Potassium, magnesium, and fruit and vegetable intakes are
associated with greater bone mineral density in elderly men
and women'-3
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ABSTRACT physical activity (4), smoking (5, 6), alcoholism (7), and lack of
Background: Osteoporosis and related fractures will be growingestrogen in postmenopausal women (8). High body weight and
public health problems as the population ages. It is therefore ahoderate alcohol use appear to protect against osteoporosis (9,
great importance to identify modifiable risk factors. 10), although weight gain and alcohol consumption are not rec-
Objective: We investigated associations between dietary comemmended as interventions because of other potential health
ponents contributing to an alkaline environment (dietary potasrisks associated with them.

sium, magnesium, and fruit and vegetables) and bone mineral Nutritional factors are of particular importance to bone health
density (BMD) in elderly subjects. because they are modifiable. It is generally agreed that calcium
Design: Dietary intake measures were associated with botland vitamin D are important nutrients for bone health, and sup-
cross-sectional (baseline) and 4-y longitudinal change in BMDplements containing these nutrients are prescribed widely (11, 12).
among surviving members of the original cohort of the FramingMuch less is known about the effect of other nutrients on bone,
ham Heart Study. Dietary and supplement intakes were assessalthough effects have been hypothesized for protein, phosphorus,
by food-frequency questionnaire, and BMD was measured at @itamin C, and vitamin K (13). In 1968 Wachman and Bernstein
hip sites and 1 forearm site. (14) hypothesized that bone mineral functions as a buffer base and
Results: Greater potassium intake was significantly associatedhat lifetime buffering of the acid load from the ingestion of mixed
with greater BMD at all 4 sites for men and at 3 sites for womemnliets leads to gradual and accumulated bone loss. They suggested
(P < 0.05). Magnesium intake was associated with greater BMDBhat “The therapy of osteoporosis may lie in its prevention...it
at one hip site for both men and women and in the forearm fomight be worthwhile to consider decreasing the rate of bone attri-
men. Fruit and vegetable intake was associated with BMD at 8on by the use of a diet favouring ‘alkaline ash.’ This type of diet
sites for men and 2 for women. Greater intakes of potassium amwdould emphasize the ingestion of fruits, vegetables, vegetable
magnesium were also each associated with less decline in BMprotein, and moderate amounts of milk.” Two nutrients that may
at 2 hip sites, and greater fruit and vegetable intake was assotiave such buffering effects are potassium and magnesium, which
ated with less decline at 1 hip site, in men. There were no signare found in a variety of whole, unrefined foods, including fruit
ficant associations between baseline diet and subsequent boaed vegetables (15, 16). Diets high in fruit and vegetables produce
loss in women. a more alkaline urine by contributing a variety of compounds that
Conclusion: These results support the hypothesis that alkalineaccept hydrogen ions during their metabolism (14, 16).

producing dietary components, specifically, potassium, magne- Although there is both theoretical and some clinical evidence
sium, and fruit and vegetables, contribute to maintenance aff an association, relatively few studies have examined the
BMD. Am J Clin Nutr1999;69:727-36. effects of either potassium or magnesium intake on bone. Low
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potassium intake has been shown to increase rates of calciumation, BMD measures of the trochanter, femoral neck, and
excretion (17). A 2-y controlled trial of magnesium supplementaWard'’s area were taken by dual-photon absorptiometry (DPA).
tion in osteoporotic women resulted in slower bone loss an®PA measurements were made with a dual-photon scanner
fewer fractures in supplemented women than in unsupplementdgtiunar Radiation Corp, Madison, WI). The CVs for repeated
women (18). Only a few population-based studies have reportetieasurements over 2 y in young, healthy individuals with this
associations between dietary intake of potassium, magnesium, orethod were 2.65% for the femoral neck, 2.8% for the
fruit and vegetables and bone status in women (19-22) or eldertyochanter, and 4.16% for Ward's area (25). At the 22nd exami-
men (23). The few studies that examined the associations of bottation, BMDs were measured in the femoral neck by dual-
of these minerals with bone saw similar patterns with each (2@&nergy X-ray absorptiometry (DXA). These had a precision
23). In this study, we investigate both cross-sectional and longiCV) of 2%, similar to the range of 1.8—1.9% reported by others
tudinal relations between potassium, magnesium, and fruit an(®6, 27). To correct for measurement differences between the 2
vegetable intakes and bone mineral density (BMD) in elderlynachines (DPA and DXA), we used equations derived by scan-
men and women in the Framingham Heart Study. To our knowlning a group of subjects with both machines (28).
edge, this is the first study to relate usual intake of these nutrients At both the 20th and the 22nd examination, BMD was also
and foods to BMD and to change in BMD over time in older menmeasured in the forearm (shaft of the radius) by using an SP2 sin-
gle-photon absorptiometer (Lunar Radiation Corp). In all cases,
the right arm was measured unless there was a history of previous
SUBJECTS AND METHODS fracture. The precision was 2% at the radius, similar to other pub-
lished reports (29). Further details of these measurements were
published previously (25). In the few cases in which different
The Framingham Heart Study is a longitudinal cohort studysides were measured at different times, subjects were deleted from
that was initiated in 1948 to examine risk factors for heart disanalyses of change in BMD € 17 for hip and 16 for radius).
ease. The original subjects were selected to constitute a two-, .
thirds random sample of the households in Framingham, MA. APietary intake
baseline, 5209 men and women were examined. Subjects haveUsual dietary intake for the previous year was assessed at the
returned biennially to complete a battery of questionnaires20th examination with a semiquantitative 126-item FFQ (30,
examinations, and other testing (24). At the 20th examinatio31). Questionnaires were mailed to the subjects and subjects
(1988-1989), more than half of the original cohort had diedwere asked to bring the completed questionnaires to the exami-
leaving 1402 surviving subjects. Of these remaining subjectsiation. Questionnaires on which energy intakes <2.51 or >16.74
measurements of BMD were available for 1164 (448 men and1J (600 or 4000 kcal)/d were reported or with >12 food items
716 women). Most of the subjects for whom no BMD measureseft blank were considered invalid and excluded from further
were available were homebound and unable to have bone densépalysis. Information about use of vitamin and mineral supple-
assessments in the clinic. Of those with available bone measuresents and specific type of breakfast cereal most frequently con-
345 men and 562 women also had completed food-frequencsumed was used to estimate total micronutrient intakes. Reported
guestionnaires (FFQs). These subjects (aged 69-97 y at the tirmeake frequency of individual fruit and vegetable items was
of the first bone measurement) were included in the cross-sesummed to obtain the average number of fruit and vegetables
tional analyses. Bone density measures were repeated during tb@ensumed per day for each person.
22nd examination (1992-1993) on 229 of the men and 399 of the This FFQ has been validated for many nutrients and in several
women; these subjects were included in the analyses of baselipepulations against multiple diet records and blood measures
diet and change in BMD. Our study was approved by the Insti¢(30—33). Correlations between estimates from the questionnaire
tutional Review Board responsible for protecting the rights ofand multiple diet records have been reported to be 0.64-0.73 for
human subjects at Boston University Medical Center and at thpotassium intake (30, 32-34) and 0.67-0.71 for magnesium
Hebrew Rehabilitation Center for the Aged. Written, informedintake (30). There is some evidence that this FFQ underestimates
consent was obtained from all subjects. energy intake (35) and that it may overestimate intake of fruit
Comparison of subjects with and without complete baselinend vegetables (36). However, our own comparison of fruit and
data on bone and dietary intake revealed no significant differvegetable intakes with plasma folate and homocysteine concen-
ences in sex, education level, smoking status, or body magmgtions with this questionnaire in this population supports the
index (BMI; in kg/nf). Subjects with complete data were validity of this variable (37).
younger X: 75.2 y compared with 79.1 ,= 0.0001) and more
physically active [physical activity score of 33.5 compared wit
31.3 see“Measurement of confounders” sectiof®);= 0.0001] Factors reported to affect BMD include body weight or BMI,
than those without bone measures or complete FFQs. Subjegihysical activity (38), alcohol use (10), smoking (6), estrogen use
with complete data for analysis of change in BMD tended to béy women (8), dietary intake of calcium and vitamin D, and use of
younger and female, with somewhat greater baseline BMDs; fatalcium or vitamin D supplements (12, 39). BMI was calculated
example, trochanter BMD among women with complete datdrom measurements of height at the first examination
was greater than among women without follow-up measure§1948-1950)—before height may have been lost as a result of
(0.63 compared with 0.59 g/énpP = 0.002). osteoporosis—and weight measured at the 20th examination. Phys-
ical activity was measured at the 20th examination with the Fram-
ingham physical activity index, which asked about the number of
The Framingham Osteoporosis Study began with bone meakours spent in heavy, moderate, light, or sedentary activity and the
urements of participants at the 20th examination. At this examirumber of hours spent sleeping during a typical day. Each compo-

Subjects

hMeasurement of confounders

BMD measurements
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nent of these 24-h summaries was then multiplied by an appropriagés described above were rerun, and potassium and magnesium
weighting factor based on estimated associated energy expenditingake variables were replaced with this combined score. We also
and summed to arrive at a physical activity score (40). The maxiested potassium-by-magnesium and calcium-by-magnesium
mum score possible was 63.2 (note that this score would be unre@ieractions.
istic to obtain because it reflects high-intensity activity for 24 h). Change in BMD was defined as BMD at the 22nd examination
On the questionnaire administered at the 20th examinationminus BMD at the 20th examination. These change measures were
subjects were also asked to quantify their weekly intake of liquomegressed on potassium intake, on magnesium intake, on the
wine, and beer. From this information, total grams of alcohol conpotassium plus magnesiumscore, and on fruit and vegetable
sumed per week was estimated. Based on 13.2 g alcohol petake for men and women separately, with all the potential con-
drink, a variable was created by which subjects were classified dsunders used in the cross-sectional analyses described above,
nondrinkers, moderate drinkers (based on the current recommeplus the corresponding baseline measure of BMD at the 20th
dations for moderate intake: up to 1 drink/d for women and Zxamination. This baseline BMD measure was included because
drinks/d for men), or heavy drinkers (if intakes were greater thaof the likelihood that change in BMD may be related to initial
these cutoffs). Subjects were also classified as current smokeBMD. Several models were evaluated, parallel to those described
former smokers, or nonsmokers on the basis of questionnai@bove for the cross-sectional analysis. For visual presentation, and
responses. Dietary calcium and vitamin D intakes were assesstmlassess the form of the relation, we also created quartile groups
from the food-based section of the FFQ. Use of calcium or vitafor the combined score and present adjusted means for changes
min D supplements, as recorded on the supplement section of the bone measures by intake quartile. Statistical differenees (
FFQ, were coded as dummy (yes or no) variables. For wome®,05) across quartile groups were tested in the general linear
estrogen users were defined as those currently receiving estrogemdel procedure in SAS, adjusted for the set of confounders
therapy, with continuous use faR y, compared with those who described above, withtest comparisons of least-squares means.
had never received estrogen or were past users, on the basis offo understand the composition of diets associated with high
evidence that past use does not sustain bone benefits (8). potassium or magnesium intakes, the contribution of each of the
Because previous research showed that there are seasof@dd items on the FFQ to total potassium and magnesium intakes
changes in BMD in New England, we also created a categoricalas determined and ranked. Intake of magnesium and potassium
variable for time of BMD measurement (12, 41). July, August,from supplements recorded on the FFQ was included in the ranking.
and September were coded as summer; October, November, and
December as fall; January, February, and March as winter; and
April, May, and June as spring. RESULTS

Statistical analyses Descriptive statistics

All statistical analyses were performed with SAS (version Mean values£SDs) for BMD measures and for all continuous
6.12; SAS Institute Inc, Cary, NC) on a VAX mainframe com-independent variables and potential confounders used in these
puter (Digital Equipment Corp, Maynard, MA). For cross-sec-analyses are presentedTable 1. For categorical variables, per-
tional analyses, measures of BMD at the femur and the radiusntages in each category are presented. The average age for both
were regressed on total potassium, magnesium, and fruit and vegren and women was 75 y. The average BMIs were 27.2 for men
etable intakes separately for men and women, with adjustment fand 26.3 for women. Proportionally more women than men were
potential confounders in the general linear models procedureurrent smokers, although more men were past smokers. About
These potential confounders included age, BMI, physical activityl 7% of women and 20% of men reported consuming more than
score, smoking status, alcohol use, calcium supplement use, vitdre currently recommended maximum of 1 drink/d for women
min D supplement use, season of bone measurement, total eneyd 2 drinks/d for men. Only 8.7% of men used calcium supple-
intake, dietary calcium intake, dietary vitamin D intake, and, forments, compared with 23% of women. More men and women
women, current estrogen use. This list differed slightly for fruitused vitamin D supplements than calcium supplements. Only 5%
and vegetable models, in which we included servings per dagf women were taking estrogen at the time of measurement.
from other food groups (milk, other dairy, breads and cereals, and Average reported energy intakes, as calculated from the FFQs,
meat, poultry, and fish) in place of dietary calcium and vitamin Dwere low for both women and men [6.91 and 7.80 MJ (1653 and
Because most nutrients correlate with energy intake, adjustmetB865 kcal), respectively]. Average magnesium intakes just
for this variable allows an assessment of the independent effeekceeded the 1989 recommended dietary allowance (RDA) (42),
contributed by the nutrient. It also allows for differences in intakebut fell below the recently released RDA of 320 mg/d (43) for
that may have been due to body size or activity levels and comwomen and were far below the new RDA of 420 mg/d for men.
rects for some of the measurement error inherent in the FFQ (34)here is no RDA for potassium, but intakes reported here are

To better understand the potential collinearity between energgonsistent with other data for US urban white adults (44).
intake, potassium intake, and magnesium intake, we examinddtakes of magnesium and potassium were mainly from dietary
simple and partial (adjusted for age and BMI) correlationssources. About 2% of total magnesium consumed by the popula-
among these 3 variables. Because these analyses showed dion came from supplements (1.98% from multivitamins and
dence of high collinearity between potassium intake and magné-.18% from magnesium supplements); only 0.04% of potassium
sium intake, it was not possible to assess the independent effeétsake was from nutrient supplements.
of potassium and magnesium on BMD in the same model. We Average reported calcium intakes were also just below the
therefore created a score by summing the standardizedres 1989 RDA—and well below the recently released adequate
(to adjust for the different scales of the 2 variables) of potassiurmtake of 1200 mg/d (43). Mean vitamin D intakes were just
and magnesium intake and restandardizing the score. The moabove the 1989 RDA, but were much lower than the new ade-
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TABLE 1
Basic description of the study populafion

TUCKER ET AL

Men

Women

Descriptive variables
Age (y)
BMI (kg/m?)
Physical activity score
Smoking status (%)
Past smoker
Current smoker
Alcohol use (%)
Moderate
Heavy
Calcium supplement use (%)
Vitamin D supplement use (%)
Current estrogen use (%)
Season of BMD measurement (%)
Winter
Spring
Summer
Fall
Dietary variables
Energy intake (MJ)
Potassium intake (mg)
Magnesium intake (mg)
Calcium intake (mg)
Vitamin D intake (IU)
Fruit and vegetable intake (serving/d)
Baseline BMD (g/crf)
Femoral neck
Trochanter
Ward'’s area
Radius
4-y change in BMD (g/cf)
Femoral neck
Trochanter
Ward's area
Radius

75.1+ 4.89 [345}
27.2+ 4.45 [345]
33:86.40 [339]

56.8 [345]
9.3 [345]

44.9 [345]

20.3 [345]
8.7 [345]
22.6 [345]

22.8 [330]
28.2 [330]
23.3 [330]
19.7 [330]

7.88 2.60 [345]
29881011 [345]
299:7110.2 [345]
739.8 378.2 [345]
232.% 164.8 [345]

4:68.39 [345]

0.878 0.146 [330]
0.84% 0.151 [322]
0.686: 0.173 [330]
0.719 0.085 [342]

—0.013+ 0.064 [229]

0.003 0.086 [221]
—0.003+ 0.069 [229]
~0.026+ 0.043 [228]

75.3% 4.83 [562]
26.3+ 5.57 [562]
33.2+5.04 [551]

40.6 [562]
11.7 [562]

34.5 [562]

17.1 [562]
23.0 [562]
29.7 [562]
5.0 [560]

30.0 [536]
28.5 [536]
19.0 [536]
22.4 [536]

6.91+ 2.31 [562]
2930 995 [562]
287.% 105.8 [562]
709.2- 333.0 [562]
212.5 139.9 [562]

5.30k 2.65 [562]

0.72@: 0.114 [536]
0.625: 0.127 [532]
0.55% 0.126 [536]
0.51@: 0.094 [558]

~0.025+ 0.054 [399]
—0.020= 0.062 [395]
—0.026+ 0.063 [399]
—0.024% 0.044 [424]

1BMD, bone mineral density. Physical activity score, past or current smoker, moderate or heavy alcohol use, calcium osujpheimént usestrogen
use, and season of BMD measurement defined in the Methods.

2% + SD; totaln in brackets.

quate intake value of 10-15g (400—600 IU)/d for older indi-

tended to not show independent effects of either after the other was

viduals. In addition, this variable was highly skewed, with controlled for, although each appeared to be important on its own.
higher intakes achieved through supplementation in a subset dfone of the nutrient interactions was significant in any of these
subjects. Average reported fruit and vegetable intakes were 4models tested. Ifables 2and3, therefore, the results are presented
fruit or vegetables or both/d for men and 5.3/d for women, whichof only the regression of adjusted BMD measure&)grotassium,
is somewhat higher than the 3.1-3.4 servings/d reported i) magnesium3) the potassium plus magnesiascore variable,
national surveys (45). and4) fruit and vegetable intake, for men and women, respectively.
Average BMDs ranged from 0.69 g/&fior Ward's area to 0.88 In men (Table 2), the association between potassium and
gl/cn for the femoral neck in men and from 0.51 g7éonthe radius ~ BMD was significant for all 4 bone sites, with slopes ranging
to 0.72 g/crafor the femoral neck in women. Over the 4 y of obser-from 0.022 to 0.04 g/cfnor <5.8% of average BMD for every
vation, average loss of BMD ranged fre#® for the trochanter and 1000 mg K. For magnesium intake, results were significant for
Ward's area in men to 0.02680.06 g/cmd for Ward's area in women. the radius and the trochanter and approached significance for the
remaining 2 hip sites. Differences in BMD associated with each
' 100-mg difference in magnesium intake ranged from 0.023 to
0.027 g/cm. These represent differences ©3.8% of average
Simple correlations between dietary potassium and dietary ma@@MD. The combinedz score, summing potassium and magne-
nesium were 0.85 and 0.88 for men and women, respectively, sugium intakes, was significant for all 4 bone sites. Fruit and veg-
gesting high collinearity. Adjustment for age, BMI, and energyetable intake was significant for all sites except the trochanter.
intake did not change these correlations. Because of this highor the femoral neck, the slope of 0.0086 represents a 1% greater
collinearity, models containing both potassium and magnesiurBMD for each fruit or vegetable consumed per day.

Cross-sectional associations between potassium, magnesium
and fruit and vegetable intakes and bone measures
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TABLE 2
Cross-sectional difference in bone mineral density (BMD) per unit difference in potassium, magnesium, or fruit and vegktainieriah
BMD
Dietary variable Femoral neck Trochanter Ward's area Radius
glcn?
Potassium (/1000 mg) 0.082 0.03¢ 0.04C¢ 0.022
Magnesium (/100 mg) 0.023 0.027 0.026 0.023
Potassium plus magnesiunscore (/SD) 0.034 0.03% 0.04C¢ 0.028
Fruit and vegetables (/serving) 0.0686 0.0068 0.017 0.0043

! Adjusted for age, BMI, physical activity score, smoking status, alcohol use, calcium supplement use, vitamin D supplseasoruseBMDneasurement,
energy intake, dietary calcium intake, and dietary vitamin D intake. For fruit and vegetable models, servings per day fraup®dahilk, other dairy,
bread and cereal, and meat, poultry, and fish) were used in place of dietary calcium and vitamin D intakes.

2P < 0.05.

SP<0.01.

‘P<0.1.

In women (Table 3), potassium intake was significantly assoBMD across potassium plus magnesium intake quartiles. Again,
ciated with BMD at 3 sites, with a difference in bone per 1000separate figures for potassium and magnesium (not shown) fol-
mg K of 5.4% of average BMD for the trochanter, 3.4% forlowed similar trends. Because women in the lowest intake quar-
Ward's area, and 3.1% for the radius. Magnesium intake wasle consistently had the lowest BMD, whereas BMD in the
significantly associated with BMD at the trochanter andupper 3 quartiles did not tend to increase linearly, we also exam-
approached significance at Ward’s area when all potential corined the dichotomous difference for magnesium intake by using
founders were adjusted for. For each 100-mg difference in maghe cutoff of two-thirds of the current RDA (43). This analysis
nesium intake, there were differences in average BMD of 3.2%not shown) reconfirmed that women with low magnesium
and 2.9% for the trochanter and Ward'’s area, respectively. Thiatakes had significantly lower BMD at the femoral neck,
combinedz score was also significantly associated with thetrochanter, and Ward’s sites than did women with intakes above
trochanter and Ward’s area and approached significance for thike cutoff £ < 0.05).
other 2 sites. Finally, fruit and vegetable intake was associated . . ) .
with BMD at the radius, the trochanter, and Ward's area. Effect of baseline potassium, magnesium, and fruit and

Adjusted mean BMDs by quartile of the potassium plus magnevedetable intakes on subsequent 4-y change in BMD
siumz score are presentedfigures 1and2 for men and women, Results for the relation between baseline dietary potassium,
respectively. For all bone measures and for both sexes, BMDs weneagnesium, and fruit and vegetable intakes and subsequent 4-y
lowest in those with the lowest intakes of these combined nutrientshange in BMD are presented for men and womenaies 4
For men, there was a clear dose-response relation with highand 5, respectively. In men, greater baseline potassium intake
BMDs corresponding with higher intake quartiles. For all siteswas significantly associated with lower subsequent 4-y loss of
except the femoral neck, BMD was significantly greater in men iBMD at the femoral neck and trochanter. Magnesium intake was
the highest quartile than in at least one other quartile of potassiusignificantly associated with subsequent change in BMD at the
plus magnesium intake. Separate figures for potassium and magriemoral neck and trochanter, and approached significance at
sium (not shown) revealed similar patterns, with somewhat strong&¥ard’s area. The combined potassium plus magnegisoore
differences across groups seen for potassium than for magnesiunappeared to be the strongest predictor of change in BMD. It was

For women, the group in the lowest intake quartile had signisignificant for the femoral neck, trochanter, and Ward’s area.
ficantly lower BMDs than at least one other quartile group for allFruit and vegetable intake approached significance at the
hip sites; however, there were no significant differences in radiusochanter and was significant at Ward's area.

TABLE 3
Cross-sectional difference in bone mineral density (BMD) per unit difference in potassium, magnesium, or fruit and vegkeainieviomeh
BMD
Dietary variable Femoral neck Trochanter Ward’s area Radius
glen?
Potassium (/1000 mg) 0.012 0.G34 0.01¢ 0.016
Magnesium (/100 mg) 0.012 0.020 0.016 0.006
Potassium plus magnesiunscore (/SD) 0.014 0.032 0.02F 0.013
Fruit and vegetables (/serving) 0.0024 0.0056 0.0038 0.004%

!Adjusted for age, BMI, physical activity score, smoking status, alcohol use, calcium supplement use, vitamin D supplesaogesa)se, season
of BMD measurement, energy intake, dietary calcium intake, and dietary vitamin D intake. For fruit and vegetable modggeedeay from food groups
(milk, other dairy, bread and cereal, and meat, poultry, and fish) were used in place of dietary calcium and vitamin D intakes.

2P <0.01.

3P < 0.05.

‘P<0.1.
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FIGURE 1. Mean ¢ SD) bone mineral density (BMD) at 4 sites by FIGURE 2. Mean ¢ SD) bone mineral density (BMD) at 4 sites by
potassium plus magnesiumscore quartiles in men. Quartiles 1-4 are potassium plus magnesiunscore quartiles in women. Quartiles 1-4 are
listed from left to right. Bars with different letters are significantly dif- listed from left to right. Bars with different letters are significantly dif-
ferent,P < 0.05. ferent,P < 0.05.

Results for change in BMD in women are presented in Tabi&ietary sources of potassium and magnesium

5. In contrast with both the men and with the cross-sectional The major food sources of potassium and magnesium are
results in women, there was no association between baseline dletted in Table 6. Both nutrients are found in a wide range of
and longitudinal change in BMD in women. whole foods including fruit and vegetables, whole grains, and
Mean changes in BMD over the 4-y observation period aremilk. Top sources of potassium in this population included pota-
presented by combined potassium plus magnesium intake quaoes, milk, orange juice, and bananas. Overall, fruit and vegeta-
tiles for men inFigure 3. Separate potassium and magnesium fig-bles contributed more than half of the total potassium consumed.
ures (not shown) revealed similar patterns, with significant dif-Magnesium is found in a wide variety of foods, but particularly
ferences across quartiles for the femoral neck, trochanter, and those close to their natural, unrefined state. Important sources
Ward'’s area, but not for the radius. For each of these, being in ttid magnesium in this population included whole-grain bread,
lowest intake quartile was associated with a significantly greatemilk, breakfast cereal, bananas, and orange juice. Thus, although
loss of BMD over the 4 y of observation. Mean differencesnot identical in ranking, there were strong similarities in food
between the lowest and highest quartile ranged from 0.032 tsources for potassium and magnesium. It is noteworthy that
0.042 g/cm across the 3 hip sites, representing a difference inmportant sources of calcium and vitamin D also overlapped
BMD loss of 4.0-4.8% of average baseline bone. For womenyith these. Intakes of these 2 nutrients were adjusted for in the
there were no significant differences in BMD changes acrosanalyses discussed above.
intake quartiles (not shown).

TABLE 4
Longitudinal change in bone mineral density (BMD) per unit difference in potassium, magnesium, or fruit and vegetablenietdke in

4-y change in BMD

Dietary variable Femoral neck Trochanter Ward’s area Radius
glen?

Potassium (/1000 mg) 0.048 0.026 0.0158 0.004

Magnesium (/100 mg) 0.0i8 0.022 0.013 0.004

Potassium plus magnesiunscore (/SD) 0.023 0.03C¢ 0.018 0.005

Fruit and vegetables (/serving) 0.0022 0.0049 0.0053 0.0011

1Adjusted for baseline BMD, age, BMI, physical activity score, smoking status, alcohol use, calcium supplement use, vifgstemBrswse, season
of BMD measurement, energy intake, dietary calcium intake, and dietary vitamin D intake. For fruit and vegetable modggesedain from food groups
(milk, other dairy, bread and cereal, and meat, poultry, and fish) were used in place of dietary calcium and vitamin D intakes.

2P <0.05.

3P <0.01.

‘P<0.1.
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TABLE 5
Longitudinal change in bone mineral density (BMD) per unit difference in potassium, magnesium, or fruit and vegetablenntake in

4-y change in BMD

Dietary variable Femoral neck Trochanter Ward’s area Radius
glcn?

Potassium (/2000 mg) —0.001 0.002 —0.002 —0.002

Magnesium (/100 mg) 0.002 —0.000 0.001 0.003

Potassium plus magnesiunscore (/SD) 0.000 0.001 —0.000 0.001

Fruit and vegetables (/serving) 0.0005 —0.0008 —0.0005 0.000

!Adjusted for baseline BMD, age, BMI, physical activity score, smoking status, alcohol use, calcium supplement use, vit@mBnswise, estrogen
use, season of BMD measurement, energy intake, dietary calcium intake, and dietary vitamin D intake. For fruit and vedgdalsleraiogs per day from
food groups (milk, other dairy, bread and cereal, and meat, poultry, and fish) were used in place of dietary calcium abBdinitd®min There were no
significant associations between baseline diet and longitudinal change in BMD.

DISCUSSION resorption through these effects on calcium balance. A study of
We showed that there are significant and important associd@8 postmenopausal women showed improved calcium balance,
tions between intakes of potassium and magnesium and BMD. limcreased serum osteocalcin concentrations, and decreased uri-
men, significant cross-sectional associations were seen at alhry hydroxyproline excretion when the women were given
BMD measurement sites, but were most consistently observeshough potassium bicarbonate to neutralize endogenous acid
for the radius. In women, cross-sectional associations betwedoads from normal diets (47). The authors concluded that this
potassium and magnesium intakes and BMD were strongest htffering protects the skeleton.
the trochanter. The strong correlation between potassium and Two studies reported cross-sectional associations between
magnesium intakes, driven by the heavy overlap in dietarpotassium intake and BMD in free-living adult populations (20,
sources of these nutrients, made it impossible to separate t24). Potassium intake, as measured both by an FFQ and by the
effects of these 2 nutrients on BMD. A combirestore proved average of 4 wk of diet records, was significantly associated with
to be the most consistently significant variable associated witkotal-body BMD in 213 Swedish women aged 28-74 y (21). A
BMD cross-sectionally for both men and women, although itstudy of 994 premenopausal Scottish women aged 45-49 y also
usually did not perform much more strongly than either one ofound nearly significantR < 0.10) associations between potas-
the individual nutrients. Even after we controlled for total energysium intake and BMD at the lumbar spine, femoral neck, and
intake, which itself is correlated with each of the mineraltrochanter (20). We have seen no longitudinal reports of potassium
intakes, the associations appeared to be consistent. It is likegnd change in BMD and no studies of this association in men. Our
that the diets reported at baseline represented long-standimgsults strongly support a cross-sectional association between
dietary patterns for most subjects. The cross-sectional BML

measures also represented the subjects’ accumulated lifetime s =y
tus. Together, these associations suggest that long-term die
high in potassium or magnesium or both may protect BMD. B Quartle2
In analyses of 4-y change in BMD, significant results were B Quaries
seen only in men. Baseline potassium and magnesium intake B Quarie 4 b
both separately and combined, were predictive of subsequent 004
y bone loss in men, but not women, at all 3 hip sites. These lor 0.03
gitudinal associations represent more time-delimited associe So
tions and suggest that a current diet high in these nutrients m:
protect against bone loss in elderly men. The lack of predictivi « i
association between these nutrients and longitudinal change § 0
BMD in women, despite a strong cross-sectional associatior é' 0.01
was not expected and is difficult to explain. It is possible that the T e
protective effect of magnesium and potassium over years ¢ §
exposure was seen in the cross-sectional analyses, but thath £ 003
monal factors or other unmeasured interactions in the metabol T -0.04
environment of these postmenopausal women at the time ¢ Soe
measurement overwhelmed the short-term effects of these nuti
ents. Estrogen deficiency has been hypothesized to cause loss s
tissue magnesium (46). Further investigation of these difference -0.07
is needed. 0.08
There are theoretical reasons to expect associations betwe - ] a
bone and each of these nutrients, but there is onIy limited empl i B Femoral neck  Trochanter Ward's area Radius

ical evidence. Metabolic balance studies have shown that pota fgURE 3. Mean ¢ SD) change in bone mineral density (BMD) at
sium administration promotes renal calcium retention, whereag sjtes by potassium plus magnesizstore quartiles in men. Quartiles

low potassium intake increases daily and fasting urinary calciuri—4 are listed from left to right. Bars with different letters are signifi-
excretion rates (17). Dietary potassium may influence bonicantly different,P < 0.05.
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TABLE 6
Top 20 food sources of potassium and magnesium in the study population

Potassium Magnesium
Rank Food source Contribution to total inthke Food source Contribution to total intdke

% %

1 Potatoes 8.76 6.92 Dark bread 6.3% 8.01
2 Skim milk 7.35+9.40 Skim milk 6.06+ 7.80
3 Orange juice 6.54 6.05 Cold cereal 5.518.18
4 Bananas 6.1% 6.27 Bananas 4.885.08
5 Coffee 4.62+ 5.89 Coffee 453 5.74
6 Tomatoes 2.86:3.11 Orange juice 3.653.67
7 Meat, main dish 2.7 3.13 Cooked oatmeal 2.564.54
8 Whole milk 2.65t 6.23 Whole milk 2.4 5.87
9 English muffin or bagels 2.293.73 Fish 2.16:2.44
10 Cold cereal 1.9t 2.84 Meat, main dish 2.182.49
11 Chicken, no skin 1.811.74 Spinach, cooked 2.682.81
12 Tomato sauce 1.782.06 Multivitamins 1.98t 7.43
13 Orange 1.59 2.66 Chicken, no skin 1.971.96
14 Apple or pear, fresh 1.482.14 Peanut butter 1.923.09
15 Broccoli 1.34+1.69 White bread 1.912.82
16 Cantaloupe 1.292.07 Nuts 1.66-4.14
17 Dark bread 1.261.77 Beer 1.5&5.61
18 Hamburger 1.22 1.32 Pasta 1.551.77
19 Tea 1.2G 2.15 Tomatoes 1.521.81
20 Carrots, cooked 1.201.16 Bean or lentils 1.461.90

1% + SD. Total percentage potassium contribution of the foods listed: 60.02%; total percentage magnesium contribution ofiskedfd®i86%.
2 Average percentage contribution to total intake of all subjects in the study.

potassium intake and bone in both elderly men and women, andnaenopausal women we could locate included just 33 subjects,
protective effect against further bone loss in elderly men. with measurement of bone mineral content at the radius and ulna
The role of magnesium in bone metabolism has been reviewezhly (55). As in our study, the authors did not observe a signifi-
(46, 48). Magnesium contributes macroelement quantities teant predictive effect of magnesium intake on 4-y change in
bone ash and is essential for appropriate calcium metabolislBMD in these postmenopausal women, although they did detect
affecting calcium balance (46, 49). Cancellous bone in osteca protective association between magnesium intake and bone
porotic women has been shown to have a low magnesium coipss at the humerus in 9 premenopausal women.
tent, which is associated with crystals that are more “perfect” Our results for fruit and vegetable intakes were also interesting,
and brittle than those seen in magnesium-replete bone (50, 51yith significant protective cross-sectional associations in both
Despite the experimental and circumstantial evidence supportingen and women and suggestive protective longitudinal effects in
the role of magnesium in maintaining bone health and preventnen. Fruit and vegetables are important sources of potassium and
ing osteoporosis, few studies have evaluated this relation imagnesium and this finding supports their potential role in the pre-
humans. Trabecular but not cortical bone was improved witlvention of osteoporosis. We found only one other study that
peroral magnesium in a small group of postmenopausal osteteoked at this association. New et al (20) found significant associ-
porotic women (18). In another study, the effects of magnesiumations between past reported fruit intake and BMD at the spine and
given to postmenopausal women could not be separated from thchanter in premenopausal women. Although the evidence
effects of the simultaneous administration of estrogen (52).  remains limited, our findings support the hypothesis put forth by
A few population studies have shown low magnesium intakeWachman and Bernstein (14) in 1968 that a diet emphasizing the
serum concentrations, or both in osteoporotic postmenopausédhgestion of fruits, vegetables, vegetable protein, and moderate
women (19, 53). A recent cross-sectional study of pre-amounts of milk,” all good sources of potassium and magnesium,
menopausal women showed a significant association betweenay be protective of bone. Further investigation of the suggestion
magnesium intake and BMD at the lumbar spine (20). An earliethat these nutrients serve to buffer the acid load of the diet and
study found a significant positive association with forearm bonehereby reduce bone loss is warranted. ]
mineral content in premenopausal but not postmenopausal
women (22). Additionally, one longitudinal study reported a
significant positive association between magnesium intake an@EFERENCES
change in total-body BMD in 66 premenopausal women who 1. Riggs BL, Melton LJ lIl. Involutional osteoporosis. N Engl J Med
were taking calcium supplements and were followed for 1y (54). 1986;314:1676-86.
Our findings of a significant cross-sectional association between2. Kanis J, WHO Study Group. Assessment of fracture risk and its
magnesium intake and hip, but not radius, BMD among post-  applications to screening for postmenopausal osteoporosis: synopsis
menopausal women are consistent with these reports. of a WHO report. Osteoporos Int 1994;4:368-81.
The only longitudinal study of change in bone status of post- 3. Cummings SR, Kelsey JL, Nevitt MC, O’'Dowd KJ. Epidemiology
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