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ABSTRACT

Background. The relationships of sodium intake to kidney function within the population have been poorly investigated and
are the objective of the study.

Methods. This observational, population-based, cross-sectional and longitudinal study targeted 4595 adult participants of the
Gubbio study with complete data at baseline exam. Of these participants, 3016 participated in the 15-year follow-up
(mortality-corrected response rate 78.4%). Baseline measures included sodium:creatinine ratio in timed overnight urine
collection, used as an index of sodium intake, together with serum creatinine, sex, age and other variables. Follow-up
measures included serum creatinine and other variables. Estimated glomerular filtration rate (eGFR, mL/min/1.73 m2) was
calculated using serum creatinine, sex and age and was taken as an index of kidney function.

Results. The study cohort was stratified in sex- and age-controlled quintiles of baseline urine sodium:creatinine ratio. A
higher quintile associated with higher baseline eGFR (P<0.001). In multivariable analysis, the odds ratio (OR) of Stage1
kidney function (eGFR �90 mL/min/1.73 m2) was 1.98 times higher in Quintile 5 compared with Quintile 1 [95% confidence
interval (CI) 1.50–2.59, P<0.001]. The time from baseline to follow-up was 14.1 6 2.5 years. Baseline to follow-up, the eGFR
change was more negative along quintiles (P<0.001). In multivariable analysis, the OR in Quintile 5 compared with Quintile
1 was 2.21 for eGFR decline �30% (1.18–4.13, P¼0.001) and 1.38 for worsened stage of kidney function (1.05–1.82, P¼0.006).
Findings were consistent within subgroups.

Conclusions. Within the general population, an index of higher sodium intake associated cross-sectionally with higher
kidney function but longitudinally with greater kidney function decline.
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INTRODUCTION

Current recommendations suggest that adults’ intake of sodium
should be <1–2 g/day for the prevention of chronic disease and
cardiovascular risk [1, 2]. The intake of sodium is determined by
various sources, including the intake of processed foods pre-
packaged with the addition of sodium, sodium added during
cooking or at the table and the natural sodium content of foods
[3]. Urine sodium is the most reliable index of sodium intake be-
cause the kidneys adapt urine sodium excretion to sodium in-
take [4]. Data about urine sodium in different countries indicate
that sodium intake is usually well above the required intake [5,
6]. Several observations indicate that high sodium intake associ-
ates with hypertension, whereas sodium restriction favours hy-
pertension control [7]. With regard to kidney disease, the
available data indicate that the restriction of sodium intake
reduces blood pressure and proteinuria [7, 8]. In 2017, the meta-
analysis of Nomura et al. [9] concluded that ‘There is no robust
evidence suggesting that long-term reduction of salt intake
would prevent chronic kidney disease or delay its progression’.
The meta-analysis did not include any population-based longi-
tudinal study. The first population-based, longitudinal data set
was reported in 2018 by Sogiura et al. [10], who analysed the
sodium:creatinine ratio in spot urine of 12 126 subjects
�20 years of age undergoing an annual check-up at the Nagoya
Hospital (Japan). The results indicated that a higher urine
sodium:creatinine ratio (uNa:Cr) associated with a higher inci-
dence of impaired kidney function over time. The study did not
investigate other dietary markers but demonstrated that the as-
sociation was independent of sex, age, body mass index (BMI),
blood pressure, serum lipids, diabetes, proteinuria and reported
information on alcohol intake and smoking habit.

The Gubbio study is an observational, longitudinal,
population-based study that measures urinary sodium at differ-
ent exams for investigation of the relationships of sodium in-
take with cardiovascular diseases or kidney diseases [5, 11–16].
The present analysis was designed to investigate cross-
sectional and longitudinal relationships of urine sodium with
kidney function in adult examinees of the Gubbio study.

MATERIALS AND METHODS

The Gubbio study is a population-based project ongoing in
Gubbio, Italy [11, 12]. The study adheres to the Declaration of
Helsinki and includes an informed consent and approval by the
institutional committee (CEAS-Umbria #2850/16). The study de-
sign, involvement of participants, response rates and character-
istics of the Gubbio cohort were previously reported [11, 12]. The
main exams of the study were performed in 1983–85, 1988–92
and 2001–07. Death certificates and information about initiation
of chronic dialysis treatment were collected from local sections
of national registries. The main analyses of the present article
deal with data from the 1988–92 exam (hereafter baseline), data
of the 2001–07 exam (hereafter follow-up) and registry data
about mortality and initiation of chronic dialysis treatment.
M.C. and M.L. analysed the data. The baseline exam comprised
a timed urine collection under fed conditions from the first void
after the evening meal to the first void at the morning wake-up
included [17]; an early morning blood sample collected under
fasting conditions after the completion of the overnight urine
collection [12]; a morning timed urine collection under fasting
conditions after blood sampling for assessment of kidney tubule
functions [18] and a brief medical visit for measurements of an-
thropometry and blood pressure and for the administration of

questionnaires on socio-economic status, medical history and
lifestyles [12]. The follow-up exam comprised the collection of
an early morning blood sample under fasting conditions and a
brief medical visit for measurements of anthropometry and
blood pressure and for the administration of questionnaires on
medical history and lifestyles [12]. Blood pressure was mea-
sured at each visit by trained personnel following the specific
World Health Organization Cardiovascular Survey Methods
Manual [11, 12]. In subgroups of baseline examinees, additional
urinary lab tests were performed 3–6 years before baseline [5,
11–16] and were used for ancillary analyses reported in the
Supplementary Material.

The list of baseline data for the analysis included the follow-
ing: date of exam and demographic data; BMI (weightkg/
height2

m) and blood pressure; overnight urine creatinine excre-
tion and estimated 24-h urine creatinine excretion [19]; over-
night urine flow and urine concentration of sodium, urea
nitrogen and potassium; haematocrit and serum concentration
of creatinine, sodium and glucose; reported information on
years of education, history of cardiovascular disease (myocar-
dial infarction, stroke or heart failure), treatment with diuretics,
treatment with renin–angiotensin system (RAS) inhibitor,
smoking habit, habitual physical activity and habitual intake of
alcohol, of milk or yogurt, of caffeine-containing beverages and
of total fluids. Only for examinees with 45–64 years of age, base-
line data also included overnight urine albumin as albumin:-
creatinine ratio [17]. Follow-up data included in the analysis
were the date of exam, serum creatinine and glucose, BMI and
blood pressure, history of cardiovascular disease (myocardial
infarction, stroke or heart failure), treatment with diuretics,
treatment with RAS inhibitor/blocker, smoking habit and habit-
ual intake of alcohol.

Baseline and follow-up plasma creatinine were measured in
frozen samples by automated biochemistry (Express Plus, Bayer
Diagnostics, Tarrytown, NY, USA) using a kinetic alkaline pic-
rate assay with isotope-dilution mass spectrometry–traceable
standardization [20]. Other lab variables were measured in fresh
samples using automated biochemistry and quality controls
[12].

Measurements

The sodium:creatinine ratio in baseline overnight urine collec-
tion (uNa:Cr) was used as the main independent variable and as
an index of baseline dietary sodium [4, 10, 21]. uNa:Cr was pre-
ferred to sodium excretion to avoid the inaccuracy of timing
and completeness of urine collection. The overnight urine so-
dium excretion rate (in mmol/h) and overnight urine flow were
included as additional data. Measured overnight urine creati-
nine excretion and estimated 24-h urine creatinine excretion
were analysed for evaluation of the influence of urine creatinine
on uNa:Cr. The product of estimated 24-h urine creatinine ex-
cretion times the overnight uNa:Cr was used to extrapolate esti-
mated 24-h urine sodium excretion. Additional subgroup data
were used for investigation of the consistency of uNa:Cr over
time and in different types of urine collection (Supplementary
Material). Serum sodium and haematocrit were analysed as dis-
equilibrium indices in sodium [22] and/or plasma volume [23].

Kidney function was assessed using the estimated glomeru-
lar filtration rate (eGFR) calculated by the Chronic Kidney
Disease Epidemiology Collaboration equation [24, 25]. Baseline
examinees who did not participate in the follow-up exam but
initiated chronic dialysis treatment before completion of the
follow-up exam were given the assigned value of 10 mL/min/
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1.73 m2 for follow-up eGFR. As recommended by the guidelines
[26], eGFR was used for definition of five kidney function stages
(Stages 1–5: �90, 89–60, 59–30, 29–15 and <15 mL/min/1.73 m2,
respectively). Follow-up duration was calculated as the date of
the follow-up exam minus the date of the baseline exam for
examinees with a follow-up exam and as the date of dialysis
initiation minus the date of the baseline exam for examinees
without a follow-up exam and with the assigned eGFR.

The target cohort comprised 4679 examinees with adult age
at the baseline exam. Of the baseline examinees, 84 were ex-
cluded from the analysis because of missing data for baseline
variables. Of the baseline examinees with complete data, 747
died before follow-up completion and 3016 participated in the
follow-up exam. The follow-up examinees had complete data
for all variables in the analysis. Forty-one baseline examinees
without a follow-up exam initiated chronic dialysis before
follow-up completion and were included in the analyses with
assigned values for follow-up eGFR and follow-up date of exam.
Thus the cohort for baseline cross-sectional analyses consisted
of 4595 persons with complete baseline data, whereas the co-
hort for longitudinal analyses consisted of 3057 individuals with
complete data for baseline and follow-up variables.

Statistical analyses

Statistical analyses were based on quintiles of baseline uNa:Cr
that were defined separately in the two sexes and, for each sex,
in seven separate strata of ages (18–24, 25–34, 35–44, 45–54, 55–
64, 65–74, �75 years). The sex- and age-stratified procedure was
designed to obtain quintiles with progressively higher uNa:Cr
but with similar sex and age.

First, cross-sectional analyses investigated with the use of
analysis of variance (ANOVA), chi-squared analysis or logistic re-
gression and the associations at baseline of the uNa:Cr quintile
with eGFR and, for clinical implications, with kidney function
stage. Cross-sectional multivariable models included as covariates
sex and the following baseline variables: age, education, physical
activity, obesity (BMI �30 kg/m2) or BMI, smoking habit, blood pres-
sure or hypertension (systolic pressure �140 mm Hg or diastolic
pressure �90 mm Hg or regular antihypertensive drug treatment),
cardiovascular disease, diuretic treatment, treatment with
angiotensin-converting enzyme (ACE) inhibitor, diabetes (serum
glucose �7.0 mmol/L or regular antidiabetic treatment), protein in-
take (g/day) estimated using overnight urine excretion of urea ni-
trogen [27, 28], overnight urine excretion of potassium used as an
index of dietary potassium [29], intake of alcohol, intake of milk or
yogurt, intake of caffeine-containing beverages and intake of total
fluids. In the subgroup with baseline ages 45–64 years only, analy-
ses were also controlled for baseline overnight urine albumin:crea-
tinine ratio that was log-transformed due to high skewness [17].
Interactions of the uNa:Cr quintile with given covariates were ana-
lysed, including in the multivariable logistic regression and the
product between baseline uNa:Cr and the covariate. Multivariable
models were analysed in selected subgroups for investigations on
consistency of results.

Next, longitudinal analyses investigated with the use of
ANOVA, chi-squared analysis or logistic regression and the
associations at baseline of uNa:Cr quintile with eGFR change
(continuous variable¼ follow-up eGFR � baseline eGFR), with
eGFR change per year of follow-up (continuous variable¼ eGFR
change/follow-up duration) and, for clinical implications, with
eGFR change �30% or less of baseline eGFR [30] and with wors-
ened kidney function stage (follow-up stage>baseline stage)
[26]. As covariates, longitudinal multivariable models included

sex, follow-up duration and baseline data of age, education,
physical activity, obesity or BMI, smoking habit, blood pressure
or hypertension, cardiovascular disease, diuretic treatment,
treatment with ACE inhibitor, diabetes, protein intake, over-
night urine excretion of potassium, intake of alcohol, intake of
milk or yogurt, intake of caffeine-containing beverages and in-
take of total fluids. In the subgroup with baseline ages 45–
64 years only, analyses were also controlled for log-transformed
baseline overnight urine albumin:creatinine ratio. Interactions
of baseline uNa:Cr quintile with given baseline covariates were
analysed, including in the multivariable regression and the
product between baseline uNa:Cr quintile and the baseline co-
variate. Additional multivariable models in Supplementary
Material also included as covariates follow-up data for BMI or
obesity, smoking habit, blood pressure or hypertension, cardio-
vascular disease, diuretic treatment, treatment with ACE inhibi-
tor/blocker, diabetes and alcohol intake.

For further analyses about the role of baseline eGFR and
about regression towards the mean, non-adjusted longitudinal
analyses on eGFR change were rerun separately for examinees
with baseline eGFR �90 mL/min/1.73 m2 and with baseline
eGFR<90 mL/min/1.73 m2.

Statistical procedures were performed using SPSS Statistics
19 (IBM, Armonk, NY, USA). Data presentation included mean,
standard deviation (SD), median, interquartile range (IQR), prev-
alence, incidence, odds ratio (OR) and 95% confidence interval
(CI).

RESULTS
Descriptive statistics

Baseline descriptive statistics are reported in Table 1 for the
whole cohort and in Table 2 for the uNa:Cr quintiles. Women had
lower eGFR, lower prevalence of Stage 1 kidney function and
higher uNa:Cr due to lower urinary creatinine (Table 1). As per
the definition, uNa:Cr quintiles differed for uNa:Cr but were simi-
lar for sex and age (Table 2). The uNa:Cr trend along quintiles was
consistent in morning urine, 24-h urine and untimed spot sam-
ples additionally collected in some subgroups at baseline or years
before baseline (Supplementary Material, Table S1). Urine sodium
excretion rate paralleled uNa:Cr. Compared with Quintile 1,
Quintile 5 had 3.7 times higher sodium excretion in the presence
of minor differences in urine creatinine, either as measured over-
night excretion or estimated 24-h excretion. The uNa:Cr quintile
did not associate with serum sodium but associated inversely
with haematocrit. A higher uNa:Cr quintile associated signifi-
cantly with lower education, higher BMI, higher obesity preva-
lence, lower smoking prevalence, higher diabetes prevalence,
higher protein intake, higher potassium intake, lower intake of
milk or yogurt, lower intake of caffeine-containing beverages and
higher fluids intake. In examinees with baseline ages 45–64 years,
higher uNa:Cr associated weakly with higher urine albumin:crea-
tinine ratio and significantly with more prevalent urine albumin:-
creatinine ratio �30 mg/g (Supplementary data, Table S2). The
baseline uNa:Cr quintile associated with follow-up data for BMI,
obesity, smoking habit and alcohol intake and similarly to base-
line (Supplementary data, Table S3).

Cross-sectional analyses: uNa:Cr and kidney function at
baseline

A higher uNa:Cr quintile associated with lower serum creati-
nine, higher eGFR and more prevalent Stage 1 kidney function
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in non-adjusted analyses and in multivariable analyses
(Table 3). Complete results of multivariable logistic regression
for Stage 1 kidney function were reported in Supplementary
data, Table S4. Supplementary data, Figure S1, shows the rela-
tionship at baseline between estimated 24-h urine excretion
and the OR of Stage 1 kidney function. The interaction test was
borderline significant for diabetes (P¼ 0.052) but not signifi-
cant for sex, age, obesity, hypertension and protein intake
(P> 0.29). In multivariable models, the OR of Stage 1 kidney
function in Quintile 5 compared with Quintile 1 was >1 in the
whole cohort and all subgroups with the exception of diabetics
(Figure 1). In the age 45–64 years subgroup, findings were also
similar with the controls for log-transformed baseline urinary
albumin:creatinine ratio [Quintile 5 to 1 OR 1.91 (95% CI 1.28–
2.83), P¼ 0.001].

Longitudinal analyses: baseline uNa:Cr and kidney
function changes

The mortality-corrected response rate at the follow-up exam
was 78.4% and did not differ along uNa:Cr quintiles
(Supplementary data, Table S5). Compared with other examin-
ees, the subgroup of 41 baseline examinees with the initiation
of chronic dialysis without a follow-up exam differed for sex
distribution and several baseline variables (Supplementary
data, Table S6). The eGFR change was a decrease for 83.4% of
the cohort. The eGFR decrease was much greater in subgroups
with an eGFR decline �30% or with a worsened stage of kidney
function (Supplementary data, Tables S7–S8). Sex distribution
and baseline age of examinees in longitudinal analyses did not
differ along uNa:Cr quintiles (Supplementary data, Table S9).

In non-adjusted analyses and in multivariable adjusted
analyses, higher baseline uNa:Cr quintile associated with a
more negative eGFR change and with a higher incidence of
eGFR decline �30% and of a worsened stage of kidney function
(Table 4). The complete results of the multivariable logistic re-
gression for eGFR decline �30% are reported in Supplementary
data, Table S10. The interaction test was not significant for sex
and baseline values of age, obesity, eGFR, hypertension, diabe-
tes and protein intake (P> 0.11). In multivariable models, the OR
of eGFR decline �30% in Quintile 5 compared with Quintile 1
was >1 in the whole cohort and all subgroups, including men
and women, youngsters and elderly, individuals with reduced
kidney function, non-hypertensives, obese and non-obese indi-
viduals, non-diabetics and individuals with high protein intake
and without high protein intake (Figure 2). Findings in the sub-
group with ages 45–64 years were similar with controls for base-
line log-transformed urine albumin:creatinine ratio [OR 2.26
(95% CI 0.96–5.30)]. Findings were consistent in non-adjusted
analyses excluding the 41 baseline examinees with assigned
eGFR (Supplementary data, Table S11) and in multivariable
analyses with controls for follow-up data (Supplementary data,
Table S12). Supplementary data, Figure S2 shows the relation-
ship between baseline estimated 24-h urine excretion and the
OR of eGFR decline �30% or of worsened stage of kidney
function.

Non-adjusted analyses in eGFR subgroups showed that
higher uNa/Cr quintile associated with lower follow-up eGFR
and more negative eGFR change both in the subgroup with
baseline eGFR �90 mL/min� 1.73 m2 and in the subgroup with
baseline eGFR< 90 mL/min� 1.73 m2 (Figure 3).

DISCUSSION

The study results indicate that, in a general population sample,
higher overnight uNa:Cr associated cross-sectionally with
higher eGFR and longitudinally with greater long-term decline
in eGFR. These associations were independent of sex, age and
other variables, including hypertension, other dietary markers,
lifestyles, obesity and diabetes.

The main study limitation was the use of a single overnight
urine collection. This implied two possible causes of misclassifi-
cation: misclassification of habitual sodium intake due to high
day-to-day intra-individual variability in sodium intake [4, 31,
32] and misclassification due to circadian rhythms in urinary
sodium [33]. Data in the Supplementary Material indicate that
the misclassification was minor at the level of quintiles because
linear trends in uNa:Cr were consistent in morning urine, 24-h
urine and untimed spot urine collected at baseline or years be-
fore the baseline exam [5, 13, 14]. The independence of results

Table 1. Baseline descriptive statistics of the study cohort: preva-
lence, mean6SD or median (IQR)a

Variable Men Women

Baseline examinees, n 2082 2513
Age (years), mean 6 SD 48.6 6 17.6 50.9 6 17.8
BMI (kg/m2), mean 6 SD 26.9 6 3.7 26.5 6 4.8
Obese, % 18.9 21.6
Education (years of study), mean 6 SD 8.41 6 4.26 7.37 6 4.42
Physical activity (h/day) 0.14 (0.54) 0.10 (0.25)
Smoker, % 35.8 24.2
Systolic pressure (mmHg), mean 6 SD 127.3 6 17.7 127.6 6 21.6
Diastolic pressure (mmHg), mean 6 SD 75.0 6 10.6 74.3 6 11.0
Hypertensive, % 32.1 36.3
Cardiovascular disease, % 5.7 4.7
Diuretic, % 8.7 16.0
Renin–angiotensin system inhibitor, % 4.3 4.8
Diabetic, % 5.7 5.1
Serum creatinine (mg/dL),

median (IQR)a
0.97 (0.14) 0.83 (0.13)

eGFR (mL/min/1.73 m2), mean 6 SD 92 6 16 83 6 17
Stage 1 kidney function, % 57.3 34.5
Stage 2 kidney function, % 39.9 57.7
Stage �3 kidney function, % 2.8 7.8
uNa:Cr (mmol/g), median (IQR)a 94.7 (73) 116 (88)
Overnight urine sodium excretion

(mmol/h), median (IQR)a
6.61 (5.37) 5.46 (4.43)

Overnight urine flow (mL/h), mean 6 SD 55.8 6 27.1 53.2 6 28.1
Overnight urine creatinine

excretion (mg/h), mean 6 SD
73.7 6 26.3 48.8 6 17.2

Estimated urine creatinine excretion
(g/24 h), mean 6 SD

1.54 6 0.17 1.00 6 0.17

Estimated urine sodium excretion
(mmol/24 h), median (IQR)a,b

144 (107) 115 (89)

Protein intake (g/day), median (IQR)a,c 72.4 (30.4) 60.5 (29.0)
Overnight urine potassium excretion

(mmol/h), median (IQR)a
1.59 (0.92) 1.34 (0.78)

Alcohol intake (g/day), median (IQR)a 25.0 (37.5) 12.5 (12.5)
Milk or yogurt intake (mL/day),

median (IQR)a
20 (125) 63 (125)

Intake of caffeine-containing beverages
(n/day), median (IQR)a

1.4 (1.4) 1.4 (1.3)

Intake of total fluids (mL/day), median (IQR)a 1195 (646) 845 (508)
Serum sodium (mmol/L), mean 6 SD 141.8 6 2.6 141.3 6 2.7
Haematocrit (%), mean 6 SD 45.3 6 3.0 40.5 6 3.1

IQR: interquartile range.
aFor variables with non-normal distribution.
bEstimated as uNa:Cr � estimated urine creatinine excretion.
cEstimated using overnight urine excretion of urea nitrogen [27, 28].
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Table 2. Descriptive statistics: baseline overnight uNa:Cr and other baseline data in the whole study cohort and in sex- and age-matched con-
trol quintiles (mean or prevalence)

Variable

Quintile of baseline uNa:Cr ratio

P for trenda1 2 3 4 5

Baseline examinees, n 913 919 924 922 917
Women, % 54.9 54.5 54.5 54.7 54.9 0.984
Age (years), mean 49.7 49.6 50.2 49.8 50.1 0.561
BMI (kg/m2), mean 26.4 26.5 26.7 26.8 27.1 <0.001
Obese % 18.4 19.4 19.9 20.7 23.6 0.006
Education (years of study), mean 8.54 8.11 7.69 7.57 7.30 <0.001
Physical activity (h/day), mean 0.292 0.266 0.268 0.295 0.291 0.622
Smoker, % 35.7 31.1 32.1 24.9 23.3 <0.001
Systolic pressure (mmHg), mean 128 126 127 127 129 0.104
Diastolic pressure (mmHg), mean 75 75 75 74 75 0.214
Hypertensive, % 35.0 32.3 33.1 33.6 37.9 0.152
Cardiovascular disease, % 4.8 4.5 5.4 4.9 6.2 0.172
Diuretic, % 11.5 10.4 12.8 14.3 14.5 0.004
RAS inhibitor, % 4.7 5.7 4.9 4.1 3.6 0.088
Diabetic, % 4.3 4.5 5.0 5.4 7.5 0.001
uNa:Cr (mmol/g), mean 50 82 109 141 221 <0.001
Overnight urine sodium excretion (mmol/h), mean 3.07 4.81 6.35 8.14 11.28 <0.001
Overnight urine flow (mL/h), mean 43 46 53 59 70 <0.001
Overnight urine creatinine excretion (mg/h), mean 62.4 61.1 61.1 60.1 54.9 <0.001
Estimated urine creatinine excretion (g/24 h), mean 1.23 1.25 1.24 1.25 1.25 0.216
Estimated urine sodium excretion (mmol/24 h)b, mean 60 98 130 169 262 <0.001
Protein intake (g/day)c, mean 58.5 63.8 68.9 73.8 78.4 <0.001
Overnight urine potassium excretion (mmol/h), mean 1.38 1.43 1.56 1.72 1.86 <0.001
Alcohol intake (g/day), mean 21.7 23.7 21.6 21.4 20.8 0.164
Milk or yogurt intake (mL/day), mean 86.7 77.5 79.3 77.2 74.2 0.008
Intake of caffeine-containing beverages (n/day), mean 1.80 1.77 1.68 1.79 1.58 0.003
Intake of total fluids (mL/day), mean 1061 1083 1093 1092 1131 0.007
Serum sodium (mmol/L), mean 141.4 141.5 141.7 141.5 141.6 0.149
Haematocrit (%), mean 42.9 42.8 42.8 42.5 42.5 0.009

aBy ANOVA or chi-squared analysis.
bCalculated as uNa:Cr � estimated urine creatinine excretion.
cEstimated using overnight urine excretion of urea nitrogen [27, 28].

Table 3. Cross-sectional analyses: baseline data of eGFR and prevalence of stage 1 kidney function (eGFR � 90 mL/min � 1.73 m2) by sex- and
age- controlled quintiles of baseline overnight uNa/Cr ratio (mean or prevalence)

Variable

Quintile of baseline uNa/Cr ratio

P for trenda1 2 3 4 5

Baseline examinees, n 913 919 924 922 917
Serum creatinine (mmol/L), mean

Non-adjusted 81.7 80.9 79.9 79.1 77.7 <0.001
Adjustedb 81.2 80.9 79.9 79.3 78.0 <0.001

eGFR (mL/min/1.73 m2), mean
Non-adjusted 84.8 85.9 86.9 87.9 89.3 <0.001
Adjustedb 85.4 85.8 87.0 87.6 88.9 <0.001

Stage 1 kidney function, non-adjusted % (n)
Non-adjusted OR

39.1% (357) 42.7% (392) 45.2% (418) 46.6% (430) 50.6% (464) <0.001
1 (reference) 1.16 (0.96/1.40) 1.29 (1.07/1.55) 1.34 (1.11/1.61) 1.63 (1.35/1.96) <0.001

Stage 1 kidney function, adjusted %b 40.2 42.4 45.7 46.1 49.9 <0.001
Adjusted ORb 1 (reference) 1.15 (0.89/1.48) 1.47 (1.13/1.90) 1.48 (1.13/1.92) 1.98 (1.50/2.59) <0.001

aBy linear or logistic regression analysis.
bCovariates in the multivariable model: sex and baseline data of age, education, physical activity, obesity, smoking, hypertension, cardiovascular disease, diuretic

treatment, treatment with ACE inhibitor, diabetes, protein intake, overnight urine potassium, alcohol intake, milk or yogurt intake, intake of caffeine-containing bever-

ages and intake of total fluids.
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of blood pressure status and their significance in non-
hypertensives indicated that the hypertensives’ greater night-
time sodium excretion played a minor bias [34]. The lack of am-
bulatory blood pressure measurements precluded investigation
about the possible role of dipping/non-dipping hypertension.
The lack of information on all nutrients limited the analyses on
dietary factors. Nonetheless, the availability of urea data gave

information about protein intake, that is, the key dietary modu-
lator of kidney function [35]. The lack of albuminuria assess-
ment for all age strata limited to individuals with ages 45–64
years and the evidence that the cross-sectional and longitudinal
associations of urinary sodium with eGFR were independent of
albuminuria. Ethnic-dependent differences could not be investi-
gated. Study strengths were the high participation rate of the

0 1 2 3
Adjusted OR (95% CI) of prevalence of stage 1 kidney function

at baseline in uNa/Cr quintile 5 compared to quintile 1

N stage 1/total N
Whole cohort

Men

Women

Age 18–44

Age 45–64

Age 65 and over

Hypertensive

Non-hypertensive

Obese

Non-obese

Diabetic

Non-diabetic

High protein intake^

Non-high protein intake

2061/4595

1193/2082

868/2513

356/1744

589/1703

54/1118

341/1581

1720/3014

318/937

1743/3658

52/245

2009/4350

889/1933

1105/2662

OR (95% CI)
1.98 (1.50/2.59)

1.98 (1.32/2.96)

1.96 (1.35/2.85)

1.97 (1.27/3.07)

1.87 (1.29/2.72)

2.11 (0.69/6.44)

2.20 (1.32/3.66)

1.92 (1.38/2.66)

1.53 (0.85/2.75)

2.04 (1.50/2.77)

0.58 (0.13/2.72)

2.06 (1.56/2.72)

2.19 (1.36/3.50)

1.91 (1.27/2.87)

FIGURE 1: Graphical and tabular presentation of adjusted OR with 95% CI of

prevalence of Stage 1 kidney function (eGFR �90 mL/min/1.73 m2) at baseline in

uNa:Cr Quintile 5 compared with Quintile 1 in the whole cohort and selected

subgroups. The dotted line indicates an OR of 1. Covariates used for OR adjust-

ment are listed in the footnote of Table 3. N Stage 1, n examinees with Stage 1

kidney function; total N, n examinees in the analysis.

Table 4. Longitudinal analyses: follow-up duration, follow-up eGFR and indices of kidney function changes from baseline to follow-up by sex-
and age-matched quintiles of baseline overnight uNa:Cr ratio

Variable

Quintile of baseline uNa:Cr ratio

P for trenda1 2 3 4 5

Examinees, n 591 603 629 643 591
Follow-up duration (years), mean 14.1 14.2 14.0 14.0 14.1 0.439
Follow-up eGFR (mL/min/1.73 m2), mean 79.9 79.6 78.0 78.8 79.6 0.537
eGFR change (mL/min/1.73 m2), non-adjusted, mean �8.2 �9.5 �11.4 �11.7 �13.2 <0.001
eGFR change (mL/min/1.73 m2), adjustedb, mean �9.5 �10.6 �11.4 �11.3 �11.4 0.001
eGFR change per year (mL/min/1.73 m2),

non-adjusted, mean
�0.63 �0.72 �1.09 �1.63 �1.30 <0.001

eGFR change per year (mL/min/1.73 m2),
adjusted, mean

�0.71 �0.80 �1.06 1.57 �1.23 0.037

With 30% eGFR decline, non-adjusted %
Non-adjusted OR (95%CI)

2.7% 2.5% 6.4% 7.9% 8.1% <0.001
1 (reference) 0.92 (0.45/1.87) 2.44 (1.35/4.41) 3.10 (1.75/5.49) 3.18 (1.78/5.66)

With 30% eGFR decline, adjusted %
Adjusted OR (95%CI)b

3.7% 3.4% 6.2% 7.5% 6.8% 0.001
1 (reference) 0.96 (0.46/2.01) 1.96 (1.05/3.66) 2.40 (1.30/4.44) 2.21 (1.18/4.13)

With worsened stage, non-adjusted %
Non-adjusted OR (95%CI)

27.1% 30.7% 36.9% 36.1% 38.9% <0.001
1 (reference) 1.19 (0.93/1.53) 1.57 (1.23/2.01) 1.52 (1.19/1.94) 1.72 (1.34/2.19)

With worsened stage, adjusted %
Adjusted OR (95%CI)b

29.4% 32.5% 36.6% 35.4% 35.8% 0.013
1 (reference) 1.19 (0.91/1.55) 1.45 (1.12/1.88) 1.37 (1.05/1.78) 1.38 (1.05/1.82)

aBy linear or logistic regression analysis.
bCovariates in the multivariable model: sex, follow-up duration and baseline values of age, education, physical activity, obesity, smoking, hypertension, cardiovascular

disease, diuretic treatment, treatment with ACE inhibitor, diabetes, eGFR, protein intake, overnight urine potassium, alcohol intake, milk or yogurt intake, intake of caf-

feine-containing beverages and intake of total fluids.

0 2 4 6 8
Adjusted OR of incidence of eGFR decline ≥ 30%

in uNa/Cr quintile 5 compared to quintile 1

N 30% decline/total N
Whole cohort
Men
Women
Age 18–44
Age 45–64
Age 65 and over

Hypertensive
Non-hypertensive
Obese
Non-obese
Diabetic
Non-diabetic

High protein intake^

Non-high protein intake

170/3057
74/1352
96/1705
23/1377
80/1329

67/351

92/805
78/2252

57/557
113/2500

16/86
154/2971

97/1330
64/1727

OR (95% CI)
2.21 (1.18/4.13)
2.42 (0.81/7.25)
1.93 (0.88/4.23)
2.19 (0.38/12.84)
2.26 (0.93/5.47)
1.83 (0.53/6.26)

eGFR < 90 mL/min/1.73m2 
eGFR ≥ 90 mL/min/1.73m2 

105/1513
65/1544

2.31 (0.99/5.44)
1.49 (0.54/4.08)
1.21 (0.50/2.91)
3.83 (1.37/10.67)
1.93 (0.69/5.40)
2.43 (1.05/5.66)
>> 1 (incalculable)
2.04 (1.07/3.88)
2.04 (0.74/5.61)
3.40 (1.34/8.62)

FIGURE 2: Graphical and tabular presentation of adjusted OR with 95% CI of inci-

dence of eGFR �30% of baseline eGFR in uNa:Cr Quintile 5 compared with

Quintile 1 in the whole cohort and selected subgroups. The dotted line indicates

an OR of 1. Covariates used for OR adjustment are listed in the footnote of

Table 4. N 30% decline, n examinees with incidence of eGFR �30% of baseline

eGFR; total N, n examinees in the analysis. OR and 95% CI are incalculable in the

diabetic subgroup due to the low number.
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Gubbio people and the use of outcomes with validated prognos-
tic power for kidney failure, cardiovascular and all-cause mor-
tality [26, 30].

Urine sodium is the sole objective and measurable index of
sodium intake in individuals on unrestricted diet [4, 29].
Baseline data for serum sodium and haematocrit supported the
interpretation that higher overnight uNa:Cr reflected higher die-
tary sodium. If higher overnight uNa:Cr was not supported by
higher sodium intake, morning lab tests after the overnight col-
lection should have disclosed a trend along uNa:Cr quintiles to-
wards relative hyponatraemia and/or isotonic hypovolaemia
[22]. Altogether, the lack of association with serum sodium, the
inverse association with haematocrit and the positive associa-
tion with urine flow and fluids intake supported the view that
high uNa:Cr associated with a slight relative isotonic hypervo-
laemia [22]. The interpretation that higher overnight uNa:Cr
reflected higher sodium intake was supported also by the posi-
tive cross-sectional associations at baseline of uNa:Cr with
other diet-related indices such as urine urea nitrogen (protein
intake) [27, 28], urine potassium (potassium intake) [29], BMI
and obesity.

Observational studies can hardly investigate mechanisms
and are inevitably prone to confounders. For longitudinal
results, a mere effect of regression towards the mean could be
excluded because the inverse association of uNa:Cr with eGFR
changes was also strong in the subgroup with baseline
eGFR<90 mL/min/1.73 m2, that is, in the subgroup where a re-
gression towards the mean should have driven towards an in-
crease or towards a smaller decline in eGFR. The possibility that
the association of uNa:Cr with kidney function could be medi-
ated by sodium intake effects on blood pressure was not sup-
ported by the independence of results of hypertension at

baseline and follow-up. The statistical insignificance of the 24%
higher incidence of greater eGFR decline in individuals with
baseline hypertension could reflect the high rate of hyperten-
sion control in the Gubbio cohort [36] and the inclusion in the
multivariable model of hypertension determinants (i.e. obesity,
physical activity, alcohol intake and an index of sodium intake).
Theoretically the baseline cross-sectional positive association
of overnight uNa:Cr with eGFR could reflect an upregulation of
kidney function secondary to relative hypervolaemia and/or re-
lated adaptations. Thus sodium intake could play a contributory
role in the post-meal increase in glomerular filtration defined
as hyperfiltration [35, 37]. In this view, the contrast between the
cross-sectional positive association and the longitudinal inverse
association could be combined in a hypothetic model where so-
dium intake effects on kidney function vary over time, that is, a
short-term hyperfiltration in the hours subsequent to high salt
intake and a long-term detrimental acceleration of the kidney
function decline, perhaps due to the chronic stimulation of
hyperfiltration. Given that sodium intake accounts for a large
percentage of total urine osmolality, another, not alternative,
possibility could be high sodium intake contributes to kidney
function decline through an osmotic overload [38]. Last, the
cross-sectional association of urinary sodium with urine albu-
min could point to a mechanism mediated by high albuminuria
[39]. It is impossible to exclude other mechanisms as, for in-
stance, direct toxicity of sodium on glomerular, tubulointersti-
tial or vascular compartments of the kidney.

Study results could have at least two practical implications.
Cross-sectional results prove that sodium intake in the hours
prior to eGFR assessment may play a confounding role favour-
ing higher eGFR in the case of high intake and, vice versa, lower
eGFR in the case of low intake. Given that kidney function stage
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FIGURE 3: Non-adjusted mean with 95% CI of baseline eGFR (left panel), follow-up eGFR (centre panel) and eGFR change (right panel) by quintile of baseline overnight

uNa:Cr in the subgroup with baseline eGFR �90 mL/min/1.73 m2 (open symbols) and in the subgroup with baseline eGFR<90 mL/min/1.73 m2 (closed symbols). Number

of examinees from Quintile 1 to Quintile 5: subgroup with baseline eGFR �90 mL/min/1.73 m2¼261, 290, 316, 330 and 347 and subgroup with baseline eGFR<90 mL/

min/1.73 m2¼330, 313, 313, 313 and 244. P-values for trend are from non-adjusted ANOVA.
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and eGFR decline �30% are powerful predictors of prognosis for
kidney function [26, 30], longitudinal results indicate that medi-
cal practice and guidelines should consider high sodium intake
as an independent determinant of accelerated kidney function
decline in individuals with or at risk of kidney dysfunction.
Thus the study supported the worldwide advice to reduce so-
dium intake to <100 mmol/day. Besides its key role in preven-
tion and control of cardiovascular disease [1, 2, 7], low sodium
intake could be useful also for risk reduction of acute renal
hyperfiltration and of long-term decline of kidney function.

Study results agreed with two observational clinical studies
in nephropathic patients [21, 40] and with the population-based
study of Sogiura et al. [10]. In relation to that study, the major
strengths were the inclusion in the analysis of several dietary
indices besides urine sodium for a well-characterized popula-
tion sample [12]. The average values of 121 mmol/g uNa:Cr and
of a 6.72 mmol/h urine sodium excretion rate pointed to a daily
urine sodium excretion of 150–160 mmol/24 h, in agreement
with previous data in the Gubbio cohort and in other Italian
cohorts [5, 13]. On the other hand, study results disagreed with
the results of interventional clinical trials in patients at high
cardiovascular risk [41] and could seem in contrast with the
results of a Dutch observational population-based study [42].
The disagreement with clinical trials reasonably reflected sub-
stantial differences not only in the study cohorts (i.e. high car-
diovascular risk patients and general population), but also in
drug treatment and follow-up duration. The prevalence of treat-
ment with RAS inhibitors or blockers was indeed >90% in the
trials, whereas in the Gubbio cohort it was <5% at baseline and
<25% at follow-up. Moreover, follow-up duration averaged
<5 years in the trials and almost 15 years in the Gubbio cohort.
The seeming contrast in the conclusions between the Dutch
study and the present study reasonably reflected methodologi-
cal differences in the selection of incident outcomes: chronic
kidney disease defined as eGFR <60 mL/min/1.73 m2 in that
study and the extent of eGFR decline in the present study. With
the use of an outcome defined as incident eGFR <60 mL/min/
1.73 m2, the events could be unrelated to the extent of eGFR de-
cline in many cases. For example, a 3-mL eGFR decline close to
the threshold of 60 mL/min/1.73 m2, i.e. from 62 to 59 mL/min/
1.73 m2, would be an incident event with that definition, al-
though it was a minor eGFR change. In contrast, a 30-mL eGFR
decline above or below the threshold of 60 mL/min/1.73 m2, e.g.

from 92 to 62 mL/min/1.73 m2 or from 59 to 29 mL/min/1.73 m2,
would not be an incident event for that definition, although it
was a substantial eGFR decline.

Briefly, this observational cohort study reported that in the
general population, a urine marker of high sodium intake asso-
ciated with higher kidney function at baseline but predicted a
greater long-term decline of kidney function independent of
sex, age, baseline kidney function, hypertension and other
covariates. Thus the study results are in accordance with the
idea that high salt intake could be an independent determinant
of kidney function decline over time and support the need for
interventional studies to investigate the renoprotective effects
of dietary salt restriction.
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