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Theresa J. Snook
ABSTRACT

THE UTILITY OF THE MODIFIABLE ACTIVITY QUESTIONNAIRE (MAQ) FOR
ASSESSING THE RELATIONSHIP BETWEEN PHYSICAL ACTIVITY AND BONE
DENSITY IN CHILDREN AND ADOLESCENTS
Thesis under the direction of Patricia A. Nixon, Ph.D., Associate Professor of Health and
Exercise Science and Pediatrics.
The purpose was to examine the utility of Kriska’s Modifiable Activity
Questionnaire (MAQ) for assessing a relationship between physical activity (PA) and
bone health in a pediatric population. Twenty-one children, ages 8-17 years, had PA
assessed using the Modifiable Activity Questionnaire, that determined past year total
hours of PA (TOT-hrs⋅wk-1). From TOT-hrs⋅wk-1 the following were calculated: hours of
weight-bearing PA per week (WTB-hrs⋅wk-1), hours of vigorous PA per week (VIGhrs⋅wk-1), and MET-hrs⋅wk-1. BMD of total body (TB), hip (TH), and lumbar spine (LS),
and femoral neck (FN) were measured via dual energy x-ray absorptiometry (DXA).
Analysis revealed significant (p<.05) correlations between TOT-hrs⋅wk-1 and TB BMD
(r=0.529), TH BMD (r=0.574), and FN BMD (r=0.519), between WTB-hrs⋅wk-1 and TB
BMD (r=0.481), TH BMD (r=0.552), and FN BMD (r=0.509), and between
MET-hrs⋅wk-1 and TH BMD (r=0.464). Age and TOT-hrs⋅wk-1 explained 46% and 70%
of the variance in TH and TB BMD. Results indicate that the MAQ is a useful tool in
assessing the relationship between physical activity and bone density.
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INTRODUCTION AND REVIEW OF LITERATURE

Osteoporosis is a major health problem in the United States.

It affects

approximately 25 million Americans (1). Eight million American women and 2 million
men have been diagnosed with osteoporosis (1). Eighteen million more individuals have
low bone mass placing them at an increased risk for osteoporosis (1). Osteoporosis is a
skeletal disorder characterized by low bone mass and microarchitectural deterioration of
bone tissue. Low bone mass and structural deterioration of bone tissue leads to increased
bone fragility and an increased susceptibility to fractures of the hip, spine, and wrist.
Osteoporosis is responsible for more than 1.5 million fractures annually (2). Bone
fractures may lead to disability, as well as a decreased quality of life, and increased
morbidity and mortality. This disease has caused more than 44 million patient-days in
nursing homes and an estimated $13.8 billion in annual health care costs in 1995 (2).
Consequently, it is imperative that preventative measures are taken to reduce the
development of this disease.
There is a threshold for bone mass below which is considered osteoporotic. The
World Health Organization defines osteopenia, or low bone mass, as a bone density 1 to
2.5 standard deviation below the mean for young healthy white adults (3). Osteoporosis
is defined as a bone density of 2.5 standard deviations below this mean (3).
Osteoporosis can be caused by three different scenarios: 1) a failure to attain a
sufficient peak bone mass in childhood and adolescence, 2) a failure to maintain peak
bone mass for a sufficient period of time during early adulthood, 3) accelerated bone loss
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in later years (4).

Figure 1
Bone Mineral Density Acquisition (5)
As seen in figure 1, there is a fairly linear increase in bone mass throughout
childhood and adolescence.

Most researchers agree that an individual acquires

approximately 90% of his/her peak bone mass by age 18 (6-9). It has been shown that
individuals reach 100% of their peak by the third decade of life (7). Thereafter, a natural
decrease in bone mass occurs, called “age-related bone loss” (10).

Not only is it

important to prevent accelerated bone loss in late adulthood but it is important to
optimize peak bone mass or bone reserve early in life to lessen the risk of developing
osteoporosis later in life. Childhood and adolescence is the prime time to intervene in
order to decrease the prevalence of this disabling disease.

3
DETERMINANTS OF PEAK BONE MASS
Skeletal development is influenced by many factors including genetics and
hormonal milieu, mechanical loading, nutrition, and other lifestyle factors (4).
Hormonal Milieu

Genetic Factors
Adolescent
Peak Bone
Mechanical
Loading

Nutritional
Factors
Other Factors

Figure 2
Determinants of Peak Bone Mass (4)
The development of bone mass is mainly under genetic control. Studies in twins
and healthy families indicate that between 75% and 85% of the variance in bone mineral
density is under genetic influence (11).

A number of genes have been identified

including the vitamin D receptor gene, the estrogen receptor gene, the apolipoprotein E4
gene, the interleukin genes, the parathyroid hormone receptor gene, and the collagen
gene, however, the specific contribution of these genes to bone mineral density has not
been determined (12). The acquisition of bone mass is also affected by the endocrine
system. The “calciotropic”-hormones, parathyroid hormone, vitamin D, and calcitoninmaintain the equilibrium of the body’s calcium reservoir (13).
Race may also influence the development of peak bone mass. Previous studies
have shown African-American children attain higher bone mineral content and density
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values than Caucasian children (14;15). Some data suggest that Asian or Hispanic
children have similar or even lower bone mineral content or density than Caucasian
children (15;16).
Modifiable factors include nutrition, mechanical loading, and other lifestyle
factors, such as alcohol and smoking. Nutritional factors, such as calcium intake, may
play an important role in peak bone mass attainment. Calcium is an important nutrient
for skeletal health. Many randomized controlled studies have shown that children who
were given calcium supplements for one to three years had significantly greater gains in
bone mineral content or density than controls (17-22). A recent study in Rhode Island
found that 89% of the 1117 adolescents involved consumed considerably less than the
recommended daily allowance (RDA) for calcium, with boys consuming 57% of the
RDA and girls consuming 45% of the RDA (23). Consequently, children may not be
consuming sufficient calcium for optimal bone health.
Peak bone mass is also determined by the loading history on the skeleton induced
by physical activity. Physical activity influences bone mass through mechanical forces
from gravity and muscular contractions (24).

American children and adolescents

participate in less than the recommended amount of physical activity (25). It is estimated
that only half of the adolescents ages 12-21 years in the United States regularly
participate in vigorous physical activity. Approximately 14% report no participation in
vigorous or light to moderate physical activity (25). Hereby possibly putting attainment
of peak bone mass at risk.
Other lifestyle factors that influence peak bone mass include, tobacco use,
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excessive alcohol use, and various medications (26). Although these factors may play a
role in some adolescents, the primary modifiable determinants of adolescent peak bone
mass are nutrition and physical activity. The focus of this paper is on the effect of
physical activity on bone health in children and adolescents.

BONE PHYSIOLOGY
Comprehensive reviews of bone physiology are provided by Forwood et al. (13)
and Einhorn (27). General information is presented here.
The human skeleton is important for support, protection, movement, and mineral
storage. The skeleton is composed of two different types of bone tissue, cortical and
trabecular bone. Cortical, or dense bone, forms the shafts and the thin shell caps of long
bones, such as the femur.

Cortical bone is made up of dense, calcified tissue.

Trabecular, or spongy bone, is found primarily at the end of long bones and in smaller or
short bones, such as the vertebral bodies and calcaneus. Trabecular bone is composed of
small, flat pieces of bone called trabeculae. It has a honeycomb-like arrangement with a
great deal of open space. The trabecular arrangement allows bone marrow, blood vessels,
and connective tissue to be in contact with bone (28). Cortical bone has four times the
mass of trabecular bone and constitutes approximately 80% of the skeletal mass.
Whereas, trabecular bone constitutes approximately 20% of the skeleton (27).
Bone is composed of specialized cells that regulate bone metabolism in response
to various environmental signals, including chemical, mechanical, electrical, and
magnetic stimuli.

Three cell types are found in bone, osteoclasts, osteoblasts, and

6
osteocytes. The osteoclast is responsible for bone resorption, or removal of old bone.
Their main function is to dissolve bone mineral and digest bone matrix. Osteoblasts form
new bone. They produce a new bone matrix composed mostly of collagen. Osteocytes
are mature bone cells that originate as osteoblasts. They are embedded deep within small
bone cavities called osteocytic lacunae. They are buried in bone as new bone is formed.
Osteocytes receive mechanical input signals and transmit them to the osteoclasts and
osteoblast, which are involved in bone resorption and formation or remodeling (27).
Bone formation begins in utero and continues throughout adolescence until
skeletal maturity.

Bone resorption, or removal, and bone formation occur together

throughout childhood and adulthood. These two processes coupled together are called
bone remodeling. Remodeling is a continuous process whereby there is a constant
removal and replacement of bone tissue involving the osteoclast and osteoblast cells.
There are four steps to the bone remodeling cycle: activation, resorption, reversal, and
formation.

Remodeling begins with activation.

Pre-osteoclasts are stimulated and

differentiated under the influence of cytokines and growth factors to mature into active
osteoclasts. Next, resorption occurs. The newly formed osteoclasts secrete an acid-like
substance, which dissolves and digests the organic matrix and mineral of old bone.
Resorption stops when the cavity reaches a predetermined depth.

During reversal,

monocyte-derived cells form a cement surface that prevents further bone erosion. Lastly,
formation occurs. Osteoblasts are attracted into the cavity. Under the influence of
various hormones and growth factors osteoblast mature and begin to refill the cavity with
collagen. Osteoblasts draw calcium and other minerals from the blood into the collagen,
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forming crystals on the collagen. The collagen and minerals harden into bone tissue
filling the cavity. The osteoblasts transform into mature bone cells, or osteocytes, and
become part of the bone. New bone is formed and the remodeling cycle is complete.
The whole process takes three to six months to complete. (29)
Under normal conditions, the remodeling process of resorption followed by
formation is closely coupled and results in no net change in bone mass. When resorption
is continuously greater than formation the strength of the skeleton becomes compromised
and potentially results in low bone mass as with “age-related” bone loss.

PHYSIOLOGICAL ROLE OF PHYSICAL ACTIVITY ON BONE
The role of physical activity on bone remodeling is described by the
mechanotransduction theory. Mechanotransduction is the process by which the skeleton
converts a mechanical force, such as that generated by physical activity, into a cellular
response (13;30;31).

This process involves a communication network made up of

osteocytes and bone lining cells. The communication network detects that bone is being
mechanically loaded and signals the osteoclasts and osteoblasts to remove and add bone.
Mechanotransduction does not appear to involve any neural pathways (13;30). The
process includes four distinct phases: 1) mechanocoupling, 2) biochemical coupling, 3)
transmission of the biochemical signal, and 4) the effector response.

Mechanocoupling
Mechanocoupling refers to the process through which a mechanical force applied
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to bone is changed into a local mechanical signal that can be perceived by a sensor cell
(13;30;31). Mechanical loading, as through physical activity, causes local deformations
in bone tissue called strains. Loading causes the bone to bend, which in turn causes stress
on the bone that can be classified as tensile or compressive. This deformation of the bone
leads to a pressure gradient within the bone canaliculae and interstitial spaces. Interstitial
fluid flows through the canaliculae and across osteocyte membranes creating fluid sheer
stress on the cell membranes, which is shown in Figure 3 (32;33). Bending drives fluid
from regions of compression to areas of tension. Flow-related sheer stress on osteocyte
membranes activate a cellular or chemical response leading to biochemical coupling.

Figure 3
Mechanocoupling (30)
Biochemical Coupling
Biochemical coupling involves the transduction of the local mechanical signal
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into a biochemical signal. The exact mechanism for the initial detection and conversion
of mechanical force into a biochemical signal has yet to be determined. Several theories
regarding possible mechanisms have been described for the coupling process (13;30;31).
The most accepted theory addresses the extracellular matrix-integrin-cytoskeletal axis.
Bone cells attach to the extracellular collagen matrix by binding to membrane spanning
glycoproteins called integrins. Integrins are attached to the internal cytoskeleton, which
forms a network that connects the extracellular matrix to the cytoplasm and nucleus of
the cell (34;35). The cytoskeleton maintains tension on the extracellular matrix. When
fluid flows past a cell it applies force via the integrins to the actin cytoskeleton within the
cell. This internal force is transferred to the nucleus, possibly altering gene expression
(30). Other possible mechanisms include stretch-activated cation channels within the cell
membrane, G protein dependent pathways in the cell membrane, and linkage between the
cytoskeleton and the phospholipase C or phospholipase A pathways (30). These possible
mechanisms do not work independent of each other. There is a tight interaction between
them suggesting that there are many different ways that a mechanical load can be
transmitted into a biochemical signal (30).

Transmission of the Biochemical Signal
There are two pathways through which the biochemical signal is transferred from
the sensor cell to the effector cells, or osteoclasts to osteoblasts. First, active osteoblasts
on the bone surface sense mechanical strain (30). They act as an effector cell that
increases bone formation products. Active osteoblasts only make up 5% of the bone
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surface in adults (13). Consequently, this is a very slow process and not sufficient to
create significant changes in bone mass. The second pathway through which osteoblasts
respond to mechanical loading involves intermediary biochemical compounds called
second messengers, see Figure 4 (36-38). Second messengers are produced by bone
deformation related to mechanical loading. The mechanical signal is transmitted through
the osteocytic network, via gap junctions, to the bone-lining cells. The bone-lining cells
release paracrine factors. These include prostaglandins (PGs) or insulin-like growth
factors (IGFs), which stimulate osteoprogenitor cells to divide and differentiate into
preosteoblasts (preObs). Preosteoblasts eventually differentiate into osteoblasts.

Figure 4
Transmission of Signal (30)
Effector Response
The final step in mechanotransduction involves the osteoclasts, to remove old
bone, and the osteoblasts to add new bone. After a single bout of mechanical loading
there is a delay of 3 to 5 days before increased collagen and mineral apposition on the
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bone surface begins (13;30). This delay reflects the time needed for communication of
the mechanical signal to the osteoprogenitor cells and their differentiation into
osteoblasts. The whole process of creating a mature osteoblast takes from 60 to 72 hours
after the initial bout of loading (39).
Bone’s response to loading depends on the strain rate, distribution, and magnitude
in the bone of interest (40;41). Research has shown a strong correlation between bone
remodeling and a high strain rate when coupled with a high strain magnitude (42). Also,
unusual strains of uneven distribution are more important for remodeling to occur, such
as those induced through physical activity or exercise, than strains that result from
everyday activity (43). Although both strain rate and distribution are important most
research has focused on strain magnitude and its influence on bone remodeling.

EFFECTS OF STRAIN MAGNITUDE ON BONE
The study of bone and its’ response to physical activity was recognized more than
one hundred years ago by a German anatomist, Julius Wolff (44). Wolff developed a
theory, known as Wolff’s Law, which proposed that mechanical stress is responsible for
determining bone architecture. Wolff’s Law states that the function of cells responsible
for modeling and remodeling is to ensure that bone mass, geometry, and material
properties are appropriate to the applied load. Bone accommodates to the load imposed
on it by altering its mass and distribution of mass. Wolff’s ideas have been expanded
more recently to help explain how mechanical loading affects bone mass.
Frost (45) proposed the “mechanostat” theory that describes a control system in
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which a minimum effective strain (MES) is necessary for bone formation to occur. A
feedback mechanism is present in bone. As described earlier, strain through mechanical
loading is detected by bone cells and new bone is formed. The strain response to this
given stress is then reduced and no longer effective as a stimulus. Frost has described
that bone will not respond unless it perceives that it is not adapted to a new mechanical
load. The “mechanostat” theory explains that induced strains must be above or below
threshold levels for bone to have an adaptive response (45). This theory illustrates that
bone adaptation is dependent on the mechanical environment described by four
mechanical usage windows (Figure 5). Each window is defined by MES thresholds. In
the trivial loading zone virtually no mechanical stimulus is present.

Remodeling

becomes the predominant process leading to a negative change in bone mass. Studies
conducted during prolonged bed rest (46) and space flight (47) have shown a loss of bone
over time due to strain levels well below MES thresholds. The physiological loading
zone is defined by a lower threshold called the remodeling MES and an upper threshold
called the modeling MES. Within this window mechanical loading is sufficient to control
remodeling and keep bone mass at a steady state. In the overload zone mechanical loads
are high enough to elicit a modeling response. New bone is added in response to the new
level of mechanical demand resulting in increased bone mass.

Finally, in the

pathological overload or repair zone, loads are extremely high causing microdamage that
weakens bone. Disorganized (woven) bone of poor quality is added to meet an acute
need.
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Figure 5
MES Thresholds (45)

Bone response to mechanical loading is site specific (43). That is, the bone or
area which is subjected to increased strain will be the only area in which bone mass is
increased. It is very possible that one region of the skeleton may experience a net loss of
bone while at the same time another region is experiencing a net gain.

SOURCES OF MECHANICAL LOADING
The skeleton is subjected to forces produced by gravity, through weight-bearing
activity, and by muscle contractile forces on bone at origin and insertion sites (43). Most
research has focused on the effect weight-bearing activity has on bone mass. Ground
reaction force data have been used by many researchers to classify the magnitude of high
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impact activities in order to evaluate the effect of physical activity on bone. There are
many studies that show that gravity or weight-bearing activity has a strong positive effect
on bone strength (see Table 1). Frost and Schonau (48) have described the relationship
between bone and muscle as the “bone muscle unit”. They suggest that the largest loads
on the body come from muscle contractile forces, not necessarily body weight through
impact with the ground. If this is true then activities that involve muscle force, not just
impact force, should also have a positive effect on bone. Two studies have shown that
muscle contractile force on bone has a significant effect on bone mass through the use of
resistance exercises.

Snow-Harter and colleagues (49) conducted an 8-month

randomized control trial in which 31 college-age females participated in either a weight
training group, a running group, or a control group. Both the weight-training group and
the running group showed similar significant increases in lumbar spine bone mineral
density compared to control groups. Witzke et al. (50) in a nonrandomized intervention
assigned 56 high school girls to a resistance-training group or a control group. After 9
months the resistance-training group had significantly greater increase in greater
trochanter bone mineral content when compared to controls. These results support the
idea that forces exerted on the bone by muscle contraction are significant enough to
increase bone mass.

BONE MEASURES
Several noninvasive measures are available to assess bone health.

Early

approaches to measuring bone included the use of x-rays and emphasized morphological
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information. Later, attempts were made to quantify this information. More recently,
absorptiometry, tomography, and ultrasonometry techniques have been used to determine
bone strength and quality. These include single photon absorptiometry (SPA), dual
energy x-ray absorptiometry (DXA), quantitative computed tomography (QCT), and
quantative ultrasonometry (QUS).
Bone strength is measured by bone mineral content (BMC) and bone mineral
density (BMD).

Bone mineral content, measured in grams (g), gives quantitative

information about skeletal development. It is defined as the total amount of minerals in
the selected bone. Bone mineral density attempts to control for the size of the bone by
measuring the amount of bone mineral in grams (g) divided by the area of the selected
bone (cm2). Some researchers report bone density in volumetric terms (g/cm3) to account
for the fact that bone is three-dimensional, sometimes referred to as bone mineral
apparent density (BMAD) or volumetric BMD (vBMD). Some argue that BMAD or
vBMD is not a valid measure since it is calculated from a two-dimensional measure (51).
Bone mineral content and density have the widest clinical application for osteoporosis
diagnosis and fracture prediction.
Single-photon absorptiometry (SPA) was the first device introduced that measures
bone mineral content and density (52). It is used to assess bone strength at peripheral
sites such as the radius and hand. SPA has reasonable precision levels and low radiation
exposure. One disadvantage is that it cannot take measurements at sites with variable
soft tissue thickness and composition, such as the axial skeleton, the hip, or the total body
(53).
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Dual energy x-ray absorptiometry (DXA) was introduced to correct for SPA’s
inability to measure the whole body. DXA can measure sites that SPA cannot, such as
the lumbar spine (LS), proximal femur (PF), total hip (TH), and total body (TB). DXA is
widely viewed as the preferred method of measuring bone strength because of its speed,
low radiation exposure, availability, and precision (<1%) (54). Other advantages of DXA
include the availability of pediatric norms, and its ability to assess fat mass and lean body
mass (53).
Another method of measuring bone strength is quantitative computed tomography
(QCT). QCT offers the advantage of measuring true volumetric bone density, which
SPA and DXA are unable to do (53). Generally, QCT is used to measure the spine,
proximal femur, and peripheral skeleton.

QCT is limited for use in the pediatric

population because of its high dose of radiation and limited normative data for children
(52).
Quantitative ultrasonometry (QUS) is a new method that is growing in popularity
because of its ease of use, the absence of radiation exposure, and low cost. QUS is
thought to measure bone quality. Bone quality refers to the microarchitecture of the
bone, specifically the arrangement of the trabecular struts. Measurements are primarily
made at the calcaneus, patella, and the tibia.

The parameters measured include

broadband ultrasound attenuation (BUA), speed of sound (SOS), and stiffness index (SI).
BUA is the net attenuation of the sound wave at each frequency. SOS is the time taken to
for the signal to pass through the bone compared to the time required for the signal to
pass through the water bath alone. Stiffness index combines BUA and SOS into a single
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clinical measure that has a lower precision error than either variable alone. Hans et al.
(55) observed that velocity measured at the calcaneus had the same diagnostic sensitivity
as femoral neck bone mineral density in predicting hip fractures. Jaworski et al. (56)
compared measures from DXA and QUS in a sample of 71 healthy children and 18
osteopenic children. BUA, SOS, and SI demonstrated fairly high correlations with total
body, lumbar spine, and heel bone mineral density (r=0.67-.83). Differences were also
detected between QUS measures and bone mineral density in normal and osteopenic
children. There are many advantages to using the QUS, however there remains a lack of
pediatric reference values.

PHYSICAL ACTIVITY AND BONE IN CHILDREN AND ADOLESCENTS
A number of studies have examined the relationship between physical activity
participation and bone health in children. The details of these studies can be found in
Table 1, pages 25 to 39. The majority of randomized controlled trials and intervention
studies demonstrate a cause-and-effect relationship between physical activity and bone
mineral measures in children and adolescents (57-62). These interventions included
weight-bearing activities such as jumping or running (57-60;62), resistance-training (63),
or a combination of the two (49;50;61). All but one study demonstrated a positive effect
of physical activity on bone health. The study by Blimkie et al. (63) failed to show a
beneficial effect of physical activity, specifically resistance training, on bone health. The
authors attributed the lack of significance to low enthusiasm of their female subjects for
carrying out the resistance training exercises. This intervention was also relatively short
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in duration, 26 weeks, which may be insufficient time for physical activity to stimulate
significant changes in bone measures.
In contrast, the results of cross-sectional studies examining the relationship
between physical activity participation and bone health have been less consistent.
Sixteen of the twenty cross-sectional studies demonstrated a positive relationship
between physical activity participation and bone measures (64-81). However, three of
these studies did not show a positive relationship after adjusting for potential confounders
(68;78;79).

Additionally, three of the positive studies did not adjust for potential

confounders (66;71;73). Two studies found no relationship between physical activity and
bone measures (82-84), and one study even revealed a significant negative association
between physical activity and ultrasound measurements at the patella (85).
The results of eleven longitudinal studies appear more consistent. Ten of these
studies showed a positive significant relationship between baseline physical activity and
future bone health, or between changes in physical activity and changes in bone measures
(18;86-94). One of these studies lost its significance after adjusting for height, bone
width, pubertal stage, calcium intake, and fitness variables (87). Many studies did not
adjust for calcium intake (90) which has been shown to influence bone density in children
(4;68;88;92;93). Two positive studies did not adjust for potential confounders (18;94),
and two studies that adjusted for confounders reported significant but weaker correlations
(r=0.24-.43) between physical activity and bone measures (91;92). Furthermore, Kroger
et al. (95) reported no significant association between classified physical activity and
bone mineral content one year later in 65 children and adolescents.
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The discrepancy in the relationship between physical activity and bone health can
be attributed to a number of things including the tool used for measuring physical activity
and failure to adjust for potential confounders such as, age, gender, and calcium intake.
The focus of this paper is on the measurement of physical activity in analyzing the
relationship between physical activity and bone health in children and adolescents.

MEASUREMENT OF PHYSICAL ACTIVITY
A variety of physical activity measures were used in the cross-sectional and
longitudinal studies reviewed, including questionnaires, diaries, and motion sensors.
Only six of the studies reviewed used a questionnaire for which they specifically cited
previous validation of the tool, and only one study mentioned reliability with respect to
their questionnaire. Consequently, for the majority of studies it was not known if the tool
used was a valid measure of physical activity, or if it was reliable with repeated
measurement.
Several other aspects of the questionnaires may have affected the ability to
adequately assess the relationship between physical activity and bone health. Six studies
examined participation only in sports activities, thereby failing to account for time spent
participating in leisure time activities (18;65;67;87;94;95).

Three of these studies

demonstrated a positive relationship between sports participation and bone (18;65;67),
one study demonstrated a weak, but significant, positive relationship (94), and two
studies reported no significant relationship (87;95). Since it is possible for a child or
adolescent to be physically active without participating in structured sports activities, it is
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likely that the studies employing questionnaires that examined sports participation only
would not account for all physical activity a child engages in, thus weakening the
association between physical activity and bone measures. Measurement of leisure time
physical activity is especially important in younger children whose physical activity is
mainly comprised of free play and leisure time activities, not sports participation.
Another aspect of physical activity that is important to bone health is time spent
participating in weight-bearing physical activities. Only ten studies evaluated the effects
of

weight-bearing

physical

(67;68;70;72;74;86;88;90;91).

activities

on

bone

mineral

measurements

All ten of these studies demonstrated a significant

positive relationship between weight-bearing activity and bone health demonstrating the
importance of considering weight-bearing activity and its effect on bone measures.
Frost and Schonau (48) suggest that muscle contractile forces play a more
important role in stimulating bone remodeling than simply weight-bearing activity. If
this theory holds true, then it is necessary to account for more than just weight-bearing or
impact loading activities when examining the relationship between physical activity and
bone health. Of the ten studies that examined the relationship between weight-bearing
activity and bone health, only four assessed the effect of nonweight-bearing activity on
bone as well (67;70;72;86). Only one of these studies actually reported the effect of
nonweight-bearing activity on bone density (70). Matkin et al. (70) reported a significant
positive relationship between nonweight-bearing activity and bone mineral density in
males only. The remaining three studies combined the effects of weight-bearing and
nonweight-bearing activity when reporting results.

A comprehensive questionnaire
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should account for time spent in both weight-bearing and nonweight-bearing activities.
The intensity of the activity may also contribute to the relationship between
physical activity and bone health. More intense activities like running exert greater
ground reaction forces and thus greater impact loading on bone than less intense activities
like walking. However, only eight of the thirty-one cross-sectional and longitudinal
studies reviewed examined the potential influence of intensity on bone health
(70;71;75;79;85;88;89;92). Of these eight studies, six demonstrated a significant positive
relationship between bone health and intensity, as measured by MET hours of activity
reported (70;71;79;88;89;92). Janz et al. (75) was the only study to evaluate the effect of
vigorous activity, as measured by motion sensor, on bone. Results indicated significant
positive correlations (r=0.15-0.28) between minutes of vigorous activity and bone
mineral density for both males and females adjusting for age, weight, and height. One
study reported a negative relationship between intensity and bone (85). The results of
these studies emphasize that it is important to measure the intensity of activity when
examining the relationship between physical activity and bone health.
Additionally, two studies limited their analysis of physical activity to only
activities greater than 30 minutes in duration (70;93). Both studies revealed a significant
positive relationship, although the correlations reported by Valamaki et al. (93) were
weak. Not all children participate in structured physical activities for a long duration.
Limiting a questionnaire to such a time requirement may exclude many activities of
shorter duration, thereby excluding a large portion of actual physical activity
participation, especially in younger children who tend to participate in short bouts of
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activity throughout the day (96).
Finally, studies varied greatly with respect to the time frame addressed by the
questionnaire (e.g. past week, past year). The time frame spanned between one week and
twelve months in cross-sectional studies, and between twenty-four hours and six months
for longitudinal studies.

Lower correlations were reported in studies with shorter

evaluation periods than studies with longer evaluation periods.

Given that bone’s

response to mechanical loading takes between 3 to 5 days and is cumulative over time,
the measurement tool employed needs to cover a sufficient time period to truly assess the
effects of habitual physical activity on bone.
In summary, a number of studies have used questionnaires to examine the
relationship between physical activity and bone health in children. Many of these studies
failed to report the validity and reliability of the questionnaire, and provided no evidence
that both had been tested. Several studies assessed sports participation only, thereby
ignoring the contribution of leisure time activity to a child’s physical activity level. A
number of studies estimated time spent in weight-bearing activities, but nonweightbearing activity can also exert mechanical forces on the bone and therefore warrants
evaluation. The intensity of activity may also influence the extent to which bone is
stimulated and should be measured as well. Finally, the results of several studies indicate
the questionnaire must cover a sufficient time period to accurately reflect habitual
physical activity levels and changes that may occur over the year.

23
MODIFIABLE ACTIVITY QUESTIONNAIRE (MAQ)
One comprehensive physical activity questionnaire that has not yet been tested in
children and adolescents with respect to bone health is Kriska’s Modifiable Activity
Questionnaire (MAQ) (97). It evaluates past week and past year participation in leisure
time physical activity and sports, and occupational activities in adults. Subjects are read
a list of common activities and asked to provide information on the number of months,
times per month or week, and the average duration of participation for each activity they
participated in over the past year. Subjects are also allowed to add activities not listed
that they commonly participated in. Total time spent participating in physical activities
(TOT-h·wk-1), estimated relative intensity of all activities (MET-h·wk-1), and time spent
engaged in vigorous activities (VIG-h·wk-1) are calculated. From this information, time
spent participating in weight-bearing activities (WTB-h·wk-1) can be calculated. Time
spent participating in nonweight-bearing activities, like cycling and swimming, are
measured and accounted for.
The validity and reliability of the MAQ has been demonstrated in studies with
children and adolescents (98-100).

Aaron, Kriska et al. (98) had 100 adolescents

complete three past-year physical activity questionnaires and four 7-day recalls of
activity three months apart. The correlations were much higher when comparing past
year questionnaires completed one month apart than comparing those completed one year
apart, as would be expected given the potential for recall error with longer time periods.
Correlations ranging from 0.73 to 0.78 for total hours per week, vigorous hours per week,
and MET hours per week were found for males at one month. Females had correlations
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ranging from 0.75 to 0.87 for the same variables at one month. At one-year, correlations
for these variables ranged from 0.48 to 0.54 in males and 0.61 to 0.71 in females. The
components of the MAQ (TOT-h·wk-1, MET-h·wk-1, VIG-h·wk-1) were compared to 1mile run time as a test of validity. Correlations between run time and MAQ components
ranged from -0.43 to -0.47 in females and -0.13 to -0.20 in males. It should be noted that
the 1-mile run is a better measure of aerobic fitness level than physical activity. A more
appropriate measure to test the reliability of the MAQ would have been motion sensors.
Furthermore, the MAQ was administered to a classroom of children who recorded their
own answers, not one-on-one as it was originally designed.
Nixon et al. (99) tested the validity of the MAQ administered one-on-one to a
sample of children and adolescents, and compared it with physical activity measured by a
Caltrac motion sensor (Hemokinetics, Madison, WI). The physical activity data from the
activity monitors correlated with physical activity assessed by the MAQ (r=0.40).
Although this correlation is lower than ideal, it is comparable to that reported by Sallis et
al. (101) with the Seven Day Physical Activity Recall (r=0.45) in children of similar age,
and better than that reported for a commonly used national survey (r= -0.22 to 0.24)
(102). The reliability was also tested by administering the MAQ at baseline and three
months later. The physical activity components exhibited fairly strong reliability with
intra-class coefficients of 0.77 for hours per week, 0.70 for MET hours per week, and
0.58 for vigorous hours per week (99).
The utility of the MAQ has been demonstrated for examining the relationship
between physical activity and bone health in adults. All three studies reported significant
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positive relationships between current bone health in adults and physical activity during
adolescent years (77;97;103). To our knowledge, no study has used the MAQ to examine
the relationship between physical activity and bone health in children.

Evidence

indicates that children and adults engage in different types of physical activity (104).
Therefore, it is necessary to examine the utility of the MAQ for measuring physical
activity and its relationship to bone health in children. While it is realized that motion
sensors provide a more objective, accurate assessment of physical activity, questionnaires
are necessary for epidemiological research, and for assessing habitual physical activity
over a long time period.

PURPOSE
The purpose of this study was to examine the utility of Kriska’s Modifiable
Activity Questionnaire for assessing the relationship between physical activity and bone
mineral density in children and adolescents. Specifically, the relationships between bone
mineral density of the total body, hip, and lumbar spine and the components of physical
activity including total time engaged in activity, time spent in weight-bearing activity,
MET hours of activity and time spent in vigorous activities were evaluated.
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Table 1
Summary of Studies Examining the Relationship Between Bone Measures and Physical Activity

Study Design,
Authors, and
Population

SEXa

AGEb

CrossSectional,
Turner et al.
(1992) (81),
New Zealand
high school
girls
CrossSectional,
Tylavsky et al.
(1992) (64),
University of
North Carolina
females

F 138

16-17

F 705

17-23

C 705

CrossSectional,
Kroger et al.
(1992) (65),
Finnish
children

M 44
F 40

6-19

N/Ri

RAC
Ec
A5
P1

E
132

Adjustments(A)
and
Comments (C)

Measure of Physical
Activity

Measure of
Bonede

Main Findings

Questionnaire on type,
frequency, duration, and
intensity of paf at home,
school, and during leisure
time; ranked by approximate
energy expenditure

BMD of LS,
FN, WT, GT
by DXA

Multiple regression: pa explained 4% variance
at FN and 5% at GT (3% at WT and 2% at LSNS)

A: Weight,
height, and Cag
intake

Questionnaire on LTPAh
during high school and
college; intensity which
would elevate heart rate
and/or create gravitational
forces on the bones, joints,
and muscles examined;
categorized as low (<1h/wk
for >5mos/yr), high (>4h/wk
for >8mos/yr), moderate
(anyone not low or high)
Questionnaire; Class I: little
or no pa outside of school,
Class II: sports or pa at least
3 hr/wk, Class III: sports
regularly over 5hr/wk in
athletic clubs

BMC,
aBMD of
NDDR and
ND mid
radius by
SPA

Long term pa sig. corr. w/ NDDR BMC
(r=.48) and NDDR BMD (r=.42) after
controlling for BMI and age of menarche; high
pa 12.3% > NDDR BMD than low pa,
moderate pa 6.4% > NDDR BMC and 5.3% >
NDDR BMD than low pa; moderate pa > bone
values than low pa (BMC- mod=926+8
mg/cm, low=874+11 mg/cm; BMDmod=418+3 mg/cm2, low=397+4 mg/cm2)

A: BMI,
gynecological
age, long term
Ca intake, age of
menarche;
C: 32% used oral
contraception;
17% participated
in varsity team
sports

BMC, BMD,
vBMD of
LS (n=84),
FN (n=76)
by DXA

FN BMD class III (mean=.952 g/cm2) >
classes I and II; trend for > LS BMD in
physically active children (NS); dose response
relationship b/t pa and BMD (Class III
FN=.952 g/cm2, Class II FN=.852 g/cm2, Class
I FN=.882 g/cm2) and b/t pa and vBMD (Class
III FN=.409 g/cm3, Class II FN=.369 g/cm3,
Class I FN= .389 g/cm3)

A: Age, height,
and weight
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CrossSectional,
Rubin et al.
(1993) (78),
middle class
children from
CT
CrossSectional,
Faulkner et al.
(1993) (66),
Canadian
children

M
136
F 163

6-18

N/R

Questionnaire on organized
sports and recreational
activity, examined
frequency, duration,
intensity, and kcal/day
(KEES)

BMC of
distal 3rd of
NDR by
SPA; BMD
of LS by
DPA

After correction for height, weight, age, and
pubertal stage there was NS b/t pa and BMD;
entered KEES into multiple regression model:
KEES accounts for 81% of variation in axial
BMD

A: Seasonal
variation in pa,
weight, height,
age, puberty, and
KEES

M
110
F 124

8-16

N/R

BMC, BMD
of TB, arms,
legs by
DXA

F 35

14-18

N/R

DA BMC (DA=87+41 g/cm, NDA=81+40
g/cm), and DA BMD (DA=.64+.09 g/cm2,
NDA=.60+.08 g/cm2) > than NDA when data
pooled; DA BMC > than NDA at all ages in
females except age 14 and in all ages in males
except for age 8-9; DA BMD sig > at all ages
when data pooled; NS for BMC and BMD b/t
DL and NDL
NS b/t pa and bone

A: None reported

CrossSectional, Rice
et al. (1993)
(82), Canadian
children

CrossSectional,
Young et al.
(1995) (83),
Australian
female twins

F 430

10-26

N/R

B/t limb comparison:
dominant arm (DA): hand
subjects write with,
Dominant leg (DL): leg
preferred to use in kicking a
ball, Nondominant arm
(NDA), Nondomiant leg
(NDL)
Questionnaire on past yr
LTPA; current level of pa by
diary on 2 weekdays and 1
weekend day in 15 min
intervals; classified as high
active (competitive sport),
active (organized sport), low
active (no organized sport)
Questionnaire of usual pa
over last 12 months;
hrs/week of sports and
walking

NS b/t pa and bone measures

A: None reported

BMC, BMD
of TB, LS,
by DXA

BMD of LS,
TH, FN,
WT, TB by
DXA

A: None reported
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CrossSectional,
Henderson et
al. (1995) (79),
Australian
females

F 222

CrossSectional,
Gunnes and
Lehmann
(1995) (68),
Norwegian
children
CrossSectional, Ruiz
et al. (1995)
(67), children
recruited from
outpatient
clinic

487

M 70
F 81

Child
18
n=115
Mothers
46-51
n=107
Child
8-11
n=159
Adolj
11-17
n=321
7-15.3

C 222

Questionnaire on average
weekly duration of
occupational and sporting
activities (METs * hrs/wk)

BMC, BMD
of LS, FN,
GT, IT, TH,
FS, distal
tib/fib by
DXA

N/R

Questionnaire on pa during
past 3 mos; only analyzed
wtbk pa

BMD of
NDDF,
NDUF by
SPA

N/R

Questionnaire, classified as
either the usual pa for school
children, with usual
organized sport 1-3 h/wk, or
more intense, with organized
sport from 3-12 h/wk;
classified as wtb pa or non
wtb

BMD of LS,
UF by DXA

Pa bivariately sig. correlated w/ LS BMD
(r=.23), FN BMD(r=.22), GT BMD (r=.20), IT
BMD (r=.24), TH BMD (r=.24), FS BMD
(r=.36), tib/fib BMD(r=.25); NS b/t pa and
BMD after adjustments were made; maternal
BMD accounted for largest variance in BMD,
most any site accounted for was 30%
Wtb pa sig. correlated with NDDF BMD
(r=.161) and NDUF BMD (r=.219) in
adolescents, NS in children; wtb pa not
independent predictor of BMD in children or
adolescents when adjusted for covariates
Sports pa sig. determinant of LS BMD for
females (β=.008) and total group (β=.009), NS
for males; and of UF BMD for females
(β=.006) and total group (β=.006), NS for
males; sports pa sig. determinant of LS BMD
for Tanner stage 2 (β=.012) and Tanner stage
4-5 (β=.014); and of UF BMD for Tanner
stage 2 (β=.009) and Tanner stage 4-5
(β=.009); z score: sport pa sig. predictor of LS
BMD for total group (β=.059) and UF BMD
for total group(β=.059) and females (β=.069)

A: Weight
corrected trunk
flexor strength,
weight corrected
VO2, and weight
A: Weight,
height, daylight
exposure, energy
intake, and
nutrient intake
A: Height,
weight, sexual
maturation,
spontaneous Ca
intake, and pa
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CrossSectional,
Duppe et al.
(1997) (80),
children from
Malmo

M
175
F 157

15-16,
21-22,
26-27,
31-32,
36-37,
41-42

N/R

Questionnaire to assess pa at
work and LTPA over
previous yrs; recorded #
hours TV watched; recorded
means of transportation to
and from work;
distinguished low pa from
high pa

CrossSectional, Boot
et al. (1997)
(69),
Netherlands
children
CrossSectional,
Matkin et al.
(1998) (70),
American
children and
young adults

M
205
F 295

4-20

C 444
B 21
A 35

Questionnaire on habitual
pa, pe, organized sport,
recreational pa, and habitual
walking and cycling
(mins/wk)

M 49
F 54

9-25

NH
103

3 day diary, w/in 2 wks prior
to bone measures; 3 selfchosen 24 hr periods,
recorded in .5 hr increments;
classified wtb pa; hrs/wk,
kcal/day, MET score, total
MET score for 24 hr pd; est.
total energy expenditure
(TEE);
Questionnaire, LTPA and
school activity over yr,
duration and frequency;
classified wtb and non wtb
pa; pa < 30mins/wk and
walking excluded

BMD of
radius, ulna
of both arms
by SPA
(took
average of
two); BMD,
BMC (in
ages 15-16)
of LS, PF,
GT, TB by
DXA
BMD,
BMAD of
LS (n=43),
TB by DXA
BMC, BMD,
BMAD of
LS, FN, TB
by DXA

Sig. positive corr. between pa and radial and
ulnar BMD in 15-16 year old boys (r=0.30)
and GT (r=0.31) in girls; Sig. corr b/t pa and
bone in ages 21-42

A: Age, weight,
seasonal
variation in pa

Males: pa sig. correlated with LS BMD
(β=3.11) and TB BMD (β=2.11) after
adjustment for age, but not with LS BMAD;
Females: NS b/t pa and BMD or BMAD;
stepwise regression: pa not a sig. determinant
of bone measures
Wtb pa from diary assoc. with FN BMC
(β=.02), FN BMD (β=.003), FN BMAD
(β=.001), LS BMD (β=.002), LS BMAD
(β=.0004), TB BMC (β=4.757), TB BMD
(β=.001). TB BMC/ht (β=.024) for males; Non
wtb pa from diary assoc. with FN BMC
(β=.039), FN BMD (β=.007), LS BMAD
(β=.001), TB BMD (β=7.798), TB BMC/ht
(β=.048) for males; NS b/t wtb pa and non wtb
pa from diaries and bone in females; wtb pa
from ? assoc with TB BMC/ht (β=.035) in
males and FN BMD (β=.004) and FN BMAD
(β=.001) in females; NS b/t non wtb pa from ?
and bone in males or female; total energy
expenditure assoc w/ FN BMC (β=.329), FN
BMD (β=.048), and TB BMC (β=77.642) in
males, NS in females

A: Age, weight,
height, Tanner
stage, and Ca
intake
C: pa sig. > in M
than F
A: Gender,
seasonal
variation in pa,
puberty, weight,
weight bearing
pa, and daily Ca
intake
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CrossSectional,
Lappe et al.
(1998) (85), 3rd
and 4th graders
from Midwest
US

M 38
F 27

8-10

C 92

Caltrac accelerometer worn
for 1 day from 8am-8:30pm;
determined kcal, METs, and
avg mins in 4 categories:
very hard (>6 METS), hard
(4-6 METs), moderate (2-4
METs), light (<2 METs)

Apparent
velocity of
ultrasound
(AVU) by
Signet at
patella

Neg assoc b/t pa and AVU
(r=-.38); females pa sig corr w/ AVU (r=-.54),
males NS; bivariate regression: assoc b/t pa
and AVU (r=-.35); AVU and after school pa
(girls r=-.48, boys r=-.35); stepwise
regression: pa strongest predictor of AVU in
females accounting for 28% of variance

CrossSectional,
Lotborn et al.
(1999) (71),
Swedish
children

M
184
F 212

15

C 396

BMC, BA,
BMD of TB
by DXA

Males: TEE from diary corr. w/ BA (r=.51),
TB BMC (r=.51), and TB BMD (r=.40);
Females: TEE corr. w/ BA (r=.45), TB BMC
(r=.48), and TB BMD (r=.48); corr b/t TEE
from DLW and TB BMC (males r=.46,
females r=.45); NS b/t PAL or TEE/kg bw and
bone; mult regression: BA, ht, wt, and Tanner
stage explained 88% of variance in male and
87% in female TB BMC

CrossSectional,
Valdimarsson
et al. (1999)
(72), Icelandic
females

F 244

16, 18,
20

C 244

Questionnaire on type and
duration of transportation to
school, participation in pe,
LTPA, and competitive
sports;
7 day activity diary, scoring
main activity in each 15 min
pd of day; scaled into 1 of 9
activity levels (PAL); total
energy expenditure (TEE)
calculated; doubly labeled
water (DLW) (n=50)
Questionnaire (from
modified reports of the
National Children and
Youth Fitness Study),
frequency of pa, time, and
intensity of pa during past 3
months; examined time
spent in 15 activities ( wtb
and non wtb)

BMc, BA,
aBMD of
LS, TH, DF,
TB by DXA

Pa corr. w/ TB BMC (r=.14), TB BMD
(r=.21), TH BMC (r=.20), and TH BMD
(r=.26); wtb pa corr. w/ TH BMD (r=.23); non
wtb pa corr. w/ TH BMC (r=.15) and TH
BMD (r=.15); pa contributes to TB BMC
(β=29.5) and TB BMD (β=.0165) in the whole
group; pa explained .2% of the variance in TB
BMC; wtb pa explained 5.2% of the FN BMC
and 4.7% of TH BMC; pa explained 2.9% of
TB BMD and 5% of TH and FN BMD; pos.
relationship b/t training hrs/wk and TB BMD
in all ages; diff in BMD more marked from 03 h/wk and in 16 yr olds; girls training >7
h/wk had 3.6-5.8% >BMD than those <.5
h/wk; 5 hrs pa /wk assoc. w/ approx. 2% >
bone mass

A: Dietary
calories, protein
intake, Ca intake,
height, weight,
and age
C: Children spent
98% of day in
light to moderate
pa
A: None reported

A: None reported
C: 16 yr olds sig
more active than
18 and 20 yr
olds ; 20% of
group exercised.
7 hrs/wk; 20% of
group exercised
<0.5 hrs/wk
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CrossSectional,
McKay et al.
(2000) (74),
Canadian
children

M 86
F 82

8-9

C 110
A 58

Questionnaire on amount of
daily wtb pa in previous
week; calculated as an
activity score

BMC,
aBMD,
vBMD of
PF, LS, TB
by DXA

Pa predictor of PF and FN a BMD accounting
for 37% of variance

CrossSectional,
Kardinaal et al.
(2000)
(73),European
children from
6 countries

F
1642

Girls
11-15
n=1116

N/R

Questionnaire on previous
mos. pa at school, work, and
leisure time; MET assigned
to each activity; categorized
into 4 intensity levels

Girls: pa weak, but sig. corr. with CI (r=-.08);
women: pa sig. pos. corr. with NDUR BMC
(r=.13), NDDR BMC (r=.19), NDDR BMD
(r=.16), D (r=.12), BBRI (r=.12);multivariate
regression: women: NS b/t pa and bone,
girls: pa sig. determinant of NDUR BMC and
BMD

CrossSectional,
Taha et al.
(2001) (76),
UltraOrthodox Jews
in New York
City

M 30
F 20

C 50

Questionnaire; est. time
spent in wtb pa (mins/wk)
during school year;
estimated daily walking
(hrs/wk); walking time and
time in wtb pa added
together

BMC, BMD,
BS, cortical
wall
thichness,
diameter
(D), cortical
index (CI),
breaking
bending
resistance
index
(BBRI) at
NDDR,
NDUR by
DXA
BMC, BMD,
BMAD of
LS by DXA

Women
20-23
n=526

15-19

Walking h/wk corr. w/ LS BMD (r=.4) for
entire cohort, NS for females, sig. for males
(r=.63) and males at Tanner stage V (r=.72);
wtb h/wk corr. w/ LS BMD in males (r=.59)
and males at Tanner stage V (r=.77); walking
h/wk predictor of LS BMD (β=.24) and LS
BMAD (β=.003); sex, walking h/wk, weight,
and serum PTH explained 54% of variance in
LS BMD; sex, walking h/wk, and age
explained 65% of variance in LS BMAD

A: None reported
C: C males sig >
pa than A males
(C= 87.8+17.1,
A= 67.4+16.6); all C sig > pa
than all A (C=
70.2+19.2,
A=82+16.5)
A: None reported

A: Tanner stage
C: BMD low for
all subjects;
Males sig > wtb
pa than females
(M=4.8+3.86
h/wk, F=
4.1+2.97 h/wk)
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CrossSectional, Janz
et al. (2001)
(75), Iowa
Bone
Development
Study

M
179
F 189

4-6

C 353

Parents compared child’s
usual pa to 5 point Likert
scale relative to peers; hours
of TV viewing per week
recorded;
CSA worn for 4 days
including 1 weekend day
during Sept to Nov,
analyzed total cts/total time
and daily mins in vigorous
pa; divided into quartiles
(least to most active)

BMC, BMD
of TH, LS,
TB by DXA

Longitudinal,
Kroger et al.
(1993) (95),
1 yr, Finnish
children

M 28
F 37

7-20

N/R

Questionnaire;
Class I: little or no pa
outside of school (n=20)
Class II: activity in sports or
pa at least 3hrs/wk (n=19)
Class III: active in sports
regularly over 5hrs/wk in
athletic clubs (n=26)

BMC, BMD,
vBMD, bone
size of LS
(n=65), FN
(n=52) by
DXA

TH BMC, LS BMC, TH BMD, and area total
assoc. w/ total pa and vig pa (r=.15-.28) in
both sexes; TB BMC in males and LS BMD in
females assoc w/ total pa and vig pa (r=.15.19); Females: pa compared to peers assoc w/
all bone measures except BMC and TB BMD
(r=.15-.26); Males; pa compared to peers assoc
with all bone measures except LS BMC and
TB BMD (r=.18-.25); TV viewing inversely
assoc w/ TH BMD in females (r=-.15); total
explained variance 51% for TH BMC in
males, 61% for TH BMC in females, 16% for
TH BMD in males, and 34% for TH BMD in
females; 11.9% > TH BMC and 5% TH
BMD for those in highest quartile compared to
lowest; vig pa sig. predictor of TH BMC, TH
BMD, TB BMC, area total, and LS BMC in
males, and LS BMD in females; total pa sig
predictor of LS BMC in females; pa compared
to peers sig predictor of TH BMC , TH BMD,
TB BMC, area total, and LS BMC in females,
and LS BMD in males; TV viewing sig.
predictor of TH BMC, TH BMD, and TB
BMC in females
NS b/t pa and BMD

A: Age, weight,
and height
C: Bone
measures sig. >
in males; total act
sig, vig pa, and
TV viewing > for
males

A: Age, weight,
and height
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Longitudinal,
Slemenda et al.
(1994) (86),
3 yrs,
monozygotic
twins

M 26
F 64

6-14

C 90

Questionnaire given to child
and parent every 6 months
(hrs wtb and non wtb);
mothers rated children on
5pt scale relative to peers;
hours of pe, team sports, and
TV viewing data collected

BMD, BMC
of midshaft
and DR by
SPA and of
LS, FN, GT,
WT by DXA

Longitudinal,
Valimaki et al.
(1994) (93), 11
yrs,
Cardiovascular
Risk in Young
Finns cohort

M
111
F 153

Born in
1962,
1965,
1968,
1971,
1974,
1977

N/R

Questionnaire on weekly
frequency of pa > 30
minutes bouts; categorized
according to times per week
0=<2 times per week
1=>2 times per week;

BMD of LS,
FN by DXA;
Bone
measured at
ages 20, 23,
26, 29

Longitudinal,
Welten et al.
(1994) (89), 14
yrs,
Amsterdam
Growth and
Health Study

M 84
F 98

13

N/R

pa data collected in
1980, 1986, 1991
Cross-check interview of
wtb pa over past 3 mths (at
ages 13, 14, 15, 16, 17, 21,
27); activities > 4 METs > 5
mins; grouped into avg
weekly time spent in light
(4-7 METs), medium heavy
(7-10 METs), and heavy
(>10 METs)

BMD of LS
by DXA at
age 27

Pa sig. predictor of ∆ in BMD at all sites in
prepubertal children (DR BMD .012+.005 %,
LS BMD .028+.007%, FN BMD .025+.004%,
GT BMD .023+.008);
pa sig. predictor of ∆ in LS BMC for all
(LS BMC 1.39+.402%); Prepubertal and
peripubertal children had the > increases in
BMD at all sites
FN BMD corr. w/ sum of exercise score in 4
age cohorts for both sexes and LS for males;
when combining all age groups pa score sig.
corr. with FN BMD in females (r=0.30) and
males (r=0.36) and LS BMD for males(r=0.29)
only;
FN BMD higher for > activity score for males
and females and at LS for males only
Wtb pa sig. predictor of LS BMD for males
during ages 13-17 (β=0.178), ages 13-21
(β=0.190), ages 13-27 (β=0.158); Wtb pa
never a sig. predictor of LS BMD for females

A: Ca
supplement
C: Ca
supplement of up
to 1600 mg/day
given
A: Weight and
age
C: Two youngest
groups of males
and females
exercised sig.
more than older
groups
A: Calcium
intake, weight,
sex, and height
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Longitudinal,
Gunnes and
Lehmann
(1996) (91),
1 yr,
Norwegian
school children

470

8.2-16.5

N/R

Questionnaire on sports and
LTPA during past 3 mos.
restricted to wtb pa (hrs/wk)

BMD of
NDDF,
NDUF by
SPA

∆ in NDDF corr. w/ wtb pa (h/wk) in males
(r=.243); wtb pa accounted for 5-16% of ∆ in
BMD depending on site, age, and sex; wtb pa
best predictor of ∆ in NDUF BMD in females
>11 years old; mean BMD gained was 14128% > in active children when compared to
sedentary individuals

A: Baseline
weight and
height, height
gain, baseline
BMD, and
energy,
carbohydrate, fat,
salt, niacin, and
sodium intake
C: Males > pa at
follow up when
than females

Longitudinal,
Groothausen et
al. (1997) (90),
14 yrs,
Amsterdam
Growth and
Health Study

M 84
F 98

13

N/R

Self report of pa 3 mos.
prior, transportation to
school or work, sports and
LTPA, jobs, home work,
and stair climbing;
calculated peak strain scores
(PSPA) based on ground
reaction forces, categorized
as:
3) all activities involving
jumping, 2) activities w/
explosive actions like
turning or sprinting, 1)
weight bearing activities, 0)
all other activities;
Scoring: method a: sum of
peak scores
method b: highest peak
score

BMD of LS
by DXA at
age 27

Method a: PSPA sig. predictor of LS BMD at
age 13 (β=.177), age 14 (β=.173), age 16
(β=.155), age 21 (β=.277), and age 27 (=.357);
explained variance over total period is 25%
Method B: PSPA sig. predictor of Ls BMD at
age 21 (β=.168) and age 27 (=.268); explained
variance over total period is 18%

A: Gender and
body weight
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Longitudinal,
Cheng et al.
(1999) (87),
3 yr, Chinese
children

M 92
F 87

12-16

A 179

Longitudinal,
Lloyd et al.
(2000) (18),
6 yrs, Penn
State Young
Women’s
Health Study
Longitudinal,
Kemper et al.
(2000) (88),
15 yrs,
Amsterdam
Growth and
Health Study

F 81

12

C 81

M 84
F 98

13

N/R

Assigned to pe or art classes
according to child’s,
parent’s, and school’s
choice; interview to assess
pa over past 6 mos.; self
report of type of sports and
level of sports
Sports-exercise
questionnaire; frequency of
participation in 28 activities
recorded; cumlative score
given for 6 years

BMC and
width of
both distal
radii (DR)
by SPA ;
BMD of LS
by DXA
BMC, BMD
of PF by
DXA

Freq. of sports corr. w/ DR BMC in males
(r=.499) and LS BMD in males (r=.491); level
of sports corr. with LS BMD in males and
females; regression analysis:NS b/t pa and
BMD or DR BMC after controlling for
covariates

Self report of pa 3 mos.
prior; measured 6xs from
ages 13-29; total time in pa
at school, work, sports, and
other LTPA; metabolic
component (METPA): > 4
METS > 5 mins.
4-7 METs (score=1)
7-10 METs (score=2)
>10 METs (score=3)
mechanic component
(MECHPA): classified
according to ground reaction
forces:
3)>4x bwl (jumping)
2)2-4x bw (sprinting and
turning)
1)1-2x bw (other wtb pa)
0)<1x bw

BMD of LS
(age 27), FN
(age 29),
distal wrist
(age 29) by
DXA

Metabolic component: sig. related w/ LS BMD
for males only (ages 13-16 β=.40, ages 21-27
β=.08); Mechanic component: sig. related w/
LS BMD for males (β=.37) and females
(β=.22) during ages 21-27; and w/ FN BMD
for both males and females (β=.26)

Corr. b/t PF BMD and sports-exercise score
(r=.42); sports-exercise score explains 18% of
the variance in PF BMD; sports-exercise score
sig. predictor of PF BMD (β=.00045, R2=.34)

A: Puberty, age,
peak torque of
knee flexors
C: Females < pa
post
(pre=8.7h/wk,
post=4.8h/wk)
A: None reported
C: Mean Ca
intake at age 12919mg and at age
18- 926 mg
A: Gender, body
composition,
biological age,
and Ca intake
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Longitudinal,
Molgaard et al.
(2001) (92),
1 yr, Danish
children

M
201
F 142

5-20

N/R

Longitudinal,
Delvaux et al.
(2001) (94),
27 yrs, Leuven
Longitudinal
Study on
Lifestyle,
Physical
Fitness, and
Health

M
126

13

N/R

24 hr recall at baseline, 6th
mos, and 1 yr; pa divided
into 4 levels, supine position
(I), sitting (II), walking (III),
and pa that could make you
breathless (IV); child
recorded % of time spent at
each level; hrs at each level;
recall corr. w/ Caltrac
activity monitors (only corr.
with time spent in level IV);
hrs spent at level IV used as
general activity level
Sports participation
inventory: hrs/wk sports
activity, collected at 13, 18,
and 40;
Baecke questionnaire: pa at
work, LTPA excluding
sports, sports during leisure
time, and total activity,
collected at age 40

BMC, BA of
TB by DXA

Size adjusted average TB BMC borderline sig.
corr. w/ pa in boys (r=.43); 1 hour increase in
high level pa per day corresponded to .43% >
increase in BMC in boys

A: Average
BA, average
height,
average age,
average
weight, and
pubertal stage

BMC, BMD
of TB, LS
by DXA at
age 40

Sports participation inventory at age 18 corr.
with LS BMC at age 40 (r=0.18); sports
participation at age 18 explained 2% of
variance in BMC at age 40; pa at age 40 corr.
with bone measures at age 40

A: None reported
C: Mean Ca
intake 835 mg
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RCT, SnowHarter et al.
(1992) (49), 8
mos., Stanford
Univ. students

F 31

19-20

N/R

RCT, Blimkie
et al. (1996)
(63), 26 week,
post
menarcheal
high school
Canadians

F 36

14-18

N/R

RCT, Bradney
et al. (1998)
(57), 8 mos.,
2 elementary
schools Austin,
TX,
prepubertal
males

M 38

8.4-11.8

N/R

Self report of past yr pa
(hrs/wk, mths/yr)
wt group(W): 14 exercises
3x/wk, 3 sets 8-12 reps.
running group(R): 3+xs/wk,
70-80% APMHR, mths1-2:
4-6mi
mos 7-8:10-16mi
control(C): maintained
LTPA, no attention
Modified Campbell’s fitness
survey of Canadians
Resistance training group
(RT): 3x/wk resistance
training machines, 2-4 sets
10 reps, increased resistance
every 6 wks, continued
usual LTPA and sports
Control group(C): no
information

BMC and
BMD of LS,
PF, FN, GT
by DXA at
baseline and
8 months

∆ in lumbar spine BMD was sig. for W and R
post intervention when compared to C
(W= 1.2+2.2%; R=1.31+1.6%;
C=no ∆)

A: None reported
C: All given
500mg Ca
carbonate a day

BMC,
BMAD,
aBMD of
TB (pre and
post) and LS
(pre, mid,
and post) by
DXA

-NS ∆ in TB BMC, TB BMD, LS BMC, LS
BMD in RT when compared to C
-C LS BMAD sig. greater post intervention
than RT (RT=.160+.003 g/cm3, C=.165+.004
g/cm3)

A: Effect of
training on bone
thickness
C: Low
enthusiasm last
half of study

Exercise school (E): 30 mins
of wtb pa 3xs/wk plus reg.
pe (2hr/wk)
Control school (C): no
exercise beyond that in
curriculum

BMC, BMD,
aBMD,
vBMD of
LS, legs,
arms, pelvis,
head, TB by
DXA pre
and post;

∆ per month in TB BMD (E=.003+.0004
g/cm2, C=.002+0.001 g/cm2); LS BMD
(E=.004+.001 g/cm2, C=.002+.001 g/cm2); and
leg BMD (E=.007+.001 g/cm2, C=.003+.001
g/cm2) > in E than C;
∆ per month in cortical thickness (E=.05+.02
mm, C=.01+.01 mm); aBMD (E=.02+.003
g/cm2, C=.01+.002 g/cm2); vBMD
(E=.0117+.004 g/cm3, C=.0045+.002 g/cm3) >
at the femoral midshaft in E than C

A: None reported
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RCT, McKay
et al. (2000)
(60), 8 mos.,
3rd and 4th
grade
Canadian
children

210

6.9-10.2

C 95
A 49

7 day pa recall
questionnaire;
Exercise group (E):
3x/wk (2x in pe and 1x
outside); modified games,
circuit training, or dances;
10 to 30 mins w/ 10 mins of
loading; 10 tuck jumps each
class
Control group (C): normal
pe classes

BMD, BMC,
aBMD of
TB, LS, PF,
GT by DXA
pre and post

∆ aBMD > from baseline for both groups at all
sites
(E: TB=1.4+.
+
..

.
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Intervention,
Heinonen et al.
(2000) (59), 9
mos., Finnish
children

Intervention,
Witzke et al.
(2000) (50),
9 mos.,
freshman at
Oregon high
school
Intervention,
Sundberg et al.
(2001) (62), 34 yr, Swedish
children

(Prem
T)
F 25
(Pre
C)
F 33
(Posn
T)
F 39
(Pos
C)
F 29
(T)
F 27
(C)
F 29

10-15

14-15

N/R

(E)
M 48
F 45
(C)
M 82
F 66

15-16

N/R

C 126

Training group(T): 2x/wk
for 50 mins of non-impact
aerobics and jumps,
progressive increases in # of
jumps, floor jumps and
jumps off of 30 cm box

BMC of FN,
GT, LS by
DXA;
pQCT of
right tibia

Premenarcheal T sig. > ∆ in LS BMC
(T=8.6%, C=5.3%) and FN BMC (T=9.3%,
C+5.3%) than premenarcheal C;
premenarcheal T sig. > ∆ in FN BMC and GT
BMC than postmenarcheal T

A: Baseline
BMC and age
C: Ca intake <
800 mg/day

Training group(T): 3x/wk
30-45min, resistance
exercises, plyometrics,
jumping off 12in box (1001000 jumps)
Control group(C): no info

BMC of TB,
FN, GT, FM
by DXA

Exercise group(E): pe
increased for 3-4 yrs from
60 and 40 min 2x/wk to 40
min 4x/wk, 3 out of 4
classes to include wt.
bearing pa
Control group(C):
-pe 60 min and 40 min
2x/wk for 3 years;
Questionnaire to measure pa
outside of school (avg
time/wk and duration)

BMC,
aBMD,
vBMD of
TB, LS,
head, FN by
DXA; BMC,
aBMD of
NDDR,
NDUR by
SPA; SOS
and SI of
both heels
by QUS

T and C sig. ∆ in TB BMC (T=3.71+4.4%,
C=3.57+2.41); FN BMC (T=4.49+7.06%,
C=2.37+4.25%); LS BMC (T=6.57+4.37%,
C=5.34+3.82%); FM BMC (T=3.39+2.39%,
C=2.3+2.61%) from baseline;
T > ∆ in GT BMC than C (T=3.13+6.44%,
C=1.96+6.69%)
Males: E > ∆ LS BMC (E=300+56g,
C=276+58g); FN BMC (E=6.67+1.02g,
C=6.19+1.17g); FN aBMD (E=1.202+.153
g/cm2, C=1.107+.158 g/cm2); FN vBMD
(E=.416+.61 g/cm3, C=.381+.051 g/cm3), SOS
(E=1605+37 m/s, C=1585+37 m/s); and SI
(E=113.6+14.4, C=105.9+17.9) than C;
Females: E > ∆ NDDR aBMD (E=.408+.052
g/cm2, C=.422+.044 g/cm2) and NDUR aBMD
(E=.353+.049 g/cm2, C=.38+.048 g/cm2) than
C;
Activity score for both boys and girls corr.
with most bone measures (r=.21 to .45)

A: None reported
C: 15 days done
at home because
of holidays; C
participated in
sig. more sports
and pa
A: Seasonal
variations in pa
and age at
menarche
C: Females C
sig. > pa during
spare time
compared to E

Control group(C):
asked to maintain
normal pa
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a

M=male, F=female
Reported in years
c
C=Caucasian, B=black, A=Asian, P=Polynesian, E=European, NH=non Hispanic, O=other
d
TH=total hip, LS=lumbar spine, TB=total body, FN=femoral neck, PF=proximal femur, WT=Ward’s triangle, UF=upper femur,
IT=intertrochanter, FS=femoral shaft, DF=distal forearm, NDDR=non dominant distal radius, NDUR=non dominant ultradistal radius,
GT=greater trochanter, UF=upper femur, FM=femoral midshaft
e
SPA= single photon absorptiometry, DXA=dual energy x-ray absorptiometry, pQCT=peripheral quantitative computed tomography,
QUS= quantitative ultrasound
f
pa=physical activity
g
Ca=calcium
h
LTPA=leisure time physical activity
i
N/R=not reported
j
Adol=adolescents
k
wtb=weight-bearing
l
bw=body weight
m
Pre=premenarcheal
n
Pos=postmemarcheal
b
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METHODS

SUBJECTS
Children between the ages of 8 and 18 years were recruited from the Asthma
Outpatient Clinic at Brenner Children’s Hospital as part of the Asthma Bone Health
Study.

Children were excluded if they: 1) suffered from any cardiac, orthopedic,

metabolic, or other pulmonary disorders; 2) were taking any medication that could affect
bone or metabolism (including calcium supplementation or oral steroid use); or 3) had a
previous fracture at any of the specific bone sites measured. Informed consent was
obtained from a parent or legal guardian, and assent was obtained from the subjects. A
small monetary incentive of $30 was offered to each participant upon completion.

MEASUREMENTS
All measurements were taken during one three-hour visit to Wake Forest
University Baptist Medical Center General Clinical Research Center (GCRC). Each
subject’s medical history was taken, including current medications. Height and weight
were measured without shoes using a wall mounted stadiometer and a Detecto digital
scale, respectively. Both height and weight were measured three times, and the average
of the measurements was taken. Height was recorded to the nearest 0.25 inch and
converted to centimeters. Weight was recorded to the nearest 0.25 pound and converted
to kilograms.

Body mass index (BMI) was calculated from height and weight

measurements (kg·m-2). Calcium intake was measured by recall of food intake for past
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24 hours administered to the children by the GCRC nutritionist. The child’s mother was
present to provide information if needed.

Bone evaluation
Dual energy x-ray absorptiometry (DXA) (LUNAR Prodigy, Madison, WI) was
used to measure bone mineral density (BMD, g/cm2). Measurements were taken at the
total body (TB), lumbar spine (L1-L4) (LS), total hip (TH), and femoral neck (FN). The
DXA measurement required the child to lie on a table for approximately 5 minutes while
an arm passed over the child for the total body scan, and for 2 minutes for each of the
scans of the hip and the spine. Radiation exposure was less than <0.06 mrem. Pediatric
software was used to evaluate measurements.

Physical Activity Questionnaire
Past-year physical activity levels were measured using Kriska’s Modifiable
Activity Questionnaire (MAQ) (98). The MAQ was administered to each child, but
parents were present and encouraged to assist the child. A list of common sports and
leisure time physical activities was read to subjects. They were asked to indicate the
activities that they had participated in at least five times within the past year outside of
physical education class. Subjects were asked if they had participated in any other
activities not mentioned, and the activities were then added to the list. For each activity
in which they participated, subjects were asked to provide information on the number of
months of participation for the past year, times per month or week, and the average
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duration of participation. The total hours of activity (TOT-h·wk-1) were summed and
reported as an average of the total hours per week for the past year. For example, if a
child played basketball six months of the year, five days per week, for one hour per day
his TOT-h·wk-1 would be calculated as follows:
(6 mos) x (5 d/wk) x (4.3 wk/mo) x (60 min/d) ÷ (60 min/hr) ÷ (52 wk/yr) = 2.48 h·wk-1

For each activity, the estimated relative intensity was calculated by multiplying
the average hours per week by the metabolic cost of each activity taken from existing
literature (105). This was expressed as MET-h·wk-1. Referring to the previous example,
basketball is estimated to be 9 METs. Therefore, MET-h·wk-1 would be calculated as
follows:
(2.48 hr/wk) x 9 METs= 22.32 MET h·wk-1

Activities with an estimated intensity > 6 METs were summed and divided by 52
weeks to determine the average number of hours per week spent participating in vigorous
activities over the past year (VIG-h·wk-1). Time spent in participating in weight-bearing
physical activity was also evaluated. Any activity that loads the body with at least its
body weight was classified as weight-bearing, and the average hours per week spent
participating in weight-bearing physical activities was calculated and expressed as
WTB-h·wk-1.
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DATA ANALYSIS
Data were analyzed using the SPSS PC software. Descriptive statistics, including
measures of central tendency and skewness, were computed for subject characteristics,
physical activity, and bone measures. Square root transformations were performed on
variables found not to be normally distributed. For the purposes of reporting data, mean
values were presented with standard deviations and ranges. Pearson product-moment
correlations were used to identify bivariate relationships between bone density and
physical activity measures. Stepwise multiple regression analysis was performed to
determine the significant independent predictors of bone density in children.
Relationships were considered significant if the p value was less than 0.05.

45
RESULTS

SUBJECT CHARACTERISTICS
Twenty-three subjects were recruited and tested for this study. Two children were
excluded because they did not fit all study criteria. One had a recent history of oral
steroid use and the other had diagnosed bipolar disorder and was taking medication that
could affect metabolic processes. The final sample consisted of 21 children (14 males, 7
females) between the ages of 8 and 17 years. Ten were Caucasian, 8 African-American,
and 3 were inter-racial. Subject characteristics are presented in Table 3. The mean age
was 11.2 + 2.8 years. The mean height for the group was 150.01 + 14.29 cm. The mean
weight for the group was 47.20 + 15.71 kg. The mean BMI was 20.47 + 4.21 kg/m2.
Five of twenty-one children were classified as overweight or obese according to a BMI
percentile greater then the 85th percentile, which was based on age, gender, and race. For
purposes of the larger study, 9 of 21 children tested had asthma. It is important to note
that there were no significant differences between healthy children and children with
asthma for any of the measures of physical activity and bone.
Table 2
Characteristics of Subjects
Age (yrs)
Height (cm)
Weight (kg)
BMI (kg/m2)

MEAN+S.D.
11.2 + 2.8
150.01 + 14.29
47.20 + 15.71
20.47 + 4.21

RANGE
8-17
128.78-174.88
26.27-80.36
14.28-28.63
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BONE HEALTH, PHYSICAL ACTIVITY, AND CALCIUM INTAKE
Results of bone measures are presented in Table 3. Four of the twenty-one
children exhibited low bone mineral density of the lumbar spine according to % agematched values. These children were more than one standard deviation below the agematched value for healthy children.

Table 3
Measures of Bone Health
2

TB BMD (g/cm )

MEAN+S.D.
1.015 + 0.124

RANGE
0.806-1.272

105 + 8

93-122

TB BMD
(% age matched)
TH BMD (g/cm2)

0.985 + 0.167

0.681-1.310

LS BMD(g/cm2)

0.857 + 0.187

0.625-1.327

LS BMD
(% age matched)
FN BMD (g/cm2)

98 + 12

78-123

0.985 + 0.187

0.655-1.335

TB- Total body
TH- Total hip
LS- Lumbar spine
FN- Femoral neck
BMD- Bone mineral density

Physical activity data are presented in Table 4. Physical activity varied among
children, with some children exhibiting a very active lifestyle and others exhibiting a
sedentary lifestyle. For the past year, children participated in an average of 11.47 + 6.63
hours of physical activity per week. The majority of these activities were weight-bearing
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(8.28 + 6.35 hrs/wk). Approximately half of the time children participated in vigorous
activities > 6 METs (5.65 + 5.30 hrs/wk). All vigorous activities the children engaged in
were weight-bearing activities.

It should be noted that time spent participating in

activities during physical education classes was excluded.

Table 4
Measures of Physical Activity
-1

TOT-h·wk
WTB-h·wk-1
VIG-h·wk-1
MET-h·wk-1

MEAN+S.D.
11.47 + 6.63
8.28 + 6.35
5.65 + 5.30
72.62 + 68.23

RANGE
1.40-21.83
0.95-20.46
0.27-16.95
6.52-210.27

Subjects exhibited a wide range of calcium intake (205-4156 mg).

The

recommended dietary allowance (RDA) values for calcium are 800 mg for children age 4
to 8 years, and 1300 mg for children and adolescents ages 9 to 18 years. The mean
calcium intake for children eight years of age was 778.25 + 331.07 mg and 1559.08 +
970.58 mg for children 9-17 years of age. Eleven of twenty subjects consumed less than
the RDA of calcium for their age. Calcium data were not available for one child.

CORRELATIONAL ANALYSIS
Pearson product-moment correlational analysis was used to examine the
relationships among physical activity levels and bone health, as shown in Table 5. Bone
mineral density measures were not normally distributed and were transformed using
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square roots for further analysis.
TB BMD was chosen as the primary outcome measure.

TB BMD was

significantly correlated with TOT-h·wk-1 and WTB-h·wk-1. TB BMD was not related to
MET-h·wk-1 or VIG-h·wk-1.
Secondary analysis included examination of the relationships among physical
activity variables and the other measures of bone density (TH, FN, LS). Although there
is an increased likelihood of making a type I error with multiple statistical comparisons,
these correlations were included to demonstrate the consistent relationship between
physical activity and bone measures using the MAQ.

TH BMD was significantly

correlated with TOT-h·wk-1, MET-h·wk-1, and WTB-h·wk-1. FN BMD was significantly
correlated with TOT-h·wk-1 and WTB-h·wk-1. LS BMD was not significantly correlated
with any physical activity measures, and VIG-h·wk-1 was not related to any bone
measures. Correlations between bone measures were slightly stronger with TOT-h·wk-1
than with WTB-h·wk-1.
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Table 5
Bivariate Correlations
(results are reported as r and p values)

TB
BMD‡

TOTh·wk-1
.529*
.014

WTBh·wk-1
.481*
.027

VIGh·wk-1
.297
.192

METh·wk-1
.400
.072

TH
BMD‡

.574**
.007

.552**
.009

.372
.097

.464*
.034

LS
BMD‡

.166

.174
.450

.030
.897

.070
.762

.509*
.019

.328
.146

.419
.058

FN
BMD‡

.471
.519*
.016

‡square root
*p<0.05, **p<0.01
Calcium intake was significantly correlated with LS BMD (r=0.685), TB BMD
(r=0.585), TH BMD (r=0.527), and FN BMD (r=0.466).

REGRESSION ANALYSIS
Stepwise multiple regression analysis was performed to determine if physical
activity was a significant independent predictor of bone density with adjustments for age,
race, calcium, and gender. Age accounted for 56% (β=0.687) of the variance in TB
BMD, with TOT-h·wk-1 explaining an additional 14% (β=0.391). When WTB-h·wk-1
was entered into the model in place of TOT-h·wk-1, age remained a significant
independent predictor of TB BMD, but WTB-h·wk-1 failed to reach statistical
significance (p=0.096).
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For TH BMD, age and TOT-h·wk-1 were both significant independent predictors.
Age accounted for 34% (β=0.513) of variance, with TOT-h·wk-1 explaining an additional
20% (β=0.471). With WTB-h·wk-1 in the model, age accounted for 34% (β=0.482) of the
variance in TH BMD, with WTB-h·wk-1 explaining an additional 18% (β=0.403).
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DISCUSSION

The results of this study found that bone mineral density was significantly
correlated with physical activity levels in a group of 21 children and adolescents ages 8 to
17 years using the MAQ.

Specifically, relationships were shown between physical

activity and total body, total hip, and femoral neck BMD. Results are consistent with
previous studies employing questionnaires other than the MAQ (see Table 1). For
example, Valdimarsson et al. (72) reported significant positive correlations (r=0.14-0.26)
between bone mineral density and physical activity measured via questionnaire in a
cohort of Icelandic females. Our study revealed slightly stronger correlations (r=0.450.57) than most previous cross-sectional studies. The strength of our results may be due
to the time period over which we assessed physical activity. Physical activity was
assessed over the past year, whereas the majority of these studies assessed physical
activity over a shorter period of time (24 hours to 3 months). Some studies evaluated
sports activities only, whereas this study assessed sports activities as well as leisure time
physical activities.
TOT-h·wk-1 and WTB-h·wk-1 were strongly correlated with bone density. The
relationships between TOT-h·wk-1 and bone measures were slightly stronger than the
relationships between WTB-h·wk-1 and bone measures. Several previous studies have
focused on the effect of weight-bearing or impact activities on bone, and have shown that
weight-bearing activity has a significant positive effect on bone health (see Table 1).
However, it has been suggested that there is also a relationship between muscle force on
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bone and bone health (48). The “bone muscle unit” theory suggests that the largest loads
on bone come from muscle forces, not necessarily the force of body weight impacting
with the ground (48). One randomized controlled trial (49) and one non-randomized
intervention study (50) demonstrated that muscle contractile force on bone via resistance
training had a significant effect on bone mineral density. Although few of our subjects
reported engaging in resistance training on a regular basis, it can be estimated that total
time spent in physical activity (TOT-h·wk-1) (~11.5 hours) included both weight-bearing
(~8.3 hours) and nonweight-bearing (~3.2 hours) mechanical loading (=TOT-h·wk-1WTB-h·wk-1). This may explain the slightly higher correlations between bone measures
and TOT-h·wk-1 compared to those between bone measures and WTB-h·wk-1.
Our results also indicated a significant correlation between MET-h·wk-1 and TH
BMD, but not between MET-h·wk-1 and other bone variables. It should be noted that
MET-h·wk-1 is a combination of intensity and duration such that the same MET-h·wk-1
can be attained by high intensity, short duration or low intensity, long duration activity.
Furthermore, there were no significant correlations between VIG-h·wk-1 and bone
variables. This finding was somewhat unexpected. It is expected that strains induced on
bone through vigorous activity, such as running, would be greater and more osteogenic
than less vigorous activity, such as walking. It is possible that the frequency of activity
may be more important than the intensity. A recent study, by Robling et al. (106),
involving rats determined that four shorter bouts of intense loading had a greater effect on
bone density than one longer uninterrupted bout. The authors suggested that these results
might be due to declining mechanosensitivity of the bone receptors during longer bouts
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of activity. Allowing a recovery time between shorter bouts improved the osteogenic
response. While these results need to be replicated in human, but they may support the
relationship found in the current study between TOT-h·wk-1 and bone measures, and help
to explain the lack of relationship between VIG-h·wk-1 and bone measures. Total time
spent in all activities or bouts of activity over time may be more osteogenic than one
shorter structured bout of intense exercise during which mechanosensitivity declines.
The frequency of activities children participate in may be more important to bone health
than the type of activity as long as the stimulus is sufficient to trigger a response by bone.
Lumbar spine bone mineral density was not correlated with any physical activity
measures.

Failure to find a relationship is consistent with the majority of studies

reviewed.
Unlike several previous studies, our study adjusted for calcium intake.

Our

results revealed significant correlations between calcium intake and all measures of bone
mineral density. However, when adjusting for age, gender, and physical activity, calcium
was not an independent predictor of bone density. It is important to note that physical
activity remained a significant independent predictor of bone health when adjusting for
calcium intake. These results are supported by those of The Amsterdam Growth and
Health Study (89), which found weight-bearing activity to be an independent predictor of
bone mineral density, whereas calcium did not contribute independently to bone health.
While calcium is essential for bone formation, it may be that the intake of the majority of
children in this study was sufficient. Furthermore, the lack of association may be due to
error related to self-report of calcium intake.
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CONCLUSIONS

The results of this cross-sectional study indicate the MAQ was successful in
detected significant relationships between physical activity and bone density in children
and adolescents. Specifically, total time spent in physical activities and time spent in
weight-bearing activities were strongly correlated with bone measures. The relationships
between total time spent in physical activities and bone density were stronger than those
with time spent in weight-bearing activities. Unexpectedly, physical activity measures
reflecting intensity (VIG-h·wk-1 and MET-h·wk-1) were not related to bone measures
suggesting that total time spent participating in physical activities may be more important
for bone health than the intensity of the activity as long as the stimulus is sufficient to
produce changes in bone. It is possible that in a larger sample that intensity would prove
to be a significant correlate. Lumbar spine bone mineral density was not related to
physical activity.

Calcium intake was related to bone mineral density, but not an

independent of physical activity suggesting physical activity may play a greater role in
determining bone health in children. In conclusion, these results support the use of the
MAQ for assessing the effect of physical activity on bone health in children and
adolescents. These results further contribute to evidence emphasizing importance of
promoting physical activity for maximizing bone health in children and adolescents, and
its potential for warding off the development of osteoporosis later in life.
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LIMITATIONS

The main limitation of this study was the small sample size and subsequently
limited statistical power. Results from twenty-one children are not representative of the
total population of children. Future studies should include a more representative sample
of children so that age, sex, and race differences can be more fully addressed.
Another limitation is the measurement error associated with self-reports of
behavior, such as physical activity. Subjects’ reporting may be affected by their inability
to accurately recall physical activity over the previous year. Additionally, people are
biased in their recall in that they tend to overestimate their actual physical activity levels.
Furthermore, younger children may have difficulty estimating time and may need to rely
on parent’s input. Most questionnaires measure structured activities and fail to account
for unstructured lighter activity, like activities of daily living. A more objective measure
of physical activity, such as motion sensors, may be a better indicator of overall activity
levels. However, questionnaires are better suited for assessing physical activity in largescale population studies and for obtaining estimates of habitual activity over a longer
period of time. Questionnaires are also important in intervention studies for determining
physical activity participation outside of the intervention. Lastly, questionnaires are
valuable in longitudinal studies to determine if physical activity participation at an early
age affects bone loss later in life.
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APPENDIX A
PATIENT INFORMED CONSENT
WAKE FOREST UNIVERSITY SCHOOL OF MEDICINE
DEPARTMENT OF ALLERGY AND IMMUNOLOGY
AND
DEPARTMENT OF HEALTH AND EXERCISE SCIENCE
Title: Determinants of Bone Health in Children with Asthma
Principal Investigator:
Co-Investigators:

Patricia A. Nixon, Ph.D.
Michael Schechter, M.D.
Leon Lenchik, M.D.
John Georgitis, M.D.
Ingrid Hoffmann, M.D.
Theresa Snook, B.S

Your child is being asked to take part in this research study to help us understand factors
related to bone health in both healthy children and children with asthma. Please take
your time to make your decision and ask the study doctor or the study staff to explain any
words or information that you do not understand. You may also discuss the study with
your friends and family.

WHY IS THE STUDY BEING DONE?
The purpose of this study is to assess the bone health of children with asthma and how it
compares to that of children without asthma. We are also interested in finding out how
bone health may be affected by diet, physical activity, sexual maturation, and different
medications. Additionally, we are interested in comparing two different ways to measure
bone health, and two different ways to measure physical activity.

HOW MANY PEOPLE WILL TAKE PART IN THE STUDY?
Forty-three patients with asthma and 43 healthy children without asthma, between the
ages of 8 and 18 years of age, will be asked to participate in the study. Of these children,
21 children with asthma and 21 healthy children without asthma will also be asked to
have their bone health measured by a more sophisticated x-ray machine, and their
physical activity measured by wearing a small monitor on their hip.
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WHAT IS INVOLVED IN THE STUDY?
Your child’s bone health will be measured by ultrasound. Your child’s heel will be
placed in a bath of warm soapy water, and sound waves will be passed through his/her
heel. The procedure requires your child to hold his/her foot still for approximately five
minutes, but no pain or discomfort is involved.
You and your child will also be asked questions about the types of physical
activities your child engages in, and also you and your child’s confidence in your child’s
ability to do physical activities. Your child will also be asked to do 3 vertical jumps from
a squatted position. Since growth and development affect bone health, your child will
also be asked to indicate his level of sexual maturation. In addition, certain foods that
your child eats may affect bone health, so you and your child will be asked to recall foods
eaten in the last 24 hours, and to write down all the foods and beverages your child
ingests over the next three days. Furthermore, you will be asked to fill out a
questionnaire asking some personal information such as race, occupational, educational,
and financial status. This information is not the focus of this study but is important for us
to collect to control for some ethnic and social factors have been shown to be related
asthma severity and bone health.
Your child’s bone health will also be measured by the more sophisticated dual
energy x-ray absorptiometry (DXA) scan. For the DXA scan, your child will be asked to
lie very still on a table for approximately 8 minutes while the machine makes an image of
your child’s total body and then hip and spine. The DXA measurement is currently
considered to be the most accurate way to measure bone health, but it is very expensive
and somewhat time-consuming. Consequently, this study will determine if the ultrasound
measurement, which is cheaper and less cumbersome, provides similar information to the
DXA scan. If your child is female and her last menstrual period was more than 10 days
ago, she will be required to provide a urine sample to rule out pregnancy. The results of
the pregnancy test that is performed on your child will be kept confidential and will not
be disclosed to you unless there is a medical problem for which we need to receive parent
consent to treat or if medical care is needed from another physician.
To provide a more accurate measurement of physical activity, your child will wear a
small activity monitor on his/her hip for seven days. The monitor senses movement and
has an internal clock so that we can determine your child’s activity over the course of the
day. At the end of the seven days, you will mail the monitor back to us in the envelope
provided. At that time, we will also call you and ask the activity questionnaires again.
If your child has asthma, we will ask you and your child questions about medications that
your child is currently taking. Information about medications your child has taken in the
past will be obtained from his/her medical records.
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HOW LONG WILL YOUR CHILD BE IN THE STUDY?
Your child will be in the study for one clinic day. The entire process should take
approximately two hours.
Your child can stop participating at any time.

WHAT ARE THE RISKS OF THE STUDY?
There are no risks associated with ultrasonometry. The DXA scan involves
exposure to radiation. The risk of the DXA procedures is small and is similar to that
received from clinical x-ray and nuclear medicine studies. The amount of radiation
exposure that your child will receive from these procedures is equivalent to a uniform
whole body exposure of 7.4 millirem. This is equal to 2% of the amount of background
radiation that the average person in the United States receives each year. In the United
States, the background radiation is 360 millirem per year.

ARE THERE BENEFITS TO TAKING PART IN THE STUDY?
If your child agrees to take part in this study, there may or may not be direct
medical benefit to your child. You may benefit by learning about your child’s bone
health. We hope the information learned from this study will benefit patients with
asthma in the future. Any new information that is learned from this study will be shared
with you and your child

WHAT ARE MY ALTERNATIVES?
Your alternative is to not participate.

WHAT ABOUT CONFIDENTIALITY?
Efforts will be made to keep personal information confidential. Your child’s test
results will be kept in a locked file cabinet.
Your child’s medical records and information obtained during this study are
subject to review by the hospital’s Institutional Review Board (IRB). The IRB is a
committee that reviews this research. The IRB helps to ensure that the rights and welfare
of the people participating in the study are protected and that the study is carried out in an
ethical manner. Your child’s personal information may be disclosed if required by law.
The results of this study may be published, but no publication will contain any
information that will identify your child by name, social security number, medical record
number, or other personal information.

WHAT ARE THE COSTS?
There are no costs for taking part in this study. All of the study costs will be paid
for. Costs for your child’s regular medical care, which are not related to this study, will
be your own responsibility. You/your child will receive $30 for participating in this
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study to help cover the costs of travel and parking, and for returning the completed food
records and the activity monitor.
In the case of injury or illness resulting from this study: Should your child
experience a physical injury or illness as a direct result of participation in this study,
reasonable necessary medical services will be offered at the usual charges. To the extent
of available research insurance coverage maintained by the Wake Forest University
School of Medicine, the reasonable costs of these necessary medical services will be paid
up to $25,000. The insurance policy for this coverage is provided by the St. Paul
Insurance Company, and provides a maximum of $25,000 for each claim, and is limited
to a total of $250,000 for all claims in any one year. The Wake Forest University School
of Medicine and the North Carolina Baptist Hospitals, Inc. do not assume responsibility
to pay for these medical services or to provide any other compensation for such injury or
illness. Additional information may be obtained from the Medical Center’s Director of
Risk Insurance and Management at (336) 716-3467.

WHAT ARE MY CHILD’S RIGHTS AS A PARTICIPANT?
Taking part in this study is voluntary. You and your child may choose not to take part or
you may discontinue at any time. Refusing to participate or leaving the study will not
result in any penalty or loss of benefits to which your child is entitled, and will not in any
way affect the quality of health care that your child receives. We will tell you about new
information from this or other studies that may affect your health, welfare, or willingness
to stay in this study.

WHOM DO I CALL IF I HAVE QUESTIONS OR PROBLEMS?
For questions about the study or in the event of an emergency or research-related
injury, contact the study investigators: Patricia A. Nixon, Ph.D. at (336) 758-4642 or
Michael Schechter, M.D. at (336) 716-0512. If a problem arises in the evening, please
call the hospital operator at (336) 716-2255 and ask for Dr. Schechter to be paged.
For questions about your rights as a research participant, you may contact the
Chairman of the Institutional Review Board at (336) 716-4542.
You will be given a copy of this form.

SIGNATURES
Participant’s Name ____________________________________________
Parent’s Signature __________________________________ Date ___________
Printed Name or
Signature of Person
Administering Consent _____________________________ Date ____________

70
APPENDIX B
PHYSICAL ACTIVITY QUESTIONNAIRE (MAQ)
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