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Abstract

Background

Metabolic bone disease of prematurity still occurs in preterm infants, although a significant
improvement in neonatal care has been observed in recent decades. Dual-energy X-ray
absorptiometry (DXA) is the precise technique for assessing bone mineral content (BMC)
in preterm infants, but is not widely available.

Aim
To investigate the clinical and biochemical parameters, including bone metabolism markers
as potential predictors of BMC, in preterm infants up to 3 months corrected age (CA).

Materials and Methods

Ca-P homeostasis, iPTH, 25-hydroxyvitamin D, osteocalcin, N-terminal propeptide, cross-
linked C-telopeptide and amino-terminal pro C-type natriuretic peptide and the DXA scans
were prospectively performed in 184 preterm infants (< 34 weeks’ gestation) between term
age and 3 mo CA. Lower bone mass was defined as BMC below or equal to respective
median value for the whole study group, rounded to the nearest whole number.

Results

The appropriate quality DXA scans were available for 160 infants (87%) examined at term
and for 130 (71%) tested at 3 mo CA. Higher iPTH level was the only independent predictor
of lower BMC at term, whereas lower BMC at 3 mo CA was associated both with lower uri-
nary phosphate excretion and higher serum osteocalcin level. ROC analysis showed that
iPTH >43.6 pg/mL provided 40% sensitivity and 88% specificity in identification of preterm
infants with lower BMC at term. In turn, urinary phosphate excretion (TRP>97% or UP/Cr
<0.74 mg/mg) and serum osteocalcin >172 ng/mL provided 40% sensitivity and 93% speci-
ficity in identification of infants with decreased BMC at 3 mo CA.
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Conclusion

Serum iPTH might to be a simple predictor of reduced BMC in preterm infants at term age,
but urinary phosphate excretion and serum osteocalcin might predict reduced BMC at 3 mo
CA. These results represent a promising diagnostic tool based on simple, widely available
biochemical measurements for bone mass assessment in preterm infants.

Introduction

Metabolic bone disease of prematurity (MBD) characterised by low bone mass still occurs in
preterm infants, although the significant improvement in neonatal care has been observed in
recent decades. The risk of MBD increases with decreasing gestational age and birth weight [1,
2], but the main etiological factor is insufficient Ca and/or P intake [3]. MBD is also more fre-
quent in premature babies on prolonged total parenteral nutrition, on mechanical ventilation
due to chronic lung disease, and after furosemide and steroid treatment [4]. However, MBD
can also result, at least in part, from insufficient mechanical stimulation for bone formation,
due to lower physical activity than in utero. Unfortunately, none of the single biochemical
parameters is universally accepted for the diagnosis of MBD in preterm infants. Measurements
of serum Ca, P, alkaline phosphatase (ALP), parathormon (PTH), urinary calcium or urinary
phosphate excretion are used in clinical practice or are proposed as screening tests of MBD in
preterm infants; however, the sensitivity and specificity of those tests are questionable [5-9].

The assessment of biochemical indices of bone formation and resorption is an important
methodological advance. Bone formation markers include products of collagen type I synthe-
sis: procollagen type I N-terminal and C-terminal propeptides (PINP and PICP), bone alkaline
phosphatase (b-ALP) and non-collagenous protein osteocalcin (OC). OC also plays an impor-
tant role in energy metabolism as a bone-derived hormone. Bone resorption markers mainly
comprise collagen type I degradation products: cross-linked N- and C-telopeptides (NTx and
CTx) [10, 11]. Additionally, C-type natriuretic peptide plays an essential role in bone and carti-
lage growth, while its stable product, amino-terminal propeptide of C-type natriuretic peptide
(NT-proCNP), serves as a growth plate activity marker [12]. Apart from biochemical assess-
ment, quantitative bone mass measurement is the most important. Dual-energy X-ray absorp-
tiometry (DXA) is the most accurate, precise and noninvasive technique for assessing bone
mass, but the effectiveness of this technique is limited in clinical practice [13, 14].

We hypothesised that the use of a complex algorithm based on clinical characteristic, bio-
chemical markers of Ca-P homeostasis and bone metabolism markers would facilitate the iden-
tification of preterm infants at risk of reduced bone mass. This selected group of preterm
infants might need special nutritional intervention and might require referral to a specialist
centre for bone mass assessment by DXA. The selection of high risk preterm infants using a
complex diagnostic approach might be useful in clinical practice.

Subjects and Methods
Subjects

The present study was designed as a prospective study of two cohorts of Caucasian preterm
infants born <34 weeks of postmenstrual age (PMA) to assessed Ca-P homeostasis, bone
metabolism and mineralisation between term age (40 weeks PMA) and 3 months corrected age
(CA). A total of 184 preterm infants admitted to the Neonatal Department (The Children’s
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Memorial Health Institute), Warsaw, Poland) were recruited between August 2004 and Febru-
ary 2008 (historical cohort), and between February 2011 and April 2013. Infants with major
congenital abnormalities, chromosomal abnormalities and inborn metabolic disorders were
excluded from the study. The study was conducted according to the guidelines laid down in the
Declaration of Helsinki, and all procedures involving patients were approved by the Ethics
Committee of The Children’s Memorial Health Institute. Written informed consent was
obtained from the parents of each participant.

Methods

Data on delivery characteristics (gestational age, weight and length at birth, multiple gestation)
and neonatal characteristics between birth and term age (duration of total parenteral nutrition,
type of feeding, time of mechanical ventilation, steroid treatment, diagnosis of bronchopulmon-
ary dysplasia (BPD) were extracted from the infants’ medical records. Clinical examination
(craniotabes—soft skull), anthropometric measurements (weight, length, head circumference)
biochemical analysis and bone mass measurements, were performed twice at term age (40 weeks
postmenstrual age) and at 3 mo corrected age (CA), so 3 mo post-term age. Body weight and
body length z- scores at birth and at term age were calculated according to the Fenton Preterm
Growth Chart [15].

Dual-Energy X-Ray Absorptiometry (DXA)

Total body bone mineral content (BMC, g), bone mineral density (BMD, g/cm2) and bone area
(BA, cm2) were measured by dual energy X-ray absorptiometry (Lunar Prodigy Advance, GE
Healthcare, Madison, United States) at term age and at 3 mo CA. DXA scans were obtained
during spontaneous sleep using special infant software provided by the manufacturer. Incom-
plete DXA scans or with severe movement artefacts were excluded from the statistical analysis.

Laboratory Measurements

At term age and at 3 mo CA, serum alkaline phosphatase activity (ALP) and calcium (Ca),
phosphate (P) and creatinine (Cr) levels were measured in blood and spot urine samples. Uri-
nary calcium to creatinine ratio (UCa/Cr), urinary phosphates to creatinine ratio (UP/Cr) and
tubular P reabsorption (TRP = [1-(UP/P)x(Cr/UCr)]x100%) were calculated. Total 25-hydro-
xyvitamin D level (250HD) was determined using an immunochemiluminescent method
(LIAISON, DiaSorin) with the intra- and inter-assay precision of <8% and <11%, respectively.
Intact PTH (iPTH) was assayed using an immunoradiometric kit (IRMA; CIS Bio Interna-
tional, Gif-Sur-Yvette Cedex, France) with inter-assay coefficients of variation (CVs) <7.5%.

For the evaluation of bone formation, serum OC and PINP levels were measured automati-
cally using chemiluminescence immunoassays (Elecsys; Roche Diagnostics, Poland). The intra-
and inter-assay CV's for OC were <4.0% and <6.5%, respectively, and for PINP were <2.9%
and <3.7%, respectively. For the evaluation of bone resorption, the concentration of serum
CTx was assayed automatically using chemiluminescence immunoassay. The intra- and inter-
assay CVs were <4.6% and <4.7%, respectively. The serum NT-proCNP level was measured
in duplicates using enzyme immunoassay (ELISA, Biomedica, Poland) with inter-assay CV
<9.0%.

Statistics

Lower bone mass was defined as BMC below or equal to respective median value for the whole
study group, rounded to the nearest whole number. Intergroup differences of continuous
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variables were verified with the Student t-test or the Mann-Whitney U-test. The significance of
associations between perinatal, clinical or laboratory parameters and lower bone mass was veri-
fied by univariate logistic regression analysis. Odds ratios (OR) for the co-occurrence of each
explanatory variable and bone mass deficiency were calculated, along with their 95% confi-
dence intervals (95% CI). The variables that showed significant associations with lower bone
mass on univariate analysis were subjected to multivariate logistic regression analysis. The vari-
ables that showed significant associations with lower bone mass on multivariate analysis were
subjected to ROC analysis. In the case of continuous variables, their cut-off values, character-
ised by the lowest error rate, were determined. The sensitivity and specificity of these cut-off
values were calculated, as well as the areas under the ROC curves (AUC) with their 95% CI.
Whenever more than one variable showed a significant association with lower BMC on multi-
variate analysis, the diagnostic accuracy of the composite measure including all these variables
was also tested by the ROC analysis. In such cases, the expected values from multivariate logis-
tic regression analysis were assessed. The AUC values for single explanatory variables and their
combinations were compared by means of the Z-test. All calculations were carried out with the
Statistica 10 package (StatSoft, USA), with the threshold of statistical significance set at

p < 0.05. The results are presented as the mean + SD, unless otherwise indicated.

Results

A total of 184 preterm infants born below 34 weeks of gestation were included in the study.
The final analysis was performed on 160 infants (87%) at term age and 130 infants (71%) at 3
mo corrected (CA) with acceptable DXA scans. The baseline clinical characteristics and bio-
chemical measurements of the study cohort and subgroups comparisons at term age are pre-
sented in Table 1.

Predictors of the Lower BMC at Term Age (~40 Weeks PMA)

When using a univariate logistic regression analysis to calculate OR and 95% CI, a significant
association between the lower BMC at term gestation and birth weight, intrauterine growth
retardation (z-score), gestational age, the diagnosis of bronchopulmonary dysplasia (BPD), the
duration of parenteral nutrition, body weight and length at DXA examination, the craniotabes,
and the iPTH level, serum Ca and ALP, were observed (Table 1). Craniotabes and ALP had the
strongest effect on the infants BMC (Table 1). However, in the multivariate logistic regression
analysis only a higher iPTH level remained a significant independent risk factor of the lower
BMC in preterm infants at term (OR 1.03, 95% CI 1.00-1.05, p = 0.041).

In the ROC analyses, the iPTH level was the best predictor of the lower BMC (< 49 g) at
term age. The area under the ROC curve (AUC) was 0.647 (95%CI 0.560-0.734) and the opti-
mal cut-off point for serum iPTH level was 43.6 pg/mL. At the iPTH level > 43.6 pg/mL, a sen-
sitivity of 39.7% and a specificity of 88.2% were obtained.

Predictors of Lower BMC at 3 Mo Corrected Age (CA)

Children with lower BMC (< 91 g) at 3 mo CA had a lower body weight and length, higher uri-
nary excretion (lower UP/Cr and higher TRP), and higher serum OC and PINP levels
(Table 2). However in the multivariate logistic regression analysis only lower urinary phos-
phate excretion (for UP/Cr: OR 0.63, 95%CI 0.01-0.32, p = 0.024; for TRP: OR 1.77, 95%CI
1.15-2.73, p = 0.009) and a higher serum OC level (OR 6.14, 95%CI 1.27-29.77, p = 0.022)
remained significant independent predictors of lower BMC in preterm infants at 3 mo CA.

In the ROC analyses, UP/Cr ratio, TRP, OC level and the composite algorithms had an
around 70% predictive value of the reduced BMC at 3 mo CA (Table 3). There were no
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Table 1. Baseline clinical characteristics and biochemical markers of study cohort of preterm infants and a comparison between infants with
lower bone mass (BMC < 49 g) and higher bone mass (BMC > 49 g) at term age (40 weeks postmenstrual age). (Data are presented as the
mean + SD or number (%). The statistically significant p value are < 0.05.).

Variable Total (n = 160) BMC<49g (n=83) BMC>49g (n =77) p—value Odds ratio (95%Cl)* p- value
At birth

Gestational age (wks) 28.4+2.51 28.1+2.43 29.0+2.57 0.015 0.87 (0.76-0.99) 0.030
Birth weight (g) 1139 + 365 1020 + 298 1287 + 382 <0.001 0.09 (0.03-0.29) <0.001
Birth weight z-score -0.02+0.86 -0.21 +1.00 0.21+0.63 0.008 0.54 (0.36-0.81) 0.003
Historical cohort (n) 115 (62.5%) 51 (61.4%) 43 (55.8%) 0.423 1.34 (0.71-2.53) 0.365
Gender: female (n) 84 (45.7%) 46 (56.6%) 32 (40.3%) 0.060 1.84 (0.98-3.46) 0.058
At term age (~40 weeks PMA)

BPD (n) 86 (46.7%) 43 (53.0%) 28 (35.1%) 0.109 1.97 (1.04-3.73) 0.036
Steroids (days) 1.65+4.10 1.42+3.34 0.91+2.21 0.230 1.07 (0.95-1.21) 0.270
Ventilation (days) 13.2+£17.2 14.7+£19.2 10.0+13.7 0.092 1.02 (1.00-1.04) 0.090
TPN (days) 21.3+16.8 23.6+17.7 16.1+11.4 0.002 1.04 (1.01-1.07) 0.004
Current age (wks) 11.7+2.94 12.1+3.01 11.4+2.93 0.154 1.01 (1.00-1.03) 0.178
PMA (wks) 40.2+1.92 40.1+£1.97 40.4+1.79 0.205 0.93 (0.79-1.10) 0.414
Weight (g) 3005 + 653 2783 + 550 3329 + 566 <0.001 0.09 (0.03-0.29) <0.001
Length (cm) 49.5+3.76 48.3+3.27 50.8+3.77 <0.001 0.81 (0.73-0.90) <0.001
BMC (g) 48.2+10.7 40.15 £ 6.51 56.9+6.81 <0.001 N/A N/A
BMD (g/cm2) 0.23+0.05 0.21+0.05 0.25 +0.05 <0.001 1.4-7- (1.1-10-1.7-4) <0.001
BA (cm2) 216+53.2 198 +£47.2 236 +52.6 <0.001 0.02 (0.01-0.13) <0.001
Craniotabes n (%) 36 (19.6%) 26 (33.3%) 8 (11.0%) 0.001 4.21 (1.74-10.14) 0.001
Serum Ca (mmol/L) 2.40+0.16 2.37+0.16 2.45+0.14 0.001 0.02 (0.00-0.25) 0.002
Serum P (mmol/L) 2.04+0.29 2.01+0.29 2.09+0.25 0.046 0.29 (0.08-1.02) 0.052
UCa/Crea (mg/mg) 0.97 £0.87 0.88+0.78 1.15+0.95 0.038 0.69 (0.47-1.01) 0.054
UP/Crea (mg/mg) 1.46+1.40 1.44 +1.37 1.30+1.17 0.800 1.09 (0.85—1.40) 0.479
TRP (%) 93.5+7.21 93.5 +6.46 94.9+5.02 0.438 0.96 (0.91-1.01) 0.142
ALP (U/L) 494 + 283 560 + 357 411 +£122 0.004 4.69 (1.79-12.28) 0.002
25-OHD (ng/mL) 43.0+29.2 44.1+30.6 4121223 0.983 1.00 (0.99-1.02) 0.496
iPTH (pg/mL) 39.5+46.5 44.3+42 1 247+14.8 0.002 1.03 (1.01-1.05) 0.001
OC (ng/mL) 151 +£61 162 + 69 146 + 52 0.210 1.62 (0.71-3.69) 0.246
CTx (ng/mL) 0.93+0.27 0.950.27 0.90 +0.26 0.249 2.09 (0.61-7.15) 0.235
PINP (ng/mL) 5753 + 1857 5966 + 1776 5494 + 1615 0.092 2.49 (0.83-7.43) 0.101
NTproCNP (pmol/L) 64.8+32.7 66.8 + 37.0 60.7 +28.4 0.653 1.01(0.99-1.02) 0.319

*The results of univariate logistic regression analysis. BPD-bronchopulmonary dysplasia, TPN- total parenteral nutrition, PMA—postmenstrual age, BMC-
bone mineral content, BMD- bone mineral density, BA- bone area, iPTH- intact parathormone, UCa/Cr—urinary calcium to creatinine ratio, UP/Cr—urinary
phosphates to creatinine ratio, TRP- tubular reabsorptiom of phoasphates, ALP- serum alkaline phosphatase activity, OC—serum osteocalcin, CTx- serum
carboxyterminal cross-linked telopeptide of type 1 collagen, PINP- serum procollagen type 1 N-terminal propeptide, NT-proCNP—-serum amino-terminal
propeptide of C-type natriuretic peptide, N/A- not applicable

doi:10.1371/journal.pone.0165727 1001

significant differences between the AUC of single and composite algorithms in the Z-test (data
not presented) (Fig 1.)

Discussion

The present prospective cohort study of preterm infants born at < 34 weeks gestation investi-
gated the clinical and biochemical parameters, including bone metabolism markers, as the
potential predictors of BMC in preterm infants up to 3 months corrected age. The clinical risk
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Table 2. A comparison of the clinical characteristics and biochemical markers of preterm infants with lower bone mass (BMC < 91 g) and higher
bone mass (BMC > 91 g) at 3 months corrected age (CA) and the results of univariate logistic regression analysis. (Data are presented as
mean + SD or number (%).The statistically significant p value are < 0.05.)

Variable Total (n = 130) BMC<91g (n=64) BMC>91g (n = 66) p value Odds ratio (95%Cl)* p value
At birth

Gestational age (wks) 28.7+2.47 28.8 £2.58 28.7+2.38 0.879 1.02 (0.89-1.17) 0.782
Birth weight (g) 1176 + 354 1129+ 317 1223 + 383 0.209 0.48 (0.16-1.48) 0.198
Birth weight z-score -0.01+0.86 -0.14+1.03 0.11+0.63 0.282 0.71 (0.46-1.07) 0.100
Historical cohort (n) 77 (59.2%) 34 (53.1%) 43 (65.2%) 0.212 0.61 (0.30-1.24) 0.164
Gender: female (n) 62 (47.7%) 35 (54.7%) 27 (40.9%) 0.160 1.74 (0.86-3.52) 0.117
At term age (~40 weeks PMA)

BPD (n) 57 (43.9%) 27 (42.2%) 30 (45.5%) 0.727 0.88 (0.44—1.76) 0.707
Steroids (days) 1.70+4.35 2.11+5.39 1.30+3.05 0.274 1.05 (0.96-1.14) 0.303
Ventilation (days) 11.8+16.9 10.8+14.4 12.8+19.1 0.623 0.99 (0.97-1.01) 0.505
TPN (days) 19.7+15.5 19.7+17.1 19.7+14.0 0.849 1.00 (0.97-1.03) 0.996
Baseline iPTH (pg/mL) 33.8+35.2 32.7+34.0 34.9%36.5 0.246 1.00 (0.99-1.01) 0.718
At 3 mo corrected age

Current age (wks) 24.2+3.07 24.0+3.34 24.6+2.81 0.307 0.99 (0.98-1.01) 0.308
PMA (weeks) 52.9 +1.50 52.7 +1.64 53.2+1.33 0.160 0.82 (0.64-1.05) 0.107
Weight (g) 5534 + 945 5210 £ 722 5849 + 1031 <0.001 0.02 (0.00-0.19) 0.001
Length(cm) 60.1+3.85 58.8 + 3.53 61.33+3.77 <0.001 0.83(0.74-0.92) <0.001
BMC (g) 95.3+29.8 73.4+125 117 £ 26 <0.001 N/A N/A
BMD (g/m2) 0.38 +0.07 0.38 +0.04 0.37 +0.09 0.787 1.99 (0.01-287) 0.785
BA (m2) 269 + 125 195+ 30.2 340+ 139 <0.001 1.21-6 (1.72-9-8.8-4) p<0.001
Craniotabes, n (%) 23(17.7%) 13 (21%) 10 (15.9%) 0.493 1.44 (0.57-3.61) 0.437
Serum Ca (mmol/L) 2.56 +0.11 2.55+0.09 2.57+0.13 0.375 0.27 (0.01-7.10) 0.425
Serum P (mmol/L) 2.04+£0.20 2.01+0.20 2.08+0.20 0.136 0.18 (0.03-1.18) 0.070
UCa/Cr (mg/mg) 0.49+0.42 0.49+0.45 0.45 +0.41 0.728 1.07 (0.47-2.46) 0.863
UP/Cr (mg/mg) 1.09+1.12 0.81+0.86 1.37+1.28 <0.001 0.55 (0.35-0.86) 0.009
TRP (%) 95.6+5.32 97.0+2.97 94.3+6.63 <0.001 1.21 (1.07-1.38) 0.002
ALP (U/L) 423 +122 426 +127 419+118 0.838 1.12(0.33-3.86) 0.853
25-OHD (ng/mL) 45.4+25.6 48.9+32.7 41.8+15.0 0.950 1.01 (1.00-1.03) 0.123
PTH (pg/mL) 22.6 +23.0 24.6+27.3 20.5+17.4 0.426 1.01(0.99-1.03) 0.348
OC (ng/mL) 140 +54.2 158 +64.2 120 +32.0 0.001 9.72 (2.54-37.18) 0.001
CTx (ng/mL) 0.82+0.21 0.85+0.22 0.79+0.18 0.081 4.06 (0.59-27.73) 0.149
PINP (ng/mL) 3143+ 870 3310+ 942 2973 + 760 0.047 3.69 (0.88-15.52) 0.071
NT-proCNP (pmol/L) 42.9+18.0 43.2+16.4 42.49+19.6 0.672 1.00 (0.98-1.03) 0.843

*The results of univariate logistic regression analysis. BPD-bronchopulmonary dysplasia, TPN- total parenteral nutrition, PMA—postmenstrual age, BMC-
bone mineral content, BMD- bone mineral density, BA- bone area, iPTH- serum intact parathormone, UCa/Cr—urinary calcium to creatinine ratio in the spot
urine sample, UP/Cr—urinary phosphate to creatinine ratio in the spot urine sample, TRP- tubular reabsorption of phosphate, ALP- serum alkaline
phosphatase activity, OC—serum osteocalcin, CTx- serum carboxyterminal cross-linked telopeptide of type 1 collagen, PINP- serum procollagen type 1 N-
terminal propeptide, NT-proCNP—-serum amino-terminal propeptide of C-type natriuretic peptide, N/A- not applicable

doi:10.1371/journal.pone.0165727.t1002

factors of the reduced BMC are commonly encountered in a pathogenesis of MBD. In our
study we again confirmed that low gestational age and low birth weight increased the risk of
BMD. Indisputably, the frequency of BMD is inversely related to gestational age and birth
weight [4, 13, 16, 17]. The long-term consequences of birth weight on BMC should be also
underlined. A positive association between birth weight and bone mass was clear among the
children, but was unclear among adolescents and weak among adults [18, 19]. Infants born
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Table 3. The predictors of lower bone mass (BMC <91 g) in 130 preterm infants at 3 corrected age in the ROC analysis.

Parameter* Cut-off Sensitivity Specificity AUC (-)95%ClI (+)95%ClI
UP/Cr (mg/mg) <0.74 0.635 0.750 0.682 0.588 0.776
TRP (%) >97 0.613 0.719 0.687 0.594 0.780
OC (pg/dL) >172 0.382 0.926 0.685 0.586 0.784
UP/Cr (mg/mg) and OC (pg/dL) UP/Cr <0.74,0C >172 0.407 0.925 0.682 0.581 0.782
TRP (%) and OC (pg/dL) TRP >97; OC >172 0.396 0.943 0.660 0.600 0.789

*UP/Cr—urinary phosphates to creatinine ratio in the spot urine sample, TRP- tubular reabsorptiom of phosphates, OC—serum osteocalcin, AUC- area
under the ROC curve

doi:10.1371/journal.pone.0165727.t003

small for their gestational age are also at a higher risk of MBD, and reduced BMC which might
persist up to 6 mo CA or even longer [17, 20]. However, in our study the impact of intrauterine
growth retardation on BMC is seen only at term—not at 3 mo CA. This difference might be
related to the lower percentage of small-for-gestational-age infants in our study. In agreement
with other studies we confirmed that total parenteral nutrition is a risk factor in reduced BMC
[4, 17, 21]. By contrast, there are conflicting results about the possible influence of the diagnosis
of bronchopulmonary dysplasia (BPD) and postnatal steroid treatment on bone mass in pre-
term infants. Our data suggests that the diagnosis of BPD increases the risk of reduced BMC at
term age by 1.97 (95%CI: 1.04-3.73). An association between BPD and MBD was also reported
in populations with a high BPD rate but not in populations with a low BPD rate [4, 17, 22].
The diagnosis of BPD might be associated with steroids and diuretic treatment and a longer
duration of mechanical ventilation, which are also reported as MBD risk factors [4, 17]. We
found no effect of mechanical ventilation and steroids on BMC in our study; nevertheless,
short steroid courses were preferred during the study period. Additionally, we found that cra-
niotabes increased the risk of lower BMC by 4 times; however, it was present in only 34% of the
infants with lower BMC. Craniotabes might be a clinical sign of bone demineralisation due to
calcium, phosphate or vitamin D deficiency, but of limited diagnostic accuracy [23, 24].

There is a lack of one precise biochemical marker of MBD in preterm infants available in
clinical practice [5]. Despite that, the diagnosis of MBD is based almost universally in the US
on an elevated ALP [7], although there is no general cut-off ALP level [6, 7, 17, 25]. We should
bear in mind that an ALP level of > 600 IU/L is very common in extremely low birth weight
infants, therefore the serum ALP might not be a suitable diagnostic tool for such an immature
group of preterm infants [16]. Additionally, Faerk et al. did not find any correlation between
ALP and BMC assessed by DXA at term gestation [26]. In our study a higher ALP level
increases the risk of lower BMC by 4 times at term age, but was not a significant predictor of
lower BMC in the multivariate logistic regression analysis or the ROC analysis. In contrast to
ALP, the iPTH level so far was not widely validated as a biochemical marker of MBD in pre-
term infants. In our study, the iPTH level of > 43.6 pg/dL appeared as a predictor of lower
BMC at term age, but not at 3 mo CA. Interestingly, van de Lagemmat et al. found a negative
association between iPTH and BMC that persisted up to 6 mo CA, although all infants had a
normal iPTH level [27]. On the other hand, 82% of extremely low birth weight infants with
confirmed MBD by X-ray examination had an elevated iPTH level [28]. It should be under-
lined that an X- ray examination is relatively insensitive and bone mass might be decreased [5]
by at least 30-40% at the time of diagnosis of MBD, while DXA seems to be the most accurate
and precise technique for assessing bone mineralisation in preterm infants [13, 29, 30]. It is
more likely that an elevated iPTH level in our patients resulted rather from insufficient calcium
intake/absorption than their vitamin D status, insofar as we found less serum calcium in the
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Fig 1. ROC curves for predicting reduced BMC in preterm infants at 3 mo CA. UP/Cr ratio—urinary phosphate to
creatinine ratio in the spot urine sample, TRP—tubular reabsorption of phosphate, OC—serum osteocalcin.
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lower BMC group, while there were no differences in the serum 250HD level between the
groups. A decreasing iPTH level during oral calcium supplementation means a higher proba-
bility of calcium deficiencyin preterm infants with an elevated iPTH [28, 31]. On the other
hand, a higher vitamin D intake in preterm infants fed mineral-enriched postdischarge formula

PLOS ONE | DOI:10.1371/journal.pone.0165727 November 2, 2016 8/13



@° PLOS | ONE

The Predictors of Bone Mass in Preterm Infants

is associated with increased bone accretion. Nutritional intervention (increased Ca and vitamin
D intake) can suppress PTH synthesis and bone resorption and can improve bone mineralisa-
tion. Therefore, an early identification of patients with elevated iPTH could improve the out-
come. An iPTH level assessment during hospitalisation might to be an easy and inexpensive
diagnostic tool for preterm infants with suspected MBD. However, the question arises of why
the iPTH level is not a more important predictor of reduced BMC at 3 mo CA. A decreasing
iPTH level between term age and 3 mo CA might be caused by decreasing needs for calcium
and a better proportion between dietary supply and demand when preterm infants reach term
age.

In the light of the limitation of single predictors of MBD, our approach to the diagnosis of
MBD based on a combination of several factors, including bone formation and resorption
markers, seems to be more encouraging. Bone formation (OC, PINP) and resorption indices
(CTx), as well as a growth plate activity marker (NT-proCNP), were higher in the group of pre-
term infants with lower BMC both at term (BMC < 49 g) and 3 mo after (BMC < 91 g); how-
ever, only OC and PINP reached statistical significance. Increased bone turnover was
previously reported in preterm infants, especially those with MBD [32-34]. The higher bone
metabolism in the lower BMC group might be compensatory. The reduced BMC group, at
baseline as well as at 3 mo CA, was characterised by longer steroid usage. Glucocorticoid treat-
ment is associated with higher bone turnover in preterm infants [35, 36]. The concentrations
of bone metabolism markers were independent at the 250HD level, which was similar between
groups. OC alone or together with UP/Cr and TRP seem to be very specific predictors of
reduced bone mass in preterm infants at 3 mo CA. OC s a particular marker of bone forma-
tion. Serum OC level represents osteoblast metabolic activity and mineral deposition, but is
also derived from bone during osteoclast activity. Therefore, OC can serve rather as a marker
of bone turnover [37]. An increasing amount of data indicates that OC is an endocrine hor-
mone which regulates energy metabolism, male fertility and brain development [38]. Our data
points to OC’s being the best predictor of MBD from evaluated markers of bone metabolism.
This phenomenon is independent of vitamin D status (a lack of correlation between OC and
250HD at 3 mo CA; data not shown). Concentrations of OC might be related to skeletal size
and body weight [39, 40]. We noted a correlation between OC and body length at 3 mo CA
(but not body weight); however, this correlation was weak and negative (R =-0.224, p = 0.016;
data not shown). This correlation corresponded with an observed OC level decrease and body
length increase during the study period. Nevertheless, serum OC level, CTx, PINP do not cor-
relate with BMD in children with clinical bone fragility [41, 42]. Similarly, Litmanovitz et al.
found that changes in the biochemical markers could not predict the changes in bone strength
assessed by quantitative ultrasound [43]. We should bear in mind that MBD might be a mix-
ture of increased bone resorption and decreased bone formation, together with insufficient
bone matrix mineralisation. DXA is generally accepted as an accurate and precise non-invasive
technique for assessing bone mineralisation [13], whereas new bone formation might not be
necessarily followed by bone mineralisation in cases of insufficient supply. Nutritional inter-
vention improved BMC, while a physical activity programme might improve not only BMC
but also bone formation, and might reduce bone resorption [13, 44-48].

Unfortunately, the problem of MBD still exists despite improvements in neonatal care.
From the clinical point of view the major concern is the lack of a sensitive, widely accessible
biochemical marker of MBD. We tried to build a precise diagnostic tool for MBD taking into
account the clinical and biochemical measurements. The strength of the study is the wide
range of the analysed biochemical markers including calcium, phosphate, ALP, iPTH, 250HD
and bone metabolism markers such as PINP, NTproCNP, CTx and OC. Bone metabolism
markers were measured automatically in serum by modern tests with a higher precision than
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was reported for manual measurements, especially in urine samples [40]. An additional impor-
tant strength of the study is use of the most precise tool of bone mass assessment (DXA) in pre-
term infants. However, this study also had some limitations. First, we did not assess all possible
clinical determinants of bone mass in preterm infants, including diet due to diversity in enteral
nutrition during hospitalisation. Additionally we did not analyse Ca and P intake from paren-
teral nutrition, which can have an influence on BMC. Furthermore, we did not assess biochem-
ical parameters before 40 weeks PMA. Finally, an extrapolation of our results into the overall
population might be biased by the study population recruited in a tertiary neonatal care unit
with no maternity unit (only external deliveries).

In conclusion, the serum iPTH might to be a predictor of reduced BMC at term age in pre-
term infants, whereas urinary phosphate excretion (UP/Cr or TRP) and serum OC might pre-
dict lower BMC at 3 mo CA. In our view these results represent a promising diagnostic tool
based on simple, widely available biochemical measurements for bone mass assessment in pre-
term infants.

Acknowledgments

We thank Barbara Parafiniuk for the serum 250HD level measurements, Halina Matusik and
Maria Kobylinska for the DXA measurements and the clinical staff of Department of Neona-

taology and Neonatal Intensive Care for providing assistance in participants’ assessment, and
the responsible nurses for blood and urine sample collection.

Author Contributions

Conceptualization: JCK.

Formal analysis: JCK ECK JM.

Funding acquisition: JCK AD.

Investigation: JCK ECK PP M] AL KG KZ KP.
Methodology:JCK PP MJ.

Project administration: JCK.

Supervision: JCK AD.

Writing - original draft: JCK ECK PP MJ.

Writing - review & editing: JCK ECK PP MJ AL KG KZ KP AD.

References

1. Backstrom MC, Méaki R, Kuusela AL, Sievanen H, Koivisto AM, Ikonen RS, et al. Randomised con-
trolled trial of vitamin D supplementation on bone density and biochemical indices in preterm infants.
Arch Dis Child Fetal Neonatal Ed. 1999; 80(3):F161-6. PMID: 10212074

2. Pieltain C, de Halleux V, Senterre T, Rigo J. Prematurity and bone health. World Rev Nutr Diet. 2013;
106:181-8. doi: 10.1159/000342680 PMID: 23428699

3. ChristmannV, de Grauw AM, Visser R, Matthijsse RP, van Goudoever JB, van Heijst AF. Early postna-
tal calcium and phosphorus metabolism in preterm infants. J Pediatr Gastroenterol Nutr. 2014; 58
(4):398-403. doi: 10.1097/MPG.0000000000000251 PMID: 24253367

4. Viswanathan S, Khasawneh W, McNelis K, Dykstra C, Amstadt R, Super DM, et al. Metabolic bone dis-
ease: a continued challenge in extremely low birth weight infants. JPEN J Parenter Enteral Nutr. 2014;
38(8):982-90. doi: 10.1177/0148607113499590 PMID: 23963689

PLOS ONE | DOI:10.1371/journal.pone.0165727 November 2, 2016 10/13


http://www.ncbi.nlm.nih.gov/pubmed/10212074
http://dx.doi.org/10.1159/000342680
http://www.ncbi.nlm.nih.gov/pubmed/23428699
http://dx.doi.org/10.1097/MPG.0000000000000251
http://www.ncbi.nlm.nih.gov/pubmed/24253367
http://dx.doi.org/10.1177/0148607113499590
http://www.ncbi.nlm.nih.gov/pubmed/23963689

@° PLOS | ONE

The Predictors of Bone Mass in Preterm Infants

10.

1.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24.

Visser F, Sprij AJ, Brus F. The validity of biochemical markers in metabolic bone disease in preterm
infants: a systematic review. Acta Paediatr. 2012; 101(6):562—8. doi: 10.1111/j.651-2227.012.02626.x
Epub 2012 Mar 6. PMID: 22313336

Hung YL, Chen PC, Jeng SF, Hsieh CJ, Peng SS, Yen RF, et al. Serial measurements of serum alka-
line phosphatase for early prediction of osteopaenia in preterm infants. J Paediatr Child Health. 2011;
47(3):134-9. doi: 10.1111/}.440-754.2010.01901.x Epub 2010 Nov 21. PMID: 21091586

Kelly A, Kovatch KJ, Garber SJ. Metabolic bone disease screening practices among U.S. neonatolo-
gists. Clin Pediatr (Phila). 2014; 53(11):1077-83.

Harrison CM, Johnson K, McKechnie E. Osteopenia of prematurity: a national survey and review of
practice. Acta Paediatr. 2008; 97(4):407—13. doi: 10.1111/j.1651-2227.2007.00721.x PMID:
18363949

Staub E, Wiedmer N, Staub LP, Nelle M, von Vigier RO. Monitoring of urinary calcium and phosphorus
excretion in preterm infants: comparison of 2 methods. J Pediatr Gastroenterol Nutr. 2014; 58(4):404—
8. doi: 10.1097/MPG.0000000000000244 PMID: 24253368

van de Lagemaat M, van der Veer E, van Weissenbruch MM, Lafeber HN, Rotteveel J. Procollagen
type | N-terminal peptide in preterm infants is associated with growth during the first six months post-
term. Clin Endocrinol (Oxf). 2014.

Lapillonne A, Picaud JC, Glorieux FH, Salle BL. Bone turnover assessment in infants. Acta Paediatr.
2000; 89(7):772—4. PMID: 10943955

Prickett TC, Dixon B, Frampton C, Yandle TG, Richards AM, Espiner EA, et al. Plasma amino-terminal
pro C-type natriuretic Peptide in the neonate: relation to gestational age and postnatal linear growth. J
Clin Endocrinol Metab. 2008; 93(1):225-32. doi: 10.1210/jc.2007-1815 PMID: 17971429

Rigo J, De Curtis M, Pieltain C, Picaud JC, Salle BL, Senterre J. Bone mineral metabolism in the micro-
premie. Clin Perinatol. 2000; 27(1):147-70. PMID: 10690569

Picaud JC, Lapillonne A, Pieltain C, Reygrobellet B, Claris O, Salle BL, et al. Software and scan acqui-
sition technique-related discrepancies in bone mineral assessment using dual-energy X-ray absorpti-
ometry in neonates. Acta Paediatr. 2002; 91(11):1189-93. PMID: 12463317

Fenton TR, Kim JH. A systematic review and meta-analysis to revise the Fenton growth chart for pre-
term infants. BMC Pediatrics. 2013; 13(1):1-13.

Mitchell SM, Rogers SP, Hicks PD, Hawthorne KM, Parker BR, Abrams SA. High frequencies of ele-
vated alkaline phosphatase activity and rickets exist in extremely low birth weight infants despite cur-
rent nutritional support. BMC Pediatr. 2009; 9:47. doi: 10.1186/1471-2431-9-47 PMID: 19640269

Figueras-Aloy J, Alvarez-Dominguez E, Perez-Fernandez JM, Moretones-Sunol G, Vidal-Sicart S,
Botet-Mussons F. Metabolic bone disease and bone mineral density in very preterm infants. J Pediatr.
2014; 164(3):499-504. doi: 10.1016/j.jpeds.2013.10.089 PMID: 24331689

Baird J, Kurshid MA, Kim M, Harvey N, Dennison E, Cooper C. Does birthweight predict bone mass in
adulthood? A systematic review and meta-analysis. Osteoporos Int. 2011; 22(5):1323-34. doi: 10.
1007/s00198-010-1344-9 PMID: 20683711

Martinez-Mesa J, Restrepo-Mendez MC, Gonzalez DA, Wehrmeister FC, Horta BL, Domingues MR,
et al. Life-course evidence of birth weight effects on bone mass: systematic review and meta-analysis.
Osteoporos Int. 2013; 24(1):7-18. Epub 2012 Aug 29. doi: 10.1007/s00198-012-2114-7 PMID:
22930242

van de Lagemaat M, Rotteveel J, van Weissenbruch MM, Lafeber HN. Small-for-gestational-age pre-
term-born infants already have lower bone mass during early infancy. Bone. 2012; 51(3):441-6. doi:
10.1016/j.bone.2012.06.017 PMID: 22750451

Routine administration of vitamin K to newborns. Joint position paper of the Canadian Paediatric Soci-
ety and the Committee on Child and Adolescent Health of the College of Family Physicians of Canada.
Can Fam Physician. 1998; 44:1083-90. PMID: 9612592

Lee SM, Namgung R, Park MS, Eun HS, Park Kl, Lee C. High incidence of rickets in extremely low
birth weight infants with severe parenteral nutrition-associated cholestasis and bronchopulmonary dys-
plasia. J Korean Med Sci. 2012; 27(12):1552-5. doi: 10.3346/jkms.2012.27.12.1552 Epub 2012 Dec
7. PMID: 23255857

Yorifuji J, Yorifuji T, Tachibana K, Nagai S, Kawai M, Momoi T, et al. Craniotabes in normal newborns:
The earliest sign of subclinical vitamin D deficiency. Journal of Clinical Endocrinology & Metabolism.
2008:1784-8.

Czech-Kowalska J, Gruszfeld D, Jaworski M, Bulsiewicz D, Latka-Grot J, Pleskaczynska A, et al.
Determinants of Postpartum Vitamin D Status in the Caucasian Mother-Offspring Pairs at a Latitude of
52 degrees N: A Cross-Sectional Study. Ann Nutr Metab. 2015; 67(1):33—41. doi: 10.1159/000437099
PMID: 26227305

PLOS ONE | DOI:10.1371/journal.pone.0165727 November 2, 2016 11/183


http://dx.doi.org/10.1111/j.651-2227.012.02626.x
http://www.ncbi.nlm.nih.gov/pubmed/22313336
http://dx.doi.org/10.1111/j.440-754.2010.01901.x
http://www.ncbi.nlm.nih.gov/pubmed/21091586
http://dx.doi.org/10.1111/j.1651-2227.2007.00721.x
http://www.ncbi.nlm.nih.gov/pubmed/18363949
http://dx.doi.org/10.1097/MPG.0000000000000244
http://www.ncbi.nlm.nih.gov/pubmed/24253368
http://www.ncbi.nlm.nih.gov/pubmed/10943955
http://dx.doi.org/10.1210/jc.2007-1815
http://www.ncbi.nlm.nih.gov/pubmed/17971429
http://www.ncbi.nlm.nih.gov/pubmed/10690569
http://www.ncbi.nlm.nih.gov/pubmed/12463317
http://dx.doi.org/10.1186/1471-2431-9-47
http://www.ncbi.nlm.nih.gov/pubmed/19640269
http://dx.doi.org/10.1016/j.jpeds.2013.10.089
http://www.ncbi.nlm.nih.gov/pubmed/24331689
http://dx.doi.org/10.1007/s00198-010-1344-9
http://dx.doi.org/10.1007/s00198-010-1344-9
http://www.ncbi.nlm.nih.gov/pubmed/20683711
http://dx.doi.org/10.1007/s00198-012-2114-7
http://www.ncbi.nlm.nih.gov/pubmed/22930242
http://dx.doi.org/10.1016/j.bone.2012.06.017
http://www.ncbi.nlm.nih.gov/pubmed/22750451
http://www.ncbi.nlm.nih.gov/pubmed/9612592
http://dx.doi.org/10.3346/jkms.2012.27.12.1552
http://www.ncbi.nlm.nih.gov/pubmed/23255857
http://dx.doi.org/10.1159/000437099
http://www.ncbi.nlm.nih.gov/pubmed/26227305

@° PLOS | ONE

The Predictors of Bone Mass in Preterm Infants

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

Backstrom MC, Kouri T, Kuusela AL, Sievanen H, Koivisto AM, Ikonen RS, et al. Bone isoenzyme of
serum alkaline phosphatase and serum inorganic phosphate in metabolic bone disease of prematurity.
Acta Paediatr. 2000; 89(7):867—73. PMID: 10943972

Faerk J, Peitersen B, Petersen S, Michaelsen KF. Bone mineralisation in premature infants cannot be
predicted from serum alkaline phosphatase or serum phosphate. Arch Dis Child Fetal Neonatal Ed.
2002; 87(2):F133-6. doi: 10.1136/fn.87.2.F133 PMID: 12193522

van de Lagemaat M, Rotteveel J, Schaafsma A, van Weissenbruch MM, Lafeber HN. Higher vitamin D
intake in preterm infants fed an isocaloric, protein- and mineral-enriched postdischarge formula is
associated with increased bone accretion. J Nutr. 2013; 143(9):1439-44. doi: 10.3945/jn.113.178111
PMID: 23902955

Moreira A, February M, Geary C. Parathyroid hormone levels in neonates with suspected osteopenia.
J Paediatr Child Health. 2013; 49(1):E12—6. Epub 2013 Jan 7. doi: 10.1111/jpc.12052 PMID:
23293851

Rigo J, Nyamugabo K, Picaud JC, Gerard P, Pieltain C, De Curtis M. Reference values of body compo-
sition obtained by dual energy X-ray absorptiometry in preterm and term neonates. J Pediatr Gastroen-
terol Nutr. 1998; 27(2):184-90. PMID: 9702651

Gilsanz V. Assessment of bone mass development during childhood and adolescence by quantitative
imaging techniques. In: Bonjour J, Tsang R, editors. Nutrition and bone development. Nestle Nutrition
Workshop Series. 41. Philadelphia: Vevey/Lippincott-Raven; 1999. p. 147-64.

Lothe A, Sinn J, Stone M. Metabolic bone disease of prematurity and secondary hyperparathyroidism.
Journal of Paediatrics and Child Health. 2011; 47(8):550-3. doi: 10.1111/j.1440-1754.2011.02019.x
PMID: 21392146

Beyers N, Alheit B, Taljaard JF, Hall JM, Hough SF. High turnover osteopenia in preterm babies.
Bone. 1994; 15(1):5-13. PMID: 8024851

Naylor KE, Eastell R, Shattuck KE, Alfrey AC, Klein GL. Bone turnover in preterm infants. Pediatr Res.
1999; 45(3):363—6. doi: 10.1203/00006450-199903000-00012 PMID: 10088655

Tsukahara H, Takeuchi M, Fujisawa K, Miura M, Hata K, Yamamoto K, et al. High-turnover osteopenia
in preterm infants: determination of urinary pyridinium cross-links of collagen. Metabolism. 1998; 47
(3):333-5. PMID: 9500572

Crofton PM, Shrivastava A, Wade JC, Stephen R, Kelnar CJH, McIntosh N, et al. Effects of dexameth-
asone treatment on bone and collagen turnover in preterm infants with chronic lung disease. Pediatr
Res. 2000; 48(2):155—-62. doi: 10.1203/00006450-200008000-00007 PMID: 10926289

Ng PC, Lam CW, Wong GW, Lee CH, Cheng PS, Fok TF, et al. Changes in markers of bone metabo-
lism during dexamethasone treatment for chronic lung disease in preterm infants. Arch Dis Child Fetal
Neonatal Ed. 2002; 86(1):F49-54. doi: 10.1136/fn.86.1.F49 PMID: 11815549

Neve A, Corrado A, Cantatore FP. Osteocalcin: skeletal and extra-skeletal effects. J Cell Physiol.
2013; 228(6):1149-53. doi: 10.1002/jcp.24278 PMID: 23139068

Zoch ML, Clemens TL, Riddle RC. New insights into the biology of osteocalcin. Bone. 2016; 82:42-9.
doi: 10.1016/j.bone.2015.05.046 PMID: 26055108

Tuchman S, Thayu M, Shults J, Zemel BS, Burnham JM, Leonard MB. Interpretation of biomarkers of
bone metabolism in children: impact of growth velocity and body size in healthy children and chronic
disease. J Pediatr. 2008; 153(4):484—90. doi: 10.1016/j.jpeds.2008.04.028 PMID: 18555484

Szulc P, Seeman E, Delmas PD. Biochemical measurements of bone turnover in children and adoles-
cents. Osteoporos Int. 2000; 11(4):281-94. doi: 10.1007/s001980070116 PMID: 10928217

Bowden SA, Akusoba Cl, Hayes JR, Mahan JD. Biochemical markers of bone turnover in children with
clinical bone fragility. J Pediatr Endocrinol Metab. 2016.

van der Sluis IM, Hop WC, van Leeuwen JP, Pols HA, de Muinck Keizer-Schrama SM. A cross-sec-
tional study on biochemical parameters of bone turnover and vitamin d metabolites in healthy dutch
children and young adults. Horm Res. 2002; 57(5—6):170-9. PMID: 12053089

Litmanovitz |, Dolfin T, Regev R, Aron S, Friedland O, Shainkin-Kestenbaum R, et al. Bone turnover
markers and bone strength during the first weeks of life in very low birth weight premature infants. J
Perinat Med. 2004; 32(1):58-61. doi: 10.1515/JPM.2004.010 PMID: 15008388

Rigo J, Pieltain C, Salle B, Senterre J. Enteral calcium, phosphate and vitamin D requirements and
bone mineralization in preterm infants. Acta Paediatr. 2007; 96(7):969-74. doi: 10.1111/j.1651-2227.
2007.00336.x PMID: 17577338

van de Lagemaat M, Rotteveel J, van Weissenbruch MM, Lafeber HN. Increased gain in bone mineral
content of preterm infants fed an isocaloric, protein-, and mineral-enriched postdischarge formula. Eur
J Nutr. 2013; 52(7):1781-5. doi: 10.1007/s00394-012-0481-7 PMID: 23247928

PLOS ONE | DOI:10.1371/journal.pone.0165727 November 2, 2016 12/183


http://www.ncbi.nlm.nih.gov/pubmed/10943972
http://dx.doi.org/10.1136/fn.87.2.F133
http://www.ncbi.nlm.nih.gov/pubmed/12193522
http://dx.doi.org/10.3945/jn.113.178111
http://www.ncbi.nlm.nih.gov/pubmed/23902955
http://dx.doi.org/10.1111/jpc.12052
http://www.ncbi.nlm.nih.gov/pubmed/23293851
http://www.ncbi.nlm.nih.gov/pubmed/9702651
http://dx.doi.org/10.1111/j.1440-1754.2011.02019.x
http://www.ncbi.nlm.nih.gov/pubmed/21392146
http://www.ncbi.nlm.nih.gov/pubmed/8024851
http://dx.doi.org/10.1203/00006450-199903000-00012
http://www.ncbi.nlm.nih.gov/pubmed/10088655
http://www.ncbi.nlm.nih.gov/pubmed/9500572
http://dx.doi.org/10.1203/00006450-200008000-00007
http://www.ncbi.nlm.nih.gov/pubmed/10926289
http://dx.doi.org/10.1136/fn.86.1.F49
http://www.ncbi.nlm.nih.gov/pubmed/11815549
http://dx.doi.org/10.1002/jcp.24278
http://www.ncbi.nlm.nih.gov/pubmed/23139068
http://dx.doi.org/10.1016/j.bone.2015.05.046
http://www.ncbi.nlm.nih.gov/pubmed/26055108
http://dx.doi.org/10.1016/j.jpeds.2008.04.028
http://www.ncbi.nlm.nih.gov/pubmed/18555484
http://dx.doi.org/10.1007/s001980070116
http://www.ncbi.nlm.nih.gov/pubmed/10928217
http://www.ncbi.nlm.nih.gov/pubmed/12053089
http://dx.doi.org/10.1515/JPM.2004.010
http://www.ncbi.nlm.nih.gov/pubmed/15008388
http://dx.doi.org/10.1111/j.1651-2227.2007.00336.x
http://dx.doi.org/10.1111/j.1651-2227.2007.00336.x
http://www.ncbi.nlm.nih.gov/pubmed/17577338
http://dx.doi.org/10.1007/s00394-012-0481-7
http://www.ncbi.nlm.nih.gov/pubmed/23247928

o @
@ ’ PLOS | ONE The Predictors of Bone Mass in Preterm Infants

46. Moyer-Mileur LJ, Brunstetter V, McNaught TP, Gill G, Chan GM. Daily physical activity program
increases bone mineralization and growth in preterm very low birth weight infants. Pediatrics. 2000;
106(5):1088—92. PMID: 11061779

47. Aly H, Moustafa MF, Hassanein SM, Massaro AN, Amer HA, Patel K. Physical activity combined with
massage improves bone mineralization in premature infants: a randomized trial. J Perinatol. 2004; 24
(5):305-9. doi: 10.1038/sj.jp.7211083 PMID: 15071483

48. Vignochi CM, Silveira RC, Miura E, Canani LH, Procianoy RS. Physical therapy reduces bone resorp-
tion and increases bone formation in preterm infants. Am J Perinatol. 2012; 29(8):573-8. doi: 10.1055/
5-0032-1310520 PMID: 22773291

PLOS ONE | DOI:10.1371/journal.pone.0165727 November 2, 2016 13/13


http://www.ncbi.nlm.nih.gov/pubmed/11061779
http://dx.doi.org/10.1038/sj.jp.7211083
http://www.ncbi.nlm.nih.gov/pubmed/15071483
http://dx.doi.org/10.1055/s-0032-1310520
http://dx.doi.org/10.1055/s-0032-1310520
http://www.ncbi.nlm.nih.gov/pubmed/22773291

