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The	purpose	of	this	review	is	to	identify,	summarize,	and	critically	appraise	studies	on	
dietary	salt	and	health	outcomes	 that	were	published	 from	April	 to	 July	2016.	The	
search	strategy	was	adapted	from	a	previous	systematic	 review	on	dietary	salt	and	
health.	We	have	revised	our	criteria	for	methodological	quality	and	health	outcomes,	
which	are	applied	to	select	studies	for	detailed	critical	appraisals	and	written	commen-
tary.	Overall,	28	studies	were	identified	and	are	summarized	in	this	review.	Four	of	the	
28	studies	met	criteria	for	methodological	quality	and	health	outcomes	and	five	stud-
ies	 underwent	 detailed	 critical	 appraisals	 and	 commentary.	 Three	 of	 these	 studies	
found	adverse	effects	of	salt	on	health	outcomes	(chronic	kidney	disease	and	blood	
pressure)	 and	 two	 were	 neutral	 (fracture	 risk/bone	 mineral	 density	 and	 cognitive	
impairment).

1  | INTRODUCTION

Meta-	analyses	 and	 systematic	 reviews	 examining	 the	 relationship	
between	dietary	salt	and	health	outcomes1,2	have	been	the	basis	for	
consensus	 that	 excess	 salt	 (sodium)	 consumption	 is	 associated	with	
multiple	adverse	health	outcomes,	including	a	positive	causal	relation-
ship	with	blood	pressure	 (BP).3,4	This	evidence	was	 the	basis	of	 the	
World	Health	Organization	(WHO)	dietary	salt	recommendations,	that	
adults	consume	<5	g/d	of	salt	 (<2000	mg/d	of	sodium)	and	children	
consume	lower	amounts	because	of	lower	energy	intakes.1	To	prevent	
and	manage	 noncommunicable	 diseases	 associated	with	 excess	 salt	
consumption,	 the	WHO	 set	 a	 global	 target	 of	 reducing	 dietary	 salt	

intake	by	30%	by	2025	and	many	 countries	worldwide	have	 imple-
mented	salt	reduction	programs.5

The	high	profile	of	dietary	salt	 research	has	resulted	 in	a	rapidly	
growing	 literature	on	 the	health	effects	of	dietary	 salt.	To	keep	 sci-
entific,	clinical,	and	policy	stakeholders	up	to	date	with	the	growing	
body	of	literature,	regularly	updated	reviews	and	critical	appraisals	of	
studies	relating	to	health	outcomes	are	published	in	the	Journal,	alter-
nating	with	reviews	of	studies	relating	to	salt	reduction	implementa-
tion	programs.6	The	objective	of	this	fourth	health	outcomes	review	
is	to	summarize	published	articles	on	salt	and	health	outcomes	and	to	
highlight	and	critically	appraise	the	highest-	quality	articles	that	were	
published	between	April	and	July	2016.	This	article	also	reports	on	an	
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updated	methodology	developed	and	adopted	to	ensure	an	objective	
review	of	the	most	clinically	relevant	studies.

2  | METHODOLOGY

A	detailed	description	of	the	methodological	approach	used	to	iden-
tify	published	articles	for	this	review	has	been	previously	reported.6 

Briefly,	articles	were	identified	on	a	weekly	basis	through	a	MEDLINE	
search	 strategy,	 which	 was	 adapted	 from	 a	 previous	 systematic	
review	 used	 to	 develop	 the	WHO	guideline	 on	 dietary	 sodium	 in-
take.1,2	Table	1	reports	on	the	types	of	health	outcome	studies	that	
are	included	and	excluded	in	this	search.	This	review	includes	health	
outcome	 studies	 identified	during	 the	weeks	of	April	 4	 to	 July	29,	
2016	 (Figure).	 Among	 identified	 articles,	 studies	 were	 selected	 to	
undergo	a	detailed	critical	 appraisal	based	on	 the	outcomes	exam-
ined	 and	methodological	 quality,	 as	 described	 below.	 A	 secondary	
set	of	articles	was	considered	for	inclusion	if	judged	by	the	authors	
to	be	impactful	based	on	novelty	of	findings	or	potential	for	generat-
ing	public	discourse	or	scientific	controversy	or	for	informing	public	
health	policy.

Articles	were	selected	for	detailed	critical	appraisal	considering	a	
hierarchy	of	health	outcomes,	which	were	those	classified	based	on	
relevance	 to	 patients	 (Table	2).	Mortality	 (category	 I)	 and	morbidity	
(category	 II)	 were	 considered	 critically	 important	 to	 patients,	 while	
symptoms/quality	of	 life/functional	status	(category	III)	and	the	clin-
ical	diagnosis,	prevention,	or	treatment	of	hypertension	(category	IV)	
and	other	 clinical	 surrogate	outcomes	 (category	V)	were	 considered	
important.	Studies	on	physiologic	and	biomarker	surrogate	outcomes	
(category	 VI)	 were	 excluded	 from	 eligibility	 for	 detailed	 critical	 ap-
praisal,	as	these	outcomes	are	considered	less	important	to	patients.	
However,	if	an	article	included	a	category	VI	outcome	as	the	primary	

TABLE  1  Inclusion	and	exclusion	criteria	for	health	outcome	
studies	identified	in	weekly	reviews

Included:
•	 Human	research
•	 Original	investigation
•	 Design:	any	design	(including	observational	studies,	randomized	
controlled	trials,	meta-analyses,	or	quantitative	or	qualitative	
systematic	reviews)	

•	 Assessed	salt	intake:	any	method
•	 Assessed	a	surrogate	outcome:	any	surrogate	(eg,	renin)	AND/OR
•	 Assessed	a	health-related	outcome:	any	outcome	(eg,	headache	or	
stroke)

Excluded:
•	 Animal	studies	or	in	vitro	studies
•	 Narrative	reviews,	commentaries,	protocols,	position	papers,	case	
reports,	letters	to	the	editor,	proceedings,	and	guidelines

•	 Studies	in	which	dietary	salt	was	not	an	exposure	variable

F IGURE Flow	diagram	for	studies	
identified	from	April	2016	to	July	2016
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outcome	and	category	 I	 to	V	outcomes	as	secondary	outcomes,	 the	
study	was	considered	for	 inclusion	as	 long	as	 it	met	methodological	
quality	criteria.

Methodological	 quality	 criteria,	 adapted	 from	 the	 systematic	
review	 used	 to	 develop	 the	 WHO	 sodium	 guidelines,3	 were	 also	
considered	 when	 selecting	 articles	 for	 detailed	 critical	 appraisal	
and	 commentary	 (Table	3).	 Included	 in	 the	 appraised	 articles	were	

randomized	controlled	trials	(RCTs)	that	allocated	at	least	one	group	
of	 participants	 to	 reduced	 sodium	 intake	 and	 one	 group	 to	 higher	
sodium	intake	(control	group),	achieved	an	intake	difference	of	≥2.3	g	
salt	 (920	mg	 sodium)	 between	 intervention	 and	 control,	 and	mea-
sured	 sodium	 intake	with	 a	 24-	hour	 urine	 collection.	 Studies	with	
concomitant	 interventions	 (ie,	 antihypertensive	 drugs	 or	 other	 di-
etary	 interventions)	were	not	 appraised	because	 the	 impact	 of	 so-
dium	 intake	 could	 not	 be	 independently	 assessed.	 Cohort	 studies	
included	in	the	detailed	appraisals	had	a	prospective	design;	included	
400	or	more	participants	 (continuous	outcomes)	or	events	 (dichot-
omous	outcomes);	and	measured	sodium	intake	with	24-	hour	urine	
collection,	 food	 record,	 24-	hour	 food	 recall,	 or	 semiquantitative	
food	frequency	questionnaire	(FFQ).	Excluded	from	detailed	critical	
appraisal	were	 studies	with	 cross-	sectional	 designs	 and	 those	 that	
included	only	sodium	to	potassium	ratio	as	an	exposure	variable	or	
related	variables	such	as	salty	food	preference	(ie,	the	exposure	must	
include	 sodium	 intake	 or	 excretion	 alone).	 Studies	 with	 a	 primary	
outcome	of	BP	and	hypertension	(category	IV)	were	only	eligible	for	
detailed	 critical	 appraisal	 if	 they	were	 RCTs	 or	 systematic	 reviews	
of	RCTs	meeting	 the	minimum	methodological	criteria	 listed	above	
and	 were	 ≥4	weeks’	 duration.	 RCTs	 and	 cohort	 studies	 assessing	
category	 I,	 II,	or	V	outcomes	were	eligible	 for	appraisal	 if	 they	had	
a	 duration	 of	 ≥1	year.	 RCTs	 and	 cohort	 studies	 assessing	 category	
III	 outcomes	were	eligible	 if	 they	had	a	duration	of	≥4	weeks.	The	
quality	of	meta-	analyses	and	systematic	reviews,	which	can	include	a	
heterogeneous	combination	of	studies	from	high	to	low	methodolog-
ical	quality,	were	judged	by	two	independent	reviewers	for	inclusion.	
In	summary,	articles	included	for	detailed	critical	appraisals	focused	
exclusively	on	RCTs,	systematic	reviews	of	RCTs,	and	prospective	ob-
servational	studies	of	clinically	important	patient	outcomes	(catego-
ries	I	to	V)	(Table	2).7

Two	independent	reviewers	assessed	articles	for	 inclusion	 in	the	
detailed	 critical	 appraisal,	which	 included	 a	 risk	 of	 bias	 assessment	
and	a	written	commentary.	Risk	of	bias	assessments	were	also	con-
ducted	by	two	independent	reviewers.	RCTs	were	assessed	using	the	
Cochrane	 risk	 of	 bias	 tool.8	 Observational,	 nonrandomized	 studies	
were	assessed	using	a	modified	Cochrane	risk	of	bias	tool.9	For	meta-	
analyses,	the	AMSTAR	tool	was	applied.10

3  | RESULTS

The	 weekly	 searches	 identified	 2511	 citations,	 of	 which	 93	 possi-
bly	 relevant	 health	outcome	 studies	met	 the	 criteria	 for	 full	 review	
(Figure).	A	total	of	28	dietary	salt	studies	met	the	inclusion	criteria	set	
for	 outcomes	 and	 research	 design:	 two	meta-	analyses,	 three	RCTs,	
five	prospective	cohort	studies,	five	nonrandomized	or	uncontrolled	
trials,	11	cross-	sectional	studies,	and	two	case-	control	studies.	These	
studies	 are	 summarized	 in	 Table	 S1.	 The	 outcomes	 examined	were	
diverse:	 one	 study	 assessed	mortality	 outcomes	 (category	 I),11	 two	
studies	assessed	morbidity	outcomes	(category	II),12,13	two	studies	as-
sessed	outcomes	related	to	symptoms/quality	of	life/functional	status	
(category	III),14,15	six	studies	assessed	BP	outcomes	(category	IV),16-21 

TABLE  2 Hierarchy	of	outcomes	used	to	select	studies	for	a	
detailed	critical	appraisal

Type of 
outcome Examples

Category	I 
Mortality	
reduction

•	 All-cause	mortality
•	 Disease-specific	mortality

Category	II 
Morbidity	
reduction

•	 Cardiovascular	major	morbid	events
•	 Stroke
•	 Other	major	morbid	events	(eg,	loss	of	vision,	
seizures,	fracture,	or	revascularization)

•	 Recurrence/relapse/remission	of	cancer/
disease-free	survival

•	 Renal	failure	requiring	dialysis
•	 Hospitalizations
•	 Infections
•	 Dermatological/rheumatologic	disorders

Category	III 
Symptoms/
quality	of	
life/
functional	
status

•	 Quality	of	life
•	 Heart	failure	symptoms
•	 Symptoms	associated	with	other	disorders	(eg,	
multiple	sclerosis)

•	 Mental	illness,	depression/anxiety
•	 Physical	function	(eg,	36-Item	Short	Form	Health	
Survey)

•	 Headache,	migraine

Category	IV 
Clinical	
surrogate	
outcomes

•	 Hypertension	prevalence
•	 Blood	pressure

Category	V 
Other	clinical	
surrogate	
outcomes

•	 Diagnosis	of	diabetes	mellitus,	osteoporosis,	
kidney	disease	not	requiring	dialysis	or	other	
chronic	conditions	(eg,	multiple	sclerosis)

•	 Diagnosis	of	metabolic	syndrome
•	 Obesity,	weight	loss
•	 Bone	mineral	density
•	 Cognitive	function
•	 Renal	stones

Category	VI 
Physiologic/
biomarker	
surrogate	
outcomes

•	 Endothelium-dependent	vasodilation
•	 Markers	of	the	renin-angiotensin-aldosterone	
system	

•	 Plasma	or	urinary	norepinephrine	
•	 Heart	rate
•	 Aortic	pulse	wave	velocity	
•	 Carotid	artery	thickness	
•	 Plasma	and	urinary	nitrate/nitrite	
•	 Uric	acid	
•	 Estimated	glomerular	filtration	rate	
•	 Creatinine	clearance	
•	 Inflammatory	markers	
•	 Blood	lipids	
•	 Insulin	resistance,	blood	glucose	
•	 Body	composition	measures
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seven	 studies	 assessed	other	 clinically	 relevant	 surrogate	outcomes	
(category	V),22-28	and	10	studies	assessed	physiologic	outcomes	(cat-
egory	VI).29–38

Of	28	 identified	 studies,	 four	met	 the	 inclusion	criteria	 for	out-
comes	examined	and	methodological	quality,	and	thus	were	included	
in	the	detailed	risk	of	bias	assessments	and	critical	appraisals.	One	of	
these	studies	was	an	RCT	and	three	were	prospective	cohort	studies.	
An	 additional	meta-	analysis	 that	 assessed	 the	 association	 between	
salt	 intake	and	hypertension	 in	urban	and	 rural	populations	 in	 low-		
and	 middle-	income	 countries	 did	 not	 meet	 methodological	 quality	
criteria	but	was	 included	because	of	 the	high	burden	of	disease	at-
tributable	to	excess	salt	consumption	and	the	subsequent	importance	
of	 public	 policies	 on	 salt	 reduction	 in	 these	 regions.39	 The	 studies	
found	 that:	 salt	 intake	does	not	 significantly	 impact	 fracture	 risk	or	
bone	mineral	 density	 (BMD)	 in	postmenopausal	women,13	 high	 salt	
intake	 is	 associated	with	 chronic	 kidney	 disease	 (CKD)	 progression	
and	 all-	cause	 mortality,12	 salt	 intake	 does	 not	 modify	 the	 associa-
tion	between	hypertension	and	cognitive	decline	in	postmenopausal	
women,14	the	association	between	salt	intake	and	prevalence	of	hy-
pertension	is	highest	in	urban	populations	compared	with	rural	popu-
lations,19	and	salt	reduction	results	in	clinically	relevant	BP	reductions	
in	people	with	diabetes	mellitus.20	The	 risk	of	bias	 assessments	 for	
these	five	studies	are	included	in	Table	S2	(a–e),	a	summary	of	study	
characteristics	 and	 results	 are	 shown	 in	 Table	4,	 and	 the	 written	
critical	 appraisals	 and	 commentary	 are	 below.	No	 primary	 research	
studies	 in	 the	 physiologic	 category	 (category	VI)	met	 the	minimum	
methodological	 criteria.	A	 range	of	outcomes	were	captured	by	 the	
studies	 considered	 to	 be	 of	 lower	 quality,	 including	 all-	cause	 mor-
tality,11	 headaches/migranes,15	 BP,16-18,21	 cognitive	 function,22,25 
acne,23	 obesity	 and	 ghrelin,24,38	multiple	 sclerosis,26	 BMD,27	 gastric	
cancer,28	 flow-	mediated	dilatation,29,35	pulse	wave	velocity,36	mark-
ers	 of	 the	 renin-	angiotensin-	aldosterone	 system,21	 heart	 rate,31 in-
sulin	 resistance	and	the	metabolic	syndrome,30,37	brain	 tissue	white	
matter	 hyperintensity,32	 uric	 acid,33 and urinary albumin.34	Most	 of	
these	studies	found	adverse	effects	of	dietary	salt	on	health,	except	
for	three	that	were	neutral22,25,26	and	one	that	found	an	inverse	rela-
tionship	between	salt	intake	and	headaches/migranes.15

Detailed	critical	appraisals	of	selected	studies:

3.1 | Is there an association between dietary 
sodium and BMD or fracture risk?

Carbone	L,	Johnson	KC,	Huang	Y,	et	al.	Sodium	intake	and	osteopo-
rosis.	Findings	 from	the	Women’s	Health	 Initiative.	J Clin Endocrinol 
Metab. 2016;101:1414–1421.

Design:	Prospective	observational	study.
Setting:	40	US	clinical	centers	participating	in	the	Women’s	Health	

Initiative	Study	(WHI).	Specifically,	data	from	participants	in	the	WHI-	
Observational	Study	and	the	WHI-	Dietary	Modification	Trial	was	used.

Participants:	 N=69	735	 postmenopausal	 women	 aged	 50	 to	
79	years;	median	follow-	up:	11.4	years.

Exposure:	Sodium	intake,	estimated	by	the	semiquantitative	Block	
FFQ.	Biomarker-	derived	calibration	equations	were	used	to	correct	for	
measurement	error	associated	with	self-	reported	intake	and	adjusted	
for	factors	that	impact	BMD	or	fracture	risk.

Outcomes:	Fracture	risk	and	BMD	measured	at	the	total	hip,	fem-
oral	neck,	total	spine,	and	total	body.	BMD	was	measured	with	dual	
x-	ray	absorptiometry.

Risk of bias:

•	 Sampling:	Low	risk.
•	 Representativeness:	High	risk.
•	 Reliability/validity	of	exposure:	High	risk.
•	 Reliability/validity	of	outcome:	Low	risk.
•	 Blinding	of	outcome	assessment:	Low	risk.
•	 Risk	of	selective	outcome	reporting:	Low	risk.
•	 Confounding:	High	risk.

Sources of funding:	National	Heart,	Lung,	and	Blood	Institute;	National	
Institutes	of	Health;	and	US	Department	of	Health	and	Human	Services.

Summary of results:	When	participants	were	 stratified	 into	 lower	
and	 higher	 sodium	 intake	 groups,	 based	 on	 median	 salt	 intake	 of	
7.2	g/d	 (2892	mg	 sodium/d),	 there	was	 no	 association	 between	 so-
dium	intake	and	risk	of	total	fractures	(adjusted	hazard	ratio	[HR],	0.97;	
95%	CI,	0.92–1.01),	 lumbar	spine	fractures	 (adjusted	HR,	0.88;	95%	
CI,	0.78–1.01),	or	other	fractures	(adjusted	HR,	0.97;	95%	CI,	0.96–
1.03);	 however,	 there	was	 reduced	 risk	 of	 hip	 fracture	with	 higher	
sodium	intake	(adjusted	HR,	0.81;	95%	CI,	0.67–0.97).	There	was	no	

TABLE  3 Criteria	for	methodological	quality	used	to	select	studies	for	detailed	critical	appraisal

Study design Study quality criteria for inclusion

Randomized	
controlled	
trials

•	 Included	at	least	one	group	of	participants	with	reduced	sodium	intake	and	one	group	with	higher	sodium	intake	(control	group)
•	 Category	III	and	IV	outcomes	≥4	wk	in	duration;	Category	I,	II,	and	V	≥1	y	in	duration
•	 ≥2.3	g/day	difference	of	salt	intake	(920	mg	sodium,	40	mmol)	between	intervention	and	control	group
•	 Measured	sodium	intake	using	24-h	urine	collection
•	 The	intervention	group	did	not	have	concomitant	interventions	(ie,	antihypertensive	drugs	or	other	dietary	interventions)	so	that	
the	only	difference	between	the	intervention	and	control	groups	must	have	been	sodium	intake

Cohort	
studies

•	 Prospective
•	 Dietary	sodium	or	sodium	excretion	alone	as	the	primary	exposure	variable
•	 Included	≥400	patients	(continuous	outcomes)	or	events	(dichotomous	outcomes)
•	 Category	III	outcomes	≥4	wk	in	duration;	category	I,	II,	and	V	≥1	y	in	duration
•	 Measured	sodium	intake	for	at	least	24	h	using	24-h	urine	collection,	food	record,	24-h	food	recall,	or	a	semiquantitative	food	
frequency	questionnaire
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association	between	sodium	intake	and	changes	in	BMD	at	the	lumbar	
spine,	total	hip,	or	femoral	neck.	Higher	sodium	intake	was	associated	
with	greater	total	body	BMD,	but	only	at	3-	year	follow-	up.	There	was	
no	association	between	level	of	dietary	sodium	and	BMD	when	par-
ticipants	were	stratified	based	on	sodium	intake	above	or	below	the	
dietary	recommendations	(≤5.8	g/d	salt,	≤2300	mg/d	sodium).

Comment:	This	study	found	that	the	amount	of	sodium	consumed	
has	little	or	no	impact	on	BMD	or	fracture	risk	at	most	skeletal	sites	
and	that	intakes	within	current	guideline	recommendations	are	unlikely	
to	influence	osteoporosis	outcomes	in	postmenopausal	women.	There	
are	notable	strengths	of	this	study,	including	the	large	sample	size,	pro-
spective	design,	long-	term	follow-	up,	and	well-	ascertained	outcomes	
in	a	relevant	group	of	postmenopausal	women;	however,	the	data	can-
not	be	generalized	to	men	or	premenopausal	women.	There	are	some	
concerns	related	to	dietary	sodium	exposure	assessment,	which	could	
lead	 to	 significant	 misclassification.	 Dietary	 sodium	 estimates	 were	
based	on	self-	report	with	an	FFQ	and	then	biomarker	calibrated	using	
a	modified	version	of	a	published	protocol.40	The	mean	calibrated	so-
dium	levels	were	higher	than	the	FFQ	estimates.	However,	the	authors	
did	not	report	on	the	validity	of	their	approach	in	estimating	individual	
sodium	intakes	(ie,	compared	with	24-	hour	urinary	sodium).	In	addition,	
sodium	consumption	was	measured	only	at	baseline;	 thus,	estimates	
do	not	 reflect	 any	 changes	 in	 intake	during	 the	11.4-	year	 follow-	up	
period.	Finally,	as	discussed	by	the	authors,	residual	confounding	may	
have	occurred,	particularly	 in	 relation	to	physical	activity,	which	was	
excluded	from	primary	multivariable	analyses.

3.2 | Is there an association between urinary 
sodium and progression of CKD?

He	J,	Mills	KT,	Appel	LJ,	et	al.	Urinary	sodium	and	potassium	excretion	
and	CKD	progression.	J Am Soc Nephrol. 2016;27:1202–1212.

Design:	Prospective	cohort	study.
Setting:	Multicenter	study	of	seven	medical	centers	in	the	United	

States.
Participants:	 3757	 participants	 aged	 21	 to	 74	years	 (mean	 age	

55.7	years)	with	mild	 to	moderate	CKD	 (estimated	glomerular	 filtra-
tion	 rate	 20–70	mL/min/1.73	m2),	 of	whom	 approximately	 half	 had	
diabetes	mellitus.

Exposure:	Urinary	sodium	excretion,	measured	by	a	single	24-	hour	
urine	 sodium	 collection	 at	 baseline	 and	 at	 1-		 and	2-	year	 follow-	up.	
Urinary	volume	and	collection	time	were	used	to	assess	completeness	
of	collection.	A	repeat	collection	was	performed	if	the	first	collection	
was	inadequate.

Outcomes:	 Progression	 of	 CKD	 (defined	 as	 halving	 of	 estimated	
glomerular	filtration	rate	from	baseline	or	incident	end-	stage	renal	dis-
ease	(ie,	chronic	dialysis	or	kidney	transplant))	and	all-	cause	mortality.

Risk of bias:

•	 Sampling:	High	risk.
•	 Representativeness:	Low	risk.
•	 Reliability/validity	of	exposure:	Low	risk.
•	 Reliability/validity	of	outcome:	Low	risk.St
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•	 Blinding	of	outcome	assessment:	Low	risk.
•	 Risk	of	selective	outcome	reporting:	Low	risk.
•	 Confounding:	Low	risk.

Source of funding:	 Funded	 by	 National	 Institute	 of	 Diabetes	 and	
Digestive	and	Kidney	Diseases	research	grants.

Summary of results:	During	the	15	807	person-	years	of	follow-	up,	
there	was	 a	 positive	 association	 between	 urinary	 sodium	 excretion	
and	the	cumulative	incidence	of	CKD	progression	and	mortality,	after	
adjustment	 for	multiple	 covariates	 including	baseline	estimated	glo-
merular	filtration	rate.	Compared	with	the	lowest	quartile	of	sodium	
excretion	(<6.7	g/d	salt,	<2686	mg/d	sodium),	the	highest	quartile	of	
sodium	excretion	(≥11.2	g/d	salt,	≥4476	mg/d	sodium)	was	associated	
with	an	increased	risk	of	CKD	progression	(adjusted	HR,	1.54;	95%	CI,	
1.23–1.92)	and	mortality	(adjusted	HR,	1.45;	95%	CI,	1.08–1.95).	The	
association	between	urinary	sodium	excretion	and	CKD	progression	
remained	similar	in	all	subgroups.	Statistical	tests	for	interaction	were	
nonsignificant	for	sex,	race,	diabetes	mellitus,	and	the	use	of	renin	an-
giotensin	system–blocking	agents.

Comment:	This	prospective	study,	 in	a	 large	cohort	of	 individuals	
with	 established	 kidney	 disease,	 demonstrated	 a	 strong	 and	 signifi-
cant	association	between	high	urinary	sodium	and	CKD	progression,	
independent	of	other	important	variables	known	to	be	associated	with	
renal	failure	including	baseline	renal	function.	Notably,	the	investiga-
tors	defined	the	exposure	of	 interest	using	three	24-	hour	urine	col-
lections,	spaced	over	several	years.	This	represents	a	methodological	
strength	in	the	longitudinal	collection	of	dietary	data	and	in	reducing	
bias	associated	with	self-	report.	Even	so,	it	should	be	acknowledged	
that	 although	 a	 24-	hour	 urine	 collection	 provides	 a	 valid	 estimate	
of	 sodium	 intake,	 a	 single	 24-	hour	 urine	 collection	may	 not	 be	 ac-
curate	 in	determining	habitual	dietary	 sodium	 intake	 in	a	 free-	living	
population	due	to	day-	to-	day	fluctuations	 in	sodium	consumption.41 
Consequently,	 the	 reported	 association	 between	 sodium	 excretion	
and	 CKD	 progression	 may	 have	 been	 underestimated	 or	 overesti-
mated.	While	the	findings	of	the	study	are	intriguing,	the	observational	
study	design	does	not	prove	 a	 causal	 relationship.	Clinical	 trials	 are	
needed	to	formally	test	the	effect	of	sodium	reduction	on	CKD	pro-
gression	and	mortality.

3.3 | Does dietary sodium affect the association 
between hypertension and cognitive decline?

Haring	B,	Wu	C,	Coker	LH,	et	al.	Hypertension,	dietary	sodium,	and	
cognitive	decline:	results	from	the	Women’s	Health	Initiative	Memory	
Study.	Am J Hypertens. 2016;29:202–216.

Design:	Prospective	observational	study	(post-	RCT	follow-	up).
Setting:	39	US	clinical	centers	participating	in	the	Women’s	Health	

Initiative	Memory	Study	(WHIMS)	RCT.
Participants:	N=6426	postmenopausal	women	aged	65	to	79	years	

and	free	of	dementia	at	enrollment;	median	follow-	up:	9.1	years.
Exposure:	 Sodium	 intake,	 measured	 by	 an	 FFQ,	 with	 24-	hour	

urine	sodium	excretion	 in	a	subsample	to	correct	dietary	self-	report	
data	 for	potential	measurement	errors.	BP	 (average	of	 two	baseline	

measurements),	measured	by	certified	staff;	hypertension,	defined	as	
self-	report	of	current	drug	therapy	for	hypertension;	BP	control	(“con-
trolled”	defined	as	clinic	BP	<140	mm	Hg	or	diastolic	BP	<90	mm	Hg	
at	baseline	and	“uncontrolled”	defined	as	clinic	BP	≥140	mm	Hg	or	di-
astolic	BP	≥90	mm	Hg	at	baseline).

Outcomes:	Incidence	of	mild	cognitive	impairment	or	probable	de-
mentia.	The	Modified	Mini-	Mental	State	Examination	was	performed	
in	all	women	annually	as	a	screening	test.	Further	neurocognitive	and	
neuropsychiatric	examinations	were	conducted	to	establish	the	pres-
ence	of	mild	cognitive	impairment	or	probable	dementia.	The	central	
adjudication	committee	 (two	neurologists	and	one	geriatric	psychia-
trist)	independently	reviewed	cases.	A	consensus	diagnosis	was	made,	
and	disagreements	were	resolved	with	discussion.

Risk of bias:

•	 Sampling:	Low	risk.
•	 Representativeness:	High	risk.
•	 Reliability/validity	of	exposure:	High	risk.
•	 Reliability/validity	of	outcome:	Low	risk.
•	 Blinding	of	outcome	assessment:	Unclear	risk.
•	 Risk	of	selective	outcome	reporting:	Low	risk.
•	 Confounding:	High	risk.

Sources of funding:	National	Heart,	Lung,	and	Blood	Institute;	National	
Institutes	of	Health;	and	US	Department	of	Health	and	Human	Services.

Summary of results:	 Postmenopausal	 women	 with	 hypertension	
had	 higher	 risk	 of	 mild	 cognitive	 impairment	 or	 probable	 dementia	
compared	with	women	without	hypertension	(adjusted	HR,	1.20;	95%	
CI,	1.04–1.39),	as	did	women	taking	antihypertensive	treatment	with	
uncontrolled	 BP	 compared	 with	 women	 with	 untreated,	 controlled	
BP	(adjusted	HR,	1.30;	95%	CI,	1.05–1.60).	There	was	no	significant	
interaction	with	sodium	intake	category	(≤3.75	g/d	salt,	3.75–7.5	g/d	
salt,	 and	 >7.5	g/d	 salt,	 equivalent	 to	 ≤1500	mg/d	 sodium,	 1500–
2999	mg/d	sodium,	and	>3000	mg/d	sodium,	respectively).

Comment:	 This	 large,	 prospective	 long-	term	 study	 analyzed	 the	
association	between	hypertension	and	cognitive	decline	and	whether	
sodium	 intake	modified	 this	 association.	A	 subgroup	analysis	by	 so-
dium	intake	category	was	performed,	rather	than	having	sodium	intake	
as	a	distinct	variable	in	the	multivariable	models.	The	proposed	mech-
anism	relating	sodium	intake	with	dementia	is	via	small	vessel	disease–
induced	elevations	in	BP.	Therefore,	by	assessing	sodium	intake	as	an	
effect	modifier,	their	analysis	was	not	optimally	designed	to	address	
the	 association	 between	 sodium	 intake	 and	 mild	 cognitive	 impair-
ment/probable	dementia.	In	addition,	hypertension	was	defined	as	a	
dichotomous	variable,	and	therefore	the	severity	of	hypertension	was	
not	taken	into	account	in	the	models.	Several	covariates	were	included	
in	the	adjustment,	although	they	were	unable	to	account	for	other	po-
tentially	important	clinical	confounders,	such	as	the	presence	of	liver	
and	renal	disease.	While	the	WHIMS	RCT	used	rigorous	methods,	it	is	
unclear	whether	the	conduct	of	 the	post-	trial	 follow-	up	was	similar;	
for	 example,	 it	 is	 unclear	whether	 the	 adjudicators	were	 blinded	 to	
sodium	intake.	In	addition,	after	2008,	the	cognitive	assessments	were	
performed	 over	 the	 telephone	 rather	 than	 face-	to-	face.	 The	 study	
used	FFQs	to	assess	sodium	intake	and	therefore	is	subject	to	recall	
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bias	and	underreporting.42	Furthermore,	FFQs	were	available	in	only	a	
small	subset	of	participants	and	therefore	their	analysis	may	be	have	
been	underpowered.	Changes	in	sodium	intake	over	the	9.1-	year	fol-
low-	up	were	not	captured,	as	only	baseline	FFQs	were	administered.

3.4 | What is the association between salt and 
hypertension in rural and urban populations in low-  to 
middle- income countries?

Subasinghe	AK,	Arabshahi	S,	Busingye	D,	et	al.	Association	between	
salt	and	hypertension	in	rural	and	urban	populations	of	low	to	middle	
income	countries:	a	systematic	review	and	meta-	analysis	of	popula-
tion	based	studies.	Asia Pac J Clin Nutr. 2016;25:402–413.

Design:	Meta-	analysis	of	observational	studies.
Methods:

•	 Data	sources:	PubMed,	Web	of	Science,	and	Scopus	until	July	2014.
•	 Study	 selection	 and	 assessment:	 19	 studies	 met	 inclusion	 crite-
ria	 (n=134	916	 adults	 from	4	 countries,	mean	 age	 range	 39.7	 to	
55	years).	 Only	 studies	 with	 multivariable	 regression	 adjustment	
were	 included.	There	were	11	studies	 from	 India,	 six	 from	China,	
one	from	Nepal,	and	one	from	Togo.	Studies	were	pooled	using	ran-
dom-effects	models.	Heterogeneity	was	assessed	by	I2.

•	 Method	of	sodium	intake	measurement:	Various	methods,	including	
reports	of	the	total	amount	of	salt	consumed	by	a	family	for	1	year;	
a	direct	question	about	salt	added	to	food;	and	dietary	methods	(7-
day	food	records,	FFQ,	household	questionnaire,	24-hour	recall).

•	 Outcomes:	 Prevalence	 of	 hypertension	 (systolic	 BP	 ≥140	mm	Hg	
and/or	diastolic	BP	≥90	mm	Hg	and/or	prescription	of	 antihyper-
tensive	medication;	 systolic	 BP	 ≥130	mm	Hg	 and/or	 diastolic	 BP	
≥85	mm	Hg)

•	 Subgroup	 analyses:	 nonlean	 body	 size	 (body	mass	 index	 ≥23)	 vs	
lean	body	size	(body	mass	index	<23);	rural	vs	urban	populations

Risk of bias:

•	 A	priori	design:	No.
•	 Duplicate	study	selection/data	extraction:	No.
•	 Comprehensive	literature	search:	Yes.
•	 Status	of	publication	used	as	an	inclusion	criterion:	No.
•	 List	of	studies	(included	and	excluded)	provided:	No.
•	 Characteristics	of	included	studies	provided:	Yes.
•	 Quality	of	studies	assessed	and	documented:	No.
•	 Quality	of	included	studies	used	appropriately	in	formulating	con-
clusions:	No.

•	 Methods	to	combine	finding	appropriate:	Yes.
•	 Publication	bias	assessed:	No.
•	 Conflict	of	interest	stated:	Yes.	The	authors	declared	no	conflict	of	
interest.

Summary of results:	 The	 association	 between	 salt	 intake	 and	 hy-
pertension	was	 greater	 in	 urban	 populations	 (pooled	 odds	 ratio,	 1.42	
per	1	g/d	greater	salt	 intake;	95%	CI,	1.19–1.69)	than	 in	rural	popula-
tions	(pooled	odds	ratio,	1.07;	95%	CI,	1.04–1.10).	In	the	rural	popula-
tion	studies,	 there	was	a	stronger	association	between	salt	 intake	and	

hypertension	in	patients	with	body	mass	index	<23	kg/m2	(pooled	odds	
ratio,	1.19;	95%	CI,	1.12–1.26)	 compared	with	 those	with	body	mass	
index	≥23	kg/m2	(pooled	odds	ratio,	1.01;	95%	CI,	1.00–1.01).

Comment:	 The	 meta-	analysis	 included	 a	 broad	 range	 of	 partic-
ipants	 from	 both	 urban	 and	 rural	 populations	 in	 low-		 and	 middle-	
income	countries.	However,	most	studies	were	from	Asia/South	Asia	
and	may	not	be	representative	of	other	regions.	The	authors	utilized	a	
comprehensive	search	strategy	but	did	not	report	a	priori	design	or	du-
plicate	data	extraction.	Studies	of	different	methodological	type	(case-	
control	vs	longitudinal)	were	combined,	although	a	subgroup	analysis	
based	on	study	design	was	not	performed.	In	addition,	study	quality	
was	not	assessed.	As	noted	by	the	authors,	salt	intake	was	obtained	
from	different	methods,	with	the	majority	using	self-	report.	Therefore,	
these	studies	may	not	provide	accurate	estimates	of	salt	 intake.	The	
authors	 analyzed	 salt	 intake	 as	 a	 categorical	 variable	 and	 as	 a	 con-
tinuous	variable.	Because	of	between-	study	differences	in	cut	points	
used	to	define	high	sodium	intake,	the	authors	appropriately	indicated	
that	the	meta-	analysis	using	sodium	intake	as	a	continuous	measure	
provided	a	more	robust	interpretation.	No	studies	used	24-	hour	urine	
sodium	 excretion.	Despite	 these	 limitations,	 there	was	 a	 consistent	
finding	of	a	positive	association	between	salt	intake	and	hypertension	
in	the	included	studies.

3.5 | What is the effect of modest sodium reduction 
on BP and urinary albumin excretion in patients with 
diabetes mellitus or impaired glucose tolerance?

Suckling	RJ,	He	FJ,	Markandu	ND,	et	al.	Modest	salt	reduction	 low-
ers	blood	pressure	and	albumin	excretion	 in	 impaired	glucose	toler-
ance	 and	 type	 2	 diabetes	mellitus:	 a	 randomized	 double-	blind	 trial.	
Hypertension. 2016;67:1189–1195.

Design:	Double-	blind	RCT	(crossover).
Setting:	Blood	Pressure	Unit	at	St	George’s	Hospital,	London,	and	

General	Practice	Surgeries	in	South	London,	United	Kingdom.
Study duration:	 12	weeks	 (two	 6-	week	 periods),	 preceded	 by	 a	 

4-	week	acclimation	period.
Participants:	46	participants	aged	30	to	80	years	(mean	58	years;	

52%	male),	with	diet-	controlled	diabetes	mellitus	or	impaired	glucose	
tolerance	who	also	had	untreated	systolic	BP	120	to	170	mm	Hg	or	
diastolic	BP	70	to	100	mm	Hg.

Intervention:	 Reduced-	salt	 diet	 group	 with	 goal	 ≈5	g/d	 salt	
(2000	mg/d	sodium)	through	dietary	advice	by	trained	nurses	and	pro-
vision	of	salt-	free	bread,	compared	with	a	group	provided	salt	tablets.	
Nine	tablets	of	salt	per	day	were	consumed	daily,	each	tablet	contain-
ing	0.58	g	of	salt	(10	mmol	or	230	mg	sodium).

Achieved sodium intake:	 6.8	g/d	 salt	 (2720	mg/d	 sodium)	 in	 the	
placebo	group	vs	9.7	g/d	 salt	 (3880	mg/d	 sodium)	 in	 the	 salt	 tablet	
group.	 Sodium	 intake	was	measured	with	 two	 consecutive	 24-	hour	
urine	collections.

Outcomes:	Clinic	BP	 taken	 in	patients	 in	 a	 sitting	position,	mea-
sured	by	trained	research	nurses	using	a	validated	oscillometric	tech-
nique;	24-	hour	ambulatory	BP	monitoring;	urinary	albumin	excretion,	
measured	by	urine	albumin/creatinine	ratio;	and	pulse	wave	velocity	
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and	 endothelial	 function	 (digital	 volume	 pulse	 analysis	 using	 high-	
fidelity	photoplethysmography).

Risk of bias:

•	 Random	sequence	generation:	Low	risk.
•	 Allocation	concealment:	Low	risk.
•	 Blinding	of	participants	and	personnel:	Low	risk.
•	 Blinding	of	outcome	assessors:	Low	risk.
•	 Incomplete	outcome	reporting:	Low	risk	for	clinic	BP;	high	risk	for	
24-hour	ambulatory	BP	monitoring	and	vascular	measures.

•	 Selective	reporting:	Unclear	risk.
•	 Other	sources	of	bias:	Low	risk.

Source of funding:	Hypertension	Trust	and	National	Health	Service.
Summary of results:	Compared	with	the	salt	tablet	group,	the	pla-

cebo	 group	 (reduced	 salt)	 had	 lower	 BP	 (systolic	 BP:	 –4.2	mm	Hg,	
P<.001;	diastolic	BP:	–1.7	mm	Hg,	P=.055)	and	lower	urine	albumin/
creatinine	ratio	(median	0.64	vs	0.73,	P<.05).

Comment:	This	double-	blind	crossover	RCT	had	several	strengths.	
Sodium	 intake	was	well	measured,	using	the	mean	of	 two	consecu-
tive	24-	hour	urine	 sodium	measurements.	The	 study	achieved	ade-
quate	differentiation	in	sodium	intake	between	the	two	groups	with	
a	2.9	g/d	 salt	 (1160	mg/d	 sodium)	difference	between	 the	 reduced	
sodium	and	control	groups.	The	results	of	this	RCT	in	patients	early	
in	 the	 course	 of	 diabetes	mellitus	 (diet-	controlled	 diabetes	mellitus	
or	 impaired	 glucose	 intolerance	with	 normal	 to	mildly	 elevated	BP)	
demonstrate	consistency	with	systematic	review	evidence	of	the	BP-	
lowering	 effect	 of	 salt	 reduction	 in	 the	 general	 population.3	 In	 this	
study,	the	benefit	of	sodium	reduction	was	observed	with	a	moderate	
reduction	in	sodium	intake	in	the	low	sodium	group	(difference	in	so-
dium	intake	of	2.9	g/d	salt	[1160	mg/d	sodium]	and	achieved	intake	
6.8	g/d	salt	[2720	mg/d	sodium]).43	However,	the	sample	size	of	the	
study	was	small.	Although	BP	data	were	available	 for	almost	all	pa-
tients,	data	for	vascular	measures	were	not	available	for	22%	of	the	46	
patients	and	therefore	the	study	was	 likely	underpowered	for	these	
other	outcomes.

4  | DISCUSSION

This	review	identified	28	studies	relating	dietary	sodium	to	health	out-
comes.	Among	the	studies	that	met	minimum	methodological	criteria,	
two	studies	found	that	high	salt	intake	has	adverse	effects	on	health	
outcomes	and	two	studies	were	neutral.	For	those	studies	that	did	not	
meet	minimum	methodological	criteria,	20	found	adverse	effects	of	
salt	on	health,	one	found	beneficial	effects	of	salt	on	health,	and	three	
were	neutral.

This	is	the	first	Science	of	Salt	review	to	implement	both	an	out-
come	hierarchy	and	methodological	quality	criteria	to	prioritize	which	
articles	were	included	for	risk	of	bias	assessments	and	detailed	critical	
appraisal.	This	approach	ensures	that	the	highest-	quality	studies,	re-
porting	on	the	most	important	patient	outcomes,	are	being	reviewed,	
reported,	 and	 translated	 for	 clinical,	 research,	 and	 policy	 stakehold-
ers.	This	 is	especially	relevant	given	the	controversy	in	the	literature	

regarding	the	effects	of	salt	on	health	outcomes,	which	may	be	influ-
enced	by	the	publication	of	lower-	quality	research	(ie,	cross-	sectional	
design,	 invalid	methods	 for	assessment	of	 sodium	exposure,	 insuffi-
cient	magnitude	of	salt	 reduction	 in	 interventions,	 inadequate	dura-
tion	or	number	of	events).

Up	to	May	2015,	we	annually	published	a	summary	of	studies	on	
salt	and	health	outcomes.44,45	In	June	2015,	we	replaced	the	annual	
reviews	with	 regularly	published	summaries	 that	 include	 risk	of	bias	
assessments	and	critical	appraisals.46–48	From	June	2015	to	July	2016,	
64	studies	were	identified	that	met	our	 inclusion	criteria,	 ie,	original	
human	research	on	salt	intake	and	health	outcomes.	Of	the	58	(91%)	
articles	that	were	primary	research	studies	(ie,	not	a	meta-	analysis	or	
systematic	review	of	studies),	which	examined	any	outcome	(category	
I	to	VI),	only	10	(17%)	studies	met	the	minimum	methodological	cri-
teria.	These	studies	are	summarized	 in	Table	S3.	Among	these	stud-
ies,	three	were	RCTs	and	seven	were	prospective	cohort	designs:	six	
(60%)	demonstrated	that	increased	dietary	salt	has	adverse	effects	on	
health	outcomes,	three	(30%)	were	neutral,	and	one	(10%)	found	that	
increased	 salt	 benefits	 health	 outcomes.	 The	 latter	 study	was	 con-
ducted	in	a	heart	failure	population.	The	remainder	of	studies	on	salt	
and	health	outcomes	(83%),	identified	since	June	2015,	did	not	meet	
our	methodological	quality	criteria.	These	studies	found	a	somewhat	
similar	proportion	of	articles	 that	 reported	positive	and	negative	ef-
fects	associated	with	dietary	salt:	85%	found	that	increased	salt	had	
adverse	effects	on	health,	4%	found	positive	effects	of	increased	salt	
on	health,	and	11%	were	neutral.	Many	of	these	studies	did	not	meet	
minimum	methodological	 criteria	because	 they	were	 cross-	sectional	
in	nature	or	used	spot	urine	collections	to	assess	exposure	to	sodium.	
Differentiating	low-		from	high-	quality	research	is	critical	as	the	unreli-
able	results	of	low-	quality	research	may	influence	the	field	in	the	same	
way	as	high-	quality	research.

The	criteria	that	the	Science	of	Salt	authors	have	developed	and	
applied	 are	 adapted	 from	 criteria	 used	 by	 other	 expert	 groups	 that	
conducted	 systematic	 reviews	 to	 derive	 dietary	 salt	 recommenda-
tions,	such	as	those	generated	by	the	WHO.1,3	An	international	TRUE	
Consortium	(International	Consortium	for	Quality	Research	on	Dietary	
Sodium/Salt)	 of	 experts	 on	 salt	 and	 health	 outcomes	 is	 developing	
recommendations	for	the	conduct	of	dietary	salt	research.	These	rec-
ommendations	will	be	based	on	systematic	reviews	on	topics	such	as	
dietary	assessment	of	sodium	(ie,	food	recalls	and	diaries	and	FFQs),	
biomarker	assessment	of	sodium	(ie,	24-	hour	urine	collection	and	spot	
urine	samples),	and	other	related	outcomes	including	BP.49	These	rec-
ommendations	will	provide	evidence-	based	guidance	that	can	be	im-
plemented	to	improve	the	quality	of	research	that	examines	salt	and	
health	outcomes.

5  | CONCLUSIONS

This	 review	 identified	 and	 summarized	 28	 studies	 on	 dietary	 salt	
and	health	outcomes	and	critically	 reviewed	5	 studies	 that	were	of	
the	highest	methodological	quality	and	examined	outcomes	that	are	
most	important	to	patients.	Three	of	these	high-	quality	studies	found	



822  |     ARCAND et Al.

adverse	 effects	 of	 salt	 on	 health	 outcomes	 (CKD	 and	BP)	 and	 two	
were	neutral	(fracture	risk	and	BMD,	and	cognitive	function).
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