between Na and CVD. Objectives: Systematic
review of data derived from observational and interventional studies in humans, investigating the
association between dietary Na with (i) atheromatosis (arterial plaques); (ii) arteriosclerosis (various
biomarkers of arterial stiffness); (iii) arterial remodeling (intima-media thickening and arterial
lumen diameters). Data sources: Applying the PRISMA criteria, the PubMed and Scopus databases
were used. Results: 36 studies were included: 27 examining arteriosclerosis, four arteriosclerosis
and arterial remodeling, three arterial remodeling, and two arterial remodeling and atheromatosis.
Conclusions: (i) Although several studies exist, the evidence does not clearly support a clinically
meaningful and direct (independent from blood pressure) effect of Na on arterial wall stiffening;
(ii) data regarding the association of dietary Na with arterial remodeling are limited, mostly
suggesting a positive trend between dietary Na and arterial hypertrophy but still inconclusive;
(iii) as regards to atheromatosis, data are scarce and the available studies present high heterogeneity.
Further state-of-the-art interventional studies must address the remaining controversies.

Keywords: dietary sodium; arterial structure; arterial function; arteriosclerosis; arterial stiffness;
arterial remodeling; arterial hypertrophy; atheromatosis; arterial plaques

1. Introduction

Cardiovascular disease (CVD) is responsible for 31 percent of all deaths worldwide (WHO 2018).
The onset of CVD is preceded for decades by subclinical vascular functional and/or structural alterations,
leading to transient or permanent subclinical arterial damage (SAD). Major types of SAD include
atheromatosis (arterial atheromatic plaque formation), arteriosclerosis (arterial stiffening due to
loss of the arterial wall’s elastic properties) and arterial remodeling (changes in arterial wall and
lumen dimensions to maintain mechanical homeostasis). All the above modifications may occur
simultaneously or separately.

In the last decade, a range of reliable, non-invasive vascular biomarkers have been used to detect
SAD. Carotid ultrasonography is widely used to detect structural changes in the arterial wall (such as
arterial plaques, indices of arterial remodeling, e.g., carotid intima—media thickness (cIMT) and arterial
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lumen diameters) [1-3]. On the other hand, arterial stiffening is classically measured by applanation
tonometry to obtain carotid—femoral pulse wave velocity (cfPWV), the gold standard for clinical
practice, although other methods have been used [3]. The study of these vascular biomarkers provides
the opportunity to not only optimize CVD risk classification but also to elucidate the pathogenesis and
pathophysiology of CVD in the early clinical steps.

Globally, sodium (Na) intake is almost double (mean intake: 3.95 g/day) [4] the recommended
levels by the World Health Organization (less than 2 g/day) [5]. High Na intake has been strongly
correlated with CVD [6-8]. Moreover, there is strong evidence from large-scale studies of a blood
pressure (BP)-lowering effect (by 3.39 mmHg for systolic BP and 1.54 mmHg for diastolic BP)—and
consequently CVD-risk lowering effect—after a reduction in Na intake to less than 2 g/day compared to
an intake higher than 2 g/day [8]. However, very low levels of Na intake (approximately below 1.5 g/day)
have also been linked to increasing CVD risk, suggesting a J-shaped trend [9-14]. Although the effect
of salt on BP is variable due to salt sensitivity subtypes, consideration of this heterogeneity has been
neglected in previous meta-analyses [9,10]. Several observational and/or interventional studies have
tested the association of Na intake with types of SAD, but there are still many contradictory results and
questions to be addressed [15,16]. Most data derive from studies investigating the relationship between
Na and arterial stiffness or hypertrophy, suggesting that higher levels of Na intake are positively
associated with these types of SAD [17-21], although this has not been seen consistently [16-18].
Studies regarding dietary Na and atheromatosis are scarce and are limited by major methodological
issues [19,20].

In an attempt to better understand the potential associations that link dietary Na intake and
SAD, the aim of this systematic review is to evaluate—for the first time—data from observational and
interventional studies in humans, investigating associations between dietary Na intake and SAD as
well as the effect of Na intake on SAD-related changes. All types of SAD were considered, namely
(i) atheromatosis (arterial plaques); (ii) arteriosclerosis (arterial stiffening); (iii) arterial remodeling
(intima—-media thickening and arterial lumen diameters).

2. Materials and Methods

This study was prepared and reported in accordance with Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA) statement [21] (Appendix A).

2.1. Search Strategy

A systematic search of potentially relevant studies was performed through July 2019 by two
separate reviewers on the PUBMED and SCOPUS databases. Search terms applied were: ((“sodium
intake” or “na intake” or “na+ intake” or “sodium excretion” or “na excretion” or “na+ excretion” or
“dietary sodium” or “dietary na” or “dietary na+" or “urinary sodium” or “urinary na” or “urinary
na+")) and (“arterial function” or “vascular function” or “arterial structure” or “vascular structure”
or plaque or atheroma or “atheromatic plaque” or “atherosclerotic plaque” or atheromatosis or
atherosclerosis or arteriosclerosis or “arterial remodeling” or “carotid plaque” or “femoral plaque” or
“arterial stiffness” or “arterial stiffening” or “pulse wave velocity” or pwv or “intimal medial thickness”
or “intima media thickness” or IMT or “wall to lumen ratio”). Studies were limited to the English
language and human studies. Reference lists of included articles were also examined for additional
relevant articles.

2.2. Inclusion and Exclusion Criteria

The following inclusion criteria were applied: relevant epidemiological studies or clinical trials,
English language, human studies, males and/or females of any age regardless of diseases (chronic or
acute), clearly described outcome defined as: association between Na intake and/or excretion with
atheromatosis (presence of plaques), arteriosclerosis (any accepted biomarker of arterial stiffening at
any arterial segment) or arterial remodeling (arterial hypertrophy (IMT) or artery lumen diameters).
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The following exclusion criteria were applied: epidemiological studies with a sample <100 subjects,
animal studies, reviews, systematic reviews, meta-analyses, comments/letters, studies using the
assessment of Na intake and/or excretion of biomarkers other than Na (e.g., the ratio Na/K).

2.3. Selection of Studies and Data Extraction

Two reviewers screened the available titles, abstracts and keywords of all the available articles.
Discrepancies were resolved after discussion. After agreement, full text screening was carried
out. Qualitative and quantitative data from all included articles were extracted by both reviewers.
The extracted data included specific details for study design, population characteristics, Na estimation
method and outcomes related to Na and vascular damage. All units of Na are presented as mg
(converted from mmol to mg, if necessary). Predefined variables (shown in Tables 1-5) were extracted.

3. Results

3.1. Number of Studies Screened and Selected

Eight hundred and twenty-five (825) citations were identified through a systematic search—of
which, 782 were excluded on the basis of title/abstract. The most common exclusion criteria were:
language (42), duplicates—same cohort (27), different research subject (516), not original articles (191),
sample size <100 subjects for observational studies only (6). Forty-three (43) articles were then assessed
for eligibility and five were excluded due to irrelevant research subject and two due to different
studying parameter (Na/K ratio). As a result, the number of articles that met the inclusion criteria and
were included in this study were 36 (Figure 1).

—_—
Records identified through Additional records identified
g database searching through other sources
E {n=289) (n=536)
e
o
: I :
(— Records after duplicates removed
(n=798)
—
Records excluded
o l (n=755)
E language (n=42)
§ Records screened <100 subjects for observational
@ (n=798) *  studies (n=6)
not original articles (n=191)
different research subject (n =316)
—
—_—
- . -
s Full-text articles excluded, (n=7)
] Full-text 3"_“'_"“_* assessed different research subject (n=5)
--Ec for Ullg]b]m"- different studying parameter
= (n=43) (n=2)
—
—_—
-1 Studies included in
o
H qualitative synthesis
E (n=36)
—

Figure 1. PRISMA flow diagram.

From a total of 36 studies included, 18 were observational and 18 were interventional studies.
Detailed descriptive data for both observational and interventional studies are provided in Tables 1-5.
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Table 1. Descriptive characteristics of observational studies regarding arteriosclerosis.
ARTERIOSCLEROSIS
fPWV
1. Observational Cross-Sectional Studies
Study . - FU Age (Years, Na Estimation Na Intake/Excretion Vascular
Author (Year)  Country Design Population Description (Years) Sex  Race N Mean + SD) Method (mg/d) Assessment Results
Polénia, | essential HT, recent
e Portugal c-sect stroke or healthy - M/F  Mixed 426 50 +22 24hU Total: 4646 + 1472 tonometry +**
(2006) [22] universit
y students
Total: 3180 + 1250
Garcia-Ortiz, . g primary care patients ) Q1:1800 + 390 3
L. (2012) [23] Spain c-sect aged 30-80 M/F  N/AV 351 548 +11.7 FFQ Q2: 2650 + 200 tonometry J-shaped curve
Q3: 3440 + 270
(a) low Na-low RAAS: "
913.1 (747.5-1035)
(b) low Na-high RAAS: "
i . 690 (602.6-740.6
Kotlian G s oenting  csect  essential HT, aged 30 - MF NAV 300 487 +14.6 24hU ( ) tonometry
(2014) [24] to 70 (c) High-Na-low RAAS: %
2610.5 (1745.7-3604.1)
(d) high-Na-high RAAS: o
2898 (2035.5-3588)
Polonia, J. 7.2 . .
(2016) [25] Portugal  retrosp HT adults (05-11.1) M/F  White 608 54.1+14.3 24hU 4793.2 + 1821.6 tonometry +
total +**
Strauss, M. South - i *
. prosp NT adults M/F Mixed 693 24.8 +3.01 24hU 2967 (984.4-7613) tonometry black +
(2018) [26] Africa
white #
True HT: 3348.8
(2251.7-4595.4)
. Intermediated HT
El?ggﬁgl[lg;‘]' Greece  c-sect umreai:f’;igg;{fahhy - MF White 197 537121 24hU phenotypes: 3128 tonometry #
: (1902.1-4312.5)
NT: 2732.4

(1630.7-4312.5)




Nutrients 2020, 12, 5 5 of 28
Table 1. Cont.
ARTERIOSCLEROSIS
2. Observational Studies with Follow Up (>1 Time Points)
Study . - FU Age (Years, Na Estimation Na Intake/Excretion Vascular
Author (Year)  Country Design Population Description (Years) Sex  Race N Mean + SD) Method (mg/d) Assessment Results
cfPWYV (at both
time points)
*%
Spot urine Na <2300 mg  +
collections and Na >2300 mg #
Nerbass, E.B. : Nerbass baseline: 2599 + 782 .
(2015) [28] UK prosp adults in CKD stage 3 1 M/F  N/AV 1607 72.6 £ 9.0 equation to follow-up: 2576 + 782 oscillometry AcfPWV
estimate 24h Na Unchanged
. #
excretion Na
Decreased Na
Increased Na +*
Aortic PWV Other than ¢fPWV
L. . Morning spot NT +
Siropol, D. p nia  prosp  FTand NT Romanian - MF  White 1599 473£17.1 urine sample + 4816.2 + 1550.2 oscillometry
(2018) [29] adults Kawasaki HT +**
baPWV equation
1. Observational Cross-Sectional Studies
Sonoda, H. . . 720 + 200 . .
(2012) [30] Japan c-sect healthy subjects - M/E  Asian 911 61.3+85 24hU (mg /day/10 kg) oscillometry +
Second morning
. . tertile 1: 52.1 + 5.5 void and
Lee, S',K . Korea c-sect non-HT sub!ects, with no - M/F  Asian 1586  tertile 2: 53.0 + 6.0 Tanaka’s 3588 + 782 plethysmography =
(2015) [16] use of anti-HT drugs . .
tertile 3: 52.6 + 5.5 equation to
convert to 24hU
newly diagnosed HT,
untreated HT or patients Total: 3507.5 + 1577.8
. . Group A:59.3 +13.4
Sun, N. . - with a 1 to 5 year history B X Group A: 1807.8 + 411.7 . "
(2015) [31] China —e-sect  FHT who had stopped M N/AV. 341 gigzp 2'_ ?gé e 24hU Group B: 33741 + 6187 oscillometry *
taking anti-HT drugs for P o ’ Group C: 5858.1 + 961.4
1 month
Study . - FU Ag (Years, Na Estimation Na Intake/Excretion Vascular
Author (year)  Country Design Population Description (years) ex  Race N Mean + SD) Method (mg/d) Assessment Results
Total: 3831.8 + 1.610,
Group A: 545 +12.9 R !
(2%1;1)' [";]2'] China c-sect HT adults - M/F N/AV 431  Group B:529 +12.6 24hU Group A: 17687 £ 4646 il metry +*

Group C:50.9 +11.4

Group B: 3371.8 + 650.9
Group C: 5947.8 + 1069.5
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ARTERIOSCLEROSIS
2. Observational Studies with Follow Up (>1 Time Points)
baPWV

Na baseline + ¥
Na average of o

Jung, 5. South  prosp adults aged >40 5310 MF Mixed 2145 59.9 +9.1 FFQand 3 day 2538 + 1416 oscillometry__three visits

(2019) [15] Korea diet record
AbaPWV

Na baseline + %
Na average of o

three visits

Common Carotid Arterial Elasticity (Young’s Elastic Modulus, Stiffness Index, and Arterial Compliance)

Yo ’s elasti

Na intake/d: 5520 = 290 oung 8 astc
: 1. FFQ modulus
Ferreira-Sae, 2 24h 1 FFQ: 1450 + 180 B d
M.C. (2011) Brazil c-sect HT adults - M/F  N/AV 134 58 + 1 - ~xnreca 24h recall: 940 + 70 “Mode  gtiffnessindex  #
3. discretionary . . us
[33] Na intake | Discretionary Na: arterial
¢ 3130 190 ;
compliance

The mmol of Na intake/excretion values were converted to mg. If available, results presented come from adjusted models. Abbreviations: Na: sodium; 24hU: 24h urine collection;
cfPWV: carotid—-femoral pulse wave velocity; baPWV: brachial-ankle pulse wave velocity; HT: hypertensives; NT: normotensives; anti-HT: antihypertensive; c-sect: cross-sectional; prosp:
prospective; retrosp: retrospective; FFQ: food frequency questionnaire; FU: follow up; M/F: males and females; N/AV: not available; RAAS: renin-angiotensin—aldosterone system; CKD:
chronic kidney disease; US: ultrasonography; +: positive association; -: negative association; #: no statistically significant association; *: p < 0.05; **: p < 0.01. ! number of 1 kg packages of
salt consumed/month/person.
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Table 2. Descriptive characteristics of interventional studies regarding arteriosclerosis.
ARTERIOSCLEROSIS
cfPWV
Results
. Intervention Na
Study Population Age (Years, . . L . Vascular . fPWV
Author Country Design Description Sex Race N Mean + SD) Duration Type of Diet Estimation Na Intake/Excretion (mg/d) Assessment Intervention Change
(Weeks) Method Groups 8
(m/s)
ostmenopausal Urinary Na excretion
L Preint_restr: 2852 + 1058
Seals, D.R. USA RCT years, high E Mixed 17 65+ 10 13 LS < 2400 mg 24hU & food I’ostu?tn,restrzll978 +736 Us LS vs. _024%
(2001) [34] normal SBP or records Dietary Na intake baseline
St 1HTN Preint_restr: 2685 + 559
age Postint_restr:1421 + 512
Urinary method
N : Three-da
Dickinson, . ) Usual Na diet: 3450 ored Baseline 35535 + 1568.6
K.M. (2009) Australia e OW/OB,mild  \yp \jav 29 52760 4@ Wde‘?k? X mgNa/dvs. LSdiet:  Weished oscillometry LS vs. Usual +
135] HT adults two diets) 1150 mg Na/d fo{;?;jf:[);ds Usual Na 3594.9 + 1304.1 Na
LS 1474.3 +£949.9
0 Na tablets Total 3013 + 1150 From Na to placebo
All: 50 + 11 d Total —0.40 **
He, EJ. cross-over Blacks: 50 + 9 (x230 mg)/d & 9
i’ UK HT adults M/F Mixed 169 S 12 placebo tablets/d. 24hU Blacks 3036 + 1058 tonometry Blacks —0.50 **
(2009) [36] dbRCT Whites: 52 + 12 (remained on LS diet:
Asians: 47 + 10 2000 mg Na/d) . Whites 2921 £ 1173 Whites #*
Asians 3174 £ 1311 Asians Ed
. LS diet: 1495 mg .
. resistant HT Lo Baseline: 4478.1 + 1577.8
Pimenta, E. USA Cross-over  jiltsonastable M/F  Mixed 12 555+ 9.4 2 (1 week x Na/d vs. HS diet: 24hU LS diet: 10603 = 616.4 vs. HS diet: tonometry From HS to LS #
(2009) [17] RCT N two diets) suppl. >5750 mg
anti-HT drug 5800.6 + 1485.8
Na/d
Na intake Bvs. A +0.39 **
(500 mL tomato juice Morning - .
Todd AS erossover PHT or HT, NOB +LS diet/day) (A) 0 + spot urine Usual diet 2607 + 1289 Cvs. A +0.35
o0y [37]  New Zealand SHRCT adults or on M/F Mixed 33 51.8+7.6 12 1380 mg (B) 2070 + samples & A 1254 + 397 tonometry
anti-HT drugs 1380 m, dietar
& e y B 1357 + 486 Bvs. C *
(C) 3220 + 1380 mg recalls = v
C 1306 + 335
Pre-baseline: 2410.4 Bvs. A #*
(500 mL tomato juice Morning After intervention
+ LS diet/day) spot urine (Na intake + Na tomato juice)
Todd, A.S. New cross-over Cvs. A *
4 . NT, NOB adults M/E N/AV 23 43.7 (24-61) 12 (A) 0+ 1380 mg samples & tonometry
(2012) [18] Zealand/Australia sbRCT (B) 2070 + 1380 mg dietary A 0+1232.8
(C) 3220 + 1380 mg recalls B 2070 + 1207.5
Bvs. C #
C 3220 +1140.8
McMahon HS diet: 4140-4600
g . cross-over HT adults, with 4 (2 weeks x mg Na/d vs. LS: 1725 (1334-2576) vs.
EJ ‘[%?13) Australia dbRCT  stage3ordckp ME  NAV 20 685+11 two diets) LS diet: 1380-1840 24hU HS: 3864 (3358-5037) tonometry LSvs. HS *
3 mg Na/d
Dickinson, cross-over OW or OB LS diet: 2400 mg/d vs. baseline: 2761 + 1031
KM. (2014) Australia sbRCT subiects M/E N/AV 25 N/AV 6 Usual Na diet: 24hU Usual Na diet: 1729 + 627 tonometry LSvs. US #
[39] s subjects 3600 mg/d LS diet: 1799 + 497
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ARTERIOSCLEROSIS
. Baseline: 3535.1
Gijsbers, L. the cross-over  untreated (P)HT, . Na suppl: 3000 mg/d Na suppl. vs.
g M/E  White 36 65.8 (47-80) 4 24hU Na suppl.: 4666.7 + 1260.4 vs. tonometry #
(2015) [40] Netherlands RCT aged 40-80 vs. placebo Placebo: 24173 + 913.1 placebo
Suckling, EJ. United Cross-over untreated HT MF  Mixed 46 5841 12 (6 weeks X (xi;f]ar;aﬁizti/ hO Na diet: 3797.3 + 207 vs. tonometr Na diet vs. %
(2016) [41] Kingdom dbRCT adults © = two diets) g)/ct vs. Placebo: 2681.8 + 218.5 onometry placebo
9 placebo tablets/d.
. NT pregnancy history group:
Wl;’lsmtz‘r‘y‘“sfth 1S: 897 + 322
van der . . HS: 5083 + 1472 .
Graaf, A M. the cross-over preeglampma or E NJAV 36 3645 2 LS dlef. 1150 mg/d vs. 24hU Preeclamptic pregnancy tonometry L,S vs. HS (in 4
| Netherlands RCT history of HS diet: 4600 mg/d X either group)
(2016) [42] healthy f history group:
eare y ac;‘rcmer LS: 1035 + 529
pregnancy HS: 5934 + 1978
* LS diet (young & middle aged):
. LS diet: 460 mg/d 690 middle aged +0.60 **
T;/B\i;h, 33] USA croIs{sC-t}ver healthy, NT MF NAV 85 Mgc(l)lui\g' Z i521+ 1 2 vs. 24hU HS diet (young & middle-aged): tonometry
(2017) [43] adults iddle-aged: 52 + HS diet:6900 mg/d 5405
* Approximately from diagram young *
Aortic PWV (Other than cfPWV)
Stud Populati Age(Ye I Na . Results
udy 'opulation ge(Years, ntervention . . . . Vascular "
Author Country Design Description Sex Race N Mean + SD) Duration Type of Diet Estimation Na Intake/Excretion (mg/d) Assessment Intervention PWV
Method groups Change (%)
Group 1: Control:
108 +1.9 Group 1 leg -11.2*%
LS:104 +25 Na excretion:

. healthy NT Group 2: Control: 24.8+2.5 months . Control group: N/AV G 2 1.8 %+
Avolio AP. Australia RCT adults and M/F N/AV 114 394+17 (8 months to N/AV 24hU. & dl.et Group 1: 1564 oscillometry Toup _107*
(1986) [44] o R questionnaire aortic arm 0.

children 1LS:39.8+ 1.6 5 years) Group 2: 943 leg _133*
Group 3: Control: Group 3: 506
522+ 35 Group 3 -22.7*
LS:545+4.2 aortic leg -223*%
hfPWV
HSvs. LS
LS DASH diet: SS +4%*
Rhee MY. NT and HT 2320 mg Na/d vs. LS diet: 2320 vs.
(016) [45] Korea RCT adults M/E N/AV 101 46.0 +16.6 2 HS DASH diet: N/AV HS diet: 7000 us SR #
7000 mg Na/d HT #
NT #
baPWV
LSvs. HS #
Wang Y. dietary mild HT adults 3 (1 week x LS diet: 1179.9 mg/d SSvs. SR
S China intervention M/F  N/AV 49 49.0+79 : & 24hU 3999.7 + 15433 plethysmography Baseline +2.3*
(2015) [46] three diets) -
study HS diet: 7079.4 mg/d
After LS +1.5%
After HS +2.0%*
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Table 2. Cont.

ARTERIOSCLEROSIS
Arterial Elasticity (Arterial Compliance)
Results
Stud Population Age (Years, Intervention . .Na . . Vascular
Author Country Desig}l"l Description Sex Race N Mfan +5SD) Duration Type of Diet Estimation Na Intake/Excretion (mg/d) Assessment Intervention ‘(/:a}f::\lla:
Method Groups 8
(mm/mmHg)
LS diet: 230 mg Na/d i ;
diastolic blood
Creager MA. cross-over vs. LS: 253 + 46 vs. R
(1991) [47] USA RCT NT men M N/AV 17 30 + 2 years 10 days HS diet: 4600 mg 24hU HS: 4117 = 207 Ppressure tﬁ“; LSvs. HS #
Na/d decay metho
. . Na excretion
o stage 1 HT . LS diet: 1196 + 92 & 3 day dietary R LS +0.04 *
Giates PE. Usa OSSOV adulis,older  MF White 12 men: 63+ 1 § weeks Normal Na diet:  records & Baseline: 3105 B-mode US
(2004) [48] dbRCT than 50 women: 64 + 4 1311 £ 23 24hU 1S: 1380
Normal Na: 3450 Normal #

The mmol of Na intake/excretion values were converted to mg. If available, results presented come from adjusted models. Abbreviations: Na: sodium; 24hU: 24h urine collection;
cfPWYV: carotid—femoral pulse wave velocity; baPWV: brachial-ankle pulse wave velocity; hfPWYV: heart-femoral pulse wave velocity; HT: hypertensives; NT: normotensives; PHT:
pre-hypertensives; HTN: hypertension; SBP: systolic blood pressure; anti-HT: antihypertensive; OW: overweight; OB: obese; NOB: non-obese; suppl: supplementation; HS: high sodium;
LS: low sodium; SS: salt sensitive; SR: salt resistant; RCT: randomized controlled trial; sbRCT: single-blind RCT; dbRCT: double-blind RCT; M/F: males & females; F: females; M: males;
N/AV: not available; CKD: chronic kidney disease; US: ultrasonography; #: no statistically significant association; *: p < 0.05; **: p < 0.01.
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Arterial Remodeling

cIMT

1. Observational Cross-Sectional Studies

Study Population FU Age (Years, Na Estimation Na Intake/Excretion Vascular
Author (Year)  Country Design Description (Years) Sex  Race N Mean + SD) Method (mg/d) Assessment Results
1. FFQ Na intake/d: 5520 + 290
Ferreira-Sae, . FFQ: 1450 + 180
. 2. 24h recall B-mode .
M.C. (2011) Brazil c-sect HT adults - M/F  N/AV 134 58 +1 . . 24h recall: 940 + 70 +
[33] 3. discretionary Discretionary Na: Us
) Na intake ! 3130 + 19}6 ’
Total: 38.5 + 5.8 Total:1104-9545
Njoroge, J.N OW or OB, Q1: 39.3+5.6 Q1: 1104-3289 Bmode
(12011‘5) () ~ USA csect  physically inactive - M/F  Mixed 258 Q2: 387 +52 24hU Q2: 3312-4117 Ve +*
adults Q3:37.6 £6.2 Q3: 4140-5152
Q4:382+6 Q4: 5175-9545
primary care Total: 54.8 + 11.7 Total: 3180 + 1250
Garcia-Ortiz, . . Q1: 576 +12.1 Q1:1800 + 390 B-mode
L. (2012) [23] Spain c-sect pat1§8fsggged - M/E  N/AV 351 Q2: 559 + 113 FFQ Q2: 2650 + 200 Us J-shaped
Q3: 54.7 +10.5 Q3: 3440 + 270
Lee SK non-HT subjects, tertile 1: 52.1 £5.5 second morning B-mode
(2015) [1 é] Korea c-sect with no use of - M/F  Asian 1586 tertile 2: 53.0 = 6.0 void & Tanaka’s 3588 + 782 Us —
anti-HT drugs tertile 3: 52.6 + 5.5 equation
Ea Z’;Cf?i;’r; jlfgz <1955 mg/day: 3220 + 69
g/day: 47.7 = 10. >1955 mg/day: 3220 + 69
Ustundag, S. ambulatory adult 21955 mg/day: Mean IMT < 0.750 mm: B-mode
8/ - Turkey c-sect patients, in stage - M/F  N/AV 193 49.7 £11.0 24hU . ) + **
(2015) [50] 3220 + 46 Us
2-4 CKD Mean IMT M IMT > 0.750 mm:
<0.750 mm: 45.1 + 12.2 N oaee E
>0.750 mm: 52.3 + 8.3
. . Dietary Na intake:
. Asian adults, via Ql: 833 + 394 common cIMT *
Dai XW.© China  csect ~ Subjectreferral - MF  Asian 3290 M: 621 67 FFQ Q2: 864 £ 507 B-mode
(2016) [19] and community F:594+55 Q3: 825 + 41 US carotid B
advertisement Q4: 828 + 395 bifurcation IMT
adults aged >65,
Mazza, E. not suffering from . 24h dietary recall + B-mode "
(2018) [20] Italy c-sect any debilitating B F White 108 70+4 7 day food record 1476 + 618 Us +

diseases
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Table 3. Cont.
Arterial Remodeling
cIMT
2. Observational Studies with Follow up (>1 Time Points)

cIMT

Na baseline #
) Na average of o
Jung, S. South prosp adults aged >40 54+ M/F  Mixed 2494 602 +90 FFQ + 3 day diet 2644 + 1573 B-mode three visits
(2019) [15] Korea 1.0 record Us

AcIMT

Na baseline *

Na average of
three visits
The mmol of Na intake/excretion values were converted to mg. If available, results presented come from adjusted models. Abbreviations: Na: sodium; 24hU: 24h urine collection; cIMT:
carotid Intima Media Thickness; HT: hypertensives; anti-HT: antihypertensive; OW: overweight; OB: obese; c-sect: cross-sectional; prosp: prospective; FFQ: food frequency questionnaire;
FU: follow up; M/F: males & females; F: females; N/AV: not available; CKD: chronic kidney disease; US: ultrasonography; +: positive association; -: negative association; #: no statistically
significant association; *: p < 0.05; **: p < 0.01. ! number of 1 kg packages of salt consumed/month/person.

Table 4. Descriptive characteristics of interventional studies regarding arterial remodeling.

Arterial Remodeling

Right Branchial Artery and Common Carotid Artery Diameter

. Intervention . .
Study Population Age (Years, N . Na Estimation Na Intake/Excretion Vascular
Author Country Design Description Sex Race N Mean + SD) ?‘:;:tll(:;‘ Type of Diet Method (mg/d) Assessment Results
LS diet vs. NS diet
Group 1 and Group 2: Brachial
Benetos, A cross-over  actively working, Normal Na diet (NS diet, Baseline: 3979 = 299 artery  +0.67m**
(1992) [%]]A France dbRCT mild to moderate ~ M/F N/AV 20 415+24 8 Na capsules): 1400 mg 24hU LS diet: 1955 + 220.8 B-mode US diameter
) HT adults and low-Na diet (LS diet), NS diet: 3749 + 305.9
lactose capsules common
carotid *
diameter

The mmol of Na intake/excretion values were converted to mg. If available, results presented come from adjusted models. Abbreviations: sodium; 24hU: 24h urine collection; HT:
hypertensives; LS: low sodium; dbRCT: double-blind RCT; M/F: males & females; N/AV: not available; US: ultrasonography; #: no statistically significant association; **: p < 0.01.
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Atheromatosis
Carotid Plaques
Author Count Study Population FU Sex Race N Age (Years, Na Estimation Na Intake/Excretion Vascular Results
(Year) y Design Description (Years) Mean + SD) Method (mg/d) Assessment
Dietary Na intake:
. Asian adults, via subject . Q1: 833 + 394
(zDoall’é)X [}/g] China c-sect referral and community - M/F Asian 3290 1;4 5?92 41f 56 57 FFQ Q2: 864 + 507 B-mode US *
advertisement e Q3: 825 + 41
Q4: 828 + 395
1476 + 618
Adults aged >65, not . S .
Mazza, E. Ttaly csect suffering from any ) F White 108 70+ 4 24h dietary recall + Tertile I: 780-900 B-mode US Tertile III vs.

(2018) [20]

debilitating diseases

7 day food record Tertile II: 1330-1430
Tertile I1I: 2050-2330

Tertile I + *

The mmol of Na intake/excretion values were converted to mg. If available, results presented come from adjusted models. Abbreviations: Na: sodium; c-sect: cross-sectional; FFQ: food

frequency questionnaire; FU: follow up; M/F: males & females; F: females; US: ultrasonography; +: positive association; #: no statistically significant association; *: p < 0.05.
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3.2. Description of Studies

Population description and exclusion criteria are reported in Appendix B.

3.2.1. Studies Investigating Arteriosclerosis (Arterial Stiffness)

Thirty-one (31) studies examining arteriosclerosis were identified—of which, 14 were
observational [15-20,27-34] and 17 were interventional [22,23,35-49].

Observational Studies

From the observational studies investigating arteriosclerosis, 11 out of 14 found a positive
association between arterial stiffness biomarkers and dietary Na [15,17-20,28-30,32-34], one out of
14 found a J-shaped association [23], one out of 14 found an inverse association [16] and one out of
14 ound no association [27] (Table 1). From the above 11 studies showing a positive association, nine
of them measured vascular parameters at one time point [17-20,28-30,33,34] and the remaining two
studies evaluated arterial stiffness at two different time points [15,28].

Heterogeneity in the assessment of arterial stiffness existed in the above 11 studies [15,17-20,28-30,32-34]
due to: (a) various arterial stiffness biomarkers using different methodologies (four applanation
tonometry [17,28-30], six oscillometry [15,18,19,32-34] and one b-mode ultrasonography [33]) at
different arterial segments using various arterial stiffness biomarkers (five cfPWV [17,28-30,32],
one aortic PWV other than cfPWYV [29], four baPWV [15,30-32] and one common carotid artery
elasticity (Young’s elastic modulus, stiffness index, arterial compliance) [33]) (Table 1); (b) various
Na assessment methods (seven studies used 24h urine collection [17-19,28-30,34], two spot urine
collections [28,29] and two a combination of dietary methods [15,33]); (c) different populations (five
hypertensives [24,25,31-33], one normotensive [26], one chronic kidney disease patient [28], three mixed
populations [15,22,29] and one healthy subjects [30]) (Table 1).

Moreover, one out of the 11 studies showed that high Na excretion (mean: 2898 mg/day, range
2035.5-3588) is associated with cfPWV only when high Na excretion was combined with high
renin-angiotensin—aldosterone system (RAAS) activity but not in the other groups (i.e., those with
high Na and low RAAS, low Na and low RAAS, as well as low Na and high RAAS) [24].

Only seven out of these 11 studies adjusted the results for BP level [17-20,29,30,34] and only
three of them persistently showed a positive association between arterial stiffness and Na after the
adjustment [22,31,32].

In the one study that showed an inverse association between arterial stiffness and Na, the result
persisted after adjustment for BP level [16].

Finally, salt sensitivity assessment was not conducted in any of the above 14 observational studies.

Interventional Studies

From the 17 interventional studies investigating the association between arteriosclerosis [22,23,35-49],
seven of them showed statistically significant changes in arterial stiffness biomarkers after Na intake
intervention [35,37,38,44-46,49]. On the contrary, 10 out of the 17 interventional studies found no changes
in arterial stiffness biomarkers with various levels of Na intake during the intervention [22,23,36,39-43,47 48]
(Table 2).

In detail, three out of seven that found significant changes showed that increases in dietary Na
were associated with an increase in arterial stiffness biomarkers [37,43,45] and four out of the seven
showed that a reduction in dietary Na intake was associated with a decrease in arterial stiffness
biomarkers [34,36,44] or even an increase in arterial elasticity biomarkers [48] (Table 2). Three of these
seven studies found statistically significant changes only in specific intervention groups [36,43,45] (one
study found that reduced Na excretion was associated with a decrease in cfPWV only in blacks, but not
in whites and Asians [36]; one study found that high Na intake was associated with increased hfPWV
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only in salt-sensitive but not in salt-resistant participants [45]; one study found that a high-salt diet was
associated with increased cfPWV only in middle-aged participants and not in young participants [43]).

In those seven studies finding statistically significant changes in PWV after high or low-Na
diets [35,37,38,44-46,49], heterogeneity existed, regarding: (a) different methodologies used for
arterial stiffness assessment (three b-mode ultrasonography [34,45,48], one oscillometry [44] and three
tonometry [36,37,43]) and different arterial stiffness biomarkers assessed (four cfPWV [34,36,37,43],
one aortic PWV other than cfPWV [44], one heart-femoral (hfPWV) [45] and one arterial compliance [48]);
(b) various methodologies used for Na assessment (four combination of dietary and urinary
methods [34,37,44,48], two 24h urine collection [36,43] and one not available data [45]); (c) different
duration of intervention period and (d) different populations (four in hypertensives or subjects with high
normal BP [34,36,37,48], two in normotensives [43,44] and one in mixed populations (hypertensives and
normotensives) [45]) (Table 2).

Of note, out of the seven studies that found statistically significant associations between Na
and arterial stiffness biomarkers [35,37,38,44-46,49] only three studies adjusted the results for BP
level [34,43,45]. One out of the three studies found that the statistically significant association between
high-Na diet (6900 mg/day) and cfPWV in middle-aged adults was lost after correcting for the mean
BP level [43]. Both other two studies found that their findings were independent from mean BP
level [34,45].

In the 10 studies that found no statistically significant changes in arterial stiffness
biomarkers after different levels of Na intake [22,23,36,39-43,47,48], heterogeneity existed, regarding:
(a) different methodologies used for arterial stiffness assessment (seven tonometry [22,23,39-43],
one oscillometry [35], one plethysmography [46] and one diastolic blood pressure time decay
method [47]) using similar arterial stiffness biomarkers assessed (eight cfPWV [22,23,36,39-43],
one baPWV [46] and one arterial compliance [47]); (b) various methodologies used for Na
assessment (eight 24h urine collection [22,39-43,47,48] and two combination of dietary and urinary
methods [18,35]); (c) different duration of intervention period and (d) different population samples
(six in hypertensives [17,35,38,40,41,46] (one in overweight or obese hypertensives [35], one in
hypertensives with chronic kidney disease patients [38], three in hypertensives [17,41,46], one in
prehypertensives [40]), two in normotensives [18,47], one in overweight or obese subjects [39] and one
in women with preeclampsia or healthy pregnancy in the past [42])) (Table 2).

Finally, only two out of the 17 conducted salt sensitivity assessment [45,46]. One out of the two
studies revealed that the result was not statistically significant in the salt-resistant group, but only in
the salt-sensitive group [45]. On the contrary, in the other study no significant differences between
Na interventions and PWV were revealed for both salt-sensitive and salt-resistant participants, but
salt-sensitive participants had higher baPWV at each time point of the intervention (baseline, low-Na
diet, high-Na diet) [46].

3.2.2. Studies Investigating Arterial Remodeling

Nine studies examining arterial remodeling were identified [15,16,19,20,23,33,49-51]—of which,
eight were observational [15,16,19,20,23,33,49,50] (Table 3) and one was interventional [51] (Table 4).

Observational Studies

Out of the eight observational studies, six found positive [15,19,20,33,49,50], one inverse [16] and
one J-shaped associations [23] between cIMT and Na intake or excretion (Table 3). Out of the eight
observational studies, seven measured the outcome at one time point (cross-sectional) [16,19,20,23,33,49,50]
and one study measured the outcome at two time points and examined the association between the change
of cIMT and Na intake (prospective) as well [15] (Table 3). In the prospective study, although the cIMT
was positively associated with Na intake, the change of cIMT during follow up was negatively associated
with Na intake [15] (Table 3). Four out of the six studies that found positive associations between
cIMT and Na adjusted their results for BP level [19,33,49,50]: in two of them, the result was no more
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statistically significant after adjustment for BP [33,49], in one of the studies, the result was marginally
not significant after BP adjustment [50] and in the remaining one, the result was independent from
BP [19]. The remaining two studies did not adjust their results for BP level [15,20]. Finally, one out of
the six studies that found a positive association implied a statistically significant correlation only with
IMT at the carotid bifurcation but not at the common carotid artery [19].

Heterogeneity in the assessment of arterial remodeling existed in the above six studies due to: (a)
different Na assessment methods (four dietary (one [19]) or a combination of dietary (three [15,20,33])
methods, two 24h urine collection [49,50]) and (b) different studied populations (chronic diseases, age,
comorbidities). All studies assessed cIMT as arterial remodeling biomarker via b-mode ultrasonography
excluding from the measurement arterial segments with atheromatic plaques (Table 3).

The only study showing an inverse association was the only one conducted in purely normotensives
as well as the only one using spot urine specimens for Na assessment [16]. Adjustment for BP was
performed in this study and the result was independent from BP level [16]. The only study which
showed a J-shaped association did not adjust the results for BP level [23].

Salt sensitivity assessment was not conducted in any of the eight studies.

Interventional Studies

The only interventional study that investigated the association between Na intake and arterial
remodeling (Table 4) used brachial and carotid artery diameter as end point [51]. The brachial artery
lumen increased after 8 weeks of a low-Na diet (mean + SD: 1955 + 220.8 mg/day) but no changes in the
common carotid diameter were revealed. The findings were adjusted for BP levels [51]. Salt sensitivity
assessment was not conducted [51] (Table 4).

3.2.3. Studies Investigating Atheromatosis

Only two observational studies examining atheromatosis were identified, showing conflicting
results [19,20] (Table 5). One study showed that higher Na intake (2050-2330 mg/day vs.
780-900 mg/day) is positively associated with the prevalence off carotid plaques [20], while the
other study did not find a statistically significant association [19]. The two studies assessed Na via
different ways (dietary and urinary) and used different populations (elderly females [20] as well as a
general population [19]). Both studies examined carotid plaques via B-mode ultrasonography. One
out of the two studies adjusted their results for BP levels and the result was independent from BP [19].
No study assessed salt sensitivity.

4. Discussion

In the present study, we performed a systematic review of the literature to investigate the
relationship between dietary Na intake with arterial function and structure using gold-standard
non-invasive vascular biomarkers to measure arteriosclerosis, arterial remodeling and atheromatosis.
The results of this systematic review indicate that: (i) although several studies have investigated the
association of dietary Na with arterial stiffness, the evidence does not clearly support a clinically
meaningful, direct and independent from BP effect of Na on the arterial wall to increase arterial
stiffness; (ii) data regarding the association between dietary Na and arterial remodeling are limited,
mostly suggesting a positive trend between dietary Na and arterial hypertrophy, but still inconclusive;
(iii) data regarding the association between dietary Na and atheromatosis are scarce and the available
studies present high heterogeneity.

4.1. Na and Arteriosclerosis

Although 31 human studies have investigated the association between dietary Na and
arteriosclerosis, the current data are inconclusive regarding a potential direct effect of Na on the
arterial wall properties that accelerate the arterial stiffening process. Indeed, the majority of the
studies (observational 11/14 and interventional 7/17) do imply the presence of a harmful effect
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of high Na intake [15,17-20,28-30,32-34,38,44,46] or even benefits of low Na intake on arterial
stiffening parameters [34,36,44,48] (18 out of 31, 11 observational and seven interventional), in various
populations [22,26,29,34,44], involving several different segments of the arterial tree [22,29,30,33,45,48],
independently of the applied methodology, technology used [22,29,33,34]. However, most
of these positive studies do not take into consideration the well-known effect of Na on BP
increase [15,24,28,29,36,37,44]. Overall only 1/3 of the studies included in our analysis, and only
10 out of the 17 positive studies adjusted their findings for BP levels [17-20,29,30,34,35,44,46]. Even
more interestingly, in more than half of them (six out of 10), the association between Na and indices of
arteriosclerosis was lost after correcting for BP [25,26,30,33,34,43]. Moreover, although salt sensitivity
is a major factor modulating the effect of Na on BP (and therefore to arterial stiffness), only two [45,46]
out of the 31 studies evaluated this parameter and showed conflicting results. Indeed, there is evidence
suggesting that a high-salt diet would increase BP in 17% of the subjects (salt sensitives), reduce BP in
11% (inverse salt sensitive) and not significantly affect BP in the remaining salt-resistant subjects [52].
Finally, just one study [23] showed a J-shaped association between Na and arteriosclerosis, mirroring
the recent epidemiological data on the J-shaped association between Na and mortality.

A recent meta-analysis of randomized controlled trials, conducted by D’ Elia and colleagues [53],
being the first and the only one available on this topic so far, included 14 cohorts (all of them included in
our work) and showed a statistically significant decrease by 2.84% in cfPWYV after an average reduction
of approximately 2 g (89.3 mmol) per day in Na intake independently from BP. In this meta-analysis, the
authors excluded all the studies measuring other than the cfPWYV, whereas we extended our systematic
review to include all valid non-invasive indices of arterial stiffness including other segments of the
arterial bed (such as the carotid artery and the lower limbs). Although our study is not applying a
synthesis of quantitative data (as a meta-analysis), but uses only the qualitative characteristics of the
selected studies, it is important to consider that the result of D’ Elia et al. suggest poor, if any, clinical
effects of Na on arterial stiffness. A reduction of PWV by 2.84% may not offer additional benefit in
overall vascular health.

Taken all together, these data suggest that arterial stiffness can be reduced with a dietary
intervention aiming at the reduction of dietary Na intake, but: (a) this reduction is modest (e.g., aortic
stiffness of 10 m/s considered the high CVD risk cut-off level will be reduced to 9.8 m/s after a
major reduction of Na by 2 g/day) with debatable clinical effect and (b) it is not established whether
this lowering effect is mediated only by BP reduction or mediated by a direct effect on the arterial
wall [54,55].

Moreover, major questions seek suitable answers, since poor data regarding the role of salt
sensitivity, the RAAS, age and race exist. The hypothesis that hyperactive RAAS leads to BP elevation
and consequently arterial stiffening, as a result of BP rising in salt-sensitive subjects, cannot yet be
rejected. In a single study, Kotliar et al. indicate a significant positive association between Na and PWV
only in the group of participants who had high RAAS activity. However, the group with high Na and
low RAAS activity did not show a significant association with PWV [24]. One of the studies suggested
that only middle-aged and not young participants presented increased PWV after a high-salt diet [43].
However, in the study by Avolio et al., all of the age groups (children, young adults and middle-aged
adults) decreased their PWV after reducing Na intake [44]. Finally, despite the fact that race has been
shown to play a significant role in BP levels and salt sensitivity, indirectly affecting arterial stiffening,
just one study addressed this issue and showed significant increases in PWV after Na supplementation
only in black participants.

4.2. Na and Arterial Remodeling

Nine studies—all of them using B-mode ultrasonography—investigating the association between
dietary Na and arterial remodeling were identified (eight observational [15,16,19,20,23,33,49,50] and
one interventional [51]). The majority of them (six out of the nine) implied a detrimental effect after high
Na intake [15,19,20,33,49,50] or even a beneficial effect after low Na intake [51] on arterial remodeling
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parameters (cIMT or artery diameters) independently of different methods used for Na assessment
and various population groups (different diseases and comorbidities, age groups, etc.). In most cases,
higher dietary Na intake was associated with higher cIMT in plaque-free arterial segments, mostly at
the common carotid, suggesting arterial hypertrophy, but also carotid bulb [19] and brachial artery [51].

However, only three out of the nine studies included large population samples
(>1500 participants) [15,16,19] and their results were conflicting, since one of them found an inverse
and BP-independent association between Na and cIMT but was the only one conducted in purely
normotensives and assessed Na through spot urine specimens as well [16]. Probably, the best available
study so far, the only interventional study published by Benetos et al., showed that independently from
BP, increased Na intake only induced arterial remodeling in a muscular artery (brachial artery) but not
in an elastic one (carotid artery), suggesting a diverging effect of Na in different arterial beds [51].

Most importantly, once more, the effect of potential confounding BP on arterial remodeling
was not taken into consideration in 1/3 of the studies (three out of nine) [15,20,23]. Further, in two
other studies [33,49], the end point was actually mediated by BP increase. In conclusion, data on the
association between dietary Na and arterial remodeling are limited, mostly suggesting a positive trend
between dietary Na and arterial hypertrophy, but this is still inconclusive and conflicting. No study
assessed salt sensitivity.

To our knowledge, the association between Na and arterial remodeling has not previously been
subject to meta-analysis, and despite positive trends observed in the majority of studies, there is
insufficient data to conclusively establish the relationship.

4.3. Na and Atheromatosis

According to our systematic research, there are extremely limited data on the association between
dietary Na and atheromatosis. Only two studies examined this association [19,20]. Mazza et al., in a
very small study [20], found that high dietary Na is associated with the increased prevalence of carotid
plaques, whereas Dai et al., in a substantially larger study [19], suggested a non-significant association
between dietary Na intake and carotid plaques. However, these studies presented heterogeneity
in population samples (elderly females [20] and general population [19]), sample size (108 [20] and
3290 [19] participants) and Na assessment method (24h dietary recall and 7 day food record [20]
and FFQ [19]). Moreover, the available studies regarding dietary Na and atheromatosis have not
investigated the association between very low and very high levels of Na, and that might explain why
a J-shaped trend has not been observed. Furthermore, beyond carotid arteries, plaque formation in
other arterial segments that might offer an additive value in CVD prevention—such as the femoral
arteries—has not been assessed in any of the available studies. In conclusion, there is not enough
evidence to support a positive, negative or J-shaped association between dietary Na and arterial
plaques and more studies investigating the association between larger ranges of Na intake/excretion
and arterial plaques are needed.

4.4. Strengths and Limitations

Major strengths of our study are: (i) the novel concept of investigating the effect of dietary Na
on SAD, including all the major pathogenetic mechanisms (arteriosclerosis, arterial remodeling &
atheromatosis); (ii) the systematic nature of this review in order to compare and dispose all the available
international literature on this specific topic; (iii) the design of our study, including clinical trials and
evidence from observational studies in order to investigate the short- and long-term effects of different
levels of Na intake on SAD. A limitation of our study is the absence of a quantitative analysis of the
extracted data (meta-analysis), which could lead to a clearer view of the topic.

5. Conclusions

In conclusion, there is not yet enough evidence to support a direct and causal association between
Na and each of the major types of SAD, even in the most widely studied case of arteriosclerosis (arterial
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stiffening). The available data derive mostly from small, heterogeneous, not well-designed studies.
Especially in the case of arterial remodeling and atheromatosis, both common and clinically relevant
types of structural arterial damage have scarcely been investigated in relation to Na intake or excretion.
One of the dominant issues is the heterogeneity of the studies in Na assessment method. Precise
quantification of Na intake is difficult and despite the fact that only the 24h urine collection is regarded
as a gold standard, based on the knowledge that approximately 90% of Na intake is excreted through
urine, other dietary or spot urinary methods are commonly used in studies. Several disadvantages of
the above mentioned studies have been described, such as underreporting, equations suitable only
for specific population groups, different recipes, etc., leading to inaccurate measurements. Finally,
many studies included in our analysis do not address the cardinal effect of Na on BP and almost all of
them neglect the role of salt-sensitivity. Future studies using novel diagnostic tests for individuals’ salt
sensitivity assessment are needed to clarify the role of dietary Na to SAD [56]. More well-designed
interventional studies are needed in order to resolve all the remaining controversies.
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Appendix B. Population Description and Exclusion Criteria of Selected Studies

Arteriosclerosis—Observational Studies

cfPWV

1. Observational Cross-Sectional Studies

Author (year)

Population Description Exclusion Criteria

Polonia, J. (2006)
Garcia-Ortiz, L. (2012)

Kotliar, C. (2014)

Polonia, J. (2016)

Strauss, M. (2018)

Triantafyllou, A. (2018)

essential hypertensives, recent stroke or healthy university students ~ urine sample not meeting the required quality criteria

primary care patients aged 30-80 cardiovascular and/or cerebrovascular disease
abnormal renal function; volume or electrolyte alterations; diabetes mellitus; history of renal
essential hypertensives, aged 30 to 70 disease, ischemic heart disease, stroke; loss of data; counter indication for the drug washout; use

of corticoids or nonsteroidal anti-inflammatory drugs during the study

secondary hypertension, previous cardiovascular events history; estimated glomerular filtration
rate >50 mL/min/1.73

previously diagnosed chronic illness (self-reported); use of anti-hypertensive drugs or other

hypertensive adults

normotensive adults chronic diseases; diabetes mellitus; HIV infected; microalbuminuria>30 mg/mL; pregnancy

or lactation
newly diagnosed & never-treated hypertensives—healthy previously treated with anti-hypertensive drugs; use of any kind of drugs; other known health
individuals admitted for regular check-up problems; secondary causes of hypertension; other comorbidities (e.g., diabetes mellitus, CVD)

2. Observational Studies with Follow up (>1 Time Points)

Nerbass, E.B. (2015)

adults in CKD stage 3 solid organ transplant or terminally illness

Aortic PWV Other Than cfPWV

Siriopol, D. (2018)

hypertensive & normotensive Romanian adults use of diuretic treatment; CKD; missing values for the variables of interest

baPWV

1. Observational Cross-Sectional Studies

Sonoda, H. (2012)

Lee, S.K. (2015)

Sun, N. (2015)

Han, W. (2017)

healthy subjects heart failure; valvular heart disease; atrial fibrillation; peripheral artery disease

age >70 years; preexisting CVD including significant valvular heart diseases and arrhythmia;
chronic renal disease or a serum creatinine level >1.5 mg/dL; unavailable urinary Na data,
inadequate data of tissue Doppler echocardiography, carotid ultrasound, or baPWYV; ejection
fraction of <55% after echocardiography

non-hypertensive subjects, with no use of anti-hypertensive drugs

newly diagnosed hypertensives, untreated hypertensives or
patients with a 1 to 5 year history of hypertensives who had
stopped taking anti-hypertensive drugs for 1 month

use of anti-hypertensive drugs; secondary hypertension; hypertensive emergency; hypertensive
urgency; acute coronary syndrome; severe arrhythmias; DM; stroke; CKD

any secondary cause of hypertension; hypertension emergencies; serious arrhythmia; peripheral
hypertensive adults arterial disease; heart failure; impaired renal function with plasma creatinine >150 umol/L;
rheumatic & autoimmune diseases; malignancies
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2. Observational Studies with Follow up (>1 Time Points)

Jung, S. (2019)

adults aged >40

history of heart disease, stroke, and/or cancer; anti-hypertensive drugs; diabetes mellitus;
dyslipidemia; implausible dietary intake reported (< 500 or > 4000 kcal/day); missing general
characteristic data from the baseline visit

Common Carotid Arterial Elasticity (Young’s Elastic Modulus, Stiffness Index, Arterial Compliance)

Ferreira-Sae, M.C. (2011)

hypertensive adults

age <18 years; neoplastic disease; secondary hypertension

Arteriosclerosis—Interventional studies

cfPWV

Seals, D.R. (2001)

Dickinson, K.M. (2009)

He, EJ. (2009)

Pimenta, E. (2009)
Todd, A.S. (2010)

Todd, A.S. (2012)

McMahon, E.J. (2013)

Dickinson, K.M. (2014)

Gijsbers, L. (2015)

Suckling, FJ. (2016)

van der Graaf, A.M.
(2016)

Muth, BJ. (2017)

postmenopausal women, >50 years, high normal SBP or Stage 1
hypertension

overweight/obese, mild hypertensive adults
hypertensive adults

resistant hypertensive adults on stable anti-hypertensive drugs

Pre-hypertensive or hypertensive, non-obese adults or in
anti-hypertensive drugs

normotensives, non-obese adults
hypertensive adult patients with stage 3 or 4 CKD (GFR 15-59
mL/min per 1.73 m?), non-dialyzed, non-transplanted

overweight or obese subjects

untreated prehypertensives, aged 40-80

untreated hypertensive adults with diet-controlled type 2 diabetes
mellitus or impaired glucose tolerance

women with history of preeclampsia or history of healthy
former pregnancy

healthy, normotensive adults

anti-hypertensive drugs; other chronic disease; low-Na diet or regular exercise during the
preceding 2 years; smoking

metabolic disease; CVD; SBP >160 mm Hg at screening; significant weight loss in the preceding
6 months (>2 kg); BMI < 27 or > 40; use of anti-hypertensive drugs

anti-hypertensive drugs; secondary cause of hypertension; impaired renal function; previous
stroke; ischemic heart disease; heart failure; diabetes mellitus; malignancy; liver disease;
pregnancy or lactation or on oral contraceptive pills

history of atherosclerotic disease (in the previous 6 months); congestive heart failure; diabetes
mellitus on insulin treatment; office blood pressure > 160/100 mm Hg

age >65; smoking; history of CVD or diabetes mellitus or renal disease

age >65; antihypertensive medication; smoking; history of cardiovascular disease or diabetes
mellitus or renal disease

salt-wasting CKD, pregnant or breastfeeding, current prescription of medications providing 0.20
mmol sodium per day, life expectancy,6 months, current involvement in another intervention
study, or insufficient mental or physical capacity to adhere to the study protocol.

diabetes mellitus; dyslipidemia; inflammatory bowel disease; pulmonary disease or vasculitis
smoking; diabetes mellitus, CVD; gastrointestinal, liver or renal diseases; BMI > 40; use of drugs
known to affect the cardiovascular system; use of nutritional supplements, an energy-restricted
or medically prescribed diet; unstable body weight in past 2 months; alcohol use over 21
(women) or 28 (men) consumptions/week; pregnancy or lactation

any secondary causes of hypertension, impaired renal function (plasma creatinine >150 pmol),
uncontrolled heart failure, ischemic heart disease, previous stroke, active malignancy or liver
disease, pregnancy, breast feeding, or oral contraceptive drugs

renal disease; diabetes mellitus or a history of gestational diabetes; obesity; use of
anti-hypertensive drugs; pregnancy; lactation; postmenopausal status; use of oral contraceptives
history of hypertension; CVD; malignancy; diabetes mellitus; renal impairment;

obesity; smoking
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Aortic PWV (Other than ¢cfPWYV)

Avolio, A.P. (1986)

healthy normotensive adults & children N/AV

hfPWV

Rhee, M.Y. (2016)

stage 2 and 3 hypertension; secondary hypertension; angina pectoris; myocardial infarction;

normotensive & hypertensive adults
yp congestive cardiac failure; stroke; diabetes mellitus; CKD

baPWV

Wang, Y. (2015)

stage 2 hypertension; history of clinical CVD; CKD; diabetes mellitus; use of

ild h i 1
mild hypertensive adults anti-hypertensive drugs; high alcohol intake

Arterial Elasticity (Arterial Compliance)

Creager, M.A. (1991)

normotensive men hematologic, renal, or hepatic dysfunction

Gates, P.E. (2004)

use of anti-hypertensive drugs; abnormal blood chemistry; positive ECG-monitored exercise test;
ankle-brachial index > 0.9; presence of plaque on ultrasound interrogation of the carotid and
femoral arteries; smoking for previous 2 years; BMI < 35; consumption of a low-Na diet; not in
postmenopausal if female (amenorrheic for at least 2 years)

hypertensive adults (stage 1), older than 50

Arterial Remodeling—Observational Studies

cIMT

1. Observational Cross-Sectional Studies

Ferreira-Sae, M.C. (2011)
Njoroge, J.N. (2011)

Garcia-Ortiz, L. (2012)

Lee, S.K. (2015)

Ustundag, S. (2015)
Dai, X.W. (2016)
Mazza, E. (2018)

hypertensive adults age <18 years; neoplastic disease; secondary hypertension
diabetes mellitus; anti-hypertensive drugs or average baseline SBP of >140 or DBP > 90 mmHg;
overweight or obese, physically inactive adults cholesterol lowering or anti-psychotic or vasoactive drugs; use of vasoactive devices; pregnancy
or lactation
primary care patients aged 30-80 cardiovascular and/or cerebrovascular disease
age >70 years; preexisting CVD including significant valvular heart diseases and arrhythmia;
non-hypertensive individuals, with no use of chronic renal disease or a serum creatinine level > 1.5 mg/dL; unavailable urinary Na data,
anti-hypertensive drugs inadequate data of tissue Doppler echocardiography, carotid ultrasound, or baPWYV; ejection

fraction of <55% after echocardiography

BMI < 35 kg/m2; diabetes mellitus; salt-losing nephropathy or history of malignancy or
cardio-cerebrovascular disease or any acute disease

Asian adults, via subject referral and community advertisement hospital-confirmed diabetes mellitus; CVD; renal failure; CKD; cancer

history of CVD or thyroid dysfunction or excessive alcohol consumption; use of dietary
supplements & psychotropic drugs

ambulatory adult patients, in stage 2—4 CKD

adults aged >65, not suffering from any debilitating diseases
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2. Observational studies with follow up (>1 time points)

Jung, S. (2019)

history of heart disease, stroke, and/or cancer; anti-hypertensive drugs; diabetes mellitus;
adults aged >40 dyslipidemia; implausible dietary intake reported (< 500 or > 4000 kcal/day); missing general
characteristic data from the baseline visit

Arterial Remodeling—Interventional Studies

Right Branchial Artery & Common Carotid Artery Diameter

Benetos, A. (1992)

actively working, mild to moderate hypertensive adults cardiac, neurologic or renal involvement or arteriosclerosis obliterans of the lower limbs

Atheromatosis—Observational Studies

Carotid Plaques

Dai, X.W. (2016)
Mazza, E. (2018)

Asian adults, via subject referral and community advertisement hospital-confirmed diabetes mellitus; CVD; renal failure; CKD; cancer
history of CVD or thyroid dysfunction or excessive alcohol consumption; use of dietary

S . - .
adults aged >65, not suffering from any debilitating diseases supplements & psychotropic drugs

Abbreviations: CKD: chronic kidney disease; CVD: cardiovascular disease; BMI: body mass index; Na: Sodium; N/AV: not available.
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Review

Dietary sodium and cardiovascular morbidity/
mortality: a brief commentary on the ‘J-shape

hypothesis’

Christiana Tsirimiagkou®®, Kalliopi Karatzi“®, Antonios Argyris?, Eirini D. Basdeki®®,
Panagiota Kaloudi®, Mary Yannakoulia®, and Athanase D. Protogerou®*

The last decade, a growing number of evidence support J-
shape or inverse — instead of positive linear — associations
between dietary sodium intake and cardiovascular
morbidity/mortality. A careful evaluation of these studies
leads to the following observations: less accurate methods
for dietary sodium assessment are usually used; most
studies included high-risk participants, enhancing the
possibility of a ‘reverse causality’ phenomenon. However,
these limitations do not explain all the findings. Few
carefully designed randomized clinical trials comparing
different levels of sodium intake that address the issue of
the optimal and safe range exist; therefore, current
guidelines recommend a higher cut-off instead of a safe
range of intake. Given the demonstrated harmful effects
of very low sodium diets leading to subclinical vascular
damage in animal studies, the ‘J-shape hypothesis’ cannot
yet be either neglected or verified. There is a great need of
well-designed general population-based prospective
randomized clinical trials to address the issue.

Keywords: cardiovascular morbidity, cardiovascular
mortality, dietary sodium

Abbreviation: AHA/ACC, American Heart Association/
American College of Cardiology; EFSA, European Food
Safety Authority; ESC/ESH, European Society of Cardiology/
European Society of Hypertension; oM, Institute of
Medicine; Na, sodium; NaCl, sodium chloride (salt); RCTs,
randomized clinical trials

INTRODUCTION

ardiovascular disease is the first cause of death
{ globally [1]. Dietary sodium (Na) intake has been

implicated in health conditions, such as arterial
hypertension [2-5] or diabetes mellitus [6,7] and has been
repeatedly linked to cardiovascular disease and mortality
[8]. Moreover, it is well established from metanalyses of
randomized clinical trials (RCTs) that dietary Na restriction
interventions (~2.3 g/day Na restriction) lead to clinically
significant decrease of both SBP and DBP (—4 mmHg/
—2mmHg, respectively) [29]. However, during the last
decades, high levels of Na intake are reported in observa-
tional studies, which mainly derive from manufactured

Journal of Hypertension

food in western countries [10-15] and from added salt
during cooking in eastern countries [11,14,16,17]. Most
importantly, there is disagreement regarding the need
and quantification of a safety range of daily Na intake that
would be associated with low cardiovascular disease risk
and mortality. This is a consequence of gaps in knowledge,
the lack of robust or even disagreement in the evidence
originating from methodological issues: the optimal — but
also feasible — Na assessment methods that have been
applied, the lack of homogeneity in the studied population
(healthy or high-risk participants), the studies’ design
(observational studies versus RCTs) and the lack of studies
investigating simultaneously multiple levels of Na intake
(e.g. very low, ‘normal’, very high). The aim of this study is
to briefly discuss the most recent literature regarding: die-
tary Na recommendations; dietary Na intake around the
world; the relationship between Na intake and cardiovas-
cular morbidity/mortality as well as all-cause mortality; the
appraisal of the studies showing high cardiovascular
disease morbidity or mortality under low Na intake levels
(~<2.0-2.3g/day).

DIETARY SODIUM INTAKE
RECOMMENDATIONS

Salt (NaCD is the dominant source of dietary Na in human
diet (Na is equivalent to 40% of NaClD). On the basis of strong
quality of evidence derived from metanalyses of RCTs
regarding the benefits of dietary Na reduction in BP levels
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TABLE 1. Recommendations and dietary reference values for sodium intake

Na recommendation Salt

(g/day)

Organization/institution

equivalents

Target group

Dietary guidelines for Na intake

ESC/ESH 2018 [21] <2.0 <5.0

Dietary Guidelines for <23 <5.75

Americans 2015-2020 [22]

AHA/ACC 2013 [24] <2.4 or *1.5 for <6.0

greater BP reduction
WHO 2012 [23] <2.0 <5.0
Dietary reference intakes/values

(DRIs/DRVs) for Na intake

oM 2019 [25] 1.5 3.75
<23 <5.75

EFSA 2019 DRVs [26] 2.0 5.0

For the general population and all hypertensive patients.

For Americans older than 14 years of age, as part of a healthy
eating pattern.

*For adults who would benefit even from BP lowering

All adults >16 years of age, with or without hypertension
(including pregnant or lactating women), except for
individuals with illnesses or taking drug therapy that may
lead to hyponatraemia or acute build-up of body water, or
require physician-supervised diets (e.g. patients with heart
failure and those with type | diabetes).

Adequate intake (Al) for the general adult population (>19
years of age)

For the general population (>14 years of age) to reduce
chronic disease risk (cardiovascular events and arterial
hypertension).

Safe and adequate intake for the general European population
of adults including pregnant and lactating women.

AHA/ACC, American Heart Association/ American College of Cardiology; EFSA, European Food Safety Authority; ESC/ESH, European Society of Cardiology/ European Society of

Hypertension; oM, Institute of Medicine; Na, sodium.

in hypertensive or normotensive populations [18—20], die-
tary guidelines recommend a limited intake of Na, as
described in Table 1. According to the WHO 2012 Guide-
lines, the European Society of Hypertension and the Euro-
pean Society of Cardiology 2018 guidelines as well as the
Dietary guidelines for Americans, Na intake should not
overpass the 2.0 or 2.3 g/day (which is equivalent to 5.0
or 5.75g of salt, respectively) for the general population
[21-23]. A large-scale multicenter study including data from
66 countries conducted by Mozaffarian et al., estimated that
in 2010, around 1.65 million deaths from cardiovascular
disease causes occurred because of dietary Na intake above
the recommended level of 2.0 g/day. The American Heart
Association and the American College of Cardiology rec-
ommend a stricter limitation of Na intake (<1.5 g/day) for
adults who would benefit from BP-lowering [24]. Despite its
harmful effects in cardiovascular health at high levels of
intake, dietary Na remains an essential nutrient for human
life. However, the adequacy in Na intake or the potential
harmful effect of very low daily Na intake is less investi-
gated, and, thus less described in the available guidelines.
The most recently published Dietary Reference Intakes
(DRIs) from the Institute of Medicine (IoM) defined the
1.5 g/day as an adequate intake for the general population
[25]. On the other hand, the European Food Safety Authority
(EFSA) set the 2 g/day as a safe and adequate intake for the
general European population including pregnant and lac-
tating women, in the context of reducing cardiovascular
disease risk [26].

DIETARY SODIUM INTAKE AROUND THE
WORLD

Regardless of current recommendations, dietary Na intake
globally tends to be almost double [~ 3.7 to 4.0g/day
instead of 2g of Na per day (or 9.25 to 10.0g of salt per
day)], whereas some regions (e.g. Central and East Asia,
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high-income Asia Pacific and Eastern Europe) Na intakes
are more than double compared with recommendations
(>4g/day) [9,27,28]. Interestingly, this trend is also
observed in high-risk populations that are more often
monitored by health workers and advised to limit salt
intake, such as hypertensive or diabetic patients [29-31].
Continent-wise distribution of dietary Na intake in most
European countries is ~3.2—-4.4 g/day, according to the
Survey on Members States” Implementation of the EU Salt
Reduction [32]. Higher levels of Na intake have been
detected in Asia, Europe, and USA compared with sub-
Saharan Africa and Southern Latin America, which present
the lowest levels but still above the recommendation [27]. In
eastern countries, dietary Na derives from salt added during
cooking and condiments (i.e. soy sauce), which contribute
to 88.4% of total Na intake, whereas manufactured food
provides only the 11.4% of total Na intake [17]. On the
contrary, the manufactured food is the dominant source of
dietary Na in the western diet, providing about three-fourth
of total daily Na intake [13,14,33].

OBSERVATIONAL DATA ON DIETARY
SODIUM AND CARDIOVASCULAR
MORBIDITY/MORTALITY: THE J SHAPE
PHENOMENON

The last decades important evidences have been accumu-
lated and established the notion that high levels of Na
intake are associated with increased incidence of fatal
and non-fatal cardiovascular events [9,34—38]. Neverthe-
less, a metanalysis of prospective cohort studies has
reported nonsignificant associations between Na intake
and incident fatal and non-fatal cardiovascular disease,
coronary heart disease and all-cause mortality [18]. Addi-
tionally, in the last decade, a significant number of studies
[5,39—52] showed that not only high but also low levels of
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dietary Na intake are associated with increased cardiovas-
cular risk. These studies [5,39—-52] suggested the presence
of a J-shaped or inverse linear association between daily Na
intake and cardiovascular mortality [5,39-52], verifying
early findings of the Alderman et al. study [53]. The major
studies that implicated low levels of dietary Na intake in
cardiovascular morbidity/mortality raising are presented in
Fig. 1. Two large meta-analyses published in 2014 and 2016
confirmed the J-shape hypothesis and suggested a safe
range of Na intake between ~3 and 5g/day (or 7.5—
12.5g of salt/day), as intakes below or above this level
raised the mortality level of about 1.12—1.34 times [54,55].
However, even among these studies, inconsistencies
regarding the optimal range of Na intake are easily
observed (Fig. 1). All — but one [53] — of the above studies
suggest that the J-shape curve starts at an unexpectedly
‘high’ Na intake level, that is, that cardiovascular risk
increases even at daily Na intake above 3 g/day or even
4g/day (>7.5 or 10g of salt/ day). Of note, a careful
dissection of several observational cohorts supporting the
mainstream notion of the linear positive association
between Na intake and cardiovascular mortality reveals
that the range of dietary Na intake that have been compared
are very high (exceeding the 5.5-6 g/day) versus moderate
rather than low levels (e.g. <3—4g/day) of Na intake
[36,38]. 1t is also important to note that in all the available
observational studies, only a very small amount of the
sample present Na intake below the recommended level
of 2¢g per day. According to the Prospective Urban Rural
Epidemiology (PURE) study, which is a large epidemiologi-
cal cohort that collected data from 664 communities, mean
Na intake was 4.77 g/day with a range from 3.22 to 7.52g/
day, whereas in communities from China, 80% presented
intakes greater than 5 g/day [47]. Finally, great heterogene-
ity exists between different cultures and communities since

Journal of Hypertension

for the same, for example, low level of sodium intake huge
(even three-fold) differences in cardiovascular events have
been described [47], clearly suggesting that other major
confounding factors (dietary or not; cultural or not)
are present.

Taken all together, this evidence raises several concerns
about the optimal range of daily Na intake and the J-shape
hypothesis cannot be disregarded.

Despite all the above presented evidence supportive of a
J-shape or inverse association, current guidelines do not
take them into consideration, as they only recommend a
highest level of intake and not a lowest safety level for daily
Na intake. This is in part due the fact that a more careful
analysis of all these studies reveals several issues regarding
their methodology that they could possibly explain the
inconsistencies regarding the optimal daily Na intake range.
Indeed, according to the recent report of the Institute of
Medicine on Na DRIs “...the paradoxical J- and U-shaped
relationships of sodium intake and cardiovascular disease
and mortality are likely observed because of methodological
limitations of the individual observational studies. ..’ [25].
Studies reporting a J-shape trend between Na intake and
cardiovascular events are characterized by high risk of bias
according to the same organization [25]. A state-of-the-art
recording of all the methodological considerations regard-
ing dietary Na and cardiovascular disease has been con-
ducted by Cobb et al. [50] in 2014. In the following
paragraphs, we will address some major limitations.

Dietary sodium assessment methods: variety
and reliability

The major limitation and confounding effect in epidemio-
logical studies is the variety of the applied methods to assess
dietary Na intake or excretion. The two major categories
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include dietary methods (24-h dietary recalls, food fre-
quency questionnaires and food diaries) and the urinary
methods (24-h urine collection, overnight or 12-h urine
collection, spot urine collection with the use of appropriate
equations converting the spot Na to 24-h Na).

Twenty-four hour urine collection: the gold-standard
method to assess dietary Na intake/excretion, based on
the knowledge that about 98% of Na consumed is excreted
during 24-h through urine [57,58]. However, this method is
burdensome and time consuming, thus it is difficult to be
applied in large-scale studies. In addition, an important
limitation of this method is the high rate of incomplete
collections that have been observed in previous studies [59],
as well as the fact that most studies do not assess the
incomplete samples in order to exclude them from
the analysis, leading to biased findings. Furthermore, bias
may occur because of the day-to-day variability in Na
excretion because of several confounding factors, such
as dietary intake and physical activity. Moreover, multiple
collections — which are even more time consuming — have
been reported to be more accurate, especially when
evaluating individuals’ and not a group mean dietary Na
intake [60].

Spot urine collection: spot urine equations are more
convenient and easily applicable becoming a common
alternative in research studies investigating dietary Na.
Nevertheless, this method has been observed to present
poor or moderate correlations with the 24-h urine collection
(r=0.33-0.56) and to overestimate Na in higher levels of
intake and underestimate it in lower levels of intake [61—
65]. Of note, the differences observed between the spot
urine method and the gold standard 24-h urine collection,
could be explained by a significant number of confounding

factors, such as body weight, age, sex and urinary creatinine
excretion. As an example, although intra-individual creati-
nine excretion is considered relatively stable, it is well
established that protein intake and exercise have a signifi-
cant impact in creatinine excretion levels [66]. Given that
most of the available equations for the conversion of spot
Na to 24-h Na are based on prediction of the 24-h creatinine
excretion without taking into account parameters, such as
protein intake and exercise, important bias potentially
occurs. The analysis of He et al. [67] in 2974 participants
in Trials of Hypertension Prevention (TOHP) could be a
typical example. The authors evaluated the relationship
between dietary Na and mortality via multiple 24-h urine
collections and spot urine collections in the same sample.
For the spot urine collection, they used the three most
common equations (Tanaka, INTERSALT, Kawasaki) [68—
70]. The multiple 24-h urine collections led to a linear
relationship between Na and mortality, suggesting that
higher Na intake increases risk of death. However, the
use of spot urine equations altered the linear relationship
to a J-shaped or U-shaped curve, indicating that even the
low intakes of Na increase the risk of death. Despite the fact
that the results of this study should be confirmed by others,
it strongly indicates the potential bias that is introduced in
the association of mortality with Na intake because of
measurement unreliability.

Dietary methods: they have the advantage to provide
information regarding dietary Na sources and dietary habits
related to salt intake, which the urinary methods cannot.
However, very low correlation rates with the 24-h urine
collection (r=0.15-0.50) have been reported as well
as underreporting of the actual Na intake even by 39%
[33,71-73]. These high levels of underreporting derive from
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the inability of these methods to quantify the discretionary
use of salt (table salt or use of salt during cooking), which
contributes significantly in total Na intake, especially in
eastern countries (~75% in eastern countries, ~10—15% in
western countries).

Taken altogether, this evidence suggests that the use of
all these methods as alternatives of the 24 h urine collection,
even though convenient, lead to inaccurate Na intake
recording. Therefore, they introduce not only a major cause
of heterogeneity but also bias regarding outcome estima-
tion. However, a close look in the schematic representation
of these studies as labeled per Na methodology (Fig. 2),
reveals interesting information. At least six studies that
applied at least one [5,41,43,52] or even multiple [40,51]
assessments by the gold-standard 24h urine collection
methodology showed that lower Na excretion is associated
with higher cadiovascular morbidity [40] and cardiovascular
[5,41] or all-cause [43,52] mortality rates. It is, therefore, very
likely that the bias introduction because of inaccurate Na
assessment methodology cannot explain all the evidence in
favor of a J-shape association.

Population characteristics

Another major limitation is related to the high heterogeneity
of populations’ characteristics included in the studies so far.
Indeed, a significant number of those studies showing
inverse or J-shape associations between Na intake and
cardiovascular morbidity/mortality raising, included non-
healthy volunteers [40—43,55] (Fig. 3). Thus, a reverse-
causality effect should be considered and could possibly
explain the J-shaped curves. Strict medical or dietary advi-
ces in these high cardiovascular risk groups of people,
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could have led to reduced dietary Na intake. However, it
must be highlighted that the majority of the data supporting
the J-shape association derive from studies from
healthy populations.

Summing up the aforementioned methodological con-
siderations, the two metanalyses supporting the J-shape
curve between Na intake and cardiovascular morbidity/
mortality [54,55] — which represent the most robust evi-
dence of the J-shape curve — present:

1. heterogeneous or inaccurate Na assessment methods:
Graudal ef al. [54] metanalysis, combined studies that
used heterogeneous methods for dietary Na assess-
ment to provide the J-shaped finding, whereas in
Mente et al. meta-analysis [55], all studies used the
spot urine method, which is unreliable for dietary
Na recording.

. high-risk participants: both meta-analyses included
high-risk participants [55] or mixed healthy and non-
healthy subjects [54].

However, in a close review of Figs. 2 and 3, after
excluding studies: that applied methods other than the
24-h urine collection, and included nonhealthy or high-risk
participants, only three [5,51,52] remain to implicate low-Na
intakes in risk raising.

Salt sensitivity

Finally, none of the above mentioned studies has addressed
the potential confounding effect of salt sensitivity. This
quite complex-to-define [74,75] ‘physiological trait’ [70] is
accentuated in several specific population groups, includ-
ing black race, hypertensive patients, older adults, chronic
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renal disease patients, women with preeclampsia history, or
individuals with low weight at birth. Moreover, in a setting
of low potassium intake, even greater effect of salt on BP
has been reported [77,78]. Therefore the random inclusion
of such populations [40,52] in observational studies, could
modulate outcomes, for example, enhance the reverse-
causality theory. Until now, no generally accepted method
or easy to apply diagnostic tool for salt-sensitivity assess-
ment exists, and despite its importance on studies evaluat-
ing the role of Na in health and disease, it has never been
taken into account.

PROSPECTIVE RANDOMIZED CLINICAL
TRIALS ON DIETARY SODIUM AND
CARDIOVASCULAR MORBIDITY/
MORTALITY

Large scale well-designed prospective RCTs are known to
be hierarchically more robust types of studies, having the
ability to provide a state-of-the-art design and to overcome
high risk of bias from which observational studies suffer.
Thus, dietary guidelines are mainly based on strong evi-
dence derived from metanalyses of prospective RCTs in
order to avoid errors related to methods used, population
selected and the reverse causality effect, although high-
quality prospective cohort studies are also usually included.
The relationship between dietary Na and cardiovascular
morbidity/mortality has been previously investigated in
such studies that use gold-standard methodology for Na
assessment (e.g. 24-h urine collections) and are conducted
in low to medium cardiovascular risk — nonacutely ill and
apparently healthy — populations (e.g. older adults or
hypertensive participants, without established cardiovascu-
lar disease or chronic kidney disease, etc.) [34,79-82].
Interventions in these studies include dietary Na reduction
with long-term follow-up periods sufficient to provide fatal
or nonfatal cardiovascular events (2.5-12 years) [34,79-82].

A metanalysis of these studies conducted by the Agency
for Healthcare Research and Quality for the ToM 2019
Dietary Reference Intakes for Na [25] found a 28% lower
risk [95% confidence interval (CD 0.59-0.89] for incidence
of cardiovascular disease events after dietary Na reduction
interventions, including five prospective RCTs [34,79—-82].
The European Society of Hypertension and the European
Society of Cardiology 2018 guidelines for the management
of arterial hypertension [21], included two metanalyses of
prospective RCTs investigating the association between
dietary Na and cardiovascular morbidity, cardiovascular
mortality or all-cause mortality [18,83]. The first one, by
Taylor et al. [83] included seven RCTs with a follow-up
period of at least 6 months; three conducted in normoten-
sives [80,84—87], two in hypertensive patients [88,89], one in
mixed normotensives and hypertensive patients [81] and
one in heart failure patients, which were analyzed sepa-
rately [90]. When the longer term RCTs were used for the
metanalysis [80,85,87,89], there was no strong evidence of
benefit neither in mortality rates nor in cardiovascular
morbidity in the reduced salt group relative to controls,
for both normotensives (RR =0.90 for all-cause mortality,
P>0.05; RR=0.71 for cardiovascular morbidity) and
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hypertensive patients (RR=0.96 for all-cause mortality,
P>0.05; RR=0.84 for cardiovascular morbidity, P> 0.05)
[83]. Indeed, the majority of current guidelines and dietary
reference values, agree that the relationship between die-
tary Na reduction and cardiovascular morbidity/mortality
remains unclear because of a low or moderate evidence of
benefit of such strategies to reduce cardiovascular risk or
all-cause mortality [21,23-25].

However, a major parameter to be considered is not only
the effect of dietary Na reduction on cardiovascular events
(fatal or non-fatal) but also the levels of Na reduction
associated with the outcomes of interest. According to
the American Heart Association and the American College
of Cardiology 2013 Guidelines, there is low strength evi-
dence supporting that an approximately 1000 mg reduction
in Na intake per day decreases about 30% cardiovascular
events [24]. This evidence derives from three prospective
RCTs. Chang et al. studied 1981 older men; they reduced Na
intake in the intervention group from 5200-3800 mg/day
via substitution of Na with a potassium-enriched salt for
31 months [81]. Cardiovascular events decreased by 41%
compared with the control group [81]. A study conducted
by Appel et al. [79] in 975 older hypertensive participants
(TONE) showed a nonstatistically significant reduction of
cardiovascular events in the intervention versus the control
group (36 versus 46 events), after reducing Na intake by
1000 mg/day for 29 months [79]. The observational follow-
up of the prospective RCT TOHP study (3126 participants)
concluded to a 30% reduction in relative risk for cardiovas-
cular events in prehypertensive participants who reduced
their dietary Na intake (~—800mg/day after the initial
intervention) during the 12-15years of follow-up [80].
Moreover, the WHO Guidelines for dietary Na intake in
adults and children clearly addressed research questions to
investigate the effects of different Na levels on adverse
health outcomes. Three ranges of Na intake were evaluated:
less than 2g/day; 1.2-2g/day; less than 1.2g/day [23].
However, the working group reported wide ranges of Na
intake across the quartiles used in each study, with some
studies with ‘some consuming as little as 1.4 g/day in the
lowest group and 2.6 g/day in the highest group, and others
consuming as much as 4g/day in the lowest group and
6.6 g/day in the highest group. [23]. It is important to note
that very low levels of Na intake (about less than 1.5 g/day)
are difficult or even impossible to be achieved with the
current dietary patterns and these observations of very low
Na intakes possibly derive from biased methods or under-
reporting of Na intake. Moreover, limited data from RCTs
were available and the metanalysis conducted lead to
inconclusive findings [23]. Indeed, despite the large body
of evidence on RCTs comparing the effect of different levels
of dietary Na on BP [79,91-96], data for cardiovascular
events and all-cause mortality remain limited and insuffi-
cient to address the specific question of the optimal daily Na
intake range.

CONCLUSION

The safe range of dietary Na intake remains unclear. There
are systematic methodological errors in observational stud-
ies conducted around this topic and the J-shape
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hypothesis’ cannot be neither neglected nor verified. More-
over, despite the large body of evidence from RCTs, suit-
able data remain limited and insufficient to address the
specific question of the optimal daily Na intake range,
which is associated with the lower cardiovascular risk.
Undoubtedly, there is a great need of an accurate and
easily applicable dietary Na assessment tool, which would
be universally applied in research studies, providing the
ability to compare findings from different studies. We
suggest that a hybrid approach combining the methodology
of validated and easy to apply questionnaires specially
designed for Na intake estimation with that of an improved
spot urine equation, should be tested as alternative option.
Moreover, the incorporation of genetic or environmental
factors associated with salt-sensitivity are needed to further
clear this field. Finally, it is important to conduct prospec-
tive RCTs that will examine the long-term effects of dietary
Na intake on cardiovascular morbidity/mortality, including
at least three levels of daily Na intakes (very low, ‘normal’,
and high) as very low dietary Na diets have been suggested
to associate with subclinical vascular damage in both
human [97,98] and animal studies [99-102]. Moreover,
considering the large variety of potentially confounding
factors related to dietary intake and cardiovascular param-
eters, future studies should secure that all of them are well-
controlled and reliably assessed. Given the fact that large-
scale, long-term and high-quality RCTs are needed to be
conducted in healthy populations, as well as the high cost
of these studies and the poor adherence of participants to
low salt intake for long-term follow-up periods, it is impor-
tant to note that the question will not be settled soon.
Therefore, surrogate noninvasive vascular biomarkers
might be incorporated in such future large clinical trials
[103]. Future perspectives could include innovative
approaches in studies’ methodology to bypass the
above-mentioned issues. Until then, the clinical consulta-
tion for daily Na reduction should be primarily focused to
high salt consumers and the recommendations should
provide ranges of safe Na intakes, which can be adopted
easily, rather than a higher cut off value. Until all the
aforementioned issues be addressed, the J-shape hypothe-
sis will remain an open challenge.

ACKNOWLEDGEMENTS

Funding: .@ HFRL

The first author of this research work (C.T.) was supported
by the Hellenic Foundation for Research and Innovation
(HFRD and the General Secretariat for Research and Tech-
nology (GSRT), under the HFRI PhD Fellowship grant (GA.
no. 186619/12).

GENERAL SECRETARIAT FOR
RESEARCH AND TECHNOLOBY

Conflicts of interest
There are no conflicts of interest.

REFERENCES

1. WHO. Cardiovascular diseases key facts. Geneva: World Health
Organization (WHO); 2017.

Journal of Hypertension

Dietary sodium and cardiovascular disease morbidity/mortality

10.

11.

13.

14.

15.

16.

17.

18.

19.

20.

21.

. Huang L, Trieu K, Yoshimura S, Neal B, Woodward M, Campbell NRC,

et al. Effect of dose and duration of reduction in dietary sodium on
blood pressure levels: systematic review and meta-analysis of ran-
domised trials. BMJ 2020; 368:m315.

. Mancia G, Oparil S, Whelton PK, McKee M, Dominiczak A, Luft FC,

et al. The technical report on sodium intake and cardiovascular
disease in low- and middle-income countries by the joint working
group of the World Heart Federation, the European Society of
Hypertension and the European Public Health Association. Eur Heart

72017; 38:712-719.
. Forman JP, Scheven L, de Jong PE, Bakker SJ, Curhan GC, Gansevoort RT.

Association between sodium intake and change in uric acid, urine
albumin excretion, and the risk of developing hypertension. Circulation
2012; 125:3108-3116.

. Stolarz-Skrzypek K, Kuznetsova T, Thijs L, Tikhonoff V, Seidlerova J,

Richart T, et al. Fatal and nonfatal outcomes, incidence of hyperten-
sion, and blood pressure changes in relation to urinary sodium
excretion. Jama 2011; 305:1777-1785.

. Abdulai T, Runqi T, Mao Z, Oppong TB, Amponsem-Boateng C,

Wang Y, et al. Preference for high dietary salt intake is associated with
undiagnosed type 2 diabetes: the Henan Rural Cohort. Front Nutr
2020; 7:537049.

. Hao G, Liu K, Halbert JD, Chen H, Wu J, Jing C. Dietary sodium and

potassium and risk of diabetes: a prospective study using data from
the China Health and Nutrition Survey. Diab Metab 2020; 46:377—-383.

. He FJ, Brown M, Tan M, MacGregor GA. Reducing population salt

intake-an update on latest evidence and global action. / Clin Hypertens
2019; 21:1596-1601.

. Mozaffarian D, Fahimi S, Singh GM, Micha R, Khatibzadeh S, Engell

RE, et al., Global Burden of Diseases Nutrition and Chronic Diseases
Expert Group. Global sodium consumption and death from cardio-
vascular causes. New Engl ] Med 2014; 371:624—634.
Guallar-Castillon P, Munoz-Pareja M, Aguilera MT, Leon-Munoz LM,
Rodriguez-Artalejo F. Food sources of sodium, saturated fat and
added sugar in the Spanish hypertensive and diabetic population.
Atherosclerosis 2013; 229:198-205.

Brown IJ, Tzoulaki I, Candeias V, Elliott P. Salt intakes around
the world: implications for public health. Int J Epidemiol 2009;
38:791-813.

. James WP, Ralph A, Sanchez-Castillo CP. The dominance of salt in

manufactured food in the sodium intake of affluent societies. Lancet
1987; 1:426—429.

Mattes RD, Donnelly D. Relative contributions of dietary sodium
sources. | Am Coll Nutr 1991; 10:383—-393.

Anderson CA, Appel LJ, Okuda N, Brown IJ, Chan Q, Zhao L, et al.
Dietary sources of sodium in China, Japan, the United Kingdom, and
the United States, women and men aged 40 to 59 years: the INTERMAP
study. J Am Diet Assoc 2010; 110:736—745.

Harnack LJ, Cogswell ME, Shikany JM, Gardner CD, Gillespie C, Loria
CM, et al. Sources of sodium in US adults from 3 geographic regions.
Circulation 2017; 135:1775-1783.

Bi Z, Liang X, Xu A, Wang L, Shi X, Zhao W, et al. Hypertension
prevalence, awareness, treatment, and control and sodium intake in
Shandong Province, China: baseline results from Shandong-Ministry
of Health Action on Salt Reduction and Hypertension (SMASH), 2011.
Prev Chronic Dis 2014; 11:E88.

Zhao F, Zhang P, Zhang L, Niu W, Gao J, Lu L, et al. Consumption and
sources of dietary salt in family members in Beijing. Nutrients 2015;
7:2719-2730.

Aburto NJ, Ziolkovska A, Hooper L, Elliott P, Cappuccio FP, Meerpohl
JJ. Effect of lower sodium intake on health: systematic review and
meta-analyses. BMJ 2013; 346:f1326.

He FJ, Li J, Macgregor GA. Effect of longer term modest salt reduction
on blood pressure: Cochrane systematic review and meta-analysis of
randomised trials. BMJ 2013; 346:f1325.

Graudal NA, Hubeck-Graudal T, Jurgens G. Effects of low-sodium diet
vs. high-sodium diet on blood pressure, renin, aldosterone, catechol-
amines, cholesterol, and triglyceride (Cochrane Review). Am ] Hypertens
2012; 25:1-15.

Williams B, Mancia G, Spiering W, Agabiti Rosei E, Azizi M, Burnier M,
et al. 2018 ESC/ESH Guidelines for the management of arterial hyper-
tension: the Task Force for the management of arterial hypertension
of the European Society of Cardiology and the European Society of
Hypertension. J Hypertens 2018; 36:1953—2041.

2341

www.jhypertension.com

Copyright © 2021 Wolters Kluwer Health, Inc. All rights reserved.



Tsirimiagkou et al.

22.

23.

24.

25.

20.

27.

28.

29.

30.

31

32.

33.

34.

35.

30.

37.

38.

39.

40.

41

42.

43.

2342

U.S. Department of Health and Human Services and U.S. Department
of Agriculture. 2015-2020 Dietary Guidelines for Americans. 8th ed.
December 2015. Available at: http://health.gov/dietaryguidelines/
2015/guidelines/. [Accessed 7 March 2021]

WHO. Guideline: sodium intake for adults and children. Geneva:
World Health Organization (WHO); 2012.

Eckel RH, Jakicic JM, Ard JD, de Jesus JM, Houston Miller N, Hubbard
VS, et al. 2013 AHA/ACC guideline on lifestyle management to
reduce cardiovascular risk: a report of the American College of
Cardiology/American Heart Association Task Force on Practice
Guidelines. Circulation 2014; 129 (25 Suppl 2):576-S99.

National Academies of Sciences, Engineering, and Medicine 2019.
Dietary Reference Intakes for Sodium and Potassium. Washington,
DC: The National Academies Press. Available at: https://doi.org/
10.17226/25353. 2019. [Accessed 7 March 2021]

EFSA Panel on Nutrition, Novel Foods and Food Allergens (NDA):
Turck D, Castenmiller J, de Henauw S, Hirsch-Ernst K-1, Kearney J,
et al. European Food Safety Authority (EFSA): dietary reference values
for sodium. EFSA J 2019; 17:€05778.

Powles J, Fahimi S, Micha R, Khatibzadeh S, Shi P, Ezzati M, et al.
Global, regional and national sodium intakes in 1990 and 2010:
a systematic analysis of 24h urinary sodium excretion and dietary
surveys worldwide. BMJ Open 2013; 3:e003733.

Huang L, Crino M, Wu JH, Woodward M, Barzi F, Land MA, et al. Mean
population salt intake estimated from 24-h urine samples and spot
urine samples: a systematic review and meta-analysis. Int J Epidemiol
2016; 45:239-250.

Dolmatova EV, Moazzami K, Bansilal S. Dietary sodium intake
among US adults with hypertension, 1999-2012. J Hypertens 2018;
36:237-242.

Land MA, Neal BC, Johnson C, Nowson CA, Margerison C, Petersen
KS. Salt consumption by Australian adults: a systematic review and
meta-analysis. Med J Australia 2018; 208:75-81.

Kang MS, Kim CH, Jeong SJ, Park TS. Dietary sodium intake in
people with diabetes in Korea: The Korean National Health and
Nutrition Examination Survey for 2008 to 2010. Diab Metab J 2016;
40:290-296.

Survey on Members States’ Implementation of the EU Salt Reduction
Framework, European Union, 2012.

Elliott P, Brown 1. Sodium intakes around the world. Geneva: World
Health Organization; 2007.

Cook NR, Appel LJ, Whelton PK. Lower levels of sodium intake and
reduced cardiovascular risk. Circulation 2014; 129:981-989.
Tuomilehto J, Jousilahti P, Rastenyte D, Moltchanov V, Tanskanen A,
Pietinen P, Nissinen A, et al. Urinary sodium excretion and cardio-
vascular mortality in Finland: a prospective study. Lancet 2001,
357:848-851.

Liang W, Lee AH, Binns CW. Dietary intake of minerals and the risk of
ischemic stroke in Guangdong Province, China, 2007-2008. Prev
Chronic Dis 2011; 8:A38.

Gardener H, Rundek T, Wright CB, Elkind MSV, Sacco RL. Dietary
sodium and risk of stroke in the northern Manhattan study. Stroke
2012; 43:1200-1205.

Takachi R, Inoue M, Shimazu T, Sasazuki S, Ishihara J, Sawada N,
et al., Japan Public Health Center-based Prospective Study Group.
Consumption of sodium and salted foods in relation to cancer and
cardiovascular disease: the Japan Public Health Center-based Pro-
spective Study. Am J Clin Nutr 2010; 91:456—4064.

Smyth A, O’Donnell M, Mente A, Yusuf S. Dietary sodium and
cardiovascular disease. Curr Hypertens Rep 2015; 17:559.

Mills KT, Chen J, Yang W, Appel L], Kusek JW, Alper A, et al., Chronic
Renal Insufficiency Cohort (CRIC) Study Investigators. Sodium excre-
tion and the risk of cardiovascular disease in patients with chronic
kidney disease. JAMA 2016; 315:2200—2210.

. Ekinci EI, Clarke S, Thomas MC, Moran JL, Cheong K, MaclIsaac R],

Jerums G. Dietary salt intake and mortality in patients with type 2
diabetes. Diabetes care 2011; 34:703—709.

O’Donnell MJ, Yusuf S, Mente A, Gao P, Mann JF, Teo K, et al. Urinary
sodium and potassium excretion and risk of cardiovascular events.
JAMA 2011; 306:2229-2238.

Thomas MC, Moran J, Forsblom C, Harjutsalo V, Thorn L, Ahola A,
et al., FinnDiane Study Group. The association between dietary
sodium intake, ESRD, and all-cause mortality in patients with type
1 diabetes. Diabetes Care 2011; 34:861-866.

www.jhypertension.com

44.

40.

47.

48.

49.

50.

57.

61.

62.

63.

64.

65.

Cohen HW, Hailpern SM, Fang J, Alderman MH. Sodium intake and
mortality in the NHANES II follow-up study. Am J Med 2000;
119:275.e7-275.el4.

. Cohen HW, Hailpern SM, Alderman MH. Sodium intake and mortality

follow-up in the Third National Health and Nutrition Examination
Survey (NHANES 1ID. / Gen Intern Med 2008; 23:1297-1302.

Elliott P, Muller DC, Schneider-Luftman D, Pazoki R, Evangelou E,
Dehghan A, et al. Estimated 24-hour urinary sodium excretion and
incident cardiovascular disease and mortality among 398 628 individ-
uals in UK biobank. Hypertension 2020; 76:683—091.

Mente A, O’Donnell M, Rangarajan S, McQueen M, Dagenais G,
Wielgosz A, et al. Urinary sodium excretion, blood pressure, cardio-
vascular disease, and mortality: a community-level prospective
epidemiological cohort study. Lancet 2018; 392:496—-506.
O’Donnell M, Mente A, Rangarajan S, McQueen MJ, Wang X, Liu L, et al.,
PURE Investigators. Urinary sodium and potassium excretion, mortality,
and cardiovascular events. New Engl ] Med 2014; 371:612—623.
Pfister R, Michels G, Sharp SJ, Luben R, Wareham NJ, Khaw KT. Estimated
urinary sodium excretion and risk of heart failure in men and women in
the EPIC-Norfolk study. Eur J Heart Fail 2014; 16:394—402.

Judge C, O’Donnell MJ, Hankey GJ, Rangarajan S, Chin SL, Rao-
Melacini P, et al. Urinary sodium and potassium, and risk of ischaemic
and haemorrhagic stroke (INTERSTROKE): a case-control study. Am J
Hypertens 2021; 34:414—425.

. Kieneker LM, Eisenga MF, Gansevoort RT, de Boer RA, Navis G,

Dullaart RPF, er al. Association of low urinary sodium excretion with
increased risk of stroke. Mayo Clin Proc 2018; 93:1803—18009.

. Lelli D, Antonelli-Incalzi R, Bandinelli S, Ferrucci L, Pedone C. Associa-

tion between sodium excretion and cardiovascular disease and mortal-
ity in the elderly: a cohort study. J Am Med Dir Assoc 2018; 19:229—234.

. Alderman MH, Cohen H, Madhavan S. Dietary sodium intake and

mortality: the National Health and Nutrition Examination Survey
(NHANES D). Lancet 1998; 351:781-785.

. Graudal N. The data show a U-shaped association of sodium intake

with cardiovascular disease and mortality. Am ] Hypertens 2015;
28:424-425.

. Mente A, O’'Donnell M, Rangarajan S, Dagenais G, Lear S, McQueen M,

et al., PURE, EPIDREAM and ONTARGET/TRANSCEND Investigators.
Associations of urinary sodium excretion with cardiovascular events
in individuals with and without hypertension: a pooled analysis of
data from four studies. Lancet 2016; 388:465—-475.

. Cobb LK, Anderson CA, Elliott P, Hu FB, Liu K, Neaton JD, et al.,

American Heart Association Council on Lifestyle and Metabolic
Health. Methodological issues in cohort studies that relate sodium
intake to cardiovascular disease outcomes: a science advisory from
the American Heart Association. Circulation 2014; 129:1173—-1186.
Land MA, Webster J, Christoforou A, Praveen D, Jeffery P, Chalmers J,
et al. Salt intake assessed by 24 h urinary sodium excretion in a random
and opportunistic sample in Australia. BMJ Open 2014; 4:€003720.

. Intersalt: an international study of electrolyte excretion and blood

pressure. Results for 24 hour urinary sodium and potassium excretion.
Intersalt Cooperative Research Group. BMJ 1988; 297:319-328.

. McLean RM. Measuring population sodium intake: a review of meth-

ods. Nutrients 2014; 6:4651-46062.

. Lerchl K, Rakova N, Dahlmann A, Rauh M, Goller U, Basner M, et al.

Agreement between 24-hour salt ingestion and sodium excretion in a
controlled environment. Hypertension 2015; 66:850—857.

Peng Y, Li W, Wang Y, Chen H, Bo J, Wang X, Liu L. Validation and
assessment of three methods to estimate 24-h urinary sodium excretion
from spot urine samples in Chinese adults. PloS One 2016; 11:0149655.
Charlton K, Ware 1J, Chidumwa G, Cockeran M, Schutte AE, Naidoo
N, Kowal P. Prediction of 24-hour sodium excretion from spot urine
samples in South African adults: a comparison of four equations.
J Hum Hypertens 2020; 34:24—-33.

Polonia J, Lobo MF, Martins L, Pinto F, Nazare ]. Estimation of
populational 24-h urinary sodium and potassium excretion from spot
urine samples: evaluation of four formulas in a large national repre-
sentative population. J Hypertens 2017; 35:477—486.

Zhou L, Tian Y, Fu JJ, Jiang YY, Bai YM, Zhang ZH, et al. Validation of
spot urine in predicting 24-h sodium excretion at the individual level.
Am J Clin Nutr 2017; 105:1291-1296.

Zhang Y, Peng Y, Li K, Peng X. Assessing whether a spot urine
specimen can predict 24-h urinary sodium excretion accurately:
a validation study. J Hypertens 2019; 37:99—108.

Volume 39 e Number 12 e December 2021

Copyright © 2021 Wolters Kluwer Health, Inc. All rights reserved.


http://health.gov/dietaryguidelines/2015/guidelines/
http://health.gov/dietaryguidelines/2015/guidelines/
https://doi.org/10.17226/25353
https://doi.org/10.17226/25353

60.

67.

68.

69.

70.

71.

72.

73.

74.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

Calles-Escandon J, Cunningham JJ, Snyder P, Jacob R, Huszar G, Loke J,
Felig P. Influence of exercise on urea, creatinine, and 3-methylhistidine
excretion in normal human subjects. Am J Physiol 1984; 246 (4 Pt
1):E334-E338.

He FJ, Ma Y, Campbell NRC, MacGregor GA, Cogswell ME, Cook NR.
Formulas to estimate dietary sodium intake from spot urine alter
sodium-mortality relationship. Hypertension 2019; 74:572—580.
Tanaka T, Okamura T, Miura K, Kadowaki T, Ueshima H, Nakagawa
H, et al. A simple method to estimate populational 24-h urinary
sodium and potassium excretion using a casual urine specimen.
J Hum Hypertens 2002; 16:97-103.

Kawasaki T, Itoh K, Uezono K, Sasaki H. A simple method for
estimating 24 h urinary sodium and potassium excretion from second
morning voiding urine specimen in adults. Clin Exp Pharmacol
Physiol 1993; 20:7-14.

Brown IJ, Dyer AR, Chan Q, Cogswell ME, Ueshima H, Stamler J,
Elliott P, INTERSALT Co-Operative Research Group. Estimating 24-
hour urinary sodium excretion from casual urinary sodium concen-
trations in Western populations: the INTERSALT study. Am J Epide-
miol 2013; 177:1180-1192.

Colin-Ramirez E, Arcand J, Ezekowitz JA. Estimates of dietary sodium
consumption in patients with chronic heart failure. / Cardiac Fail
2015; 21:981-988.

McLean RM, Farmer VL, Nettleton A, Cameron CM, Cook NR, Campbell
NRC, TRUE Consortium (International Consortium for Quality Research on
Dietary Sodium/Salt). Assessment of dietary sodium intake using a food
frequency questionnaire and 24-hour urinary sodium excretion: a system-
atic literature review. J Clin Hypertens (Grrenwich) 2017; 19:1214—1230.
McLean R, Cameron C, Butcher E, Cook NR, Woodward M, Campbell
NRC. Comparison of 24-hour urine and 24-hour diet recall for esti-
mating dietary sodium intake in populations: a systematic review and
meta-analysis. J Clin Hypertens 2019; 21:1753—1762.

Sullivan JM. Salt sensitivity. Definition, conception, methodology, and
long-term issues. Hypertension 1991; 17 (1 SuppD:161-168.

. Yatabe MS, Yatabe J, Yoneda M, Watanabe T, Otsuki M, Felder RA, et al.

Salt sensitivity is associated with insulin resistance, sympathetic over-
activity, and decreased suppression of circulating renin activity in lean
patients with essential hypertension. Am J Clin Nutr 2010; 92:77-82.
Elijovich F, Weinberger MH, Anderson CA, Appel LJ, Bursztyn M,
Cook NR, et al., American Heart Association Professional and Public
Education Committee of the Council on Hypertension; Council on
Functional Genomics and Translational Biology; and Stroke Council.
Salt sensitivity of blood pressure: a scientific statement from the
American Heart Association. Hypertension 2016; 68:e7—e46.
Weinberger MH, Luft FC, Bloch R, Henry DP, Pratt JH, Weyman AE, et al.
The blood pressure-raising effects of high dietary sodium intake: racial
differences and the role of potassium. J Am Coll Nutr 1982; 1:139—148.
Morris RC Jr, Sebastian A, Forman A, Tanaka M, Schmidlin O.
Normotensive salt sensitivity: effects of race and dietary potassium.
Hypertension 1999; 33:18-23.

Appel 1], Espeland MA, Easter L, Wilson AC, Folmar S, Lacy CR. Effects
of reduced sodium intake on hypertension control in older individu-
als: results from the Trial of Nonpharmacologic Interventions in the
Elderly (TONE). Arch Intern Med 2001; 161:685—693.

Cook NR, Cutler JA, Obarzanek E, Buring JE, Rexrode KM, Kumanyika
SK, et al. Long term effects of dietary sodium reduction on cardiovas-
cular disease outcomes: observational follow-up of the trials of
hypertension prevention (TOHP). BMJ 2007; 334:885—888.

Chang HY, Hu YW, Yue CS, Wen YW, Yeh WT, Hsu LS, et al. Effect of
potassium-enriched salt on cardiovascular mortality and medical
expenses of elderly men. Am J Clin Nutr 2006; 83:1289—1296.
China Salt Substitute Study Collaborative Group. Salt substitution:
a low-cost strategy for blood pressure control among rural Chinese.
A randomized, controlled trial. / Hypertens 2007; 25:2011-2018.
Taylor RS, Ashton KE, Moxham T, Hooper L, Ebrahim S. Reduced
dietary salt for the prevention of cardiovascular disease: a meta-
analysis of randomized controlled trials (Cochrane review). Am J
Hypertens 2011; 24:843—853.

The Hypertension Prevention Trial: three-year effects of dietary
changes on blood pressure. Hypertension Prevention Trial Research
Group. Arch Intern Med 1990; 150:153—162.

The effects of nonpharmacologic interventions on blood pressure of
persons with high normal levels. Results of the Trials of Hypertension
Prevention, Phase 1. JAMA 1992; 267:1213-1220.

Journal of Hypertension

Copyright © 2021 Wolters Kluwer Health, Inc. All rights reserved.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

Dietary sodium and cardiovascular disease morbidity/mortality

Cook NR, Kumanyika SK, Cutler JA. Effect of change in sodium
excretion on change in blood pressure corrected for measurement
error. The Trials of Hypertension Prevention, Phase 1. Am J Epidemiol
1998; 148:431-444.

Effects of weight loss and sodium reduction intervention on blood
pressure and hypertension incidence in overweight people with high-
normal blood pressure. The Trials of Hypertension Prevention, phase
II. The Trials of Hypertension Prevention Collaborative Research
Group. Arch Intern Med 1997; 157:657-6067.

Morgan T, Adam W, Gillies A, Wilson M, Morgan G, Carney S.
Hypertension treated by salt restriction. Lancet 1978; 1:227-230.
Whelton PK, Appel LJ, Espeland MA, Applegate WB, Ettinger WH Jr,
Kostis JB, et al. Sodium reduction and weight loss in the treatment of
hypertension in older persons: a randomized controlled trial of
nonpharmacologic interventions in the elderly (TONE). TONE Col-
laborative Research Group. JAMA 1998; 279:839-846.

Paterna S, Gaspare P, Fasullo S, Sarullo FM, Di Pasquale P. Normal-
sodium diet compared with low-sodium diet in compensated conges-
tive heart failure: is sodium an old enemy or a new friend? Clin Sci
(Lond) 2008; 114:221-230.

Sacks FM, Svetkey LP, Vollmer WM, Appel LJ, Bray GA, Harsha D,
et al., DASH-Sodium Collaborative Research Group. Effects on blood
pressure of reduced dietary sodium and the Dietary Approaches to
Stop Hypertension (DASH) diet. DASH-Sodium Collaborative
Research Group. New Engl | Med 2001; 344:3-10.

Espeland MA, Kumanyika S, Yunis C, Zheng B, Brown WM, Jackson S,
et al. Electrolyte intake and nonpharmacologic blood pressure con-
trol. Ann Epidemiol 2002; 12:587-595.

Kumanyika SK, Cook NR, Cutler JA, Belden L, Brewer A, Cohen JD,
et al., Trials of Hypertension Prevention Collaborative Research
Group. Sodium reduction for hypertension prevention in overweight
adults: further results from the Trials of Hypertension Prevention
Phase 1. / Hum Hypertens 2005; 19:33—45.

Svetkey LP, Simons-Morton DG, Proschan MA, Sacks FM, Conlin PR,
Harsha D, Moore TJ. Effect of the dietary approaches to stop hyper-
tension diet and reduced sodium intake on blood pressure control.
J Clin Hypertens 2004; 6:373—381.

Bray GA, Vollmer WM, Sacks FM, Obarzanek E, Svetkey LP, Appel L],
DASH Collaborative Research Group. A further subgroup analysis of
the effects of the DASH diet and three dietary sodium levels on blood
pressure: results of the DASH-Sodium Trial. Am J Cardiol 2004;
94:222-227.

Vollmer WM, Sacks FM, Ard J, Appel L], Bray GA, Simons-Morton DG,
et al., DASH-Sodium Trial Collaborative Research Group. Effects of
diet and sodium intake on blood pressure: subgroup analysis of the
DASH-sodium trial. Ann Intern Med 2001; 135:1019—1028.
Tsirimiagkou C, Karatzi K, Argyris A, Chalkidou F, Tzelefa V, Sfikakis
PP, et al. Levels of dietary sodium intake: diverging associations with
arterial stiffness and atheromatosis. Hellenic J Cardiol 2021.
Tsirimiagkou C, Basdeki ED, Argyris A, Manios Y, Yiannakoulia M,
Protogerou AD, Karatzi K. Current data on dietary sodium, arterial
structure and function in humans: a systematic review. Nutrients 2019;
12:5.

Fusco FB, Gomes DJ, Bispo KCS, Toledo VP, Barbeiro DF, Capelozzi
VL, et al. Low-sodium diet induces atherogenesis regardless of low-
ering blood pressure in hypertensive hyperlipidemic mice. PloS One
2017; 12:e0177086.

Raz-Pasteur A, Gamliel-Lazarovich A, Gantman A, Coleman R, Keidar
S. Mineralocorticoid receptor blockade inhibits accelerated athero-
sclerosis induced by a low sodium diet in apolipoprotein E-deficient
mice. / Renin Angiotensin Aldosterone Syst 2014; 15:228-235.
Tikellis C, Pickering RJ, Tsorotes D, Harjutsalo V, Thorn L, Ahola A,
et al. Association of dietary sodium intake with atherogenesis in
experimental diabetes and with cardiovascular disease in patients
with Type 1 diabetes. Clin Sci (Lond) 2013; 124:617-626.
Ivanovski O, Szumilak D, Nguyen-Khoa T, Dechaux M, Massy ZA,
Phan O, et al. Dietary salt restriction accelerates atherosclerosis in
apolipoprotein E-deficient mice. Atherosclerosis 2005; 180:271-276.
Vlachopoulos C, Xaplanteris P, Aboyans V, Brodmann M, Cifkova R,
Cosentino F, et al. The role of vascular biomarkers for primary and
secondary prevention. A position paper from the European Society of
Cardiology Working Group on peripheral circulation: endorsed by
the Association for Research into Arterial Structure and Physiology
(ARTERY) Society. Atherosclerosis 2015; 241:507—532.

2343

www.jhypertension.com



	Levels of dietary sodium intake: diverging associations with arterial stiffness and atheromatosis
	1. Introduction
	2. Methods
	2.1. Study design and Population
	2.2. Assessment of dietary Na intake
	2.3. Assessment of vascular and hemodynamic parameters
	2.4. Assessment of anthropometric parameters
	2.5. Assessment and definition of CV disease risk factors
	2.6. Statistical analysis

	3. Results
	3.1. Sensitivity analyses

	4. Discussion
	5. Conclusion
	Financial support
	Declarations of interest
	References

	Dietary sodium estimation methods: accuracy and limitations of old and new methods in individuals at high cardiovascular risk
	Methods
	Study design and population
	Assessment of dietary sodium intake using urinary methods
	Twenty-four hour urine collection
	Spot urine

	Assessment of dietary sodium intake using existing dietary methods
	Twenty-four hour dietary recalls
	Food frequency questionnaire

	Assessment of dietary sodium intake using improved dietary methods
	24DR plus discretionary salt questions
	24DR plus 15&thinsp;%
	Sodium FFQ


	Assessment of anthropometric parameters
	Assessment and definition of CVD risk factors
	Statistical analysis

	Results
	Discussion
	Acknowledgements
	Supplementary material
	References

	Introduction 
	Materials and Methods 
	Search Strategy 
	Inclusion and Exclusion Criteria 
	Selection of Studies and Data Extraction 

	Results 
	Number of Studies Screened and Selected 
	Description of Studies 
	Studies Investigating Arteriosclerosis (Arterial Stiffness) 
	Studies Investigating Arterial Remodeling 
	Studies Investigating Atheromatosis 


	Discussion 
	Na and Arteriosclerosis 
	Na and Arterial Remodeling 
	Na and Atheromatosis 
	Strengths and Limitations 

	Conclusions 
	PRISMA Checklist 
	Population Description and Exclusion Criteria of Selected Studies 
	References

