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Nutritional Factors That Influence Change in Bone
Density and Stress Fracture Risk Among Young

Female Cross-Country Runners
Jeri W. Nieves, PhD, Kathryn Melsop, MS, Meredith Curtis, BS,

Jennifer L. Kelsey, PhD, Laura K. Bachrach, MD, Gail Greendale, MD,

Mary Fran Sowers, PhD, Kristin L. Sainani, PhD

Obijective: To identify nutrients, foods, and dietary patterns associated with stress
fracture risk and changes in bone density among young female distance runners.
Design and Setting: Two-year, prospective cohort study. Observational data were
collected in the course of a multicenter randomized trial of the effect of oral contraceptives
on bone health.
Participants: One hundred and twenty-five female competitive distance runners ages
18-26 years.
Assessment of Risk Factors: Dietary variables were assessed with a food frequency
questionnaire.
Main Outcome Measurements: Bone mineral density and content (BMD/BMC) of
the spine, hip, and total body were measured annually by dual x-ray absorptiometry
(DEXA). Stress fractures were recorded on monthly calendars, and had to be confirmed by
radiograph, bone scan, or magnetic resonance imaging.
Results: Seventeen participants had at least one stress fracture during follow-up. Higher
intakes of calcium, skim milk, and dairy products were associated with lower rates of stress
fracture. Each additional cup of skim milk consumed per day was associated with a 62%
reduction in stress fracture incidence (P < .05); and a dietary pattern of high dairy and low
fat intake was associated with a 68% reduction (P < .05). Higher intakes of skim milk, dairy
foods, calcium, animal protein, and potassium were associated with significant (P < .05)
gains in whole-body BMD and BMC. Higher intakes of calcium, vitamin D, skim milk, dairy
foods, potassium, and a dietary pattern of high dairy and low fat were associated with
significant gains in hip BMD.
Conclusions: Inyoung female runners, low-fat dairy products and the major nutrients in
milk (calcium, vitamin D, and protein) were associated with greater bone gains and a lower
stress fracture rate. Potassium intake was also associated with greater gains in hip and
whole-body BMD.
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INTRODUCTION

Stress fractures are common among young female competitive athletes, especially among
those participating in track and field, for whom the 1-year incidence rates have ranged from
8.7% to 21.1% [1,2]. Studies evaluating the impact of dietary factors on stress fracture
incidence in female athletes are limited and inconsistent. Some, but not all, studies have
found that disordered eating [3,4], low calcium and dairy product intake [5], and low
dietary fat intake [3] may be related to stress fractures in female athletes. Only one of these
prior studies was prospective [3], and most are based on small numbers of study subjects
and did not adequately control for confounding variables in the statistical analysis. Obser-
vational studies in female military recruits have not found a relationship between calcium
intake [6] or dairy consumption (asked as a crude yes/no question) [7] and stress fracture
risk, but a recent randomized trial found that calcium supplementation prevents stress
fractures in this population [8].
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Female endurance athletes are at risk for compromised
peak bone mass [9], which might be an important risk factor
for osteoporosis later in life [10]. The relationship between
disordered eating, insufficient caloric intake, and low bone
density is well established in this population [9]. However,
the relationships between specific nutrients and foods and
bone density are less well understood. Prior studies that
examined the association between specific dietary compo-
nents and bone mineral density (BMD) in female athletes
were cross-sectional or retrospective [11-13]. No published
studies have examined these relationships prospectively in
this population.

In contrast, the role of diet in the development of peak
bone mass has been well studied in the general population.
There is good evidence that calcium, vitamin D, and
protein help promote bone growth in children, teens, and
young adults [14-26,33]. Diets high in fruits and vegeta-
bles have also been associated with higher BMD in several
studies [27-32]. Iron status may relate to bone loss in older
women [34,35], but this has not been studied in younger
women. High milk intake has been correlated with greater
BMD, greater bone acquisition in young adults, and lower
risk of fractures later in life [36-40]. Conversely, low milk
consumption and high soda consumption may be risk
factors for low BMD and adolescent fracture [41,42].
Excessive alcohol intake leads to bone loss [43], whereas
moderate alcohol intake may be beneficial to BMD in
premenopausal women or have no effect [44]. Coffee has
been cited as a contributor to osteoporosis, but moderate
intakes (up to 3 cups per day) appear to have no adverse
effect on the skeleton in individuals with adequate calcium
intake [45,46]. Whether these relationships are similar in
young female endurance athletes, who have unique risk
factors for bone loss and different caloric needs [47,48], is
not known.

Several recent studies have noted the importance of con-
sidering food groups and dietary patterns of the whole diet on
bone health [37,38,49-51]. It is possible that any failure to
find relationships between single nutrients and bone health
may be explained by potential interactions among foods in
the diet.

In this article, we use dietary data collected during the
course of a randomized trial of the effect of oral contracep-
tives on bone health to prospectively identify potential nutri-
tional factors and dietary patterns that predict stress fractures
and changes in BMD in young female long-distance runners.

METHODS

Subjects

Details of the study methodology have been described by
Cobb et al [52]. Briefly, 150 runners were recruited from
intercollegiate cross-country teams, postcollegiate running

clubs, and road race participants. Because of the demands of
the randomized trial and the high mobility of this young
population, only 125 (83%) provided follow-up information.
Of these, 55 were collegiate runners and 70 were postcolle-
giate runners. Reasons for withdrawing included: geographic
relocation, pregnancy, illness, and lack of time. Baseline
characteristics of the participants with no follow-up data
were similar to those with follow-up data, except that they
were more likely to have a history of stress fracture before
baseline (P = .05). At the time of recruitment, most lived near
the study sites located in Stanford, CA; Los Angeles, CA;
West Haverstraw, NY; Ann Arbor, MI; and Boston, MA. To be
eligible, women had to run at least 40 miles per week during
peak training times, had to compete in races, could not have
used oral contraceptives or other hormonal contraceptives
within 6 months of entering the study, had to be willing to be
randomized, and to have no contraindications to oral contra-
ceptive use. Eligible women were randomly assigned to re-
ceive an oral contraceptive or no intervention for an intended
2 years, stratified according to clinical site. The oral contra-
ceptive pill assigned in this study was Lo/Ovral (Wyeth
Ayerst, 28-day pack), which contains 30 ug ethinyl estradiol
and 0.3 mg norgestrel. For ethical reasons, the athletes and
prescribing physicians were not blinded to treatment assign-
ment, and a placebo was not used.

The size of the study population was based on the number
needed to provide adequate statistical power for the random-
ized trial of the impact of oral contraceptive use on bone
health, not for the comparisons presented in this article. All
procedures followed were in accordance with the ethical
standards of the institution or regional committee on human
experimentation and the Institutional Review Boards of Stan-
ford University, the University of California Los Angeles, the
University of Michigan, the Helen Hayes Hospital, the Mas-
sachusetts General Hospital, the U.S. Army Medical Research
and Materiel Command, and the colleges at which partici-
pants were recruited approved the protocol.

Questionnaire Data

A self-administered baseline questionnaire was used to
obtain information about several variables of interest.
Demographic information included age and race/ethnic-
ity. Participants were asked to record their age at men-
arche and the number of menstrual cycles they had in the
previous 12 months. Women were classified as having
current menstrual irregularity if they were oligomenor-
rheic (defined as 4-9 cycles in the past year) or amenor-
rheic (defined as fewer than 4 cycles in the past year),
because recent menstruation is most relevant to current
changes in bone mass. Menstrual status was reassessed at
each subsequent clinical visit.
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Dietary Assessment

A modified version of the 97-item National Cancer Institute
Health Habits and History food frequency questionnaire [53]
was used to estimate usual nutrient intake during the previ-
ous 6 months. This was administered at baseline and at each
subsequent follow-up visit. We focused on the baseline data
in these analyses to preserve the prospective nature of the
data with respect to stress fractures. One of the modifications
to the questionnaire was the inclusion of additional food
items that were likely to be consumed by young athletes and
that contained relatively high amounts of calcium. The “fruits
and vegetables” and “dairy product” measures used in this
article were calculated directly from the food frequency ques-
tionnaire by adding the total number of servings of foods
considered to be fruits or vegetables to the total number of
servings of foods considered to be dairy foods (eg, milk,
yogurt, cheese).

A customized automated computer analysis program
was used to calculate nutrient intake from the question-
naire. Nutrient variables were adjusted for total energy
intake (kcal) by calculating the standardized residual for
the following: calcium, vitamin C, vitamin D, phospho-
rous, potassium, iron, fiber, and fat. Animal and vegetable
proteins were calculated as grams per day per kilogram of
body weight. Consumption of beverages such as soda,
coffee, milk, and alcohol was determined with the food
frequency questionnaire; from these responses, total caf-
feine was determined. Food groups and dietary patterns
that represent the combined intake of foods and nutrients
were also evaluated.

Physical Measures

At each of the 5 clinical sites, height and weight were mea-
sured using standard stadiometers and balance-beam scales,
respectively (Stanford University: Harpenden stadiometer,
Mentone Educational, Victoria, Australia/Healthometer
scale; University of California Los Angeles: Healthometer;
University of Michigan: Healthometer; Helen Hayes Hospi-
tal: Measurement Concepts stadiometer/Detecto scale; Mas-
sachusetts General Hospital: Healthometer—Healthometer,
Jarden Corp., Rye, NY). Body mass index (kilograms per
square meter) was calculated from these measurements.
Body composition (lean body mass and fat mass) and bone
mineral content (BMC) (g) and BMD (g per square centime-
ter) at the left proximal femur, spine, and whole body and
were measured by dual energy x-ray absorptiometry (DEXA)
(Hologic, Bedford, MA, DXA QDR 4500A at 4 clinical sites,
2000 W at one site). The coefficient of variation for measur-
ing BMD at the hip and spine in the same person after leaving
and then returning to the measuring table on the same day
was 2% or less at each of the clinical sites. For most of the
period of data collection, machines were cross-calibrated
every 6 months using a circulating Hologic anthropomor-

phic spine phantom, and each site maintained a quality
assurance program. Participants were asked to return for
bone densitometry and measurement of body composi-
tion, height, and weight 1 year and 2 years after baseline
measurements.

Ascertainment of Stress Fracture
Occurrence during Follow-up

Participants were asked to record the occurrence of a possible
stress fracture on a monthly calendar and also to report their
occurrence to us immediately. The fracture had to be con-
firmed by radiograph, bone scan, or magnetic resonance
imaging to be counted in this study. All reported stress
fractures were confirmed and costs of imaging were assumed
by the study where necessary. Participants were also queried
periodically about the occurrence of stress fractures by e-
mail, phone, and on their questionnaires. No additional
stress fractures were reported as a result of these queries.

Statistical Analysis

Analyses were carried out with the SAS statistical package,
version 9.1 (SAS Institute, Cary NC). Baseline nutrient in-
takes for calcium, vitamin C, vitamin D, phosphorous, potas-
sium, iron, fiber, and fat were adjusted for total caloric intake
using the residual method [54]. Units for dairy, fruits, and
vegetables are servings per day; units for animal and vegeta-
ble protein are grams per day per kilogram of body weight.

Cox proportional hazards models were used to compute
adjusted hazard ratios for the relationships between individ-
ual dietary factors and stress fracture incidence. Separate
models were run for each nutrient, food, or dietary pattern.
Hazard ratios were adjusted for clinical assessment site,
group to which a participant was randomized, menstrual
status at baseline, spine bone density, age, and stress fracture
history before enrollment. Though we only present analyses
involving the baseline data, we also repeated the analyses
modeling nutrients and foods as time-dependent variables
(which incorporates follow-up dietary data) and obtained
similar results.

We estimated the relationship between specific dietary
factors and annual rates of change of BMD and BMC using
linear mixed models, adjusted for clinical site, age, annual
menses, and treatment assignment in the randomized trial.
We tested for confounding by training variables (average
distance run in the past year), disordered eating (Eating
Disorders Inventory score >69), and changes in body
weight, but these variables were not found to have an effect,
and therefore were not included in the models presented
here.

Dietary patterns were derived from a reduced rank regres-
sion method [55], and were evaluated in relation to stress
fracture incidence and the rate of change in BMD or BMC.
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Reduced rank regression aims to identify dietary patterns
(combination of foods) that are most related to the outcome.
In our models, the predictors are foods and the response
variables are nutrients that were hypothesized a priori to be
important to skeletal health, including calcium, vitamin D,
phosphorous, potassium, vitamin C, fiber, fat, and iron. The
reduced rank regression identifies those linear functions of
the predictors (foods) that explain more of the variance in the
response variables (disease-related nutrients) than any other
linear functions of foods. These are the dietary patterns that
are most likely to relate to stress fractures or annual changes
in BMD. Each woman in the dataset gets a score that repre-
sents how strongly she follows a given dietary pattern; these
scores are then tested for their relationship with stress frac-
ture incidence or longitudinal changes in BMD/BMC. The
advantage of this method is that it allows simultaneous eval-
uation of correlated nutrients because some linear function of
all disease-related nutrients may have more discriminating
power than any single nutrient.

Effect modifications of the relationship between dietary
intake and stress fracture occurrence and change in bone
density were evaluated in stratified analyses. All associations
of interest were tested for effect modification (statistical in-
teraction) by treatment assignment and menstrual status
(eumenorrheic versus oligo/amenorrheic). Several instances
of effect modification were found, and are accordingly
reported.

RESULTS

Descriptive Statistics

Of the 150 subjects originally randomized, one was missing
all dietary data; 2 were excluded from analysis because they
had reported kilocalorie intakes >5000 or <500. One sub-
ject had diet data but no beverage data, so she is included in
the diet analyses but not the beverage analyses. Among the
147 remaining subjects who had baseline diet data (and 146
with baseline beverage data), 125 had follow-up data on
stress fracture occurrence and 122 had follow-up BMD mea-
sures.

The 125 participants were followed for stress fracture
occurrence for a total of 2,792 months, or an average of 1.86
years per woman. Descriptive characteristics of this popula-
tion are found in Table 1. The average age at baseline was 22
years, 83% were white, 33.6% reported menstrual irregular-
ity, and about one third reported a prior stress fracture. Mean
BMD of the spine was 0.56 standard deviations below and at
the hip was 0.31 standard deviations above the mean for a
young normal population, according to Hologic normative
data.

The average caloric intake at baseline was 2,280 kcal per
day (Table 2). Women in this population had intakes that
exceeded the recommended daily intake/recommended daily

Table 1. Selected baseline characteristics (n = 125)

Mean = 1 Standard

Characteristic Deviation or Percentage (n)

Age (years) 22.1 £ 26
Race

White 83.2% (104)

Hispanic 4% (5)

Asian/Pacific Islander 8.8% (11)

Black 0.8% (1)

Other 3.2% (4)
Height (cm) 165.9 = 6.2
Weight (kg) 58.5 = 6.7
Percent body fat 18.4 = 6.1
Menstrual category af baseline

Amenorrhea (0-3 periods) 8.0% (10)

Oligomenorrhea (4-9 25.6% (32)

periods)

Eumenorrhea (10+ periods) 66.4% (83)

Weekly miles 345+11.3

Previous stress fractures
Bone density

31.2% (39)

Spine bone mineral density, 0.99 =0.11
g/cm?/year

Total hip bone mineral density, 0.98 =0.12
g/cm?/year

Whole-body bone mineral 1.11 +0.08
density, g/cm?/year

Whole-body bone mineral 2173 = 294

content, g/year

allowance for iron, fiber, calcium, vitamin C, and vitamin D.
However, intake was lower than recommended for phospho-
rus and potassium. On average, fruits and vegetables were
consumed 5 times per day and dairy (milk, yogurt, or cheese)
was consumed about 3 times per day, although only about 8
ounces of milk were consumed per day, and the majority of
milk consumed was skim milk (75%).

Nutrients and Stress Fractures

Seventeen of the 125 runners had at least one stress fracture,
for a rate of 7.3 first stress fractures per 100 person-years of
follow-up. Nine of these stress fractures occurred in the tibia,
6 in the foot, and 2 in the femur. Four runners had a second
stress fracture: 2 in the tibia, one in the foot, and one in the
femur. These second stress fractures are not considered in
these analyses.

We found that higher intakes of calcium, skim milk, milk,
and servings of dairy products per day were each related to a
reduced rate of stress fracture, although the strongest protec-
tion was from higher skim milk consumption. Every addi-
tional cup of skim milk consumed per day was associated
with a 62% reduced fracture risk (P < .05); every additional
serving of dairy products consumed per day conferred a 40%
reduction in risk (Table 3) (P < .05).

The 4 patterns that resulted from the reduced rank regres-
sion analysis included: pattern 1: higher consumption of
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Table 2. Descriptive statistics for subjects’ baseline selected nutrient and beverage consumption (n = 125)

Dietary Reference Intakes/

Standard Recommended Dietary

Nutrient Mean Deviation Minimum Maximum Allowance
Kilocalories/day 2280 913 615 4664
Animal protein g/day/kg body weight 0.86 0.51 0.11 3.2
Vegetable protein, g/day/kg body weight 0.73 0.44 0.21 2.9
Fat, g/day 48 29 10 151
Fiber, g/day 30 17 6 125
Calcium, mg/day 1340 655 342 4105 1000 mg/day
Vitamin C, mg/day 274 182 47 934 75 mg/day
Vitamin D, IU/day 231 145 4.5 897 200 lU/day
Phosphorous, mg/day 389 206 36 1142 700 mg/day
Potassium, mg/day 1689 897 142 5054 4700 mg/day
Iron, mg/day 21.9 10.8 6.4 62.7 18 mg/day
Dairy, servings/day 2.9 1.8 0 9.9
Fruits and vegetables, servings/day 54 4.2 0.3 21.0
Beverages
Sweetened soda, ounces/day 1.4 3.4 0 30
Diet soda, ounces/day 4.2 10.3 0 54
Coffee, ounces/day 6.4 12.2 0 72
Caffeine, mg/day 140 234 0 1350
Skim milk, ounces/day 5.7 8.5 0 56
Total dairy milk, ounces/day 7.6 8.7 0 56
Total alcohol, standard drinks/day 0.3 0.4 0 2.6

dairy, lower consumption of fat; pattern 2: higher fruits and
vegetable consumption, higher fiber and lower fat consump-
tion; pattern 3: higher animal protein, higher fat, lower fruits
and vegetable, lower fiber consumption; and pattern 4:
higher protein (both animal and vegetable). Using these 4
patterns, we found that individuals with a high dairy and low
fat intake (pattern 1) had a significantly reduced risk of a
stress fracture (Table 3) (P < .05).

There were no significant interactions between stress frac-
ture risk and nutrition with either treatment assignment or
menstrual status (each P >.05, data not shown).

Nutrients and Annual Change in BMD

Individual nutrients were assessed in relation to change in
BMD,; the results are presented in Table 4a. Calcium intake
was positively related to annual gains in BMD of the hip (P <
.05) and total body (P < .005), as well as total body BMC
(P < .005). For every standard deviation increase in calcium
intake (approximately 600 mg), women gained an additional
0.0016 g/cm” (an average 0.16% gain) in spine BMD annu-
ally (P = .07), 0.0022 g/cm” (an average 0.26% gain) in hip
BMD, 0.0025 g/cm” (an average 0.23% gain) in total body
BMD, and 6.6 g (an average 0.30% gain) in total body BMC.
Skim milk, total milk intake, and number of dairy servings
per day also predicted significant gains in hip BMD and
whole-body BMC; vitamin D intake predicted gains in spine
and hip BMD; and animal protein, a component of milk,
predicted gains in whole-body BMD and BMC. There was a
positive relationship between increased intake of potassium
and significant increases in BMD of the hip and whole body

and whole-body BMC. For every standard deviation increase
in potassium (approximately 900 mg), there was a gain of
6 * 2.3 grams per year in total body BMC. Coffee intake also
predicted positive changes in spine (P < .05) and hip BMD
(P < .01) (Table 4a).

Using the 4 dietary patterns that resulted from the re-
duced rank regression analysis, we found that individuals
with diets high in dairy and low in fat had a greater annual
increase in hip BMD (P < .05), and individuals with diets
high in fruits, vegetables, and fiber and low in fat consump-
tion had significantly greater increases in whole-body BMD
and BMC (P < .005 and P < .01, respectively).

All data were stratified by menstrual regularity versus
irregularity to evaluate the joint effects of menstrual function
and diet (Table 4b). Consumption of dairy products pre-
dicted positive change in hip BMD in both menstrual groups.
Calcium intake predicted significant positive bone changes in
women with both regular and irregular menstrual function,
although the magnitudes of the changes were higher in the
irregularly menstruating women. The positive effect of animal
protein on total body bone was confined to irregularly menstru-
ating women; no effect was found in regularly menstruating
women. Last, the effects of fruits and vegetables as well as
potassium varied by menstrual status and skeletal site. There
was no clear pattern of effect (positive or negative) across skeletal
sites.

To evaluate whether the positive effect of certain nutrients
are independent of calcium intake, several analyses were
repeated, controlling for calcium intake. Controlling for cal-
cium intake attenuated, by approximately 25%, the effects of
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Table 3. Adjusted* hazard ratios (and 95% confidence inter-
val) for associations between nutrients and stress fractures

(n = 125)

Nutrient

Hazard Ratio
(95% CI)

Kilocalories, per 1 standard
deviation (913 kcal)

Animal protein, g/day/kg
body weight

Vegetable protein, g/day/kg
body weight

Fat, per 1 standard deviation
(29 grams/day)

Fiber, per 1 standard deviation
(17 grams/day)

Calcium, per 1 standard
deviation (655 mg)

Vitamin C, per 1 standard
deviation (182 mg)

Vitamin D, per 1 standard
deviation (145 1U)

Phosphorous, per 1 standard
deviation (206 mg)

Potassium1, per 1 standard
deviation (897 mg)

Iron, per 1 standard deviation
(11 mg)

Fruits and vegetables, per
serving

Dairy products, per serving

Skim milk, cups/day

Total milk, cups/day

Coffee, cups/day

Dietary pattern 1

Dietary pattern 2

Dietary pattern 3

Dietary pattern 4

0.63 (0.34-1.15)
0.42 (0.15-1.20)
0.57 (0.11-2.91)
1.02 (0.58-1.70)
1.11 (0.49-2.52)
0.53 (0.29-0.97)"
1.26 (0.69-2.30)
0.67 (0.34-1.31)
1.00 (0.51-1.96)
0.76 (0.39-1.47)
1.43 (0.82-2.49)
0.89 (0.74-1.07)
0.60 (0.40-0.89)
0.38 (0.16-0.90)"
0.43 (0.20-0.89)
0.94 (0.63-1.40)
0.32 (0.10-0.96)"
0.63 (0.32-1.24)

1.06 (0.54-2.09)
1.54 (0.31-7.48)

*Cox proportional hazards models were used fo evaluate the relationship of
baseline nutrient intake, beverage consumption. and diefary patterns with
sfress fracture incidence adjusted for clinical site, freatment group assign-
ment, baseline menstrual status, spine bone density, age, and stress fracture
hisfory.

P < .05.

Diefary pattern1 = high dairy, low fat; dietary pattern 2 = high fruits and
vegefable, high fiber, low fat; dietary pattern 3 = high animal protein, high
fat, low fruits and vegetables, low fiber; dietary pattern 4 = high protein (both
animal and vegetable).

animal protein on gains in total body BMD/BMC, although
the relationship remained significant. Controlling for cal-
cium in the models relating potassium to gain in bone density
slightly attenuated the effect at the hip and spine (~10%
attenuation), with a somewhat greater attenuation for the
relationship at the total body (~20%), although statistical
significance was not changed. Adjustment for calcium intake
had no impact on the estimates of the effect of coffee on spine
and hip BMD; however, the food frequency questionnaire did
not specifically ask participants about the consumption of
coffee beverages containing milk (such as lattes).

DISCUSSION

In this study of young female runners, skim milk intake and
total dairy product intake were associated with protection
against stress fracture. Consistent with this finding, an eval-
uation of dietary patterns (an analysis that allows simulta-
neous evaluation of correlated dietary factors) showed that
runners with a high dairy product intake along with a low-fat
diet had a significantly reduced risk of stress fracture. Small
longitudinal increases in BMD at each skeletal site were
positively related to specific dietary intakes. Annual increases
in hip BMD were related to higher intakes of calcium, vitamin
D, potassium, coffee, milk, and dairy products; annual in-
creases in spine BMD were related to higher intakes of vita-
min D and coffee; and annual increases in whole-body BMD
and BMC were related to higher intakes of animal protein,
calcium, potassium, milk, and dairy products. We also iden-
tified 2 different dietary patterns that were related to skeletal
mass. A diet high in dairy intake and low in fat intake was
associated with gains in hip BMD, and a diet high in fruits,
vegetables, and fiber intake and low in dietary fat was asso-
ciated with gains in total body BMD and BMC. No single
nutrient is eaten in isolation; therefore, it is important to use
analysis techniques, such as reduced rank regression, to
evaluate the interrelationships of dietary variables.

We previously reported that low bone mass and low BMD
were associated with an increased risk for stress fracture [56],
a finding that is consistent with other prospective studies
carried out in competitive athletes [1,3] and military recruits
[7]. Therefore, it is not surprising that many of the same
nutrients and foods (dairy products, calcium, vitamin D, and
milk) found to be protective against stress fractures were also
related to increases in BMD.

Our study is the first prospective study to demonstrate
protective effects of calcium and vitamin D on stress fracture
risk in female athletes. Each additional cup of skim milk
consumed per day was associated with a 62% decrease in
stress fracture incidence. Thus, increasing dairy consump-
tion may represent a relatively simple intervention that
women runners can implement to substantially reduce their
fracture risk. Though a previous case-control study reported
a relationship between low calcium and dairy consumption
and increased risk of stress fracture in female athletes [5],
other studies in female athletes and military recruits have
found no association [3-7]. In the only other prospective
study to examine this relationship in female athletes [3],
women with fractures actually had a higher, though not
significant, calcium intake than women with no fractures.
However, calcium was measured in the middle and at the end
of the study, and women with fractures may have increased
their calcium intake in response to their fractures. Our find-
ings are supported by a recent report [8] in female Navy
recruits; in that trial, women randomized to supplementation
with 2000 mg calcium and 800 international units of vitamin
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Table 4a. Adjusted* annual rates of change in spine, hip, and whole-body mineral density (BMD) and whole-body bone mineral
content (BMC) and skeletal area by nutrients and dietary patterns

Nutrient (SD)

Spine BMD

(g/cm?/year = SE)

Animal protein, g/day/kg body
weight

Vegetable protein, g/day/kg
body weight

Fat, per 1 SD (299)

Fiber, per 1 SD (17 Q)

Calcium, per 1 SD (655 mg)

Vitamin C, per 1 SD (182 mQ)

Vitamin D, per 1 SD (145 1U)

Phosphorous, per 1 SD (206 mQ)

Potassium, per 1 SD (897 mQ)

Iron, per 1 SD (10.8 mg)

Fruits and vegetables, per serving

Dairy, per serving

Skim milk, per additional cup/day

Total milk, per additional cup/
day

Coffee, per additional cup /day

Dietary pattern 1

Dietary pattern 2

Dietary pattern 3

Dietary pattern 4

0.00150 + 0.00229

—0.00284 = 0.00210

—0.00068 * 0.00098

0.00057 + 0.00079
0.00160 + 0.00089
0.00084 = 0.00104
0.00229+.00100*

0.00143 + 0.00107
0.00198 = 0.00102
0.00139 + 0.00101

—0.00012 * 0.00025

0.00069 * 0.00058
0.00095 + .00096
0.00063 = .00093

0.00148 + .00067*
0.00179 = 0.00137
0.00125 = 0.00118

—0.00080 * 0.00108

0.00302 + 0.00192

Total Hip BMD Whole-body BMD Whole-body BMC
(g/cm?/year = SE)  (g/cm?/year = SE) (g/year + SE)
0.00350 += 0.00216 0.00602 + 0.002191 16.4 + 5.1*
0.00093 = 0.00200 —0.00308 + 0.00205 3.6 +438
—0.00026 =+ 0.00093 0.000376 =+ 0.00096 -08+23
0.00012 * 0.00075 —0.00119 + 0.00077 0.7+1.8
0.00216+0.00083* 0.0025 + 0.00085* 6.6 +2.0*
—0.00009 =+ 0.00098 0.00108 *= 0.00101 1.9+24
0.00251+.00095" 0.00136 = 0.00099 40x23
0.00063 * 0.00102 0.00234 = 0.00104* 39+24
0.00236 *+ 0.00095* 0.00259 = 0.001* 6.0 =23
0.00108 = 0.00096 —0.001850.00098 -1.6+23
—.00004 = 0.00024 .00030 + 0.00024 1.1 06
.00127 = 0.00054* .00129 = 0.00056* 41 +1.3¢*
.00258 + .00089* .00132+.00094 52+ 22
00262 + .00086* .00103+0.00092 51 x2.1*
.00170 + .00063" .00099+0.00067 -04x15
.00280 = 0.0013 .00091 = 0.00135 49 + 3.2
.00036 = 0.00113 00369 + 0.00113* 7.3 +27%
—.00028 += 0.00103 —.00237 = 0.00104* -1.4+x25
00211 = 0.00184 —.00362 += 0.00189 24+ 45

Dietary pattern 1 = high dairy, low fat; dietary pattern 2 = high fruits and vegetables, high fiber, low faf; dietary pattern 3 = high animal protein, high fat, low
fruits and vegetables, low fiber; dietary pattern 4 = high protein (both animal and vegetfable).
Baseline nutrient infake for calcium, vitamin C, vitamin D, phosphorous, potassium, iron, fiber, and fat is adjusted for caloric intake using the residual [54].
Units for dairy, fruits, and vegetables are servings per day; units for animal and vegetable protein are grams per day per kilogram of body weight.
*Annual rates of change are estimated from linear mixed models, adjusted for clinical site, age, annual menses, and treatment assignment in the randomized

frial. Diefary patterns were derived from a Reduced Rank Regression method. Am J Epidemiol 2004;159:935-944.

*P < .05, rate of change differs from O.
TP < .01, rate of change differs from O.
P < .005, rate of change differs from 0.

D versus placebo for 8 weeks of basic training had a 20%
lower incidence of stress fracture.

We found that dairy products and calcium protected
against stress fractures even after controlling for bone den-
sity. That the stress fracture protection is independent of
BMD suggests that other aspects of bone strength are in-
volved. For instance, in one study, lower milk intake was
related to a smaller cortical thickness [39], and, conversely,
cheese supplementation (in children) increased cortical
thickness [40]. This effect of dairy on skeletal geometry may
relate to differences in risk for stress fractures.

One previous study reported that a low-fat diet was a risk
factor for stress fracture [3], rather than a protective factor as
we found here. However, recent analyses of National Health
and Nutrition Examination Survey (NHANES) data indicate
that higher intakes of saturated fat are related to lower BMD
[57], perhaps consistent with our findings, although we did
control for baseline BMD in the analysis. It is also possible
that the protective effect of the low-fat diet against stress
fracture is only when combined with higher intakes of dairy
foods, as indicated by the dietary patterns analysis.

Our findings that dairy products and skim milk were
related to a modest increase in BMD are similar to other

studies reporting that low intakes of calcium and dairy prod-
ucts have been associated with decreased BMD in young
adult women [58]. However, this is the first prospective
study to show this relationship in young female athletes.
There may be overlap in some of these variables in that 75%
of milk intake was reported as skim milk consumption and
25% of servings of dairy per day were from skim milk.

The finding of coffee intake having a positive relationship
with spine and hip BMD could be due to chance or could
reflect the addition of dairy products to coffee. High coffee
intake has sometimes been linked to lower bone mass in the
setting of very low calcium intake [46]. Our study suggests
that coffee intake, at the moderate levels consumed in this
study (an average intake of 1 cup per day), has no adverse
effect on bone health in female runners, and may even be
beneficial if milk-based coffee drinks, such as lattes, are
consumed. Thus, women runners should not be advised to
reduce their coffee intake to improve skeletal health. There
was 1o effect of alcohol or soda on stress fracture occurrence
or change in BMD, perhaps because of the small number of
women who consumed these products. In addition, the lack
of a specific cola category [59] may have limited the ability to
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Table 4b. Adjusted” annual rates of change in spine, hip, and whole body mineral density (BMD) and whole body bone mineral
content (BMC) and skeletal area by nutrients by regularity” of current menstrual cycles

Spine BMD

Nutrient (g/cm?/year + SE)

Total Hip BMD
(g/cm?/year + SE)

Whole-body BMD
(g/cm?/year = SE)

Whole-body BMC
(kg/year = SE)

Dairy, per serving

Regular 0.00016 += 0.00067

Irregular 0.00177 = 0.00116
Calcium, per 1 SD (655 mg)

Regular 0.00146 = 0.00104

Irregular 0.00240 * 0.00187
Total milk, per cup

Regular —0.00024 += 0.00108

Irregular 0.00285 + 0.00195
Fruits and vegetables, per serving

Regular —0.00068 + 0.00028*

Irregular 0.00069 * 0.00046
Potassium, per 1 SD (897 mQ)

Regular 0.00167 = 0.00128

Irregular 0.00194 = 0.00165
Animal protein, g/day/kg body

weight
Regular —0.00177 = 0.00263
Irregular 0.00663 * 0.00384

0.00155 =+ 0.00065* 0.00047 = 0.00076 0.8 = 1.56
0.00134 * 0.00098 0.00221 = 0.00101* 7.5=+3.1*F
0.00181 = 0.00102 0.00227 = 0.00118 3.2=*242
0.00316 = 0.00155* 0.00434 =+ 0.001595 134 =5.12¢
0.00228 =+ 0.00097* 0.00071 = 0.00116 1.7£2.3
0.00359 =+ 0.00174* 0.00083 + 0.00176 92+52
—0.00044 = 0.00028 0.00013 = 0.00033 -0.1x=0.7
0.00084 =+ 0.00038* 0.00058 + 0.00041 3.1 +1.2¢
0.00192 = 0.00124 0.00405 =+ 0.001455 54 =30
0.00285 =+ 0.00136* 0.00164 + 0.00146 7.5 +43
0.00305 * 0.00258 —0.00060 =+ 0.00299 —4.1 = 6.1
0.00518 + 0.00326 0.00795 + 0.00334* 269 =985

Baseline nufrient intake for calcium and potassium is adjusted for caloric intake using the residual method [54].
Units for dairy, fruits, and vegetables are servings per day; units for animal profein are grams per day per kilogram of body weight.
*Annual rafes of change are estimated from linear mixed models, adjusted for clinical sife, age, and freatment assignment in the randomized frial.
"Women were classified as having current menstrual irregularity if they were oligomenorrheic (defined as 4-9 cycles in the past year) or amenorrheic (defined

as fewer than 4 cycles in the past year).
P < .05, rate of change differs from 0.
$p < .01, rate of change differs from 0.

find any association between these skeletal outcomes and
soda, if such an association exists.

Protein intake, specifically animal protein, was related to
small but significantly greater increases in total body bone
mass. Similar results have been reported in women of a
similar age [26,60,61], but this is the first prospective study
to show this relationship in young women athletes. One
possible mechanism is that protein may alter the response to
calcium supplementation [62,63], possibly through improv-
ing calcium absorption [64]. Or, protein-related changes
may increase concentrations of insulin-like growth factor-1
(IGF-1) that may have a positive skeletal benefit [64]. In
general, diets that are moderate in protein intake (1-1.5 g
protein/kg body weight), such as those reported in this study,
are associated with normal calcium metabolism, whereas
diets high in protein have been reported to cause excessive
urinary calcium excretion (64) or may create an acidic envi-
ronment that favors bone resorption [65]. That a positive
change in whole-body BMD/BMC was related to animal
protein may also be a reflection of the animal protein found in
dairy intake, a dietary component that was positively related
to BMD change. In fact, 47% of the grams of animal protein
per day came from dairy consumption, and the estimate of
the effect of animal protein was partially reduced after con-
trolling for calcium.

In our study, a high potassium intake was associated with
greater gains in hip BMD and total body BMD/BMC (inde-
pendent of the effect of calcium); and a high fruit and
vegetable intake was associated with greater gains in total
body BMD/BMC. Several cross-sectional studies have re-
ported that potassium, magnesium, and vitamin C intakes
are related to higher BMD [32,66,67]. Longitudinal studies
have also found a correlation between potassium, magne-
sium and vitamin C intakes [57] or fruit and vegetable intakes
[45] and change in BMD in non-athlete populations. Potas-
sium and magnesium may reduce bone turnover [66] and
may contribute to the alkali load, serving as a buffer to the
acid load of a diet [49,68,69]. In addition, fruits and vegeta-
bles may promote bone health through action of other nutri-
ents such as vitamin K [32,66,67,70-73]. Clearly, our finding
of higher potassium intake relating to hip and total body
BMD needs to be further explored. However, the finding is
strengthened by a consistent beneficial effect of potassium
across skeletal sites and because the dietary pattern relating
to positive BMD changes included fruits and vegetables, a
major source of potassium.

Several previous studies in competitive athletes and mili-
tary recruits have reported that current or past menstrual
irregularity is associated with an increased risk for stress
fracture and greater bone loss [1,3-5,74,75]. Menstrual irreg-
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ularity could also potentially modify the effect of risk factors;
therefore, we have controlled for this variable in the analyses
and also stratified on this variable. In women with irregular
menses, intake of protein and calcium may be of greater
importance for skeletal health than for runners with regular
menses. Although we previously reported an association at
baseline between disordered eating and low BMD among
eumenorrheic runners [76], no association between disor-
dered eating and subsequent stress fracture occurrence or
bone loss was seen in our longitudinal analyses. However,
our findings do indicate that nutritional intake may have a
larger impact on changes in BMD and BMC in irregularly
menstruating women who may have a backdrop of poor
nutrition and may also have eating disorders.

Our prospective study had the advantage of collecting
information on possible risk factors before the occurrence of
the stress fractures and without knowledge of BMD, thus
eliminating the possibility of biased recall. In addition, all
participants were from one sport, cross-country running,
thus eliminating sport as a potential source of variation in
both stress fracture occurrence and longitudinal changes in
BMD. One limitation is that our study population was of
modest size, with only 17 new stress fractures; also, the small
expected changes in BMD would make it difficult to find
dietary determinants of change. Another limitation was the
lack of follow-up information on 17% of the original partic-
ipants, related to the high degree of mobility in women of this
age. Finally, there is the possibility of uncontrolled or unmea-
sured confounding. In particular, it is difficult to separate the
effects of dietary constituents that tend to be consumed
together. However, the dietary pattern analysis allows the
simultaneous evaluation of correlated dietary constituents.
Measurement error in diet assessment is also likely to have
occurred.

CONCLUSION

In conclusion, the results of our study indicate that in young
female runners’ dairy product intake, particularly low-fat
milk, and the major nutrient components of milk (calcium,
vitamin D, and protein) are related to greater bone gains and
lower stress fracture risk. Potassium intake, related to fruit
and vegetable intake, was also associated with greater gainsin
hip and total body BMD. Therefore, an overall healthy diet,
with low-fat milk to provide adequate calcium and vitamin D
and sufficient in fruits and vegetables, may provide the great-
est skeletal benefit to cross-county runners.
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