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ABSTRACT. Objective. To evaluate the effect of early
range-of-motion intervention on bone strength and bone
turnover in very low birth weight infants.

Methods. Twenty-four infants (mean birth weight:
1135 � 247 g; mean gestational age: 28.5 � 2.3 weeks)
were matched for gestational age and birth weight and
then randomly assigned into exercise (n � 12) and control
(n � 12) groups. Exercise protocol started at the first week
of life and involved daily extension and flexion range of
motion against passive resistance of the upper and lower
extremities (5 minutes per day, 5 days per week, 4 weeks).
Growth parameters, bone strength, and biochemical
markers of bone homeostasis were measured at enroll-
ment and after 4 weeks. Bone strength was determined
using quantitative ultrasound measurement of bone
speed of sound (SOS) at the middle left tibial shaft.

Results. Bone SOS decreased significantly in the con-
trol group during the study period (from 2892 � 30 m/sec
to 2799 � 26), whereas bone SOS of the exercise group
remained stable (2825 � 32 m/sec and 2827 � 26 m/sec at
baseline and 4 weeks, respectively). This significant dif-
ference in bone SOS was not expressed in the biochem-
ical markers of bone homeostasis.

Conclusions. There is a significant postnatal decrease
in the bone SOS of very low birth weight infants. A brief
range-of-motion exercise attenuates the decrease in bone
strength and may decrease the risk of osteopenia. Pedi-
atrics 2003;112:15–19; premature, osteopenia, exercise,
quantitative ultrasound, speed of sound.

ABBREVIATIONS. VLBW, very low birth weight; DEXA, dual-
energy x-ray absorptiometry; QUS, quantitative ultrasound; SOS,
speed of sound; BSAP, bone-specific alkaline phosphate; ICTP,
carboxy terminal cross-links telopeptide of type-I collagen; CV,
coefficient of variation.

Very low birth weight (VLBW) infants have an
increased risk of osteopenia because of lim-
ited accretion of bone mass in utero and a

greater need for bone nutrients.1,2 The rate of os-
teopenia is inversely related to birth weight and ges-
tational age and correlates with postnatal morbidity
(eg, bronchopulmonary dysplasia, necrotizing en-
terocolitis).3–6

Currently, the diagnosis of osteopenia is based on
clinical and radiologic signs and measurements of

biochemical markers, such as serum alkaline phos-
phatase.4 Advanced techniques, such as dual-energy
x-ray absorptiometry (DEXA) for the evaluation of
bone mineral content are used, rarely, to determine
less severe forms of bone demineralization.7–9 More
recently, quantitative ultrasound (QUS) measure-
ment of bone speed of sound (SOS) was developed.
This method measures, in addition to bone density,
other bone properties, such as cortical thickness,
elasticity, and microarchitecture, thus providing a
more complete picture of bone strength.10–13 In a
previous study, Nemet et al14 demonstrated that
QUS successfully assesses bone strength in prema-
ture infants. In addition, the relatively new develop-
ment of assays for circulating biochemical markers of
bone turnover15–17 allows us to gain greater insight
into the mechanistic effects of prematurity on bone
development and may be useful in the diagnosis of
osteopenia of prematurity.18

Mechanical strain is a powerful stimulator of bone
formation and growth. Several studies have demon-
strated that physical activity increases bone density
in children, adolescents, and adults,19–21 whereas in-
activity results in bone resorption and decreased
bone mineral density.22,23 Therefore, the prolonged
period of hospitalization of premature infants with-
out physical stimulation may contribute to bone
demineralization.

Recently, Moyer-Mileur et al24 demonstrated that a
passive range-of-motion exercise of both the upper
and lower extremities resulted in increased bone
mineral density (determined by single-photon ab-
sorptiometry and DEXA25) in premature infants. In
this prospective, randomized study, we used Moyer-
Miller’s protocol to evaluate the effect of early exer-
cise training (ie, first week of life) on bone strength
and turnover in VLBW premature infants. Bone
strength was assessed by QUS, and bone turnover
was determined by measurements of circulating
bone formation and bone resorption markers.

METHODS
Twenty-four VLBW infants from the neonatal intensive care

unit at Meir General Hospital, Kfar Saba, Israel, participated in the
study. Infants were eligible for study when they met the following
criteria: birth weight of �1500 g, body size appropriate for gesta-
tional age, postnatal age of �1 week, and informed parental
consent received. Premature infants with intrauterine growth re-
tardation, severe central nervous system disorder, or major con-
genital anomalies were excluded. After matching for gestational
age and birth weight, infants were randomly assigned into exer-
cise (n � 12) and control (n � 12) groups.
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Nutritional Management
All preterm infants received intravenous glucose 5% to 10%

supplemented with calcium gluconate 10% (300 mg/100 mL) in
the first 24 hours. Total parental nutrition was initiated at 24 hours
of age (Primine, 10% [Baxter, Deerfield, IL]; protein, 2 g/100 mL;
calcium, 200–400 mg/100 mL; phosphor, 0.76 mmol/100 mL).
Enteral feeding was introduced gradually according to the attend-
ing physician decision (days 1–9). Subjects were fed either by
fortified human milk (Similac Human Milk Fortifier [Ross, Abbott
Laboratories, Abbott Park, IL]; calcium, 117 mg/100 mL; Phos-
phor, 67 mg/100 mL) or by preterm special formula (Similac
Special Care [Ross]; calcium, 146 mg/100 mL; phosphor, 73 mg/
100 mL). Total parental nutrition was stopped when enteral feed-
ing reached 100 mL/kg/d. Enteral feeding was targeted to 120
kcal/kg. Oral vitamin D 200 IU/d was added to all premature
infants (control and exercise) who received enteral feeding at 2
weeks of age.

Exercise Protocol
The physical activity program was based on the Moyer-Mileur

et al protocol24 and started after initial cardiorespiratory stabili-
zation (days 4–7). Briefly, this protocol involves extension and
flexion range-of-motion exercise against passive resistance of both
the upper and lower extremities. Both extension and flexion were
performed 5 times at the wrist, elbow, shoulder, ankle, knee, and
hip joints (�5 minutes for each session). The same person per-
formed this activity 5 times per week for 4 weeks. The control
subjects had a similar time (5 min/d) of daily interactive periods
of holding and stroking without range-of-motion activity, because
it is possible that tactile stimulation might influence bone growth
and development.

QUS Measurements of Bone SOS
The left tibial SOS was measured by QUS (Sunlight Omnisense

Premier), a method designed to measure SOS at multiple skeletal
sites by an axial transmission. Concisely, the SOS measurement is
based on the fact that ultrasound waves propagate faster through
bone than through soft tissue. The device consists of a desktop
main unit and a number of small probes, designed to measure SOS
at different sites. The probe was moved across the mid-tibial
plane, searching for the site with maximal reading. The measure-
ment site was defined as the midpoint between the apex of the
medial malleolus and the distal patellar apex. The mean of 3
measurements of tibial SOS was selected for data analysis. The
same technician, who was blinded to the group assignment, per-
formed all measurements. The instrumental accuracy is 0.25% to
0.5%, and the precision is 0.4% to 0.8%. The precision for the
present study population (based on 2 separate measurements of 35
preterm infants) was 0.32% (9.1 m/sec). Measurements were done
on the enrollment day and the day after the last exercise session.

Blood Sampling Protocol
Early-morning venous blood samples for the evaluation of bone

turnover markers were collected before and at the end of the
program in both the control and exercise groups as a part of the
routine follow-up blood tests (ie, routine chemistry panel and
complete blood count that are performed weekly in our neonatal

intensive care unit). Bone osteoblastic activity was assessed by
measurements of circulating bone-specific alkaline phosphates
(BSAPs).15 Bone resorption was assessed by measurements of
serum levels of the carboxy terminal cross-links telopeptide of
type-I collagen (ICTP), which reflect osteoclastic activity.26 All
serum samples were kept frozen at �20°C until analyzed. All
specimens from each individual were analyzed in the same batch
by the same laboratory worker, who was blinded to the subject’s
group and to the order of the samples.

BSAP
Circulating BSAP levels were measured by enzyme-linked im-

munosorbent assay, using a monoclonal anti-BSAP (Alkaphas-B
kit; Metra Biosystems, Inc, Mountain View, CA). The enzyme
activity of the captured BSAP is detected with a p-nitrophenyl
phosphate substrate. Interassay coefficient of variation (CV) was
5.0% to 7.6%, and intra-assay CV was 3.9% to 5.8%. Assay sensi-
tivity was 0.7 U/L.

ICTP
ICTP levels were determined by equilibrium radioimmunoas-

say with I125 serving as a tracer, using the Diasorin ICTP kit
(Stillwater, MN). Interassay CV was 4.1% to 7.9%, and intra-assay
CV was 2.8% to 6.2%. Assay sensitivity was 0.5 �g/L.

Statistical Analysis
Unpaired t test was used to determine differences in birth

weight, gestational age, initial and full day of enteral feeding, age
at enrollment, bone SOS, and bone turnover markers between the
exercise and control subjects before the training intervention. A
2-way repeated measure analysis of variance was used to compare
the effect of the intervention on body weight, bone SOS, and bone
turnover markers, using time as the within-group and exercise as
the between-group factors. P � .05 was considered to be statisti-
cally significant. Data are presented as mean � standard error.

RESULTS
Birth weight, gestational age, gender, ethnicity,

morbidity (respiratory distress syndrome, broncho-
pulmonary dysplasia, sepsis), enrollment day, and
day of initial and full oral feeding in the control and
exercise group subjects are presented in Table 1. No
significant difference was found in any of these pa-
rameters between the control and exercise group
subjects.

Mean body weight, body length, head circumfer-
ence, and tibial bone SOS before and after the inter-
vention in both the control and exercise groups are
shown in Table 2. No significant differences in these
measures were noted between the groups before the
intervention. There was a significant increase in body
weight, body length, and head circumference in both

TABLE 1. Characteristics of the Study Participants

Control
(n � 12)

Exercise
(n � 12)

Gestational age (wk) 28.4 � 0.6 28.7 � 0.7
Birth weight (g) 1118 � 65.5 1153.0 � 73.4
Gender (female/male) 6/6 5/7
Ethnicity (Jewish/Arab) 7/5 8/4
Respiratory distress syndrome 6 5
Oxygen at 28 d 4 4
Sepsis 2 2
Feeding (fortified human milk/preterm formula) 5/7 6/6
Initial enteral nutrition (d) 2.6 � 0.3 3.7 � 0.7
Full enteral nutrition (d) 11.6 � 1.5 12.3 � 2.3
Enrollment (d) 5.5 � 1.4 5.6 � 1.2

Data are presented as mean � standard error of the mean (SEM). There were no statistically significant
differences in any of the parameters between the groups.
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groups, but no significant difference was observed
between the groups. Tibial SOS of the control group
subjects decreased significantly, whereas tibial SOS
of the exercise group subjects remained stable during
the 4-week study period (significant difference be-
tween groups, P � .006; Fig 1).

Mean circulating bone turnover markers level in
the control and exercise group subjects are shown in
Table 3. No significant differences in these markers
were noted between the groups before the interven-
tion. In both groups, there was a significant increase
in the bone formation marker (BSAP) and a signifi-
cant decrease in the bone resorption marker (ICTP)
without a significant between-group differences.

DISCUSSION
This study demonstrates that bone SOS decreases

during the first 4 postnatal weeks in VLBW prema-
ture infants, despite major advances in neonatal in-
tensive standard care and improvement of nutri-
tional supply. This is consistent with our previous
cross-sectional report showing that tibial SOS in
VLBW infants correlates positively with gestational
age but inversely with postnatal age.14 The major
finding of this study was that relatively brief, daily,

passive range-of-motion physical activity attenuated
the decrease in bone SOS in this unique population.

Bone mineralization is modulated by genetic, nu-
tritional, hormonal, and mechanical factors.27 How-
ever, because the major cause of osteopenia and os-
teomalacia in premature infants is inadequate
postnatal calcium and phosphorus intake, compared
with the accretion of these minerals during the last
trimester of pregnancy,3,4 most therapeutic efforts to
prevent osteopenia of prematurity have focused on
nutritional changes. However, despite the nutritional
goal of providing optimal support for growth among
premature infants (similar to the growth in utero
during the last trimester),28 nutritional interventions
have been only partially successful in improving
their bone mineralization.4

The importance of mechanical stimulation for
bone development in preterm infants has long been
neglected. Recently Moyer-Mileur et al24,25 used sin-
gle-photon absorptiometry and DEXA to demon-
strate that daily passive range-of-motion exercise in-
creased bone mineral content and density in VLBW
infants. Our finding that physical activity attenuated
the decrease in bone SOS (using QUS measurements)
is consistent with these findings and suggests that

Fig 1. Changes in bone SOS in VLBW in-
fants during the study period. Bone SOS
decreased significantly in the control sub-
jects but remained unchanged in the exer-
cise group (*P � .006).

TABLE 2. Changes in Anthropometric Measures and Bone SOS During the Study Period in the
Control and Trained Subjects

Control Group (n � 12) Exercise Group (n � 12)

Pre Post Pre Post

Body weight (g) 1117.6 � 65.7 1484.0 � 111.5* 1149.1 � 75.6 1502.1 � 112.4*
Body length (cm) 38.5 � 3.4 41.4 � 2.8* 36.9 � 2.8 40.0 � 3.0*
Head circumference (cm) 25.5 � 2.6 28.6 � 2.2* 25.6 � 1.9 29.1 � 2.3*
Bone SOS (m/sec) 2892.3 � 29.5 2799.5 � 25.5 2825.0 � 32.2 2827.0 � 26.0†

Data are presented as mean � SEM.
* P � .05 for within-group difference.
† P � .006 for between-group difference (analysis of variance).
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exercise has an important role in bone development
during the neonatal period and may contribute to the
prevention of osteopenia of prematurity.

It is still unclear why the same exercise protocol
resulted in increased mineralization in the Moyer-
Mileur studies24,25 but only attenuated the decrease
in bone SOS in our study. The answer is probably
related to the difference between the methods used.
Single-photon absorptiometry and DEXA, as used by
Moyer-Mileur et al, measure mainly quantitative as-
pects of bone such as mineral density, whereas QUS,
in addition to the quantitative measures (bone min-
eralization), also assesses qualitative factors that con-
tribute to bone strength, such as bone elasticity, mi-
croarchitecture, and fatigue damage.10–13,29 Increase
in bone mass is not always accompanied by an in-
crease in bone strength, which is functionally the
most important property of the bone.27 We believe
that the combination of reduced qualitative and
quantitative bone properties contributes to the post-
natal decrease in tibial SOS in VLBW premature
infants. Exercise was able only to prevent this de-
cline.

Severe morbidity during the neonatal period (eg,
bronchopulmonary dysplasia) also increases the risk
of bone demineralization in premature infants.3
However, there were no differences in morbidity
between the control and exercise group subjects in
the present study (Table 1).

It is important to note that QUS assessment of
tibial SOS was performed successfully in all of the
premature infants and was able to determine the
changes in tibial SOS after the intervention. There-
fore, we believe that this method can serve as a
useful tool to estimate bone strength in premature
infants and that QUS may also prove to be effective
in the evaluation and follow-up of osteopenia in
premature infants.

Despite the favorable effects of exercise on bone
SOS, physical activity was not accompanied by sig-
nificant changes in both bone formation (BSAP) and
resorption markers (ICTP). Previous studies by
Moyer-Mileur et al25 also did not find any increase in
bone formation markers in premature infants who
started their exercise intervention relatively early af-
ter birth (2 weeks). In contrast, we have previously
reported an exercise-induced increase in bone forma-
tion markers (BSAP and C-terminal Procollagen) and
a decrease in bone resorption markers (ICTP) in
VLBW premature infants who started their exercise
intervention at a postnatal age of 4 to 5 weeks.30 We
speculate that the different results in the present
study are attributable to a high bone turnover state

that occurs in the first 3 postnatal weeks, as de-
scribed by Shiff et al.18 In the current study, the
exercise protocol was initiated very early (days 4–7
of life). Therefore, it is possible that the marked early
postnatal increase in these markers may have
masked more subtle physical activity-associated ef-
fects.

Finally, the same exercise intervention, when
started at a postnatal age of 4 to 5 weeks, was asso-
ciated with a greater increase in weight gain.24,30 The
different result in this study suggests that the accel-
erated weight gain occurs only when exercise train-
ing is introduced later in the neonatal course (4–5
weeks vs first week). This observation is in agree-
ment with Moyer-Miller et al,25 who also found that
the increase in weight gain was significant only
when the premature infants reached body weight of
1.8 to 2 kg. Because early range-of-motion interven-
tion induced positive bone effects without differ-
ences in weight gain, it may suggest that the positive
bone effects were not related to the increased weight
gain.

Using QUS, we have successfully shown that an
early onset of a daily range-of-motion exercise pro-
gram (only 5 min/d) prevented the postnatal decline
of bone SOS in VLBW infants. Our data are consis-
tent with previous reports showing different benefi-
cial bone effects in VLBW premature infants by the
same exercise protocol,24,25,30 suggesting, therefore,
that exercise has an important role in bone metabo-
lism in this unique population. It is still unclear
whether the positive bone effects are related just to
the 5 minutes of range-of-motion intervention or to
longer metabolic changes after the brief exercise.
Moreover, whether this degree of exercise is the op-
timal intervention for bone development in prema-
ture infants still needs to be determined.
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THERAPEUTIC MISCONCEPTION

“When doctors experiment at the frontiers of medicine, no one can say at the
outset how the research will end. Doctors may warn patients of debilitating side
effects and even death, but nonetheless, experts say, patients often fall prey to ‘the
therapeutic misconception,’ the idea that if a doctor offers a treatment, it must have
therapeutic value. ‘These people get to the point where they are willing to try
anything,’ said Dr Judith P. Swazey, a medical historian who has done extensive
research on the artificial heart. ‘When they are in that position, I’m not sure how
informed informed consent can be.’”

Stolberg SG. On medicine’s frontier. New York Times. October 8, 2002
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