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Abstract

Background

Imaging for osteoporosis has two major aims, first, to identify the presence of low bone
mass (osteopenia), and second, to quantify bone mass using semiquantitative (conventional
radiography) or quantitative (densitometry) methods. In young children, densitometry is
hampered by the lack of reference values, and high-quality radiographs still play a role
although the evaluation of osteopenia as a marker for osteoporosis is subjective and based
on personal experience. Medical experts questioned in court over child abuse, often refer to
the literature and state that 20-40% loss of bone mass is warranted before osteopenia
becomes evident on radiographs. In our systematic review, we aimed at identifying evidence
underpinning this statement. A secondary outcome was identifying normal references for
cortical thickness of the skeleton in infants born term, < 2 years of age.

Methods

We undertook systematic searches in Medline, Embase and Svemed+, covering 1946—
2020. Unpublished material was searched in Clinical trials and International Clinical Trials
Registry Platform (ICTRP). Both relevant subject headings and free text words were used
for the following concepts: osteoporosis or osteopenia, radiography, children up to 6 years.

Results

A total 5592 publications were identified, of which none met the inclusion criteria for the pri-
mary outcome; the degree of bone loss warranted before osteopenia becomes visible radio-
graphically. As for the secondary outcome, 21 studies were identified. None of the studies
was true population based and none covered the pre-defined age range from 0-2 years.
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However, four studies of which three having a crossectional and one a longitudinal design,
included newborns while one study included children 0-2 years.

Conclusions

Despite an extensive literature search, we did not find any studies supporting the assump-
tion that a 20—40% bone loss is required before osteopenia becomes visible on radiographs.
Reference values for cortical thickness were sparse. Further studies addressing this impor-
tant topic are warranted.

Introduction

Osteoporosis is a metabolic bone disorder characterized by low bone mass and abnormal bone
architecture, resulting in bone fragility and increased susceptibility of fractures [1, 2]. In
infants, exclusion of the diagnosis is crucial in cases of suspected child abuse. It is increasingly
recognized that osteoporosis affects children, both as a primary problem such as osteogenesis
imperfecta [3], or secondary to chronic illness, medications, diet or lifestyle issues [4, 5]. Clini-
cal signs, if any, include a history of recurrent low impact fractures or backache, and the diag-
nosis is supported by the presence of risk factors and / or low bone mass on imaging. Dual
energy X-ray absorptiometry (DXA) is the most widely used technique for evaluating bone
mass. Bone densitometry determination is based on quantifying x-ray absorption and compar-
ing the bone mineral density determination (BMD) with age-related reference standards.
Quantification is based on a T score or the standard deviation of an individual’s BMD com-
pared with a young, healthy reference population, matched for sex and ethnicity. In adults, a T
score of less than —1 to greater than —2.5 is defined as osteopenia while a T score of 2.5 or
lower is defined as osteoporosis [6].

A bone mineral density (BMD) threshold of -2.0 standard deviations (SD) or lower along
with a clinically significant fracture history, is included in the International Society for Clinical
Densitometry (ISCD) pediatric osteoporosis definition with one exception; the presence of a
low trauma vertebral fracture, in which case the BMD threshold criteria do not apply [2, 7, 8].
Digital X-ray radiogrammetry, or the measurement of the cortical thickness of one or more
metacarpal bones compared to standards, is another way to perform osteoporosis screening [9,
10].

However, whilst peak bone mass as measured by DXA [11] and digital X-ray radiogramme-
try (DXR) [12] is a strong predictor of osteoporosis and fracture risk in adults, the methods
have limitations in children, particularly for children under two years of age. First, the results
are highly dependent on bone morphology, body size, ethnicity, pubertal staging and skeletal
maturity [2]; next, normative data is sparse [13]; and third, the growing body of studies linking
bone mass and childhood fracture are still not sufficiently large to establish criteria for a pedi-
atric fracture threshold [7, 14, 15]. Although some studies have provided DXA reference data
for children and adolescents of different gender, age and ethnicity [16, 17], there is a lack of
data for those younger than two years of age [13, 14, 18]. These shortcomings have fueled
research into alternative methods, including quantitative CT (QCT) and peripheral quantita-
tive CT (pQCT), both of which have the advantage of measuring cortical geometry and volu-
metric densities of both cortical and trabecular bone, thus providing information not
attainable through DXA [2]. However, neither the aforementioned CT techniques, nor new
technologies such as micro-CT and high-resolution magnetic resonance imaging has been suf-
ficiently validated in children < 2 years of age.
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Recently, an automated, DXR-based method for assessing peripheral bone geometry and
density has been developed, measuring a cortical index (Bone Health Index, BHI) by hand
radiographs in children > 2-3 years of age [19, 20]. Although BHI assesses metacarpal cortex
alone, while DXA assesses cortex and trabecular bone, several studies have demonstrated an
association between the BHI and BMD as measured by DXA [21-26]. The technique builds
on, and has replaced, X-ray radiogrammetry in children older than 2-3 years [10, 27], most
often applied on the second metacarpal of the non-dominant hand, although other tubular
bones such as the humerus, radius, clavicle, femur and tibia also have been used [9].

Given the limitations of quantitative measures, high-quality radiographs remain an option
for assessment of decreased bone mass in children < 2 years of age, although this determina-
tion is subjective and based on personal experience. Moreover, both reference standards and a
threshold for pathology are lacking. Irrespective of the underlying cause, the radiographic
appearances of osteoporosis are those of increased radiolucency and cortical thinning [1, 2,
28]. In children the appearances of the zone of provisional calcification (ZPC) abutting the
metaphysis, may provide additional information [29, 30].

According to a paper by Lachmann and Whelan in 1936 [31], later referenced by numerous
authors [18, 28, 32-40], a 20-40% loss of bone mass is warranted before one can recognize
osteopenia radiographically. We here report on the validity of this claim by examining the
number, design and outcomes of the hitherto published studies addressing this particular issue
in children 0 (term) to 2 years of age. A secondary outcome was identifying normal references
for cortical thickness of the skeleton for children in the same age group.

Materials and methods
Search strategy

We searched the literature for publications from 1946 to January 27, 2020 and amended sec-
ondly commonly referenced and highly regarded older publications. Literature searches were
run, in collaboration with an experienced university librarian, in the following databases; Med-
line, Embase and Svemed+. Unpublished material was searched in Clinical trials and ICTRP.
Both relevant subject headings and free text words were used for the following search terms:
osteoporosis or osteopenia, radiography, children up to 6 years. Subject headings were adapted
to the different databases (S1 Appendix). We also searched the reference lists of other relevant
published reviews. We reported according to the PRISMA guidelines [41].

Eligibility criteria

Included in the review were articles that meet accepted quality standards in relation to design
and reporting, namely randomized controlled trials where available, cross-sectional, case con-
trol and cohort studies, evaluating the radiographic diagnosis of osteopenia/osteoporosis. In
this setting, the term osteopenia was used as poverty of bone as assessed radiographically,
while osteoporosis referred to the established ICD diagnosis. In addition, studies on reference
standards should be population based and adequately sized. Studies including children aged
0-2 years in addition to other age groups were included if the actual measures could be
extracted. Review articles and book chapters were identified by hand search and included to
provide readers with more details.

Study selection

All papers were exported into the Rayyan database (www.rayyan.qcri.org, free access). One
examiner scored all titles/abstracts (KR). To test for agreement in the inclusion process, two
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additional pediatric radiologists with 14 and 10 years of experience in pediatric radiology,
respectively, scored the first 1000 (JAB) and the next 500 (LSO) abstracts, as being eligible for
inclusion, not eligible or uncertain. In cases of disagreement, consensus was achieved after dis-
cussion. Full agreement between two readers was reached for these first 1500 titles/abstracts,
thus, the remainder titles/abstracts were scored by one author (KR) only. Papers scored as
uncertain by at least one of the authors, or judged to be eligible based on the title/abstract,
were read in full text and scored by two authors (KR, TAA), before a decision of inclusion was
made in consensus.

Data collection process

The following data was extracted (KR, TAA): author, journal, study year, design, study size by
sex and age, number of children aged 0-2 when applicable, risk of bias, outcome measures,
results. We also noted whether or not repeatability studies had been performed.

Results

A total 5592 publications were identified, of which none met the inclusion criteria for the pri-
mary outcome, being the degree of bone loss warranted before osteopenia becomes visible
radiographically.

As for the secondary outcome, reference standards for appearances/osteopenia in term
newborns and infants < 2 years of age, 4 studies, all addressing the cortical thickness of the
metacarpal were included (Fig 1).

2nd

Three of the included studies were crossectional, one using a retrospective [42] and two
using a prospective design [43, 44], while one was a longitudinal study [45]. None of the 4
studies covered exclusively the pre-defined age range from 0 (term) to 2 years, however, data
could be extracted for the actual age group. One paper reported only the number of radio-
graphs taken in children 0-2 years, without giving the number of children [45]. Study charac-
teristics are given in Table 1.

The remainder 17 articles read in full text were excluded due to small numbers [46, 47],
impossible to extract results for children 0-2 years / not including this age group [27, 48-56],
review [9, 14, 57], descriptive design [2, 58].

Methods of measurements used

All 4 studies used manual radiogrammetry of the left hand, measuring the cortical thickness of
the 2™ metacarpal bone (sum of radial and cubital cortex), except for one using a metacarpal
index (MI = cortical width x 2, divided by the diameter of the diaphysis, ond metacarpal) [43].

Potential bias

Although the total study sizes were high for all papers, the number of children under the age of
two was small, ranging from 23-62 children, a total of 94 children. Two studies reported on
technical details such as film-focus distance, ranging from 74-76cm [42, 45]. All studies
included Caucasians. Two of the four studies reported on how the children had been recruited,
namely from the A&E-department, attending for trivial complaints [43] or from the Centre

for Studies on Child Growth and Development in Ziirich [45].
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Fig 1. PRISMA flow Diagram of the identification process for the sample of articles addressing radiographic osteopenia or normal references for cortical
thickness of the skeleton in children between 0 and 2 years of age.

https://doi.org/10.1371/journal.pone.0241635.9001

Precision

Only one of the studies had examined repeatability (precision) of the measurements [42], by
performing a check on 40 randomly selected x-rays showing no systematic inter-observer
error, with no mention of statistical analysis used.
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Table 1. Reference standards for cortical thickness as measured radiographically, in healthy children under two years of age.

Title Ist
author/
Year
Diagnosis of osteoporosis in McCrae
childhood. 1967 [43]
Metacarpal lengths, cortical Garn
diameters and areas from the | {g7¢ [44]
10-state nutrition survey.
Developmental changes in Smithgall
compact bone relationships in | 1ggg [42]
the second metacarpal.
Cortical thickness and Bonnard
diaphyseal diameter of the 1968 [45]

metacarpal bones from the age
of three months to eleven years

* = SD 0.3 for males and 0.4 for females.

Design
(radiographs used)

Crossectional,
comparison sick-
healthy,

(PA hand
radiographs, left)

Manual
radiogrammetry

Crossectional

(hand radiographs,
left)

Crossectional,
retrospective

(PA hand
radiographs, left)

FF =76cm

Manual
radiogrammetry

Longitudinal,
prospective.

(hand radiographs)
FF = 74cm

No intensifying
screens

Manual
radiogrammetry

Study size Study size,
/age healthy,
(ethnisity) aged 0-2 yrs

195/0-10yrs | 23

>10 000 40
(Caucasian)
717/ 6 62 (30male)

weeks— 26 yrs

(Caucasian)

175/ 0-11yrs | 538

(Caucasian) radiographs
(259 male)

** = Centre for Studies on Child Growth and Development in Ziirich.

https://doi.org/10.1371/journal.pone.0241635.t001

Summarized results

Outcome measures

Metacarpal index
(MI = sum of radial
and cubital cortex:
diameter), midpoint

Cortical thickness

(= sum of radial and
cubital cortex)

Cortical thickness

(= sum of radial and
cubital cortex),
midpoint

Cortical thickness (=
sum of radial and
cubital cortex)

Potential bias

Small series

Recruited from A&E

Precision not
examined

No mention of sex

No details on
recruitment
procedure

Precision not
examined

Small series

Clinically normal,
but no mention of
recruitment
procedur e.

Precision
inadequately
examined

Number of children
aged 0-2 not given

Recruited from
CSCG**

Precision not
examined

Results

Normal standards

2" metacarpal

-0-2 yrs: mean 0.3
(SD 0.1)

Normal standards

-2"¢ metacarpal

-1 yr: mean
1.6mm (SD 0.3)
female

-1 yr: mean
1.7mm (SD 0.5)
male

Normal standards

2" metacarpal

-<l1yr: mean 1.3
mm for both m/f*

-1-2 yrs: mean 1.5
mm (SD 0.5)

Minimal
interobserver
systematic

error (based om
40 measurements)
Normal standards

2™ metacarpal

-0-2yrs: 1.1-1.3
mm (SD 0.2-0.3)

Based on 3 studies [42, 44, 45], the mean cortical thickness of the 2" metacarpal ranged from
1.1 to 1,7mm, with a standard deviation from 0,2 to 0.5mm. None reported on significant dif-
ferences according to sex.
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Discussion

Despite an extensive, systematic literature search, we found no evidence for the assumption
that there has to be a 20-40% loss of bone mass before osteopenia is evident radiographically.
References for cortical thickness included 4 studies of the 2™ metacarpal, and were based on
small datasets with no robust analysis of measurement precision.

In their original work from 1936, Lachmann and Whelan [31] included one adult bone
(specimens) from 10 different locations, including rib, skull, scapula, head- diaphysis and dis-
tal end of humerus, calcaneus, metacarpal, navicular and vertebra. Where possible, they used a
pair of bones; one for their experiment and the other serving as a control. The bones were
treated in 10% nitric acid for decalcification, before radiographs were taken. Finally, the bones
were ashed, and the loss of minerals weighed. However, the quality of the radiographs from
1936 were indeed poor as compared to current standards (Fig 2). The authors reported a first
faint, and a second distinct appearance of osteoporosis after varying degrees of de-calcification
for each of the bones. Faint osteoporosis was, for instance, detected after around 7% calcium
loss of the head of the humerus and the calcaneus, while distinct osteoporosis was seen after
16% and 14% calcium loss, respectively. For the vertebra, corresponding figures were around
8% and 14%. In contrast, calcium loss of up to 40% was judged necessary for visualization of
distinct osteoporosis in the distal humerus. The results of these experiments have repeatedly
been referred to for the past 80 years [1, 8, 13, 18, 28, 32, 33], although the study design did not
allow any conclusions to be drawn. In sum, there is no literature to support this assumption.

The death of the abovementioned myth, and the lack of robust reference standards for cor-
tical thickness leaves us with a subjective, experience-based approach for identification of
decreased bone mineral density in children born term, under the age of two. Increased radio-
lucency is the result of resorption and thinning of the trabeculae, and the term osteopenia
(“poverty of bone”) has been used as a generic designation for radiographic signs of decreased
bone density in adults [1]. Irrespective of the underlying cause, the radiographic appearances
of osteopenia are those of increased radiolucency and cortical thinning [1, 2, 28]. In young
children, analysis of the radiographs and specifically the metaphyses of long bones, suggests
the origin of decreased bone mineral density, and hence we can replace the term osteopenia
for more specific terms such as osteoporosis or rickets [59].

In the immature skeleton of the fetus, infant and child, bone mineralization occurs through
two processes, endochondral ossification where the cartilaginous matrix of the lower physis
becomes increasingly calcified, and intramembranous ossification, where there is formation of

Fig 2. Radiograph of an artificially decalcified rib, with 54.7% of the calcium removed. From: Lachman E and
Whelan M.A: The roentgen diagnosis of osteoporosis and its limitations. Radiology 26, 165-177 (1936) (with
permission).

https://doi.org/10.1371/journal.pone.0241635.g002
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osteoblasts which secrete osteoid, an unmineralized matrix that subsequently calcifies [60].
Abnormalities of osteoid synthesis or mineralization result in osteoporosis. A typical example
is osteogenesis imperfecta, where abnormal type 1 collagen creates an abnormal osteoid.

Abnormalities of endochondral ossification, exemplified by rickets, result in a poorly differ-
entiated or absent zone of provisional calcification. The zone of provisional calcification (ZPC)
is considered a marker for bone health in children until closure of the physis [29, 30]. Specifi-
cally, an intact zone of provisional calcification indicates that there is a healthy process of
endochondral ossification. Radiographically, the ZPC is seen as a sharply defined, transverse
radiodense band at the chondro-osseous junction [61]. Lack of calcium, vitamin D or phos-
phate all interfere with the endochondral ossification process, and result in loss/indistinctness
of the radiologic ZPC [29, 62]. In contrast, when there is rapid loss of bone mass, as in disuse
osteoporosis or in neonates in the intensive care unit, bone loss begins in the adjacent highly
vascularized metaphyseal spongiosa. The zone of provisional calcification becomes more con-
spicuous, as its visualization is enhanced by the radiolucency in the metaphyseal side (Fig 3).
The role of the zone of provisional calcification and metaphyseal spongiosa in assessing
decreased bone mineral density needs, however, further studies.

Trabecular bone responds to metabolic changes faster than does cortical bone [63], and
changes are most prominent in the axial skeleton and in the ends of the long tubular bones,

Fig 3. Radiograph of the hand in a 12-year-old boy with healing fractures to the 2" and 3*¢ metacarpals, showing
osteopenia due to inactivity. The zone of provisional calcification becomes more conspicuous, as its visualization is
enhanced by the radiolucency in the metaphyseal side (arrows).

https://doi.org/10.1371/journal.pone.0241635.9003
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particularly in the proximal femur and distal radius as these have a relatively large proportion
of trabecular bone.

In contrast to extremity bones, vertebrae contain a higher proportion of trabecular bone,
which is more metabolically active than cortical bone and thus more exposed to the osteotoxic
effect of drugs such as glucocorticoids. Not all vertebrae are equally vulnerable, with most frac-
tures in children located in the upper thoracic (T6/7) and lumbosacral (L1/2) spine [64].

A limitation to our study relates to the lack of available studies, hindering a structured
report according to the PRISMA guidelines. The strengths include the wide, extensive litera-
ture search performed together with an experienced university librarian and the meticulous
process for selecting studies. To minimize bias during identification of eligible papers, the
title/abstract of the first 1500 articles were screened independently by two authors. Full agree-
ment was reached in all 1500, thus, we felt that the remainder of the abstracts were safely
scored by one of the authors only, without introducing major bias.

Conclusion

An extensive systematic review of the literature did not support the assumption that there has
to be a 20-40% loss of bone mass before osteopenia is evident radiographically. Moreover, the
references for cortical thickness were based on small datasets with no valid analysis of observer
agreement. Further studies addressing this important topic are warranted, as the diagnosis of
osteopenia is of utmost importance in this particular age group.

Supporting information

S1 Checklist. PRISMA 2009 checklist.
(DOC)

S1 Appendix. Search strategies.
(DOC)

Author Contributions
Conceptualization: Karen Rosendahl.

Data curation: Karen Rosendahl, John Asle Bjorlykke, Regina Kiifner Lein, Lil-Sofie Ording
Miiller.

Formal analysis: Karen Rosendahl, Thomas Angell Augdal.
Investigation: Karen Rosendahl, Regina Kiifner Lein.

Methodology: Karen Rosendahl, John Asle Bjorlykke, Regina Kiifner Lein, Thomas Angell
Augdal.

Project administration: Karen Rosendahl.

Supervision: Karen Rosendahl, Anette Lundestad, John Asle Bjarlykke, Regina Kiifner Lein,
Diego Jaramillo.

Validation: Karen Rosendahl, Anette Lundestad, John Asle Bjorlykke, Regina Kiifner Lein,
Oskar Angenete, Thomas Angell Augdal.

Writing - original draft: Karen Rosendahl.

PLOS ONE | https://doi.org/10.1371/journal.pone.0241635 November 2, 2020 9/13


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0241635.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0241635.s002
https://doi.org/10.1371/journal.pone.0241635

PLOS ONE

Radiographic assessment of osteopenia in children 0-2 years of age

Writing - review & editing: Karen Rosendahl, Anette Lundestad, John Asle Bjorlykke, Regina

Kiifner Lein, Oskar Angenete, Thomas Angell Augdal, Lil-Sofie Ording Miiller, Diego
Jaramillo.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

Guglielmi G, Muscarella S, Bazzocchi A. Integrated imaging approach to osteoporosis: state-of-the-art
review and update. Radiographics. 2011; 31(5):1343—-64. https://doi.org/10.1148/rg.315105712 PMID:
21918048

Saraff V, Hogler W. ENDOCRINOLOGY AND ADOLESCENCE: Osteoporosis in children: diagnosis
and management. Eur J Endocrinol. 2015; 173(6):R185-97. https://doi.org/10.1530/EJE-14-0865
PMID: 26041077

Bronicki LM, Stevenson RE, Spranger JW. Beyond osteogenesis imperfecta: Causes of fractures dur-
ing infancy and childhood. Am J Med Genet C Semin Med Genet. 2015; 169(4):314-27. https://doi.org/
10.1002/ajmg.c.31466 PMID: 26531771

Mayranpaa MK, Helenius I, Valta H, Mayranpaa MlI, Toiviainen-Salo S, Makitie O. Bone densitometry in
the diagnosis of vertebral fractures in children: accuracy of vertebral fracture assessment. Bone. 2007;
41(3):353-9. https://doi.org/10.1016/j.bone.2007.05.012 PMID: 17618848

Vierucci F, Saggese G, Cimaz R. Osteoporosis in childhood. Curr Opin Rheumatol. 2017; 29(5):535—
46. https://doi.org/10.1097/BOR.0000000000000423 PMID: 28582319

Link TM, Kazakia G. Update on Imaging-Based Measurement of Bone Mineral Density and Quality.
Curr Rheumatol Rep. 2020; 22(5):13.

Ma J, Siminoski K, Alos N, Halton J, Ho J, Lentle B, et al. The choice of normative pediatric reference
database changes spine bone mineral density Z-scores but not the relationship between bone mineral
density and prevalent vertebral fractures. J Clin Endocrinol Metab. 2015; 100(3):1018-27. https://doi.
org/10.1210/jc.2014-3096 PMID: 25494661

Bishop N, Arundel P, Clark E, Dimitri P, Farr J, Jones G, et al. Fracture prediction and the definition of
osteoporosis in children and adolescents: the ISCD 2013 Pediatric Official Positions. J Clin Densitom.
2014; 17(2):275-80. https://doi.org/10.1016/.jocd.2014.01.004 PMID: 24631254

Adams JE. Radiogrammetry and radiographic absorptiometry. Radiol Clin North Am. 2010; 48(3):531—
40. https://doi.org/10.1016/j.rcl.2010.03.006 PMID: 20609890

Barnett E, Nordin BE. The radiological diagnosis of osteoporosis: a new approach. Clin Radiol. 1960;
11:166-74. https://doi.org/10.1016/s0009-9260(60)80012-8 PMID: 14408427

Reid IR, Horne AM, Mihov B, Stewart A, Garratt E, Wong S, et al. Fracture Prevention with Zoledronate
in Older Women with Osteopenia. N Engl J Med. 2018; 379(25):2407—16. https://doi.org/10.1056/
NEJMoa1808082 PMID: 30575489

Wilczek ML, Kalvesten J, Algulin J, Beiki O, Brismar TB. Digital X-ray radiogrammetry of hand or wrist
radiographs can predict hip fracture risk—a study in 5,420 women and 2,837 men. Eur Radiol. 2013; 23
(5):1383-91. https://doi.org/10.1007/s00330-012-2706-9 PMID: 23229168

Algahtani FF, Offiah AC. Diagnosis of osteoporotic vertebral fractures in children. Pediatr Radiol. 2019;
49(3):283-96. https://doi.org/10.1007/s00247-018-4279-5 PMID: 30421000

Bachrach LK. Osteoporosis and measurement of bone mass in children and adolescents. Endocrinol
Metab Clin North Am. 2005; 34(3):521-35, vii. https://doi.org/10.1016/j.ecl.2005.04.001 PMID:
16085157

Kalkwarf HJ, Laor T, Bean JA. Fracture risk in children with a forearm injury is associated with volumet-
ric bone density and cortical area (by peripheral QCT) and areal bone density (by DXA). Osteoporos Int.
2011;22(2):607-16.

Crabtree NJ, Shaw NJ, Bishop NJ, Adams JE, Mughal MZ, Arundel P, et al. Amalgamated Reference
Data for Size-Adjusted Bone Densitometry Measurements in 3598 Children and Young Adults-the

ALPHABET Study. J Bone Miner Res. 2017; 32(1):172-80. https://doi.org/10.1002/jbmr.2935 PMID:
27490028

Ward KA, Ashby RL, Roberts SA, Adams JE, Zulf Mughal M. UK reference data for the Hologic QDR
Discovery dual-energy x ray absorptiometry scanner in healthy children and young adults aged 6-17
years. Arch Dis Child. 2007; 92(1):53-9. https://doi.org/10.1136/adc.2006.097642 PMID: 16943261

Bishop N, Sprigg A, Dalton A. Unexplained fractures in infancy: looking for fragile bones. Arch Dis Child.
2007; 92(3):251-6. https://doi.org/10.1136/adc.2006.106120 PMID: 17337685

PLOS ONE | https://doi.org/10.1371/journal.pone.0241635 November 2, 2020 10/13


https://doi.org/10.1148/rg.315105712
http://www.ncbi.nlm.nih.gov/pubmed/21918048
https://doi.org/10.1530/EJE-14-0865
http://www.ncbi.nlm.nih.gov/pubmed/26041077
https://doi.org/10.1002/ajmg.c.31466
https://doi.org/10.1002/ajmg.c.31466
http://www.ncbi.nlm.nih.gov/pubmed/26531771
https://doi.org/10.1016/j.bone.2007.05.012
http://www.ncbi.nlm.nih.gov/pubmed/17618848
https://doi.org/10.1097/BOR.0000000000000423
http://www.ncbi.nlm.nih.gov/pubmed/28582319
https://doi.org/10.1210/jc.2014-3096
https://doi.org/10.1210/jc.2014-3096
http://www.ncbi.nlm.nih.gov/pubmed/25494661
https://doi.org/10.1016/j.jocd.2014.01.004
http://www.ncbi.nlm.nih.gov/pubmed/24631254
https://doi.org/10.1016/j.rcl.2010.03.006
http://www.ncbi.nlm.nih.gov/pubmed/20609890
https://doi.org/10.1016/s0009-9260%2860%2980012-8
http://www.ncbi.nlm.nih.gov/pubmed/14408427
https://doi.org/10.1056/NEJMoa1808082
https://doi.org/10.1056/NEJMoa1808082
http://www.ncbi.nlm.nih.gov/pubmed/30575489
https://doi.org/10.1007/s00330-012-2706-9
http://www.ncbi.nlm.nih.gov/pubmed/23229168
https://doi.org/10.1007/s00247-018-4279-5
http://www.ncbi.nlm.nih.gov/pubmed/30421000
https://doi.org/10.1016/j.ecl.2005.04.001
http://www.ncbi.nlm.nih.gov/pubmed/16085157
https://doi.org/10.1002/jbmr.2935
http://www.ncbi.nlm.nih.gov/pubmed/27490028
https://doi.org/10.1136/adc.2006.097642
http://www.ncbi.nlm.nih.gov/pubmed/16943261
https://doi.org/10.1136/adc.2006.106120
http://www.ncbi.nlm.nih.gov/pubmed/17337685
https://doi.org/10.1371/journal.pone.0241635

PLOS ONE

Radiographic assessment of osteopenia in children 0-2 years of age

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.
31.

32.

33.

34.

35.

36.

37.

38.

39.

Thodberg HH, Bottcher J, Lomholt J, Kreiborg S, Wolf G, Pfeil A. A new implementation of digital X-ray
radiogrammetry and reference curves of four indices of cortical bone for healthy European adults. Arch
Osteoporos. 2016; 11:17. https://doi.org/10.1007/s11657-016-0267-2 PMID: 27116027

Martin DD, Heckmann C, Jenni OG, Ranke MB, Binder G, Thodberg HH. Metacarpal thickness, width,
length and medullary diameter in children—reference curves from the First Zurich Longitudinal Study.
Osteoporosint. 2011; 22(5):1525-36.

Leijten AD, Hampsink B, Janssen M, Klein WM, Draaisma JMT. Can digital X-ray radiogrammetry be an
alternative for dual-energy X-ray absorptiometry in the diagnosis of secondary low bone quality in chil-
dren? Eur J Pediatr. 2019; 178(9):1433—41. https://doi.org/10.1007/s00431-019-03425-5 PMID:
31352546

van Rijn RR, Boot A, Wittenberg R, van der Sluis IM, van den Heuvel-Eibrink MM, Lequin MH, et al.
Direct X-ray radiogrammetry versus dual-energy X-ray absorptiometry: assessment of bone density in
children treated for acute lymphoblastic leukaemia and growth hormone deficiency. Pediatric radiology.
2006; 36(3):227-32. https://doi.org/10.1007/s00247-005-0080-3 PMID: 16432701

Schundeln MM, Marschke L, Bauer JJ, Hauffa PK, Schweiger B, Fuhrer-Sakel D, et al. A Piece of the
Puzzle: The Bone Health Index of the BoneXpert Software Reflects Cortical Bone Mineral Density in
Pediatric and Adolescent Patients. PloS one. 2016; 11(3):e0151936. https://doi.org/10.1371/journal.
pone.0151936 PMID: 27014874

Nusman CM, Ording Muller LS, Hemke R, Doria AS, Avenarius D, Tzaribachev N, et al. Current Status
of Efforts on Standardizing Magnetic Resonance Imaging of Juvenile Idiopathic Arthritis: Report from
the OMERACT MRI in JIA Working Group and Health-e-Child. J Rheumatol. 2016; 43(1):239—44.
https://doi.org/10.3899/jrheum.141276 PMID: 25979714

Neelis E, Rijnen N, Sluimer J, Olieman J, Rizopoulos D, Wijnen R, et al. Bone health of children with
intestinal failure measured by dual energy X-ray absorptiometry and digital X-ray radiogrammetry. Clin
Nutr. 2018; 37(2):687-94. https://doi.org/10.1016/j.cInu.2017.02.014 PMID: 28274657

Alshamrani K, Messina F, Bishop N, Offiah AC. Estimating bone mass in children: can bone health
index replace dual energy x-ray absorptiometry? Pediatr Radiol. 2019; 49(3):372-8. https://doi.org/10.
1007/s00247-018-4309-3 PMID: 30474695

Virtama P, Mahonen H. Thickness of the cortical layer as an estimate of mineral content of human finger
bones. Br J Radiol. 1960; 33:60-2. https://doi.org/10.1259/0007-1285-33-385-60 PMID: 13842439

Guglielmi G, Muscarella S, Leone A, Peh WC. Imaging of metabolic bone diseases. Radiol Clin North
Am. 2008; 46(4):735-54, vi. https://doi.org/10.1016/j.rcl.2008.04.010 PMID: 18922290

Oestreich AE. Distinguishing child abuse fractures from rickets. Pediatr Radiol. 2018; 48(3):305-7.
https://doi.org/10.1007/s00247-017-4037-0 PMID: 29177537

Oestreich AE. Growth of the Pediatric Skeleton. Berlin Heidelberg: Springer; 2008 2008.

Lachmann E WM. The roentgen diagnosis of osteoporosis and its limitations. Radiology. 1936; 26:165—
77.

Messina C, Lastella G, Sorce S, Piodi LP, Rodari G, Giavoli C, et al. Pediatric dual-energy X-ray absorp-
tiometry in clinical practice: What the clinicians need to know. Eur J Radiol. 2018; 105:153-61. https://
doi.org/10.1016/j.ejrad.2018.06.001 PMID: 30017273

Harris WH, Heaney RP. Skeletal renewal and metabolic bone disease. N Engl J Med. 1969; 280
(6):303—11 concl. https://doi.org/10.1056/NEJM196902062800605 PMID: 4302928

Lee RL, Dacre JE, Hart DJ, Spector TD. Femoral neck trabecular patterns predict osteoporotic frac-
tures. Med Phys. 2002; 29(7):1391-6. https://doi.org/10.1118/1.1481514 PMID: 12148717

Cohen MC, Offiah A, Sprigg A, Al-Adnani M. Vitamin D deficiency and sudden unexpected death in
infancy and childhood: a cohort study. Pediatr Dev Pathol. 2013; 16(4):292-300. https://doi.org/10.
2350/13-01-1293-0OA.1 PMID: 23600989

Tong L, Gopal-Kothandapani JS, Offiah AC. Feasibility of quantitative ultrasonography for the detection
of metabolic bone disease in preterm infants—systematic review. Pediatr Radiol. 2018; 48(11):1537—
49. https://doi.org/10.1007/s00247-018-4161-5 PMID: 29907939

Miller M, Stolfi A, Ayoub D. Findings of metabolic bone disease in infants with unexplained fractures in
contested child abuse investigations: a case series of 75 infants. J Pediatr Endocrinol Metab. 2019; 32
(10):1103-20. https://doi.org/10.1515/jpem-2019-0093 PMID: 31600139

Mercy J, Dillon B, Morris J, Emmerson AJ, Mughal MZ. Relationship of tibial speed of sound and lower
limb length to nutrient intake in preterm infants. Arch Dis Child Fetal Neonatal Ed. 2007; 92(5):F381-5.
https://doi.org/10.1136/adc.2006.105742 PMID: 17369280

Link TM, Majumdar S. Osteoporosis imaging. Radiol Clin North Am. 2003; 41(4):813-39. https://doi.
org/10.1016/s0033-8389(03)00059-9 PMID: 12899494

PLOS ONE | https://doi.org/10.1371/journal.pone.0241635 November 2, 2020 11/13


https://doi.org/10.1007/s11657-016-0267-2
http://www.ncbi.nlm.nih.gov/pubmed/27116027
https://doi.org/10.1007/s00431-019-03425-5
http://www.ncbi.nlm.nih.gov/pubmed/31352546
https://doi.org/10.1007/s00247-005-0080-3
http://www.ncbi.nlm.nih.gov/pubmed/16432701
https://doi.org/10.1371/journal.pone.0151936
https://doi.org/10.1371/journal.pone.0151936
http://www.ncbi.nlm.nih.gov/pubmed/27014874
https://doi.org/10.3899/jrheum.141276
http://www.ncbi.nlm.nih.gov/pubmed/25979714
https://doi.org/10.1016/j.clnu.2017.02.014
http://www.ncbi.nlm.nih.gov/pubmed/28274657
https://doi.org/10.1007/s00247-018-4309-3
https://doi.org/10.1007/s00247-018-4309-3
http://www.ncbi.nlm.nih.gov/pubmed/30474695
https://doi.org/10.1259/0007-1285-33-385-60
http://www.ncbi.nlm.nih.gov/pubmed/13842439
https://doi.org/10.1016/j.rcl.2008.04.010
http://www.ncbi.nlm.nih.gov/pubmed/18922290
https://doi.org/10.1007/s00247-017-4037-0
http://www.ncbi.nlm.nih.gov/pubmed/29177537
https://doi.org/10.1016/j.ejrad.2018.06.001
https://doi.org/10.1016/j.ejrad.2018.06.001
http://www.ncbi.nlm.nih.gov/pubmed/30017273
https://doi.org/10.1056/NEJM196902062800605
http://www.ncbi.nlm.nih.gov/pubmed/4302928
https://doi.org/10.1118/1.1481514
http://www.ncbi.nlm.nih.gov/pubmed/12148717
https://doi.org/10.2350/13-01-1293-OA.1
https://doi.org/10.2350/13-01-1293-OA.1
http://www.ncbi.nlm.nih.gov/pubmed/23600989
https://doi.org/10.1007/s00247-018-4161-5
http://www.ncbi.nlm.nih.gov/pubmed/29907939
https://doi.org/10.1515/jpem-2019-0093
http://www.ncbi.nlm.nih.gov/pubmed/31600139
https://doi.org/10.1136/adc.2006.105742
http://www.ncbi.nlm.nih.gov/pubmed/17369280
https://doi.org/10.1016/s0033-8389%2803%2900059-9
https://doi.org/10.1016/s0033-8389%2803%2900059-9
http://www.ncbi.nlm.nih.gov/pubmed/12899494
https://doi.org/10.1371/journal.pone.0241635

PLOS ONE

Radiographic assessment of osteopenia in children 0-2 years of age

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52,

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Link TM. Metabolic Bone Disease In: Cassar-Pullicino VN DA, editor. Measurements in Musculoskeletal
Radiology, Medical Radiology, Diagnostic Imaging. Germany: Springer-Verlag 2020. p. 785-804.

Moher D, Liberati A, Tetzlaff J, Altman DG, Group P. Preferred reporting items for systematic reviews
and meta-analyses: the PRISMA statement. BMJ. 2009; 339:b2535. https://doi.org/10.1136/bmj.b2535
PMID: 19622551

Smithgall EB, Johnston FE, Malina RM, Galbraith MA. Developmental changes in compact bone rela-
tionships in the second metacarpal. Hum Biol. 1966; 38(2):141-51. PMID: 5940109

McCrae WM, Sweet EM. Diagnosis of osteoporosis in childhood. Br J Radiol. 1967; 40(470):104—7.
https://doi.org/10.1259/0007-1285-40-470-104 PMID: 6017616

Garn SM, Poznanski A.K., Larson K. Metacarpal lenghts, cortical diameters and areas from the 10-
state nutrition survey In: Jaworski ZFGK S.; Cameron E.;, editor. Proceedings in the first Workshop on
Bone Morphometry, University of Ottawa, Ottawa, Canada, 28—-31 March 1973 Ottawa: University of
Ottawa Press; 1976. p. 367-91.

Bonnard GD. Cortical thickness and diaphysial diameter of the metacarpal bones from the age of three
months to eleven years. Helv Paediatr Acta. 1968; 23(5):445—63. PMID: 5719049

Poznanski AK, Kuhns LR, Guire KE. New standards of cortical mass in the humerus of neonates: a
means of evaluating bone loss in the premature infant. Radiology. 1980; 134(3):639—44. https://doi.org/
10.1148/radiology.134.3.7355211 PMID: 7355211

Beddoe AH, Darley PJ, Spiers FW. Measurements of trabecular bone structure in man. Phys Med Biol.
1976; 21(4):589-607. https://doi.org/10.1088/0031-9155/21/4/010 PMID: 972924

Malich A, Freesmeyer MG, Mentzel HJ, Sauner D, Boettcher J, Petrovitch A, et al. Normative values of
bone parameters of children and adolescents using digital computer-assisted radiogrammetry (DXR). J
Clin Densitom. 2003; 6(2):103—11. https://doi.org/10.1385/jcd:6:2:103 PMID: 12794232

Odita JC, Okolo AA, Omene JA. Bone cortical mass in newborn infants: a comparison between stan-
dards in the femur and humerus. Skeletal Radiol. 1986; 15(8):648-51. https://doi.org/10.1007/
BF00349862 PMID: 3810190

Takahashi H, Frost HM. Age and sex related changes in the amount of cortex of normal human ribs.
Acta Orthop Scand. 1966; 37(2):122-30. https://doi.org/10.3109/17453676608993272 PMID: 5911487

van Rijn RR, Grootfaam DS, Lequin MH, Boot AM, van Beek RD, Hop WC, et al. Digital radiogrammetry
of the hand in a pediatric and adolescent Dutch Caucasian population: normative data and measure-
ments in children with inflammatory bowel disease and juvenile chronic arthritis. Calcif Tissue Int. 2004;
74(4):342-50. https://doi.org/10.1007/s00223-003-0020-x PMID: 15255071

Gryfe Cl, Exton-Smith AN, Payne PR, Wheeler EF. Pattern of development of bone in childhood and
adolescence. Lancet. 1971; 1(7698):523-6. https://doi.org/10.1016/s0140-6736(71)91126-3 PMID:
4100437

Lazenby RA. Circumferential variation in human second metacarpal cortical thickness: sex, age, and
mechanical factors. Anat Rec. 2002; 267(2):154-8. https://doi.org/10.1002/ar.10099 PMID: 11997884

Yarbrough C, Martorell R, Klein RE, Himes J, Malina RM, Habicht JP. Stature and age as factors in the
growth of second metacarpal cortical bone in moderately malnourished children. Ann Hum Biol. 1977; 4
(1):43-8. https://doi.org/10.1080/03014467700001941 PMID: 402884

Beyers N, Alheit B, Taljaard JF, Hall JM, Hough SF. High turnover osteopenia in preterm babies. Bone.
1994; 15(1):5-13. https://doi.org/10.1016/8756-3282(94)90884-2 PMID: 8024851

Adams P, Davies GT, Sweetnam PM. Observer error and measurements of the metacarpal. Br J
Radiol. 1969; 42(495):192—7. https://doi.org/10.1259/0007-1285-42-495-192 PMID: 5765695

Mimouni FB, Littner Y. Bone mass evaluation in children—comparison between methods. Pediatr
Endocrinol Rev. 2004; 1(3):320-30. PMID: 16437025

Mc FW. Evaluation of bone density from roentgenograms. Science. 1954; 119(3101):810-1. https://doi.
org/10.1126/science.119.3101.810 PMID: 13168373

Griscom NT, Jaramillo D. "Osteoporosis," "osteomalacia," and "osteopenia": proper terminology in
childhood. AJR Am J Roentgenol. 2000; 175(1):268-9.

Forriol F, Shapiro F. Bone development: interaction of molecular components and biophysical forces.
Clin Orthop Relat Res. 2005(432):14-33. PMID: 15738800

Tsai A, Coats B, Kleinman PK. Biomechanics of the classic metaphyseal lesion: finite element analysis.
Pediatr Radiol. 2017; 47(12):1622-30. https://doi.org/10.1007/s00247-017-3921-y PMID: 28721473

Perez-Rossello JM, McDonald AG, Rosenberg AE, Tsai A, Kleinman PK. Absence of rickets in infants
with fatal abusive head trauma and classic metaphyseal lesions. Radiology. 2015; 275(3):810-21.
https://doi.org/10.1148/radiol. 15141784 PMID: 25688889

PLOS ONE | https://doi.org/10.1371/journal.pone.0241635 November 2, 2020 12/13


https://doi.org/10.1136/bmj.b2535
http://www.ncbi.nlm.nih.gov/pubmed/19622551
http://www.ncbi.nlm.nih.gov/pubmed/5940109
https://doi.org/10.1259/0007-1285-40-470-104
http://www.ncbi.nlm.nih.gov/pubmed/6017616
http://www.ncbi.nlm.nih.gov/pubmed/5719049
https://doi.org/10.1148/radiology.134.3.7355211
https://doi.org/10.1148/radiology.134.3.7355211
http://www.ncbi.nlm.nih.gov/pubmed/7355211
https://doi.org/10.1088/0031-9155/21/4/010
http://www.ncbi.nlm.nih.gov/pubmed/972924
https://doi.org/10.1385/jcd%3A6%3A2%3A103
http://www.ncbi.nlm.nih.gov/pubmed/12794232
https://doi.org/10.1007/BF00349862
https://doi.org/10.1007/BF00349862
http://www.ncbi.nlm.nih.gov/pubmed/3810190
https://doi.org/10.3109/17453676608993272
http://www.ncbi.nlm.nih.gov/pubmed/5911487
https://doi.org/10.1007/s00223-003-0020-x
http://www.ncbi.nlm.nih.gov/pubmed/15255071
https://doi.org/10.1016/s0140-6736%2871%2991126-3
http://www.ncbi.nlm.nih.gov/pubmed/4100437
https://doi.org/10.1002/ar.10099
http://www.ncbi.nlm.nih.gov/pubmed/11997884
https://doi.org/10.1080/03014467700001941
http://www.ncbi.nlm.nih.gov/pubmed/402884
https://doi.org/10.1016/8756-3282%2894%2990884-2
http://www.ncbi.nlm.nih.gov/pubmed/8024851
https://doi.org/10.1259/0007-1285-42-495-192
http://www.ncbi.nlm.nih.gov/pubmed/5765695
http://www.ncbi.nlm.nih.gov/pubmed/16437025
https://doi.org/10.1126/science.119.3101.810
https://doi.org/10.1126/science.119.3101.810
http://www.ncbi.nlm.nih.gov/pubmed/13168373
http://www.ncbi.nlm.nih.gov/pubmed/15738800
https://doi.org/10.1007/s00247-017-3921-y
http://www.ncbi.nlm.nih.gov/pubmed/28721473
https://doi.org/10.1148/radiol.15141784
http://www.ncbi.nlm.nih.gov/pubmed/25688889
https://doi.org/10.1371/journal.pone.0241635

PLOS ONE Radiographic assessment of osteopenia in children 0-2 years of age

63. Frost HM. Cybernetic aspects of bone modeling and remodeling, with special reference to osteoporosis
and whole-bone strength. Am J Hum Biol. 2001; 13(2):235—48. https://doi.org/10.1002/1520-6300
(200102/03)13:2<235::AID-AJHB1034>3.0.CO;2-M PMID: 11460869

64. Siminoski K, Lee KC, Jen H, Warshawski R, Matzinger MA, Shenouda N, et al. Anatomical distribution
of vertebral fractures: comparison of pediatric and adult spines. Osteoporos Int. 2012; 23(7):1999—
2008. https://doi.org/10.1007/s00198-011-1837-1 PMID: 22109742

PLOS ONE | https://doi.org/10.1371/journal.pone.0241635 November 2, 2020 13/13


https://doi.org/10.1002/1520-6300%28200102/03%2913%3A2%26lt%3B235%3A%3AAID-AJHB1034%26gt%3B3.0.CO%3B2-M
https://doi.org/10.1002/1520-6300%28200102/03%2913%3A2%26lt%3B235%3A%3AAID-AJHB1034%26gt%3B3.0.CO%3B2-M
http://www.ncbi.nlm.nih.gov/pubmed/11460869
https://doi.org/10.1007/s00198-011-1837-1
http://www.ncbi.nlm.nih.gov/pubmed/22109742
https://doi.org/10.1371/journal.pone.0241635

