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Abstract Based on the calciuric effect of sodium (Na), it

has been speculated, although not proven, that higher Na

intake might have a detrimental effect on bone health. The

objective was to determine the relationship between Na

intake (expressed as urinary Na) and bone mineral density/

content (BMD/BMC) during a 3-year study. Participants

were healthy, postmenopausal, Caucasian women

(n = 136 at baseline) with no medications affecting bone.

After baseline screening, half were instructed to reduce

sodium intake to *1,500 mg/day (intervention). The other

half remained on habitual intake of *3,000 mg/day

(control). All subjects were given calcium and vitamin D

supplements to achieve recommended levels. Anthropom-

etries, densitometry, blood and 24-h urine analyses, and

dietary and activity records were assessed every 6 months.

Data were analyzed as a continuum, irrespective of the

initial assignment to a control or intervention group, using

random effects regressions with repeated measures analysis

of variance to examine changes over time. Results showed

that subjects with higher Na intake had higher BMD in the

forearm and spine at baseline and all subsequent time-

points (p \ 0.01). In the forearm, time and higher urinary

calcium modified results, producing a curvilinear decrease

in BMD (p \ 0.01). In the spine, more active individuals

had higher BMD at all time-points. We conclude that

higher sodium intake, within the range consumed, had a

positive effect on some skeletal sites and no adverse effect

on bone in women who had adequate calcium and vitamin

D intake.

Keywords Sodium and calcium intake � Urinary sodium �
Urinary calcium � 24-h urine

Introduction

Possible effects of sodium (Na) on bone health have been a

point of research in both humans and animals for more than

two decades. A positive relationship between urinary Na,

reflecting Na intake, and urinary calcium (Ca) excretion in

humans and animals has been confirmed in numerous

studies (Goulding and Campbell 1983, 1984; Matkovic

et al. 1995; Nordin et al. 1993; Saric et al. 2005). Based on

this relationship, it was speculated that excess Na intake

might decrease bone mineral density (BMD) with possible

detrimental effect on bone health. However, there are only

two studies that reported negative effects of Na directly on

BMD in humans. Nordin and Polley (1987) reported that

forearm BMD was negatively correlated with 24-h urinary

Na excretion in a cross-sectional study of 440 healthy

postmenopausal women. Devine et al. (1995) showed that

higher urinary Na resulted in a more rapid bone loss of hip

and ankle in postmenopausal women. The latter study,

however, was designed to monitor the effect of Ca sup-

plementation and exercise on bone mass. In contrast,

Greendale et al. (1994) found a positive relationship
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between sodium intake and BMD of the ultradistal radius

and hip in male and female participants of the Rancho

Bernardo study (an on-going Californian study started in

1972 examining life style and nutritional parameters in

relation to various health outcomes in several thousand

adults), although, after adjusting for confounders, the sta-

tistical significance disappeared in women, but remained in

men at the ultradistal radius. The results from numerous

other studies did not show any direct relationship between

Na intake/urinary excretion and BMD as an outcome, but

did show higher urinary Ca excretion with higher urinary

Na (Carbone et al. 2005; Dawson-Hughes et al. 1996;

Matkovic et al. 1995).

Based on the literature reviews conducted throughout

the past decade and by several authors, the relationship still

remains unclear and the overall conclusion is that the

current knowledge about the role of Na in bone health is

meager and conflicting (Burger et al. 1998; Cashman

and Flynn 2003; Cohen and Roe 2000; Teucher and

Fairweather-Tait 2003). In his review, Heaney concluded

that: ‘‘At calcium intakes at or above currently recom-

mended levels, there appear to be no deleterious effects of

prevailing salt intakes on bone or the calcium economy …’’

(Heaney 2006). Recently, some authors (Heer et al. 2009;

Frings-Meuthem et al. 2008; Frassetto et al. 2008) revisited

the issue and argued that a typical Western diet, high in

sodium and low in potassium with its net acid production,

causes chronic low-grade metabolic acidosis and as such

may contribute to increased osteoclastic activity and bone

loss. Those studies, however, were also of a short duration

and therefore not able to examine any changes in BMD as

an outcome measure.

Well-designed, prospective studies in humans examin-

ing the effect of Na intake on BMD or fracture risks to

clarify the possible influence of Na on bone have not been

conducted probably because of several difficulties: (a) an

inability to obtain a wide enough range in Na intakes

among subjects—it would not be feasible from an ethical

or health perspective to supplement subjects with sodium;

(b) the need for a relatively long duration of the study in

order to observe changes in bone over time; (c) the need for

the 24-h urine collections to assess Na intake, since dietary

records and their analyses are unreliable; (d) the need for

frequent and extensive evaluation of study subjects to

control for other confounders, since the effect of Na could

be easily masked by other more powerful factors (medi-

cations, diuretics).

In view of the above, a longitudinal study in Caucasian,

postmenopausal women was conducted to determine

whether those with higher habitual Na intake will lose

more bone mass in different skeletal sites compared to

those who were instructed to reduce their Na intake and

maintain it at a lower level. Other factors potentially

affecting bone mass (anthropometries, body compositions,

blood and urine parameters, nutrition, life style, physical

activity) were evaluated and accounted for in the analyses.

To our knowledge, this is the only long-term study in

postmenopausal women designed specifically to examine

the effect of Na on BMD at various skeletal sites.

Materials and methods

The study was advertised through local newspapers and

community and senior centers. The interested participants

were screened for eligibility over the phone and evaluated

for general health, physical functioning and cognitive

abilities. Several hundred (n = 428) women were contacted

to select 136 who met all criteria and were willing to par-

ticipate in the study. The selected subjects were 5 years or

more postmenopausal, able to live independently, current

non-smokers, free of any chronic disease (kidney stones,

hypertension, diabetes, severe osteoporosis, cancer) and not

taking diuretics and medications known to affect bone

metabolism, including but not limited to estrogen, bis-

phosphonates, and corticosteroids, as described previously

(Ilich and Brownbill 2008). The enrollment was staggered

through 2 years, but each participant was followed-up for

3 years. The protocol was approved by the University of

Connecticut Institutional Review Board and each partici-

pant signed the informed consent. Figure 1 presents the

flow chart of the design and variables measured.

Anthropometry and bone densitometry

Weight and standing stature were recorded in kg and cm,

respectively, with subjects in normal indoor clothing

without shoes, and body mass index (BMI) (kg/m2) was

calculated. Each participant had her total body, non-dom-

inant forearm (ultradistal and proximal sites of ulna and

radius), spine (antero-posterior) and non-dominant femur

(neck, trochanter, Ward’s triangle, shaft, and total) mea-

sured by dual energy X-ray absorptiometry (DXA) with a

Lunar DPX-MD densitometer (GE Medical Systems,

Madison, WI) using specialized software for each skeletal

site. The total body scan also yielded an analysis of soft

tissue (fat and lean), used as a confounder in analyses. The

bone densitometer was calibrated daily. Long-term stability

was monitored by measuring an aluminum spine phantom

on a weekly basis, with a resulting average coefficient of

variation (CV) of 0.45% for the entire study period. The

measurements did not show drift during the study period,

with an average BMD of 1.256 ± 0.01 g/cm2, ranging

from 1.244 to 1.274 g/cm2. The %CV of BMD for different

skeletal sites in vivo was calculated from the repeated

measurements (5 times each) on five normal women,

746 Eur J Appl Physiol (2010) 109:745–755

123



comparable to the study subjects. The %CV for the BMD

of various skeletal sites was as follows: forearm (radius and

ulna pooled together at 1/3 distance from styloid process),

0.7%: lumbar spine (L2–L4), 1.0%; femoral neck, 1.5%;

Ward’s triangle, 1.5%; femoral shaft, 0.7%; trochanter,

0.9%; and total hip, 0.6%. The %CVs were comparable

with the manufacturer’s values, indicating acceptable pre-

cision of the instrument (Ilich et al. 2000).

Dietary and physical activity assessment

The subjects completed a 3-day dietary record (2 weekdays

and 1 weekend day), upon entering the study, and then every

3–6 months. Each subject was thoroughly and individually

instructed how to complete the records by a registered

dietitian (Ilich et al. 2003). Nutrient intake from the record

was analyzed with Food Processor� (ESHA Research,

Salem, OR), by the same dietitian, and the mean daily intake

was calculated for energy and all other macro and micro-

nutrients, as well as caffeine and alcohol consumption. The

supplemental intake of vitamins and minerals was carefully

recorded as well, and included in the total nutrient analysis,

as described previously (Ilich et al. 2003). All subjects were

given Ca (*630 mg/day) and vitamin D (*400 IU/day)

supplements throughout the study (Citracal�, Mission

Pharmacal, San Antonio, TX). If a subject was taking Ca

and vitamin D supplements before entering the study, she

was asked to replace them with Citracal�.

Physical activity was assessed using interview format

with a modified version of the Allied Dunbar National

Fitness Survey (Fenton et al. 1994; Ilich and Brownbill

2008). Subjects were asked about participation in recrea-

tional and sport activities of at least 4 kcal/min (intensity

likely to produce health benefit) as well as about per-

forming heavy housework, home improvement, gardening

and walking (distances of at least 1 mile). Each activity

was assessed for frequency and duration and expressed in

hours/week based on the average of the previous 4 weeks.

Total activity score was calculated as well (Ilich and

Brownbill 2008; Ilich-Ernst et al. 2002).

Intervention for reduction of sodium intake

and subjects’ compliance

After the initial screening, half of the randomly assigned

subjects were instructed to reduce Na intake to approxi-

mately 1,500 mg/day (3.8 g salt). The randomization was

performed by systematically arranging intervention and

control codes, assigning to each code a random number and

then sorting by the random number column. The subjects in

the control group remained on their usual Na intake

(*3,000 mg/day). The instructions on how to reduce

sodium, along with the educational material, brochures,

diet plans, food lists, recipes, and tips were delivered to

participants on an individual basis (by a registered dieti-

tian) at the first visit and then reinforced at each subsequent

visit. In-between the visits, subjects were followed-up by

frequent telephone calls and mailings of new recipes and

information. All instructions were aimed to facilitate

reduction in Na without altering intake of other nutrients.

Fig. 1 Flow chart presenting

study design and measured

variables
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Records of intake and interviews about the adherence to the

protocol were conducted every 3 months in the first year

and then every 6 months thereafter. A similar schedule was

followed for the biological check, alternating between spot

and 24-h urine sample analyses of Na. The compliance in

the control group was assessed in the same way/intervals.

With time, some of the participants in the control group

reduced their Na intake and those in the intervention group

did not comply well in reducing their Na intake. Therefore,

the final analyses were conducted on the continuum of

intake, regardless of which group each subject was initially

assigned to. However, additional calculation based on the

intention-to-treat was performed as well. Compliance with

Ca supplementation in all subjects was calculated from the

returned pills.

Clinical chemistry

Blood and 24-h urine samples were obtained every

6 months. Serum was analyzed for total Ca, magnesium

(Mg), phosphorus (P), proteins, creatinine (Cr), alkaline

phosphatase and electrolytes (Na, potassium, chloride), all

measured by automated procedures (Quest Diagnostics,

Wallingford, CT). Remaining samples were stored at

-80�C and later analyzed for markers of bone turnover,

osteocalcin (OC) and undercarboxylated osteocalcin

(UOC) by ELISA (Biomedical Technologies, Inc,

Stoughton, MA) in the General Clinical Research Center at

the University of Connecticut Health Center. Vitamin D

(25 hydroxy) and parathyroid hormone (PTH) were ana-

lyzed by Allegro immunoassay, both by Nichols Institute

(San Juan, Capistrano, CA) at baseline, 6 and 12 months

only.

Special attention was paid to the 24-h urine collec-

tions, since urinary Na determined from the sample

served as an estimate for dietary Na (in addition to the

spot urine analysis in alternate visits). Each participant

received written instructions and was individually taught

how to collect the urine. Because the compliance was

self-reported, urinary Cr was also used to screen for

possible errors and incomplete collections. The samples

were collected in the previously distributed containers

without additives and subjects were instructed to keep

containers in a refrigerator during collection. Upon

return, the total volume was measured and the sample

routinely analyzed by chemstrips for basic parameters

(e.g. glucose, protein, pH etc.). Thereafter, the samples

were divided in aliquots and analyzed for Ca, Na, Mg,

potassium, P, and normalized by Cr (Quest Diagnostics).

The remaining samples were stored at -20�C and later

analyzed at GCRC for urinary cross-linked N-telopeptides

of mature type I collagen (NTx), using ELISA (Ostex,

Seattle, WA).

Data analysis

Analyses were performed with the SAS (Version 8.2, SAS

Institute, Cary, NC) statistical software and Data-Desk�

(Data Desk Description, Inc., Ithaca, NY). Overall, statis-

tical significance was declared if p B 0.05. After checking

normality assumptions, preliminary analyses were con-

ducted by developing multiple regression models with

either BMD or BMC as dependent variable and urinary

Na/Cr and Ca/Cr as explanatory variables. Potential

confounders typically included age, BMI or lean/fat tissue,

dietary Ca, energy and/or protein intake, urinary potassium

or phosphorus, and various measures of physical activity.

Additionally, all follow-up bone measurements were cal-

culated as a percent change from baseline. The intention-

to-treat approach was utilized first, to evaluate the effect of

Na on BMD/BMC irrespective of compliance or drop-outs.

In that regard, average cumulative values for all variables

of interest were calculated by summing the available values

from all time-points (baseline, 6, 12, 18, 24, 30, and

36 months). However, as it has already been established in

clinical trials, when compliance declines (either due to

drop-out or poor adherence to protocol), treatment effect

decreases, regardless of its efficacy (Everitt and Pickles

1999). Therefore, a more comprehensive analysis for lon-

gitudinal studies (random effects regression models incor-

porating repeated measures and accounting for the missing

data) was utilized to examine the change in BMD across

time, and to determine the most significant predictors.

Analysis strategy overview

All models were fitted using four BMD (and/or BMC)

outcomes: composite BMD of femur (neck, trochanter,

Ward’s triangle, shaft), forearm (including radius and ulna

at both ultradistal and 1/3 proximal site), L2–L4 lumbar

spine and total body. In addition, separate analyses were

conducted for the femoral neck BMD/BMC, due to its

importance in the osteoporosis diagnosis and susceptibility

to fracture. To examine the BMD change over time, several

multilevel models were estimated (Lindenberger and

Ghisletta 2004; Rogosa and Saner 1995): unconditional

means models for each outcome; unconditional growth

models; and time-variant and time-invariant predictors

were added to the model. For each outcome variable, a

separate model was estimated for each of the following

time-variant predictors: BMI, fat and lean tissue, physical

activity, urinary and dietary calcium, vitamin D, energy,

protein, and potassium intakes, alcohol and caffeine con-

sumed, and the time-invariant predictor, age. In each of

these models, two time effects were estimated as random

effects: time-linear and time-non-linear. Additionally, the

following random effects were also estimated: the main
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effect of the covariate of interest, the interaction between

the covariate and non-linear and linear time, the main

effects of each time term, the main effect of urinary and

dietary sodium, as well as the two-way interactions

between each of the time terms and each sodium measure

(resulting in 4 parameters). Subsequently, model trimming

was performed by estimating a separate model that inclu-

ded only the significant covariate measures (the main effect

of the covariate, the interaction with the covariate with

time, or both) and the main effects of time, and sodium

(both urinary and dietary). Lastly, a final trimmed model

was estimated for each of the outcomes that only included

the significant random effects from the previous model,

along with the two fixed effects of time-linear and time-

non-linear.

Results

Descriptive characteristics with anthropometries and bone

variables at baseline for all subjects (n = 136), those who

stayed in the study for 36 months (n = 97), and those who

dropped out at various time-points (n = 39) are presented

in Table 1. Table 2 shows nutritional, serum, and 24-h

urine variables presented in the same manner. At baseline,

there was no statistical difference in any of the variables

between initially assigned intervention (reduced Na) and

control (maintenance of Na intake) groups. Measures of

physical activity at baseline expressed as hours/week were

heavy housework, gardening, walking, recreation/sports

and total activity score: 2.1 ± 4.3, 1.0 ± 2.2, 1.4 ± 1.7,

1.0 ± 1.8, 5.6 ± 5.6 h/week (mean ± SD), respectively.

In comparing the variables at baseline between subjects

who stayed and those who dropped out, only age, total

body BMC and urinary Ca/Cr were statistically different by

two-sample t test. Additionally, dichotomous variables

coding missing and non-missing cases were created for all

variables used. The calculated correlations resulted in near-

1 values and the cross-tabulations showed that the missing

cases increased ‘‘uniformly’’ with the study progression,

indicating no particular bias in the drop-out. The drop-out

percent (number of subjects) was 8.8% (n = 12), 5.6%

(n = 7), 8.5% (n = 10), 0.9% (n = 1), 7.5% (n = 8), and

1.0% (n = 1) at 6, 12, 18, 24, 30, and 36 months of

evaluation, respectively, with the overall drop-out rate in

3 years of 28.7% (n = 39), with 97 subject finishing the

study. The reasons for drop-out ranged from the lost

interest (n = 27), changes in family situation and moving

(n = 6), to developing chronic conditions (heart disease,

n = 2), starting medication affecting bone metabolism

(n = 3), or death (n = 1).

Average calcium intake was adequate throughout the

study. Apart from food sources, Ca also originated from

various multi-mineral/vitamin supplements as well as from

Ca citrate administered in the study, except at the baseline

when it originated from any other commercial Ca supple-

ment (typically Ca carbonate). Dietary intake was between

800 and 900 mg/day at each assessment, but together with

supplements it ranged from 1,300 to 1,500 mg/day. The

average compliance with Ca supplements administered in

the study was calculated by counting the returned pills

every 6 months and it was: 93.7, 93.5, 93.7, 92.9, 93.7, and

94.1% for 6, 12, 18, 24, 30, and 36 months evaluations,

respectively. Figure 2 presents tertiles of 24-h urinary

Na/Cr excretion at each time-point, and Fig. 3 presents

urinary Ca/Cr excretion according to the tertiles of urinary

Na/Cr. It should be noticed that higher urinary Na/Cr was

associated with higher urinary Ca/Cr at each time-point,

but the statistical significance was reached only at baseline,

24 and 36 months.

Table 3 shows results from multiple regression models

created with bone outcomes assessed at 36 months as

dependent variables and cumulative averages over

36 months for urinary Na/Cr and Ca/Cr (as explanatory

variables), and age, cumulative BMI and/or body fat or

lean tissue, cumulative dietary Ca, energy or protein, and

modes of cumulative physical activity as confounders.

Urinary Ca/Cr was negatively and urinary Na/Cr was

positively associated with BMD/BMC of various skeletal

sites.

There was no statistical difference in mean BMD

of the forearm (F = 0.661, p = 0.417), hip (F = 0.679,

p = 0.411) or spine (F = 0.154, p = 0.695) between

baseline and 36 months (univariate ANOVA) indicating

that, on average, no appreciable amount of bone had been

lost over 3 years. No appreciable loss of BMD of various

skeletal sites was observed when %change between base-

line and 36 months was calculated using the entire study

population. The results from random effects regression,

utilized to assess both linear and non-linear trends over

time with covariates of interest and BMD at various skel-

etal sites, are described below (results with BMC showed

similar trends, not presented).

Forearm analysis

A main effect of non-linear time indicated that individuals’

forearm BMD decreased non-linearly, t = -2.41,

p = 0.0176. A main effect of urinary Na indicated that

higher urinary Na was associated with higher forearm

BMD at baseline and subsequent time-points, t = 2.63,

p = 0.0089. As expected, a main effect of age indicated

that across time, older individuals had less dense bones

than younger individuals, t = -3.51, p = 0.0005. An

interaction between non-linear time and urinary Ca indi-

cated that radius BMD decreased non-linearly across time,
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t = -2.69, p = 0.0074, in a group with higher urinary Ca

excretion (Fig. 4). Similar effects were obtained when the

whole forearm was included (both ulna and radius at

proximal and ultradistal sites, data not presented).

Spine (L2–L4) analysis

Consistent with the forearm results, a main effect was

found for urinary Na, t = 3.02, p = 0.0027. At any given

time-point, individuals with higher urinary Na had higher

spine BMD. In addition, a main effect for total activity

score indicated that at any given time-point, more active

individuals had higher spine BMD, t = 2.10, p = 0.0366

(Fig. 5).

Femur (neck, Ward’s triangle, shaft, trochanter)

analysis

A main effect of non-linear time indicated that femoral

BMD decreased non-linearly, t = -2.73, p = 0.0073.

Consistent with results for the forearm (and not surpris-

ingly), a main effect of age indicated that across time, older

individuals had less dense bones than younger individuals,

t = -3.08, p = 0.0022. A main effect of BMI indicated

that the higher the BMI at any given time-point, the higher

the BMD, t = 5.33, p \ 0.0001. BMI also interacted

with linear time indicating that the BMD of individuals

with higher BMI decreased at a slower rate than those with

lower BMI, t = 2.32, p = 0.0208. A main effect for lean

tissue indicated that higher values of lean tissue were

associated with higher BMD at any given time-point,

t = 3.31, p = 0.0010, in a similar manner as BMI. There

was no effect of sodium on femoral BMD. Separate anal-

yses for femoral neck only showed similar trends but with

the lower statistical significance. There was also no rela-

tionship with sodium (data not presented).

Total body analysis

The unconditional growth model for total body BMD did

not converge, indicating that there was no between-person

variability; therefore, this model was not pursued further.

All three markers of bone turnover were significantly

and positively related to each other at baseline and in

subsequent evaluations. Both OC and UOC were signifi-

cant negative predictors of BMD at total body, hip and

forearm sites at some time-points, while at 24-month, OC

was significantly higher in subjects with higher urinary Na

Table 1 Descriptive characteristics (mean ± SD) and min–max for anthropometries, body composition, and bone mineral density and content

of various skeletal sites in study population at baseline

Variable All subjects

(n = 136)

Min–max Subjects who

finished (n = 97)

Subjects who dropped

out (n = 39)

Age (years) 68.6 ± 7.1 57.4–88.6 67.7 ± 6.6 70.8 ± 7.8*

Weight (kg) 68.0 ± 11.3 44.8–104.9 68.3 ± 11.0 67.4 ± 12.2

Height (cm) 161.7 ± 6.8 143.9–179.0 161.6 ± 6.8 162.0 ± 6.7

Body mass index (kg/m2) 26.0 ± 3.8 17.2–38.0 26.1 ± 3.5 25.8 ± 4.6

Lean tissue (kg) 38.0 ± 4.3 27.8–48.9 38.3 ± 4.4 37.4 ± 4.1

Fat tissue (kg) 26.1 ± 7.7 7.3–50.2 26.4 ± 7.6 25.2 ± 7.9

Fat tissue (%) 40.0 ± 6.2 15.7–54.1 40.2 ± 5.8 39.4 ± 7.2

Total body BMD (g/cm2) 1.077 ± 0.095 0.770–1.302 1.082 ± 0.094 1.063 ± 0.097

Total body BMC (g) 2,291 ± 397.3 1,281–3,338 2,318 ± 402.2 2,222 ± 380.8*

Spine L2–L4 BMD (g/cm2) 1.075 ± 0.197 0.786–1.900 1.075 ± 0.186 1.073 ± 0.223

Spine L2–L4 BMC (g) 44.8 ± 11.0 23.3–83.5 44.8 ± 10.4 44.9 ± 12.4

Total hip BMD (g/cm2) 0.858 ± 0.133 0.581–1.269 0.867 ± 0.125 0.834 ± 0.152

Total hip BMC (g) 28.4 ± 5.6 16.0–45.0 28.7 ± 5.5 27.7 ± 5.6

Radius 1/3 BMD (g/cm2) 0.577 ± 0.078 0.369–0.787 0.580 ± 0.075 0.572 ± 0.084

Radius 1/3 BMC (g) 1.4 ± 0.2 1.0–2.0 1.4 ± 0.2 1.4 ± 0.2

Forearm BMD (g/cm2) 0.439 ± 0.063 0.256–0.587 0.443 ± 0.064 0.430 ± 0.062

Total forearm BMC (g) 9.9 ± 1.8 5.5–14.5 10.0 ± 1.8 9.6 ± 1.6

Two columns at right present those characteristics at baseline of subjects who stayed in the study for all 36 months and those who dropped out at

various time-points, respectively

BMD bone mineral density, BMC bone mineral content

* Statistically different by two-sample t test (p B 0.05) between subjects who finished and those who dropped out
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(Ilich et al. 2004, Abstr). However, each of those analyses

was done on a cross-sectional basis and the noted results

were sporadic throughout the time-points rather than con-

sistent. When multiple regressions were created at

36 months for BMD of the noted skeletal sites as depen-

dent variables and cumulative average values of bone

markers and other confounders, none of the markers

showed any significant relationship with BMD. Similarly,

in the random effects regression analysis, bone markers did

not show any effect on BMD nor did an interaction with Na

exist. Serum vitamin D(25 hydroxy) and PTH, measured

only in the first year, were not related with urinary Na/Cr

and did not have any relationship with BMD/BMC, as

reported earlier (Ilich et al. 2002, Abstr).

Discussion

To the best of our knowledge, this is the first and only long-

term study that was specifically designed to monitor the

effect of dietary Na (expressed as urinary Na) on BMD/

BMC in healthy postmenopausal women. By utilizing

repeated measures mixed models, it was shown that sub-

jects with higher Na intake had higher BMD in forearm and

spine, starting already at baseline and at any subsequent

evaluation time-point. There was no effect of Na on total

body or femoral BMD. These results are surprising in view

of the evidence that higher sodium intake promotes higher

urinary Ca excretion and speculations that it might com-

promise bone status, particularly in elderly. These results

Table 2 Average total (food and supplements) dietary intake of nutrients and selected parameters from serum and 24-h urine samples

(mean ± SD) in study population at baseline

Nutrient/urinary/serum

parameters

All subjects

(n = 136)

Min–max Subjects who

finished (n = 97)

Subjects who dropped

out (n = 39)

Energy (kcal) 1,691 ± 382 798–2,700 1,656 ± 388 1,777 ± 354

Protein (g) 70.6 ± 18.6 24.4–125.4 69.5 ± 17.7 73.1 ± 20.9

Fat (g) 57.9 ± 23.9 16.8–138.5 56.3 ± 24.8 61.7 ± 21.3

Carbohydrate (g) 221.9 ± 55.5 101.3–399.8 217.8 ± 53.1 232.3 ± 60.6

Calcium (mg)

Food 872 ± 365 284–2,204 852 ± 329 921 ± 442

Supplement 713 ± 500 22–2,500 719 ± 521 700 ± 458

Total 1,370 ± 632 307–3,351 1,341 ± 628 1,442 ± 646

Sodium (mg) 2,367 ± 770 560–5,160 2,320 ± 785 2,486 ± 727

Magnesium (mg) 344.2 ± 155.4 99.5–943.4 341.9 ± 153.0 350.1 ± 162.9

Phosphorus (mg) 1,077 ± 351 386–2,314 1,061 ± 322 1,166 ± 417

Potassium (mg) 2,780 ± 848 1,117–7,054 2,735 ± 755 2,893 ± 1,046

Vitamin D (IU) 500 ± 316 140–1,240 497 ± 317 506 ± 317

Vitamin K (lg) 82.3 ± 85.8 2.4–531.4 86.0 ± 84.4 73.3 ± 89.7

Serum vitamin D (ng/ml) 21.1 ± 5.1 11–38 21.0 ± 5.4 21.5 ± 4.3

Parathyroid hormone (pg/ml) 176.5 ± 46.2 73–348 175.0 ± 46.8 180.8 ± 45.0

Serum osteocalcin (ng/ml) 10.7 ± 8.9 0.9–77.6 10.4 ± 11.8 12.3 ± 12.9

Undercarboxylated OC (ng/ml) 2.6 ± 1.4 0.5–6.6 2.8 ± 1.5 2.2 ± 1.3

Urinary calcium

mg/24 h 159.2 ± 77.6 19–410 149.7 ± 72.5 183.1 ± 85.7*

mg/gCreatinine 162.8 ± 80.6 19.2–413.1 151.0 ± 75.0 192.9 ± 87.5*

Urinary sodium

mg/24 h 2,404 ± 963 437–6,371 2,417 ± 994 2,371 ± 895

mg/gCreatinine 2,465 ± 903 560–5,308 2,414 ± 875 2,591 ± 968

Urinary magnesium (mg/24 h) 88.6 ± 42.6 0.4–228 88.6 ± 43.9 88.8 ± 39.7

Urinary Phosphorus (mg/24 h) 703.6 ± 248.6 0.6–1,800 704.0 ± 260.2 702.7 ± 220.8

Urinary potassium (mEq/24 h) 64.0 ± 18.3 22–105 64.0 ± 18.4 63.4 ± 18.3

Urinary creatinine (g/24 h) 1.0 ± 0.2 0.6–2.2 1.0 ± 0.2 0.9 ± 0.2

N-telopeptide (nMBCE) 30.9 ± 24.9 5.7–201.1 31.0 ± 19.8 30.8 ± 19.2

Two columns at right present those characteristics at baseline of subjects who stayed in the study for all 36 months and those who dropped out at

various time-points, respectively

OC osteocalcin

* Statistically different by two-sample t test (p B 0.05) between subjects who finished and those who dropped out
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also do not support the initial hypothesis that higher

sodium intake will lead to higher bone loss.

Average sodium intake in the entire population (and

when distributed according to the initial group assign-

ment) was above the current recommendations of

1,500 mg/day for this population (Institute of Medicine

2004), with the baseline average urinary Na/Cr of

2,465 ± 903 mg/gCr, ranging from 560 to 5,308 mg/gCr

(Table 2) and cumulative average throughout the study

of 2,448 ± 680 mg/gCr, ranging from 1,138 to

4,896 mg/gCr. After baseline, subjects typically achieved

a difference in urinary Na/Cr between 1,500 and

3,000 mg/gCr at various time-points (Fig. 2). There was

also a weak positive correlation between urinary Na and

urinary Ca throughout the study, indicating that higher

Na exerted higher urinary Ca excretion, although a sta-

tistically significant difference was not achieved at all of

the time-points. Therefore, the difference in Na intake/

urinary excretion among subjects was large enough to

cause the difference in urinary Ca, and subsequently any

possible effect on BMD based on the ‘‘urinary Ca

excretion hypothesis’’, but this hypothesis was not sup-

ported. It is important to note that all subjects had

adequate Ca intake. Therefore, it cannot be speculated

whether the same results would have been obtained in

subjects with inadequate Ca intake and/or higher Na

intake.

Results from some animal studies (usually in rats)

showed negative effects of Na on bone (Goulding and

Campbell 1983, 1984), mostly in the conditions of low Ca

intake and high Na loads. However, regarding Na–bone

relationships, studies in rats are not an adequate compari-

son to studies in humans since animals are typically given

much higher loads of Na (up to 12 times more than rec-

ommended). Also, rats excrete only about 1% of ingested

Ca while humans excrete *16%. Rats also have limited

capacity for bone modeling and have different responses to

other dietary factors (e.g. protein, phosphorus) (Shortt and

Flynn 1990).

Other, indirect evidence of the Na–bone relationship

comes from short-term interventional studies and mea-

surements of markers of bone turnover after Na loading

or restriction. Some older studies showed an increase in

hydroxyproline with sodium loading (Need et al. 1991),

while others were inconclusive (Cirillo et al. 1997).

Evans et al. (1997) reported that postmenopausal, but not

premenopausal women, responded to 1 week of high Na

intake (6,900 mg/day) after 1 week of low-Na intake

(1,150 mg/day), with an increase in deoxypyridinoline,

while Ca absorption did not change. The results from

studies by Ginty et al. (1998) in young and by Lietz

et al. (1997) in older women examining the effects of

low/high Na on bone markers were inconclusive. A

7-week reduction in salt in young men and women with

adequate Ca intake did not affect any of the bone

metabolism markers (Natri et al. 2005). The above

studies might have been too acute or too short to sim-

ulate free-living conditions or to allow for normal

physiological adaptation.

Carbone et al. (2005) reported the results from a

6-month intervention with low-Na diet (2 g/day) in 40

postmenopausal Caucasian and African-American women.

They found decreased activity of a bone formation marker,

aminoterminal propeptide of type I collagen, in subjects

Fig. 2 Tertiles of 24-h urinary sodium normalized for urinary

creatinine (Na/Cr) across time. Statistical significance (p \ 0.05)

between each tertile was reached at each time-point after baseline

Fig. 3 24-h urinary calcium normalized for urinary creatinine (Ca/Cr)

according to the tertiles of Na/Cr across time
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who followed a low-Na diet (after baseline Na intake of

C3.4 g/day). Bone markers in the present study did not

provide any appreciable insight into the relationship

between Na and bone turnover.

The connection between urinary Ca and Na excretion

stems from their competition for reabsorption in the proximal

tubule and ascending loop-of-Henle (Nordin et al. 1993).

Theoretically, hypercalciuria induced by Na might cause a

slight decrease in serum ionized Ca which triggers a

PTH–vitamin D (calcitriol) response leading to possible

increased intestinal Ca absorption to compensate for the

urinary Ca loss. This was shown to occur in young subjects

(Breslau et al. 1982), but not in older osteoporotic women

(Breslau et al. 1985) and not in healthy men and women age

18–65 years (Cirillo et al. 1997). Elevated PTH might also

decrease fecal Ca loss by preserving endogenous Ca and

increase renal Ca reabsorption (Shortt and Flynn 1990).

As reviewed by Cashman and Flynn (2003), serum PTH

was significantly increased in relation to Na-induced cal-

ciuria in studies where the level of Na intake was within the

physiological range (2,300–6,900 mg/day). However, the

increment in PTH change varied between the studies even

with the same increment in Na load. This is reasonable to

expect due to difficulties in measuring various PTH frag-

ments in serum. On a cellular level, intermittent adminis-

tration of PTH promotes recruitment of preosteoblasts and

maturation of lining osteoblasts, both of which promote

collagen synthesis and bone formation, see review (Rubin

and Bilezikian 2003). Consequently, the low-dose-inter-

mittent administration of PTH (teriparatide) is used as the

newest treatment of osteoporosis.

In view of the above, it could be postulated that with

higher Na intake in part of the population (and adequate Ca

intake), the Na-induced calciuric effect is such as to cause a

mild elevation of PTH on an intermittent basis in response

to the particular ingestion of salt. As a result, the effect

produced is similar to that created by low-dose-intermittent

administration of PTH (as via teriparatide). Obviously, the

effect with Na is very subtle and not easily recognizable

and could be masked by other more dominant biological

and dietary influences. This might explain why subjects

with habitually higher urinary Na had higher BMD/BMC,

even at baseline, than those with habitually lower Na

intake. Supplementation with Ca prevented bone loss in

both groups.

It could be argued that the manipulation with Na intake

might lead to changes in other nutrients, particularly

energy. Some researchers showed that sodium restriction

could be achieved without altering the intake of other

nutrients (Korhonen et al. 2000), particularly in situations

where subjects are under close monitoring and counseled

by a registered dietitian, as in the present study. Among the

subjects, only the intake of potassium increased slightly

(Ilich and Brownbill 2004, Abstr), but potassium intake/

urinary excretion was accounted for in the analyses. The

subjects were supplemented with Ca and vitamin D and, on

average, had adequate intakes of both. It is possible that

this supplementation suppressed bone turnover leading to

bone remodeling transient (Heaney 1994) and caused a

slight increase in measurable BMD. It could be speculated

that this effect might have masked and/or overridden the

calciuric effect of Na, although it is unlikely to persist over

3 years. Moreover, the same effect would have been

expected in subjects with lower Na intake, yet, they pre-

sented with lower BMD/BMC.

In conclusion, the results from this longitudinal study

designed to evaluate the Na–bone relationship show that

higher Na intake (within the reported range) was positively

Table 3 Multiple regression

results at 36 months with BMD

and BMC of various skeletal

sites as dependent variables and

cumulative urinary Na/Cr and

urinary Ca/Cr as explanatory

variables

The models were controlled for

age, height, cumulative lean

and/or fat tissue, cumulative

total calcium intake and

cumulative modes of physical

activity

BMD bone mineral density,

BMC bone mineral content

Dependent variable R2
adjusted

for model

Explanatory

variable

Coefficient p value R2
adjusted

with added

variables

Spine L2–L4 BMD 0.110 Cum UCa/Cr -5.18e-4 0.0436 0.161

Cum UNa/Cr 5.85e-5 0.0558

Spine L2–L4 BMC 0.285 Cum UCa/Cr -0.02 0.0734 0.319

Cum UNa/Cr 2.39e-3 0.0749

Total body BMD 0.299 Cum UCa/Cr -2.26e-4 0.0499 0.341

Cum UNa/Cr 2.81e-5 0.0411

Total body BMC 0.602 Cum UCa/Cr -0.95 0.0092 0.635

Cum UNa/Cr 0.08 0.0592

Total forearm BMD 0.246 Cum UCa/Cr -2.38e-5 0.8455 0.275

Cum UNa/Cr 2.34e-5 0.0493

Total forearm BMC 0.447 Cum UCa/Cr -6.87e-4 0.1216 0.490

Cum UNa/Cr 8.12e-5 0.0760
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associated with forearm and spine BMD in this population

of otherwise healthy and well-nourished Caucasian elderly

women. No adverse effect of higher sodium intake was

noted in any of the other skeletal sites. These results are in

contrast to previous findings and the not proven speculation

that Na, due to its calciuric effect, might adversely impact

bone health. Considering the length and complexity of this

study, specific design and inclusion of numerous con-

founders, it is reasonable to expect that these findings will

move the long-standing debate about sodium intake and

bones in postmenopausal women to the point suggesting

that moderately high sodium and adequate Ca intake does

not result in decreased BMD/BMC.
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